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Autonomic Self-Healing of Hydrogel Thin Films**

Antoinette B. South and L. Andrew Lyon*

Self-healing materials have the ability repair themselves
following damage. Over the past few decades, there has been
a growing interest in materials that can self-heal, as this
property can increase a material’s lifetime, reduce replace-
ment costs, and improve product safety. Self-healing systems
can be made from a variety of materials, but polymers have
been extensively explored because of their chemical and
mechanical tunability, and the ability to create dynamic
materials.'# Although the vast majority of these previous
studies have explored healing processes in robust polymeric
structures such as epoxy coatings®” and elastomers,”®! more
delicate architectures such as hydrogel thin films have not yet
been studied as self-healing materials that can heal induced
mechanical damage. Herein, we report autonomic self-heal-
ing polymeric thin films assembled from colloidal hydrogel
building blocks. By employing a layer-by-layer polyelectro-
lyte approach in the fabrication, we have developed a
material, which, upon exposure to water, undergoes rapid
(on a timescale of seconds) healing of micrometer-sized
defects that span the entire coated area (1 cm?), with no
apparent remnant damage even at submicron length scales.
The self-healing properties displayed by these coatings enable
the use of hydrated polymer films in applications where rough
(e.g., surgical) handling and transient damage are inevitable,
such as in biomedical implants.

Most materials do not have the inherent ability to heal
themselves, typically because their building blocks are
organized into rigid architectures and therefore cannot
migrate across defects that are longer than the molecular
length scale, or because the molecular components are not
chemically labile enough to reform bonds after rupture. In
fact, most materials suffer from both these problems. How-
ever, several research groups have developed approaches to
solve these issues. Materials that undergo reversible reactions
between functional groups or weak interactions within the
polymer matrix can successfully be mended following the
introduction of a defect.®**) This approach is limited to
particular chemical reactions and often the residual “dangling
chains” will interact with other chains on a single side of the
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gap, as opposed to cross-gap interaction, thus preventing
healing if the material is not mechanically reconnected soon
after cutting. Another approach involves heating the polymer
above its glass transition temperature (7,), thereby increasing
the mobility of the chains and causing rearrangement and
molecular interdiffusion to promote “crack healing”.'"'? The
obvious limitation to this approach is the need for the external
application of heat, therefore truly autonomous healing is not
possible. Other demonstrations involve filling a void by the
release of healing agents or inhibitors into cracks,>”**!* or by
an induced phase separation of nanoparticles towards dam-
aged areas.””! However, only limited numbers of the embed-
ded reservoirs or nanoparticles are incorporated, and there-
fore it is unlikely that such materials could continue to heal
after recurrent damage in the same area.

Herein we describe a “self-healing” hydrogel film that can
withstand repeated deformation and quickly recover its
original structure when solvated with water. Hydrogels
(cross-linked polymeric networks swollen with water) have
been a topic of growing interest over the past twenty years
because of their unique properties and the wide variety of
applications in which they can be exploited.'*® The films
described below are fabricated by layer-by-layer (LbL)
polyelectrolyte self-assembly,'” which has been demon-
strated for a vast variety of materials,”?"! thus offering
universal utility to the method. In our approach, we employ
spherical, sub-micrometer-sized hydrogel particles (micro-
gels) as the main building block in the LbL assembly
procedure to fabricate continuous, multilayered hydrogel
films. We have previously demonstrated the use of microgels
to fabricate 2D and 3D arrays on solid substrates by LbL
assembly.>?/ In these earlier studies, it became apparent that
a cationic linear polymer was able to penetrate the microgels
and strongly cross-link the anionic acidic side chains within
the microgels. Subsequent addition of another microgel layer
resulted in a 3D coulombically cross-linked hydrogel net-
work. These investigations led to an understanding of how
linear polyelectrolytes can render individual microgels
“sticky”, and also how the interplay of both strong and
weak interactions impact the assembly and swelling proper-
ties of such materials.

During the course of our previous studies, observations
were made that suggested dynamic microgel reorganization
within the films. Although these observations were not
quantitatively explored at that time, they suggested the
potential for defect healing properties. Thus, to more
precisely investigate the response of microgel multilayers to
controlled damage, the films were deposited on an elasto-
meric substrate, poly(dimethylsiloxane) (PDMS), which
allowed for the controlled mechanical manipulation of the
substrate and its associated microgel coating. Using a
chemical treatment of PDMS that renders the surface of the
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material hydrophilic,” functionality, to which the first layer
of microgels could be covalently attached, was introduced to
the substrate. The presence of surface hydroxyl groups
allowed for silanization using (3-aminopropyl)trimethoxysi-
lane (APTMS), to which acid-containing microgels adsorbed
by coulombic attraction. Subsequently, the monolayer was
covalently bound using a carbodiimide coupling reaction.
Four microgel layers were assembled using alternating layers
of anionic microgels and poly(diallyldimethylammonium
chloride) (PDADMAC), a cationic quaternary amine. A
representative film is shown in Figure la—c at different
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Figure 1. Visualization of damage introduced by multiple “stabs” with
a 5 uL pipette tip. Images were taken by digital camera (a,d, g; scale
bar=2.5 mm), brightfield optical microscopy (b, e, h; scale

bar=20 pm), and atomic force microscopy (c,f,i; scale bar=10 um),
before damage (a—c), after damage (d—f), and after healing by
rehydration (g—i).

magnifications. Image (a) is a photograph of coated 1 mm
thick PDMS on a supporting microscope coverslip, while
images (b) and (c) are bright field microscopy and atomic
force microscopy (AFM) images, respectively. At all magni-
fications, the films appear homogeneous, with the dominant
roughness features (observed by AFM) arising from the
microgel building blocks.

The films shown in Figure 1 were fabricated from micro-
gels composed of N-isopropylacrylamide (NIPAm;
71 mol %), acrylic acid (AAc; 26 mol%), and the cross-
linker poly(ethylene glycol) diacrylate (M,, =575, PEGDA-
575; 3.5 mol % ). The microgels have a hydrodynamic radius
of (277+25)nm and (510+31)nm at pH3 and pH74,
respectively. The particle height in the dehydrated state on a
glass surface was approximately 60 nm. We employed these
particular microgels for these studies since they are relevant
to our efforts in nonfouling biomaterials coatings. Similar
microgels, when used to coat an implantable biomaterial,
have been shown to dramatically reduce both protein and
cellular adhesion in vitro,””*! and reduce leukocyte recruit-
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ment and cytokine release in vivo.*”) These previous studies
illustrated the effectiveness of using nonfouling microgels as a
coating for reducing the foreign body response. Such a coating
can ultimately improve the performance and lifetime of
implantable biomedical devices. Importantly, we now show
that such coatings can likely withstand the rigors of surgical
handling and should autonomously heal any defects associ-
ated with the act of implantation.

After assembly of the microgel film on PDMS, any
physical contact with the coating appeared to change the film
appearance dramatically. Although a razor blade is com-
monly used to induce damage to demonstrate self-healing,
this approach was avoided to prevent irreversible damage to
the PDMS. Therefore, a 5 pLL pipette tip—an object with a
blunt tip—was used to illustrate the macroscopic healing
properties. As can be seen in Figure 1d-f, a ring remained on
the film after simply pressing the tip into the surface. The ring
defect can be seen by optical microscopy and AFM, as well as
by eye, and renders deep grooves and ruffled regions in the
film that are a few micrometers wide. During damage, it
appears that the microgels are redistributed, which is
apparent by the elevated regions (high microgel density)
along the edges of the cracks (low microgel density).
However, addition of water to the film erases these defects
without observable desorption of microgels from the film
(Figure 1g—i). In fact, the defects heal so quickly (on a
timescale of seconds), that direct microscopic observation of
the healing process has not yet been possible. For example,
addition of water to the film necessitates manual refocusing of
the optical microscope; this process takes longer than the
defect healing time (see the Supporting Information for a
short movie of the rapid healing process). It is important to
point out that these defects do not occur on chemically
treated and silanized PDMS (see the Supporting Information)
alone, and are exclusively associated with the hydrogel
coating. Furthermore, a high salt solution concentration
(Im) and warm temperatures (50°C) do not prevent the
rapid healing of these films and do not induce particle
desorption (data not shown). From these results, it is apparent
that microgel-based films can survive extensive disturbances
from an external object, and then undergo dramatic rear-
rangement back to the original structure.

To interrogate how controlled mechanical stretching and
bending of the material would affect the microgel coating,
lemx1lemx1mm (Ixwxh) PDMS pieces coated with
microgel multilayers were stretched by 10% in length and
bent to an angle of 90 degrees. Figure2 shows optical
microscopy images of the damage that occurs during these
treatments. Stretching creates parallel breaks or cracks in the
film that are perpendicular to the axis of stretching, whereas
bending generates a 2D network of fractures. The inset
images confirm the presence of the particulate film in the
damaged region; the observed defects are present in the
coating and not the underlying PDMS. Again, upon addition
of water, the microgel multilayers recover their original
continuous structure without any evidence of breaks in the
film. In Figure 3, topographical changes are shown by line
profiles drawn across the entire width of the AFM images.
Defects as deep as 400 nm and as wide as 4 pm occur during

Angew. Chem. Int. Ed. 2010, 49, 767771


http://www.angewandte.org

Water Water

Figure 2. Film damage introduced by stretching (a) and bending (c)
deformation, as observed by brightfield optical microscopy (scale
bar=10 pm). Samples are shown after deformation (a,c) and after
healing (b, d). During bending of the sample (c), the microgel film is
present on the outer surface. The insets show 5 um x5 um AFM scans
of the damaged or healed regions (scale bar=1 pm).
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Figure 3. a) AFM scans (20 umx 20 um) of defects induced on the
same sample before deformation, after deformation, and after healing
(left to right; scale bar=>5 pm). b) AFM line profiles of each scan
drawn across the entire image are shown to illustrate the reversibility
of the phenomenon. Before damage (solid black line), stretched
(dashed black line), water healed after stretch (solid gray line), bent
(dashed gray line), and water-healed after bending (dotted black line).
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mechanical manipulation. After each damage event, the
microgel film completely recovers its original topography.
This process can be repeated on the same sample without the
underlying PDMS ever becoming exposed, that is, multiple
damage/healing cycles do not result in delamination of the
microgel film.

The observations illustrated above clearly show the ability
of microgel-based polyelectrolyte multilayers to reorganize
after damage. The origins of these phenomena likely have
their roots in the forces that hold the films together at
equilibrium. For example, upon mechanical deformation of
the elastomeric substrate, the resultant stress is transmitted to
the coating. The weak links that hold the film together are
coulombic in nature, and it is likely that stress-induced folding
or cracking of the film results in some rupture of these
polyanion—polycation interactions. Since the polycations form
both inter- and intra-microgel cross-links, the dissociation of
the particles likely leaves an excess positive charge on the
particles, in the form of dangling polyelectrolyte chains (net
positive surface charge), or bare patches on the microgels (net
negative surface charge). Therefore, the damaged film, which
clearly contains regions of both high and low microgel
number density, will also be heterogeneous in terms of
overall charge. Resolvation permits higher polymer mobility
in the film, which in turn permits a redistribution of microgels
to a less energetic state associated with reformation of the
polyanion—polycation interactions. We have also previously
shown how soft microgel colloidal crystals can heal defects,
which were induced by the incorporation of a different sized
microgel, within its crystalline lattice.’” Thus, it may be the
case that the self-healing properties of the films described
above also have their source in the softness of the interaction
potentials between neighboring particles. Though the self-
healing capability is not yet completely understood in these
two-dimensional microgel structures, the defect tolerance
exhibited within soft colloidal assemblies examined in this
other work contributes to the awareness that microgel-based
assemblies are intrinsically dynamic and highly complex with
respect to their interactions.

We have clearly shown that microgel polyelectrolyte
multilayers exhibit repeatable self-healing behavior upon
multiple mechanical deformations. By constructing the films
on an elastomeric substrate (PDMS), controlled distortion of
the film is permitted, thus leading to the direct observation of
autonomous film repair. These are the first illustrations of
autonomous healing of micron-sized defects in hydrogel films.
This process is highly relevant in the context of hydrogel-
based biomaterials coatings likely to be damaged by routine
surgical handling. Current efforts are aimed at understanding
the fundamental parameters that give rise to the healing
phenomena, as well as explorations of the generality of these
observations with respect to polymer type, film assembly, and
substrate properties.

Experimental Section

Microgel synthesis and characterization: Microgels were synthesized
using aqueous free radical precipitation polymerization. With a total
monomer concentration of 124 mm, the molar composition of micro-
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gel components was N-isopropylacrylamide (NIPAm; 70.5% ), poly-
(ethylene glycol) diacrylate, My =575 (PEGDA-575, 3.5%), and
acrylic acid (AAc; 26 % ). Sodium dodecyl sulfate (SDS; 0.17 mm) and
ammonium persulfate (APS; 1 mm) were used as surfactant and
initiator, respectively. NIPAm and SDS were dissolved in deionized
water (99 mL) and filtered through Whatman grade 2 filter paper in a
vacuum filtration system. The aqueous solution was then transferred
to a three-neck round bottom flask and purged with N, for
approximately 1hour while the solution was heated at 70°C.
Approximately 10 min before initiation, AAc and PEGDA-575
were added to the solution in the flask. APS was dissolved in
deionized water (1 mL) and added to initiate the polymerization. The
reaction was allowed to proceed for 4 h at 70 °C under an atmosphere
of N,. Dynamic light scattering (DLS; Protein Solutions DynaPro
DLS equipped with a temperature-controlled microsampler) was
used as previously described®*?! to measure the hydrodynamic radius
of synthesized particles and determine their pH responsivity. Light
scattering data was collected at an interval of 10 seconds per reading
with an avalanche photodiode detector fixed at 90° relative to the
incident the laser light (783.9 nm). The Dynamics Software package
was used to calculate the microgel diffusion coefficient from the
autocorrelation decay of the random fluctuations in scattered light
intensity. The diffusion coefficient of the microgels was then used to
calculate the hydrodynamic radius of the particles using the Stokes—
Einstein equation. Phosphate buffer (pH 7.4) and formate buffer
(pH 3) were used as the dispersion medium for the measurement.
"H NMR was used to verify the incorporation of PEG575 cross-linker
using D,0 as the solvent.

Poly(dimethylsiloxane) (PDMS) preparation and surface modi-
fication: PDMS (Sylgard 184 purchased from Dow Corning) was
prepared by mixing a 1:10 weight ratio of curing agent and
elastomeric base. After sufficient mixing in a plastic petri dish, the
PDMS was covered and placed in a vacuum chamber for approx-
imately 15 min to remove air bubbles. The material was then allowed
to cure in a 50°C oven for 24 h. The PDMS was then cut into 1 cm x
1 cm squares 1 mm in thickness using a razor blade. The squares were
washed in hexane until the PDMS squares stopped swelling (approx-
imately 2 h), to ensure the removal of any uncured material. The
PDMS pieces were removed from the hexane and placed in a 50°C
vacuum oven overnight to remove residual solvent. The PDMS pieces
were rinsed with ethanol and deionized water, and then allowed to
equilibrate in water for 1 hour. To introduce hydroxyl groups to the
surface, hydrochloric acid was added to make a 1.2M aqueous
solution, and the PDMS was incubated under these conditions
overnight. Afterwards, the pieces were rinsed three times with
copious amounts of water. The PDMS pieces were then rinsed with
absolute ethanol, equilibrated for 30 min in fresh absolute ethanol,
and then APTMS was added to make the final APTMS concentration
1% by volume. Silanization of the PDMS surfaces was allowed to
proceed for 2 h. Amine-functionalized PDMS could be stored up to
one week in absolute ethanol before use.

Microgel film deposition: After functionalization, the PDMS
pieces were rinsed with ethanol and deionized water, and then blown
dry with nitrogen. Pieces were individually placed at the bottom of a
24-well plate and 20 mMm phosphate buffered saline (PBS) (pH 7.4;
100 mM ionic strength) was immediately added. The PDMS was
allowed to equilibrate for 30 min, and the buffer was then replaced
with a 0.1 mgmL™ solution of microgels in the same PBS. Deposition
was performed using a centrifugation method where centrifugal force
is used to quickly deposit microgels onto a substrate. Using
centrifugal deposition, the well plates were placed across a counter-
weighted well plate in an Eppendorf 5804R centrifuge equipped with
a plate-holding rotor. Films were centrifugally deposited at a
maximum rotor speed of 2250 g for 5 min. After deposition, the
monolayers were covalently attached to the amine-functionalized
PDMS by activating the acids on the particles with N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide (EDC) followed by active ester
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formation with N-hydroxysuccinimide (NHS).*! A solution contain-
ing EDC (2 mm) and NHS (5 mM) was prepared in 100 mm 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH 5.5) and allowed
to react with the microgel monolayer for 2 h at room temperature.
The films were then rinsed with water to remove excess reagents. We
have previously demonstrated the use of microgels in the fabrication
of multilayered thin films.?>*! To add an additional layer, a solution
of  poly(diallyldimethylammonium  chloride (PDADMAC,
0.14 monoM (molar concentration of monomer)) was added to the
film and allowed to adsorb to the microgel film for 30 min. The films
were then washed five times with deionized water. Another layer of
microgels was then added to the well and centrifuged onto the
surface, as described above. This process was repeated until four
microgel layers were deposited and the top layer consisted of
microgels.

Film characterization: Films were characterized using three
imaging methods. A FujiFilm FinePix J20 camera with a 10 megapixel
CCD chip was used to capture unmagnified images. Brightfield
optical microscopy at 40 x magnification was also performed on an
Olympus IX-70 inverted microscope equipped with a Cooke Corpo-
ration PixelFly black and white CCD camera. Microgel films were
also imaged using an Asylum Research MFP-3D AFM (Santa
Barbara, CA). Imaging was performed and processed using the
MFP-3D software written in the IgorPro (WaveMetrics Inc., Lake
Oswego, OR) environment. Noncontact mode aluminum-coated
silicon nitride cantilevers were purchased from NanoWorld (force
constant=42 Nm™!, resonance frequency =320 kHz). All images
were taken in air under ambient conditions.
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