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ABSTRACT: Different from living organisms, artificial materials can
only undergo a limited number of damage/healing processes and
cannot heal severe damage. As an alternative to solve this problem,
we report in this study the fabrication of erasable, optically
transparent and healable films by exponential layer-by-layer assembly
of poly(acrylic acid) (PAA) and poly(ethylene oxide) (PEO). The
hydrogen-bonded PAA/PEO films are highly transparent, capable of
conveniently healing damages and being erased under external
stimuli. The PAA/PEO films can heal damages such as scratches and
deep cuts for multiple times in the same location by exposure to pH
2.5 water or humid N2 flow. The healability of the PAA/PEO films originates from the reversibility of the hydrogen bonding
interaction between PAA and PEO, and the tendency of films to flow upon adsorption of water. When the damage exceeds the
capability of the films to repair, the damaged films can be conveniently erased from substrates to facilitate the replacement of the
damaged films with new ones. The combination of healability and erasibility provides a new way to the design of transparent
films with enhanced reliability and extended service life.
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■ INTRODUCTION

The ability of living organisms to repair damage increases their
chance of survival and extends their lifetime.1−4 For example,
human skin can heal wounds to reduce the risk of death due to
bacterial and fungal infection. In the beginning, injury triggers
the inflammatory response of skin. Then, with the help of
replenishment of materials and energy from the circulatory
systems and adjacent tissues, cells around the injury area can
proliferate and finally cover the denuded wound surface with
newly regenerated skin.2,3 Inspired by the fascinating features of
self-healing ability of living organisms, elegant artificial self-
healing/healable materials have been successfully fabricated,
which not only reduces the maintenance costs but also
significantly prolongs the lifetime and improves the reliability
of the artificial materials.1,5−19 Different from living organisms
that can continuously obtain nutrients from environments to
promote wound healing, most of the artificial materials can only
undergo a limited number of damage/healing processes and
cannot heal severe damage.5,13−17 This is because of the
following: (i) the depletion of the raw materials because no
external supply of raw materials is available after repeated
damage/healing processes;5,15,16 (ii) the lack of efficient
methods to transport sufficient healing agents through a long
distance to the damaged region both in extrinsic and intrinsic
self-healing materials.13,17 This problem, which has troubled
scientists for a long time, becomes more obvious in self-
healing/healable thin films than in self-healing/healable bulk
materials.15,17,18 Close-then-heal (CTH) systems were devel-

oped by Li and co-workers to heal wide-opened cracks in
millimeter scale. The CHT system heals large damage by first
forcing the damaged areas to come into contact and then
initiating the healing process. However, this method is not
suitable for self-healing/healable films deposited on solid
substrates.20−22

Among various functional films, healable, optically trans-
parent films are highly important but their fabrication remains a
huge challenge.1,15,23 Optically transparent films can find
applications as protective and functional layers for various
optical and display devices.15,23−27 Scratches on transparent
films change the way of light transmission and even cause
severe light scattering. Such scratches on transparent films have
to be healed to restore their original optical functions for
further applications. Otherwise, the healable optical films with
irreparable scratches need to be replaced with new films after
being completely removed from the targeted substrates or
devices. Therefore, erasibility and healability are highly required
to be integrated into optically transparent films to enable
convenient healing of damage and removal of the films from
the underlying substrates when the damage exceeds their
capability to repair.
Previous studies show that the fabrication of healable,

transparent films by using the capsule-based extrinsic method is

Received: April 13, 2015
Accepted: June 4, 2015
Published: June 4, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 13597 DOI: 10.1021/acsami.5b03179
ACS Appl. Mater. Interfaces 2015, 7, 13597−13603

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b03179


technically difficult because the capsules, which contain healing
agents and usually have sizes of several to several tens of
micrometers, strongly scatter visible light.1,23,27 The intrinsic
healable method, which heals damage through the inherent
reversibility of noncovalent interactions15,18 and dynamic
covalent bonds,6,28,29 is suitable for fabricating optically
transparent healable films because no externally added healing
agent is required. The layer-by-layer (LbL) assembly method,
which involves alternate deposition of species with noncovalent
interactions,30−34 has been successfully employed to fabricate
water-enabled healable polymeric films.15,17,18,35,36 In our
previous work, we demonstrated the fabrication of optically
transparent antibacterial films capable of restoring transparency
caused by scratches by LbL assembly of branched poly-
ethylenimine (bPEI) and poly(acrylic acid) (PAA) and
postloading of the bPEI/PAA films with antibacterial agent
triclosan.15 The triclosan-loaded transparent antibacterial bPEI/
PAA films can heal shallow scratches of several micrometers
wide but fail to heal scratches which are penetrated to the
underlying substrates. The diversity of driving forces for LbL-
assemble films provides opportunity for the design of healable
transparent polymeric films which can be completely
decomposed under external stimuli. In this study, as a proof-
of-concept, we report that LbL assembly of poly(acrylic acid)
(PAA) and poly(ethylene oxide) (PEO) produces hydrogen-
bonded transparent PAA/PEO films that can conveniently heal
damages and are capable of being erased from substrates on
demand. Scratches penetrating to substrate surface can be
healed by immersing the films in acidic water. Importantly,
when the scratches exceed the capability of the films to heal, the
damaged films can be completely erased from substrates. The
combination of erasable and healable properties will provide a
new pattern to the design of novel healable film materials.

■ EXPERIMENTAL SECTION
Materials. Poly(diallyldimethylammonium chloride) (PDDA, Mw

ca. 100 000−200 000), PAA (Mw ca. 100 000) and PEO (Mw ca.
100 000) were purchased from Sigma-Aldrich. Lucifer yellow
cadaverine (LYC) was purchased from Invitrogen. All chemicals

were used without further purification. Deionized water was used for
all film fabrication. LYC-labeled PAA (PAA-LYC) was synthesized
according to a literature method.17 In the reaction vessels, the fed
molar ratio of LYC molecules and carboxylate group in PAA was
1:100. Aqueous PEO solution was heated to 60 °C for 2 h and then
cooled to room temperature to ensure its complete dissolution. The
pH of the PAA and PEO dipping solutions was adjusted with 10 M
HCl.

Fabrication of PAA/PEO Films. A newly cleaned substrate
(quartz, glass or silicon wafers) was first immersed in an aqueous
PDDA solution (1 mg mL−1) for 20 min to obtain a cationic
ammonium-terminated surface. The PDDA modified-substrate was
then immersed into aqueous PAA solution (2 mg mL−1, pH 2.5) for 5
min to obtain a layer of PAA film, followed by rinsing in three water
baths (pH 2.5) for 1 min each to remove the physically absorbed PAA.
The substrate was subsequently immersed into aqueous PEO solution
(2 mg mL−1, pH 2.5) for 5 min to obtain a layer of PEO film, followed
by rinsing in three water baths (pH 2.5) for 1 min each. The
deposition of PAA and PEO was repeated until the desired number of
deposition cycles was obtained. No drying steps were used in the film
deposition procedure until it was in the last layer.

Film Characterization. Scanning electron microscopy (SEM)
images were obtained on a JEOL JSM 6700F field emission scanning
electron microscope. Film thicknesses were measured by a Veeco
Dektak 150 profilometer with 3 mg stylus force. The diffusion of LYC-
labeled PAA in PAA/PEO multilayer films was viewed with an
Olympus FV1000 confocal laser scanning microscope. Digital camera
images were captured using a Canon camera (Power Shot S3 IS).
Optical micrographs were taken with an Olympus BX-51 optical
microscope. UV−vis transmission spectra were recorded with a
Shimadzu UV-2550 spectrophotometer. Atomic force microscopy
(AFM) images were taken on a commercial instrument (Veeco
Company Nanoscope IV) in tapping mode under ambient environ-
ment. An Agilent Nano Indenter G200 with the continuous stiffness
measurement (CSM) method and XP-style actuator was used to
measure the mechanical properties of the films. Modulus of the films
in air was measured with a Berkovich diamond indenter with a relative
humidity (RH) of ∼20% at 30 °C. Storage modulus of the films in pH
2.5 water was measured with a flat-ended cylindrical punch made of
diamond by the “G-Series XP CSM flat punch complex modulus”
method. The detailed measurements were made according to our
previous publication.15

Figure 1. (a, b) Thickness of (PAA/PEO)*n films as a function of the number of film deposition cycles. (c, d) Cross-sectional (c) SEM and
(d)CLSM images of a (PAA/PEO)*100/PAA-LYC film.
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■ RESULTS AND DISCUSSION

LbL Exponential Growth of PAA/PEO Films. PAA is a
kind of weak polyelectrolyte, whose ionization in aqueous
solution is pH-dependent.37,38 A previous study showed that
even with ∼5% ionization degree of carboxylate groups, the
negatively charged groups on PAA can significantly prevent its
LbL assembly with PEO via hydrogen bonding interaction as
the driving force.38 To enable the alternate deposition of PAA
and PEO via hydrogen bonding interaction, we set the pH of
the PAA and PEO dipping solutions and the rinsing water at
2.5. At such a low solution pH, the ionization of PAA was
largely suppressed.37−40 The newly cleaned substrates (quartz
and silicon wafers) were predeposited with a layer of PDDA
and then the alternate deposition of PAA and PEO was
conducted to produce hydrogen-bonded (PAA/PEO)*n films
(where n refers to the number of film deposition cycles), in
which carboxylic groups of PAA form hydrogen bonds with
ether oxygens of PEO. The thickness of the (PAA/PEO)*n
films with different deposition cycles were determined by a
profilometer (Figure 1a, b). For the initial 20 deposition cycles,
the film thickness exhibits a typically exponential growth
behavior. After 20 deposition cycles, a nearly linear deposition
of PAA/PEO films is observed, with an average increment of
∼130 nm for one cycle of PAA/PEO film. The slight deviation
of linear deposition after the 60th deposition cycle is caused by
the gradually decreased concentrations of the dipping solutions.
The thickness of the (PAA/PEO)*100 films reaches 12.9 ± 0.5
μm. Cross-sectional SEM image in Figure 1c discloses a
conformal, compact and flat (PAA/PEO)*100/PAA-LYC film
on silicon substrate with a constant thickness of 13.0 ± 0.3 μm.
This value is consistent with that measured by a profilometer.
PAA-LYC was deposited as the outmost layer of a (PAA/
PEO)*100 film and the diffusion of PAA-LYC into the film was
characterized by confocal laser scanning microscopy (CLSM).
CLSM image in Figure 1d shows that PAA-LYC can diffuse

throughout the entire film. According to previous studies on
exponentially grown LbL-assembled polyelectrolyte films,41−44

the exponential growth of the PAA/PEO can be ascribed to the
“in-and-out” diffusion of PAA during the PAA/PEO film
fabrication. The “in-diffusion” of PAA leads to an excessive
deposition of PAA in aqueous PAA dipping solution, which in
turn results in an excessive deposition of PEO in aqueous PEO
solution because of the “out-diffusion” of PAA. In this way, the
thickness of the PAA/PEO films increases exponentially. With
increasing number of film deposition cycles, the amount of the
diffused PAA gradually reaches constant and a linear growth of
PAA/PEO films is then obtained.

Restoring Transparency of PAA/PEO Films. The (PAA/
PEO)*100 films are colorless and transparent with an
extremely smooth surface. AFM image shows that the (PAA/
PEO)*100 film with a measured area of 40 × 40 μm has a root-
mean-square (RMS) roughness of ∼5 nm (see the Supporting
Information, Figure S1). As shown in Figure 2a (curve (i)), in
the whole visible light region, the (PAA/PEO)*100 film is
highly transparent, with its transmittance at 550 nm being
∼92%. The transparency of the (PAA/PEO)*100 film on
quartz substrate significantly decreased to ∼40% at 550 nm
when the film was repeatedly scratched with a 2000-grit
sandpaper (Figure 2a, curve (ii)). AFM image in Figure 2b
shows that the repeatedly scratched (PAA/PEO)*100 film is
full of grooves of 4.3 ± 1.0 μm wide and 1.3 ± 0.4 μm deep,
which strongly scatter visible light. After immersing the
scratched (PAA/PEO)*100 film in pH 2.5 water for 30 min,
the original transparency of the film is fully restored, as
indicated in curve iii of Figure 2a. The damage-healing process
of the (PAA/PEO)*100 film on a quartz substrate is depicted
in Figure 2c. The scratches on the (PAA/PEO)*100 film are
clearly seen, which lead to blur of the underneath words
because of the strong visible light scattering. The transparency
of the healed (PAA/PEO)*100 film in acidic water shows no

Figure 2. (a) UV−vis transmission spectra of a (PAA/PEO)*100 film. (i) As-prepared film; (ii) film in (i) after being scratched with sandpaper; (iii)
film in (ii) after healing in pH 2.5 water for 30 min. (b) AFM image of a scratched (PAA/PEO)*100 film. (c) Digital images of a (PAA/PEO)*100
film on a quartz substrate that heals scratches. (i) As-prepared film; (ii) film in (i) after being scratched with sandpaper; (iii) film in (ii) after healing
in pH 2.5 water for 30 min. The scale bar is 1 cm.
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difference with that of the as-prepared film, with the
underneath words being clearly seen again.
The time-dependent healing process of the (PAA/PEO)*100

film was characterized by optical microscopy. As shown in
Figure 3a, the surface of the scratched (PAA/PEO)*100 film is

full of scratches. After being immersed in pH 2.5 water for 10 s,
the density of scratches decreases, indicating that the healing of
scratches takes place (Figure 3b). The density of scratches
decreases obviously after a 20 min immersion in pH 2.5 water
(Figure 3c). However, the complete healing of the scratches
takes about 30 min (Figure 3d). The sandpaper-scratched
(PAA/PEO)*100 film undergoes five cycles of damage/healing
processes and their transmittance at 550 nm was monitored by
UV−vis transmission spectroscopy. As shown in Figure 4a, the
transmittance at 550 nm of the repeatedly scratched (PAA/
PEO)*100 film is ∼40% because the scratches largely reduces
the flux of light transmission. The transmittance of the healed
film at 550 nm reaches ∼92% after each healing process,
confirming that the transparency of the film is successfully
restored even after 5 damage-healing cycles. Therefore, the
optically transparent (PAA/PEO)*100 films can heal scratches
and restore transparency for multiple times in a given area. The
fine restoration of the film transparency originates from the
disappearance of the scratches, which is confirmed by the RMS
roughness changes of the film during multiple damage/healing
processes. As indicated in Figure 4b, RMS roughness of the
healed (PAA/PEO)*100 film restores to its original value after
each healing process. Moreover, the optical transparency of the
(PAA/PEO)*100 films can be also restored by exposing the

scratched films to a humid N2 flow, which produces an
environment with a RH of ∼70%. With humid N2 flow, healing
of scratches made by sandpaper can be completed within 2 min.
After 5 cycles of damage with sandpaper and healing with a
humid N2 flow, the transmittance of the (PAA/PEO)*100 film
at 550 nm reaches ∼89% (see the Supporting Information,
Figure S2).

Restoring Structural Integrity of PAA/PEO Films. The
(PAA/PEO)*100 films can heal not only tiny and shallow
scratches to restore the transparency but also wide and deep
cuts to rebuild the structural integrity. A cut of ∼11 μm wide
that penetrates to the underlying substrate was made on the
(PAA/PEO)*100 film by a scalpel (Figure 5a). SEM image

indicates that the cut can be totally healed by immersing the
damaged film in pH 2.5 water for 30 min (Figure 5b). Three
adjacent cuts were made within a width range of ∼0.9 mm on
the (PAA/PEO)*100 film, with their width ranging from ∼4.7
μm to ∼9.4 μm (Figure 5c). Optical microscope image in
Figure 5d shows that these three cuts are finely healed in pH
2.5 water. Please note that the SEM image of the healed (PAA/
PEO)*100 film in Figure 5b was taken under a vacuum
condition. Therefore, drying cannot lead to recrack of the
healed (PAA/PEO)*100 films. Different from our previously
reported healable and transparent bPEI/PAA films, which can
only heal shallow scratches made by sandpaper, the PAA/PEO
films have a stronger ability to heal larger and deeper cuts made
by a scalpel. The (PAA/PEO)*100 film can heal a cut with a
maximum width of ∼36 μm when the healing time in pH 2.5
water is prolonged to 24 h (see the Supporting Information,

Figure 3. (a−d) Visual observation of the healing process of a (PAA/
PEO)*100 film. (a) Scratched film; (b−d) scratched film after being
immersed in pH 2.5 water for (b) 10 s, (c) 20 min, and (d) 30 min.

Figure 4. Changes of transmittance at 550 nm (a) and RMS roughness (b) of a (PAA/PEO)*100 film during five damage/healing cycles.

Figure 5. (a, b) SEM images of a (PAA/PEO)*100 film with a cut of
∼11 μm wide (a) before and (b) after being healed. (c, d) Optical
microscope images of a (PAA/PEO)*100 film with 3 cuts (c) before
and (d) after being healed.
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Figure S3). Moreover, the (PAA/PEO)*100 film can perform
repeated healing of deep cut in the same area. Cuts of ∼11 μm
in width are hardly seen after the cutting-healing process has
been repeated for 5 times on a (PAA/PEO)*100 film (see the
Supporting Information, Figure S4). The LbL assembly of
optically transparent and healable (PAA/PEO)*n films can be
further accelerated by increasing concentrations of PAA and
PEO dipping solutions to 3 mg mL−1 and decreasing water
rinsing time to 1 min/layer with one water rinsing bath being
used (see the Supporting Information, Figure S5).
To understand the healing mechanism of the PAA/PEO

films, we measured their mechanical properties under dry
conditions and in acidic water by nanoindentation. The CSM
technique with a Berkovich diamond indenter with a radius
≤20 nm was used to measure Young’s modulus of (PAA/
PEO)*100 films in air with ∼20% RH at 30 °C.15 Figure 6a
shows the Young’s modulus of the (PAA/PEO)*100 film as a
function of indenter displacement. The modulus is large and
decreases sharply in the initial stage (<100 nm), which might
imply that the outmost layer of the film is harder than the
interior film. Then the modulus reaches a plateau in the
displacement region of 150−250 nm. The average value in this
plateau region is the “real” Young’s modulus of the (PAA/
PEO)*100 film, which is 2.1 ± 0.2 GPa. The modulus gradually
increases over a displacement of ∼250 nm, in which the
influence of substrate on the measured modulus becomes
obvious. A flat-ended cylindrical punch made of diamond with a
diameter of 108.5 μm was used to measure storage modulus of
the (PAA/PEO)*100 films in pH 2.5 water by the “G-Series
XP CSM Flat Punch Complex Modulus” method.15 Figure 6b
displays the storage modulus of the film increases with
increasing frequency. Because healing of the (PAA/
PEO)*100 films was conducted in undisturbed water, storage
modulus under a low frequency of 1 Hz, which is 32.7 ± 2.0
MPa, was chosen to analyze the mechanical property of the
films during healing in pH 2.5 water. A significant decrease of
modulus of the (PAA/PEO)*100 films occurs when the films
in dry conditions was transferred into pH 2.5 water, meaning
that the films in water become soft and flowable. This was
supported by the swelling of the (PAA/PEO)*100 films when
immersing the films in pH 2.5 water. The saturation water
absorption in (PAA/PEO)*100 film is achieved within 1 min,
which leads to a film thickness increase of ∼275% (see the
Supporting Information, Figure S6). When immersed in acidic
water, ether oxygens can form hydrogen bonds with water
molecules, which weaken the hydrogen bonds between PAA
and PEO (see the Supporting Information, Figure S7). The
adsorbed water in PAA/PEO films can also act as plasticizers to
facilitate the mobility of PAA and PEO polymer chains.

Therefore, the storage modulus of the PAA/PEO films
decreases largely and the films become flowable when they
are immersed in water. The migration of PAA and PEO fills the
scratches and cuts, where they reform hydrogen bonding
interactions. Therefore, the reversibility of hydrogen bonds and
the facilitated migration of PAA and PEO by water molecules
enable healing of the structural integrity and the optical
transparency of the (PAA/PEO)*100 films.

Erasing of PAA/PEO Films under Severe Damage. The
healable (PAA/PEO)*100 films with severe damages cannot be
healed because of the lack of polymers that can migrate to the
damaged region. As shown in Figure 7a, three cuts with width

ranging from ∼49 μm to ∼204 μm were made on a (PAA/
PEO)*100 film within a width range of ∼0.9 mm. The
damaged film failed to completely heal the cuts even immersing
the film in pH 2.5 water for 24 h (Figure 7b). The (PAA/
PEO)*100 film with irreparable damage requires to be
removed from the underlying substrate to facilitate redeposition
of PAA/PEO films. The hydrogen bonding interaction between
PAA and PEO is pH sensitive and can be stable only in acidic
water.38 When the (PAA/PEO)*100 films were immersed in
deionized water (pH 6.8) at room temperature, gradual
decomposition of the films was observed (Figure 8). The
(PAA/PEO)*100 films completely decomposed within 4 h
immersion in deionized water. In deionized water, PAA is
highly deprotonated and becomes negatively charged, which
breaks its hydrogen bonding interaction with PEO. Previous
study indicates that ∼5% ionization of PAA in pH 3.5 aqueous
solution can produce sufficient negative charge to prohibit
complexation with PEO.38 The decomposition of the PAA/
PEO films is pH dependent, with a quicker decomposition in
water of higher pH value.37−39 The decomposition of the PAA/
PEO films occurs when pH of water is higher than 3.0.
Therefore, healing of the damaged PAA/PEO films is
performed by immersing the films in water with a pH lower
than 3.0. The easily erasing of the healable and transparent

Figure 6. (a) Young’s modulus of a (PAA/PEO)*100 film as a function of penetration depth at 30 °C with a RH of 20%. (b) Storage modulus of a
(PAA/PEO)*100 film in pH 2.5 water as a function of frequency.

Figure 7. Optical microscope images of a (PAA/PEO)*100 with
severe cuts (a) before and (b) after being healed in pH 2.5 water for
24 h.
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PAA/PEO films from substrates means that the films can be
conveniently replaced with new ones when the damage is
beyond the capability of the films to repair.

■ CONCLUSIONS
We have demonstrated the fabrication of erasable, optically
transparent and healable PAA/PEO films by exponential LbL
assembly technique. The transparent PAA/PEO films can
repeatedly heal damages such as scratches and deep cuts in the
same location by exposure of the films to pH 2.5 water or
humid N2 flow. Moreover, the PAA/PEO films can be
conveniently erased from substrates through direct film
dissolution when the damages are beyond the capability of
the film to heal. The reversibility and dynamic nature of the
hydrogen bonds between PAA and PEO endow the PAA/PEO
films with satisfied healability and erasibility. The deposition of
LbL-assembled PAA/PEO is independent of the morphology
and type of substrates. Therefore, the transparent, erasable and
healable PAA/PEO films can find potential applications on
various surfaces as optical functional films. Moreover, other
kinds of transparent, erasable and healable films can be
fabricated following the designed principle provided in this
work. The combination of healability and erasibility provides
not only a new way to the design of transparent films with
enhanced reliability and extended service life, but also an
alternative method to solve the problem that artificial materials
can only undergo a limited number of damage/healing
processes and cannot heal severe damage.
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