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Abstract
One promising application of self-healing polymeric materials is biomedical use. Although charge-transfer (CT) interactions
have been employed to construct self-healing polymers as well as other reversible bonds and interactions, their potential for
biomedical applications has never been investigated. In this study, we fabricated self-healable and cell-compatible
polyurethane elastomers cross-linked by CT complexes between electron-rich pyrene (Py) and electron-deficient naphthalene
diimide (NDI) by simply blending two linear polymers with Py or NDI as a repeating unit. The elastomers with different
blend ratios self-healed damage over 1 day in mild conditions, including in air and water at 30–100 °C. The mechanical
properties of damaged elastomers were almost restored after healing in air at 100 °C, and even in air at 30 °C and in water at
70 °C, healing was also possible to a certain extent. The good cell compatibility of the polyurethane elastomers was
demonstrated by culturing two kinds of cells on the thin film substrates.

Introduction

Self-healing polymeric materials can repair damage at the
macroscopic and molecular levels by the materials themselves
in appropriate conditions, which is enabled mainly by rever-
sible bonds/interactions, i.e., dynamic covalent bonds and
supramolecular interactions [1–7], except for in encapsulation
and circulation-based engineering systems [8, 9]. The rever-
sible bonds/interactions incorporated in the polymer networks
can be cleaved by mechanical stress (damage) in preference to
other strong covalent bonds and recombined by external sti-
muli suitable for each bond/interaction, including heating,

light irradiation, and pH change. Self-healing is useful parti-
cularly in space development [10] and biomedical applications
such as artificial tissues and organs [11–13], where there is
little scope for intervention for repair or replacement and long-
term reliability is necessary. Previous self-healing polymeric
materials are largely classified into two categories, gels and
elastomers, with the single exception of hard polymer glass
[14]. Most studies on self-healing polymers for biomedical
applications, however, have focused on hydrogels to use them
as 3D cell culture scaffolds in tissue engineering [11–13].
Although elastomers are available as structural components of
artificial tissues and organs and coatings on them, in which
hydrogels cannot be substitutes, to date, self-healable and
biocompatible elastomers have rarely been reported [15–24].

Here, we report self-healable and cell-compatible poly-
urethane elastomers based on the charge-transfer (CT)
interaction between electron-rich pyrene (Py) and electron-
deficient naphthalene diimide (NDI) as a reversible inter-
action (Fig. 1) [25]. Unlike hydrogen bonding, one of the
most common reversible bonds/interactions in self-healing
polymers [26, 27], CT interactions are hardly affected by
water molecules and have promise for working under
physiological conditions. However, previously developed
self-healing polymers based on CT interactions have never
been investigated for biomedical applications [28–34]. The
reason why we focused on polyurethane is that it has been
used in many self-healing polymers [35–39] and
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biomaterials with excellent mechanical properties and good
biocompatibility [40, 41]. In this paper, we fabricate elas-
tomers with physical cross-links of CT complexes by sim-
ply blending two linear polyurethanes containing either Py
or NDI as a repeating unit and evaluate the healing effi-
ciency in various conditions based on their mechanical
properties. Cell culture on the elastomer surfaces is also
performed to demonstrate cell compatibility.

Experimental procedure

Materials

All solvents and reagents were used as received. Py-diol
and NDI-diol, which have two primary hydroxyl groups at
both ends, were synthesized according to our previous

paper [25]. Milli-Q water (resistivity > 18MΩ cm−1) was
prepared using a Milli-Q integral water purification system
(ZRXQ003JP, Merck Millipore).

Measurements

1H NMR spectroscopic measurements were performed at
25 °C in CDCl3 with tetramethylsilane as the internal
standard using a 400-MHz Varian spectrometer. The
number-average molecular weights (Mns) and poly-
dispersity indices (PDIs) of polymers were determined
by size exclusion chromatography (SEC) measurements at
40 °C using a JASCO SEC system with a guard column
(KF-G 4 A, Shodex), two series-connected columns (KF-
806L, Shodex), a UV detector, and a differential refractive
index detector. Tetrahydrofuran (THF) was used as the
eluent, and polystyrene standards were used to calibrate
the SEC system. Fluorescence spectra (λex= 340 nm)
were obtained using a SHIMADZU RF-5300PC spectro-
fluorometer. UV light (365 nm, UVGL-58, UVP) was used
to visualize fluorescence intensity changes. Differential
scanning calorimetric (DSC) measurements were performed
under N2 at a heating rate of 10 °C min−1 using a SHI-
MADZU DSC-60A Plus. Tensile tests were carried out at a
strain rate of 30 mmmin−1 on rectangular strip specimens
(20–30 mm × ca. 3 mm × 0.3–0.6 mm) using a SHIMADZU
EZ-S instrument equipped with a 5 N load cell. Static water
contact angles were measured at three different positions on
a substrate by the sessile drop technique using a drop shape
analyzer (DSA100S, Krüss).

Polymer synthesis

Two polyurethanes, Py-PU and NDI-PU, were synthesized
by polyaddition of Py-diol or NDI-diol, poly(tetra-
methylene glycol) (PTMG, Mn= 2000), and 4,4′-diphe-
nylmethane diisocyanate (MDI) in the presence of a tin
catalyst, di-n-butyltin dilaurate (DBTDL).

Py-PU

A solution of Py-diol (260mg, 0.742 mmol), PTMG (2.97 g,
1.49 mmol), and MDI (558 mg, 2.23 mmol) in anhydrous N,
N-dimethylformamide (DMF, 16 mL) was prepared under a
N2 atmosphere. A THF solution of 10 vol% DBTDL
(1 drop) was added into the mixture, and the mixture was
stirred at 70 °C. After 24 h, the mixture was cooled to room
temperature and precipitated in MeOH. The precipitate was
collected and dried in vacuo at room temperature to give
Py-PU (3.03 g, 80% yield). 1H NMR (400MHz, CDCl3): δ
(ppm)= 7.93 (m, 4H, Py aromatic), 7.69 (m, 4H, Py aro-
matic), 7.29 (m, 4H, MDI aromatic), 7.09 (d, J= 8.0 Hz,
4H, MDI aromatic), 6.71 (br, NH), 4.47 (t, J= 6.6 Hz, 4H,

Fig. 1 a CT interaction between Py and NDI. b Facile fabrication of
self-healable elastomers with physical cross-links of CT complexes by
simply blending two linear polymers containing Py or NDI as a
repeating unit
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Py CH2), 4.37 (t, J= 6.4 Hz, 4H, Py CH2), 3.88 (s, 2H,
MDI CH2), 3.41 (m, 4H, PTMG CH2), 2.30 (m, 4H, Py
CH2), 1.62 (m, 4H, PTMG CH2) (Supplementary Fig. S1).
Mn= 38 900 g mol−1, PDI= 2.00.

NDI-PU

A solution of NDI-diol (475mg, 1.07mmol), PTMG (4.30 g,
2.15 mmol), and MDI (807 mg, 3.22 mmol) in anhydrous
DMF (23.6 mL) was prepared under a N2 atmosphere. A
THF solution of 10 vol% DBTDL (1 drop) was added into
the mixture, and the mixture was stirred at 70 °C. After
24 h, the mixture was cooled to room temperature and
precipitated in MeOH. The precipitate was collected and
dried in vacuo at room temperature to give NDI-PU (4.65 g,
83% yield). 1H NMR (400MHz, CDCl3): δ (ppm)= 8.61
(m, 4H, NDI aromatic), 7.29 (m, 4H, MDI aromatic), 7.09
(d, J= 8.4 Hz, 4H, MDI aromatic), 6.78 (br, NH), 4.46 (m,
4H, NDI CH2), 4.23 (m, 4H, NDI CH2), 3.88 (m, 4H, NDI
CH2 and 2H, MDI CH2), 3.76 (m, 4H, NDI CH2), 3.41 (m,
4H, PTMG CH2), 1.62 (m, 4H, PTMG CH2) (Supplemen-
tary Fig. S2). Mn= 39 000 g mol−1, PDI= 1.98.

Elastomer preparation

Blend samples of Py-PU and NDI-PU with different Py-
PU/NDI-PU (wt/wt) ratios of 1/0, 2/1, 1/1, 1/2, and 0/1
were prepared. Each polymer mixture (960 mg in total) was
dissolved in CHCl3 (12 mL), filtered, cast on a Teflon dish,
and dried at room temperature in air overnight and in vacuo
for 2 h to obtain a thick film (0.3–0.6 mm thickness).

Healing efficiency

The healing efficiency of the blend thick films was eval-
uated based on the recovery of the elongation at break and
maximum stress in tensile tests. A 1 mm nick was made at
the center of a rectangular strip specimen (20–30 mm × ca.
3 mm × 0.3–0.6 mm) with a razor blade, and the freshly cut
surfaces were immediately made to contact each other and
pressed firmly. After healing in air or water at different
temperatures (30–100 °C) for different time periods
(0–24 h), tensile tests were performed using more than three
specimens for each healing condition; three of them were
chosen to obtain the average values of the elongation at
break and maximum stress.

Cell compatibility

The cell compatibility of the blend elastomer with Py-PU/
NDI-PU (wt/wt)= 1/1 was evaluated based on cell culture on
its thin films. The Py-PU/NDI-PU mixture (20mg) was
dissolved in CHCl3 (4 mL), and 360 μL of the solution was

spin-coated on cover glass (24mm× 24mm, 0.13–0.25mm
thickness, Matsunami Glass) without any surface pretreatment
at 3000 rpm for 30 s using a spin coater (ACT-300D, Active).
The elastomer-coated glass was dried in air at room tem-
perature for 1 day. Prior to cell seeding, the substrates were
exposed to UV light for 15 min at room temperature for
sterilization. Bovine aortic endothelial cells (BAECs, P8, Cell
Applications) and mouse myoblast (C2C12) cells (P9,
RIKEN Cell Bank) were seeded on the elastomer-coated
substrates (10% confluence) and cultured at 37 °C with 5%
CO2 in Dulbecco’s modified Eagle’s medium with high glu-
cose containing 10% fetal bovine serum and 1% penicillin
and streptomycin. Cell culture on tissue culture polystyrene
(TCPS) dishes was also conducted as a control experiment.
The number of adhered cells was calculated by counting the
cells collected upon trypsin-ethylenediaminetetraacetic acid
treatment. Cell imaging was carried out using a Nikon Eclipse
Ti-E/B phase-contrast microscope. For fluorescent imaging,
BAECs cultured on the elastomer-coated substrate for 3 days
were fixed with 4% paraformaldehyde, and the nuclei and F-
actin were fluorescently stained with Hoechst 33342 and
Alexa Fluor 568 Phalloidin, respectively. The stained cells
were observed using a Nikon Eclipse TE2000-U inverted
microscope.

Results and discussion

Polymer synthesis

Two polyurethanes containing either Py or NDI as a repeating
unit, Py-PU and NDI-PU, were synthesized by polyaddition
of dihydroxyl Py (Py-diol) or NDI (NDI-diol), dihydroxyl-
terminated PTMG (Mn= 2000), and small diisocyanate
(MDI) in the presence of a tin catalyst (DBTDL), as shown in
Fig. 2 [42–44]. Both polyurethanes have sufficiently large
Mns for mechanical evaluation and remarkably similar Mns,
PDIs, and compositions (Table 1). Compared with the feed
ratios, smaller amounts of Py and NDI were incorporated into
the polymers (Supplementary Figs. S1 and S2).

Preparation and characterization of elastomers

The cast thick films of Py-PU and NDI-PU showed brown
and orange colors, respectively (Fig. 3a). Blending the poly-
urethanes produced dark red films, the color of which indicates
the formation of CT complexes between Py and NDI units
[25, 29, 31, 34]. The CT complexation was also confirmed by
the fluorescence spectra in a CHCl3 solution (Fig. 3b)
[25, 29, 31]. The intense fluorescence from Py was drastically
attenuated in the 1/1 blend solution due to the CT com-
plexation. Fluorescence quenching was clearly observed in the
solution by the naked eye under UV light irradiation.
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The DSC curve showed that the 1/1 blend has two glass
transition temperatures (Tgs) and one melting temperature
(Tm), which were similarly observed in Py-PU and NDI-PU
(Fig. 4a). The two Tgs and transparency of the films indicate
that the materials are phase-separated at the micro level. The
glass transition at approximately −70 °C and melting at
~15 °C originate from the crystalline PTMG [45]. The glass
transition at ~90 °C is attributed to the hard domains mainly
composed of hard segments with high densities of urethane
linkages, which consist of Py, NDI, and MDI and can be
statistically generated in the polymerization. As a con-
sequence, the two polyurethanes and their blends are non-
crystalline and amorphous elastomers with physical cross-
links in the glassy domains: CT complexes between Py and
NDI and hydrogen bonds between the urethane linkages at
room temperature.

Py-PU resisted high strain and stress, showing good
mechanical properties in the tensile tests, whereas NDI-PU
was extremely weak (Fig. 4b). The difference is probably
due to their microstructures but is unrecognizable in the
DSC curves. Blending the polyurethanes resulted in tough

elastomers with excellent mechanical properties. This is
caused by the formation of CT complexes as physical cross-
links, which can effectively dissipate energy via

Fig. 2 Synthetic scheme for Py-PU and NDI-PU by polyaddition

Table 1 Mns, PDIs, and compositions of Py-PU and NDI-PU

Molar ratioa (feed ratio)

Py or NDI PTMG MDI Mn
b PDIb

Py-PU 1 (1) 3.4 (2) 4.4 (3) 38 900 2.00

NDI-PU 1 (1) 2.6 (2) 3.6 (3) 39 000 1.98

aCalculated from 1H NMR
bDetermined from SEC

Fig. 3 a Photographs of cast thick films of Py-PU, NDI-PU, and the
Py-PU/NDI-PU (wt/wt)= 1/1 blend. b Fluorescence spectra (λex=
340 nm) of Py-PU (5 mg mL−1) and the Py-PU/NDI-PU (wt/wt)= 1/1
blend (10 mgmL−1) in CHCl3. Inserts are photographs of the Py-PU
(top) and 1/1 blend (bottom) solutions under UV light (365 nm)
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dissociation upon mechanical stress [46, 47]. Particularly,
the blends with the ratios of Py-PU/NDI-PU (wt/wt)= 2/1
and 1/1 showed the highest maximum stress and elongation
at bleak, respectively, in the tensile tests.

Self-healing

We mainly focused on the 1/1 blend with excellent
mechanical properties (elongation at break) and investigated
its self-healing behavior (Supplementary Figs. S3 and S4).
As the experimental procedure in Fig. 5a shows, a 1 mm
nick was made at the center of a rectangular strip film, the
freshly cut surfaces were immediately made to contact each
other and strongly pressed, and the film was placed in each
condition to undergo healing, in which the medium (air or
water), temperature (30–100 °C), and time period (0–24 h)
were varied. After healing, the specimens were stretched to
measure the mechanical properties. The stress-strain curves

of the damaged specimens gradually recovered to the intact
curve with increasing temperature during healing in air for
24 h (Fig. 5b). The specimens after healing at 30 and 70 °C
fractured at the nick in the tensile tests, whereas those after
healing at 100 °C broke at random positions similar to the
intact specimens, which indicates that the mechanical
properties were almost restored. The healing efficiency was

Fig. 4 a DSC curves of Py-PU (green, top), NDI-PU (yellow, bottom),
and their 1/1 blend (red, center). b Typical stress-strain curves of cast
thick films of Py-PU (green), NDI-PU (yellow), and their 2/1 (red
dashed line), 1/1 (red solid line), and 1/2 (red dotted line) blends

Fig. 5 a Illustration of the quantitative evaluation of the healing effi-
ciency by tensile tests. b, c Temperature effect on the healing behavior
of the 1/1 blend elastomer film. b Typical stress-strain curves of thick
films without (black) and with (blue) a nick and after healing in air at
30 (green), 70 (yellow), and 100 °C (red) for 24 h. c Healing efficiency
estimated from the elongation at break (white) and maximum stress
(gray) in the tensile tests (mean ± SD, n= 3)
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determined from the recovery of the elongation at break and
maximum stress in the curves (Fig. 5c). The healing in air at
30, 70, and 100 °C for 24 h enabled recoveries of nearly
40%, 60%, and 80%, respectively. Even under mild con-
ditions at 30 °C close to body temperature, healing was
possible to a certain extent. During the healing processes at
all temperatures, including 100 °C, the specimens were not
fluid but retained their original shapes at the macroscopic
level, although the DSC curves suggest liquefaction of the
blends at ~90 °C. This indicates that the physical cross-
links, such as CT complexes between Py and NDI and
hydrogen bonds between the urethane linkages [45],
maintained the polymer network structures. Therefore, we
concluded that the blend elastomers healed damage by
themselves without melting.

An increase in the time period was also effective for
better healing (Supplementary Fig. S5). In addition, such
healing was observed in the other blends with Py-PU/NDI-
PU (wt/wt)= 2/1 and 1/2 ratios (Supplementary Fig. S6).
To explore the potential for use in physiological conditions,
healing in water was investigated (Supplementary Fig. S7).
Although the efficiency was lower than that in air, healing
was possible to a certain extent in water. The reason for the
lower efficiency is probably that water penetrated into the
nick and physically interfered with the healing.

Cell compatibility

For biomedical use of the self-healable blend elastomers,
the cell compatibility was evaluated by culturing two kinds
of cells, C2C12 cells and BAECs, on the elastomer sur-
faces. C2C12 cells were selected because of their char-
acteristic as the precursor cells of self-healable muscle
tissue and strong adhesion property, while BAECs were
employed to examine the behavior of weak adhesion cells.

Thin films of the 1/1 blend elastomer were fabricated on
glass substrates by spin-coating (thickness < 100 nm) [48],
and the cells were seeded on the surfaces. Both cells
adhered to the substrates, extended, and proliferated well
(Fig. 6). One possible reason for the strong adhesion is the
hydrophobicity of the surfaces, which showed a water
contact angle of 80.2° ± 3.8°. It is well known that most
adhesive cells and cell-adhesive proteins prefer hydro-
phobic surfaces with water contact angles of ~70–80° [49].
Nuclei and F-actin were fluorescently stained in BAECs
cultured on the substrate for 3 days to investigate the cell
adhesion in detail (Fig. 7). The fluorescence microscopic
image showed that the BAECs remarkably formed
actin stress fibers, indicating strong adhesion on the
surface with metabolic activity. Furthermore, the doubling
time of BAECs was 16.7 h, which was comparable to that
on TCPS (15.8 h). From these results, we concluded
that the blend elastomers have good cell compatibility, as
expected.

Interestingly, C2C12 cells did not adhere to the cast thick
film of the 1/1 blend (thickness= 0.3–0.6 mm, Supple-
mentary Fig. S8). Because the moduli of culture scaffolds
strongly affect cell adhesion [50], the thick film without a
stiff glass substrate would be soft for C2C12 cells. This
result potentially suggests that if the blend elastomers are
employed as coatings on artificial tissues and organs, we
can select whether the surfaces are cell-adhesive or not for
the intended use by tuning the thickness.

Conclusion

In this study, we fabricated self-healable and cell-
compatible elastomers cross-linked by reversible CT com-
plexes between electron-rich Py and electron-deficient NDI

(a)

(b)

Day 1 Day 3 Day 5

Fig. 6 Phase-contrast
microscopic images of a C2C12
cells and b BAECs cultured on
1/1 blend thin films for 1, 3, or
5 day(s). Scale bars are 100 μm
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units by simply blending two linear polyurethanes with
either Py or NDI as a repeating unit but with remarkably
similar chemical structures (Mns, PDIs, and compositions).
The blend elastomers with different Py/NDI ratios healed
damage by themselves over 1 day in mild conditions such
as in air and water at 30–100 °C. The healing efficiency was
quantitatively evaluated based on the recovery of mechan-
ical properties measured by tensile tests. Nearly 80%
recovery was possible without liquefaction after healing in
air at 100 °C, while healing to a certain extent was also
observed in air at 30 °C and in water at 70 °C. The good
proliferation of C2C12 cells and BAECs on their thin film
substrates demonstrated the cell compatibility of the elas-
tomers. This study investigated the potential of self-healable
elastomers based on CT interactions for biomedical use for
the first time despite recent intense research on such elas-
tomers. We believe that the findings obtained in this study
will contribute to the development of self-healable poly-
meric biomaterials based on reversible bonds/interactions.
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