
����������
�������

Citation: Wu, C.-Y.; Melaku, A.Z.;

Ilhami, F.B.; Chiu, C.-W.; Cheng, C.-C.

Conductive Supramolecular Polymer

Nanocomposites with Tunable

Properties to Manipulate Cell

Growth and Functions. Int. J. Mol.

Sci. 2022, 23, 4332. https://doi.org/

10.3390/ijms23084332

Academic Editor: Raghvendra

Singh Yadav

Received: 19 March 2022

Accepted: 12 April 2022

Published: 14 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Communication

Conductive Supramolecular Polymer Nanocomposites with
Tunable Properties to Manipulate Cell Growth and Functions
Cheng-You Wu 1, Ashenafi Zeleke Melaku 1 , Fasih Bintang Ilhami 1 , Chih-Wei Chiu 2

and Chih-Chia Cheng 1,3,*

1 Graduate Institute of Applied Science and Technology, National Taiwan University of Science and Technology,
Taipei 10607, Taiwan; johnnywu2262756@gmail.com (C.-Y.W.); ashenafichem@gmail.com (A.Z.M.);
fasihilhami17@gmail.com (F.B.I.)

2 Department of Materials Science and Engineering, National Taiwan University of Science and Technology,
Taipei 10607, Taiwan; cwchiu@mail.ntust.edu.tw

3 Advanced Membrane Materials Research Center, National Taiwan University of Science and Technology,
Taipei 10607, Taiwan

* Correspondence: cccheng@mail.ntust.edu.tw

Abstract: Synthetic bioactive nanocomposites show great promise in biomedicine for use in tissue
growth, wound healing and the potential for bioengineered skin substitutes. Hydrogen-bonded
supramolecular polymers (3A-PCL) can be combined with graphite crystals to form graphite/3A-PCL
composites with tunable physical properties. When used as a bioactive substrate for cell culture,
graphite/3A-PCL composites have an extremely low cytotoxic activity on normal cells and a high
structural stability in a medium with red blood cells. A series of in vitro studies demonstrated that
the resulting composite substrates can efficiently interact with cell surfaces to promote the adhesion,
migration, and proliferation of adherent cells, as well as rapid wound healing ability at the damaged
cellular surface. Importantly, placing these substrates under an indirect current electric field at only
0.1 V leads to a marked acceleration in cell growth, a significant increase in total cell numbers, and
a remarkable alteration in cell morphology. These results reveal a newly created system with great
potential to provide an efficient route for the development of multifunctional bioactive substrates
with unique electro-responsiveness to manipulate cell growth and functions.

Keywords: bioactive supramolecular polymer; conductive graphene nanosheet; cell culture; hydrogen
bonding; indirect electrical stimulation

1. Introduction

Polymer-based bioengineering approaches have risen to prominence in the biomedical
field as potential materials for use in fabrication with a wide range of tissue engineering
applications [1–4]. Several studies have shown that synthetic bioactive polymers with a
tailorable structural composition, surface microstructure and wettability can substantially
affect cellular response and growth through the addition of specific functional monomers
and control of the monomer addition sequence during the polymerization process [5–7].
However, the development of synthetic bioactive polymers is frequently constrained by
our limited understanding of how cell adhesion and proliferation are regulated by the
extracellular matrix (ECM) [8–11]. Recently, supramolecular polymers produced via re-
versible non-covalent interactions have attracted attention owing to the unique mechanical
properties of their matrices, such as their environmental stimuli-responsiveness [12,13], self-
healing [14,15] and shape-memory behavior [16,17]. Specifically, supramolecular hydrogen-
bonding moieties (or synthons) within the polymer that drive self-assembly behavior
might be exploited to manipulate supramolecular polymer–cell junctions [18–22]. For
example, Dankers and coworkers synthesized novel synthetic supramolecular polymers
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with quadruple hydrogen-bonding ureido-pyrimidinone (UPy) moieties that could sponta-
neously self-assemble into a membrane-like structure and improve the bioactivity of cell
growth and proliferation, thereby achieving a biocompatible polymer [23,24]. Therefore,
functional polymeric materials with supramolecular moieties and strong hydrogen-bonding
capability have critical factors required for the development of multifunctional tissue engi-
neering scaffolds with tunable physical properties that can enhance the overall growth of
cultured cells.

Graphene is a one-atom-thick two-dimensional material with a hexagonal structure
that provides distinct features, including a large surface area, excellent thermo-electrical
conductivity, high mechanical strength and light transmittance [25–27]. In particular, con-
ductive materials such as graphene have the potential to provide an essential role in tissue
regeneration that can accelerate cell adhesion and migration during wound healing by
electrical stimulation. Cells have an innate self-electroactivity ability that enhances the
overall efficiency of their cellular wound healing after electrical stimulation [28–32]. Nev-
ertheless, full carbon-based graphene nanosheets have limitations. In particular, they are
extremely hydrophobic, making it a challenge to interface them with biological systems
and thus causing the significant inhibition of cell growth and functions [28–30]. Given
the hydrophobic nature of graphene, we speculate that introducing hydrogen-bonded
supramolecular polymers into the graphene matrix could significantly improve the hy-
drophilicity of the composites, thereby improving the affinity between the composite
substrate and cells [18,19]. We further propose that electrical stimulation—as an exogenous
physiological stimulus—could enhance the cellular affinity of adhesion, proliferation, and
differentiation on materials substrates [33–35]. As a promising strategy with electrical stim-
uli, direct electrical stimulation (DES) implies the interaction of electron transport chain
components with a working electrode surface into cells which may cause burn damage
to living tissues treated with DES [36]. In contrast, indirect electrical stimulation (IES) in-
volves the transfer of electrons from a working electrode to a microorganism without direct
interaction into the cellular environment that allows safe stimulation to promote cellular
growth [37]. Therefore, we speculated that a combination of hydrogen-bonded supramolec-
ular polymers with graphene nanosheets for cell and tissue culture using IES may old great
potential as a high-performance conductive bioactive substrate for manipulating cells in
engineered tissues.

Recent studies in our laboratory demonstrated that supramolecular exfoliated graphene
nanosheets with tunable physical properties could be obtained by controlling the amount of
three-arm adenine-end-capped polycaprolactone polymer (3A-PCL) [38]. This results from
the strong affinity of the self-assembled lamellar and spherical nanostructures of 3A-PCL
to be strongly absorbed onto the surface of the graphite crystals, which subsequently lead
to the formation of exfoliated graphene nanosheets. The tailorable graphene-exfoliation
level and controlled conductive performance of these graphite/3A-PCL composites in-
spired us to explore their ability as a conductive bioactive substrate for cell culture in vitro
(Scheme 1).

The objectives of this work were to achieve improved the surface bioactivity of conduc-
tive graphite/3A-PCL substrates to promote the adhesion, migration and proliferation of
the cells cultured on the substrates via IES at very low voltage levels. In this paper, we show
that graphite/3A-PCL composites not only exhibit extremely low cytotoxic activity against
normal cells and high structural stability in a red blood cell-containing medium, but also
significantly enhance wound-healing and cell-growth rates. In addition, we showed that
graphite/3A-PCL substrates under an indirect current electric field at only 0.1 V can rapidly
and efficiently produce cell adhesion, spreading and proliferation, resulting in a substantial
increase in the total cell numbers and significant alteration in cell morphology. To the best of
our knowledge, this is the first study demonstrating a conductive bioactive supramolecular
substrate based on hydrogen-bonded adenine units and exfoliated graphene nanosheets
that can efficiently control cell growth when exposed to IES. This newly created system has
an advantageous combination of composite, amphipathic, conductive and bioactive char-
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acteristics with promise as a multifunctional, soft cell-culture scaffold for skin substitute
bioconstructs and tissue-engineered regeneration.
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Scheme 1. Graphical illustration for the development of supramolecular composites: self-assembled
lamellar nanostructures are formed by hydrogen-bonded adenine units within the 3A-PCL macromer,
which subsequently adsorbs on the surface of exfoliated graphene nanosheets after blending with
graphite in THF. The resulting composite is applicable as a conductive bioactive substrate for cell
culture under indirect electrical stimulus.

2. Results and Discussion

The molecular structure of tri-adenine end-capped polycaprolactone macromer (3A-PCL)
and its direct self-assembly into well-ordered lamellar structures in solid state via the
noncovalent linkage of the self-complementary adenine-adenine (A-A) hydrogen-bonding
interactions are shown in the upper part of Scheme 1. When 3A-PCL is directly blended
with natural graphite in tetrahydrofuran (THF) using ultrasonic treatment, 3A-PCL effi-
ciently undergoes self-assembly in THF to form a stable lamellar structure on the graphite
surface. This promotes the exfoliation of the bulk graphite into variable layers of graphene
nanosheets. The number of layers depends on the amount of 3A-PCL incorporated into
the graphite crystals (Figure 1) due to the presence of the strong noncovalent intermolecu-
lar interactions between the exfoliated graphene surface and the self-organized lamellar
3A-PCL nanostructures. A well-tunable layer number and physical properties of the
graphite/3A-PCL nanosheets in the solid state were analyzed and discussed in detail in
our previous work [38]. Here, we expanded on our previous work, exploring the physical
properties and potential applications for the cell culturing of graphite/3A-PCL composites.
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correspond with the green and red solid lines seen in the images of (a,c,e,g), respectively. 
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Figure 1. Atomic force microscopy (AFM) images (left side) and corresponding height profiles
(right sides) of (a,b) pristine crystal graphite and the resulting graphite/3A-PCL composites at
(c,d) 5/10, (e,f) 3/10 and (g,h) 1/10 blend ratios. The green and red profiles presented in (b,d,f) and
(h) correspond with the green and red solid lines seen in the images of (a,c,e,g), respectively.
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2.1. Physical Properties of Graphite/3A-PCL Composites

To further extend our previous findings, we explore here the effects of the self-
assembled lamellar structures on the surface wettability of graphite/3A-PCL composites at
25 ◦C by measuring the water contact angle (WCA). Spin-coated commercial polycaprolac-
tone (PCL; average molecular weight = 80,000 g/mol) and adenine-functionalized 3A-PCL
thin-films had WCA values of approximately 80◦ and 49◦, respectively. This confirms that
introducing adenine moieties into the end groups of the PCL oligomer increases the surface
hydrophilicity of 3A-PCL (Figure 2a). The WCA values of all spin-coated graphite/3A-PCL
thin-films exhibited a gradual decrease from 74◦ to 54◦ with increasing weight fractions of
3A-PCL content, indicating that adjusting the content of 3A-PCL within composites not
only significantly affected the surface hydrophilicity of composites, but also effectively
regulated their level of surface wettability.
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Figure 2. (a) WCA analysis of pristine graphite, graphite/3A-PCL composites, 3A-PCL and commer-
cial PCL; (b) electrical resistance values for the graphite and graphite/3A-PCL composites. The pho-
tographs in the inset of (b) present the conductivity performance of graphite and graphite/3A-PCL
composites through a simple light bulb conductivity apparatus.

An ideal exfoliated graphene-based composite for engineering applications must
have high electrical conductivity in a thin-film state. We investigated the electrical resis-
tance of spin-coated graphite/3A-PCL films using a light bulb conductivity apparatus
at 25 ◦C. The light bulbs instantly lit up after being placed on the substrates of the 3/10
and 5/10 graphite/3A-PCL composites, but not on the 1/10 graphite/3A-PCL composite
(Figure 2b). This suggests that an increased proportion of graphite forms enough exfoliated
graphene nanosheets to enable overall electrical conductivity in composites. In addition,
a four-point probing measurement of sensor resistance at 25 ◦C and relative humidity of
approximately 35% showed similar trends for all composites (Figure 2b), further demon-
strating that the 3A-PCL macromer promotes the efficient exfoliation process of graphite.
The resulting graphene nanosheets have a substantial reduction in electrical resistance com-
pared to pristine graphite. For example, the 3/10 and 5/10 graphite/3A-PCL composites
had electric resistances of the 312 and 348 Ohm, respectively, which were approximately
1.5–2.0 times lower than pristine graphite (544 Ohm) and the 1/10 graphite/3A-PCL com-
posite (665 Ohm). These results further indicate that the combination of surface hydrophilic-
ity and electrical conductivity properties that can be tailored for suitability suggests that
these composites have strong potential for electrical stimulation cell culture applications.

2.2. Graphite/3A-PCL Composites for Cell Culture Applications

We therefore further explored the structural stability and cytotoxic activity of the
graphite/3A-PCL composites toward normal mouse embryonic fibroblasts (NIH/3T3 cells)
and sheep red blood cells (SRBCs). As shown in Figure 3a, all sample solutions at con-
centrations ranging from 0.01 µg/mL to 100 µg/mL showed no significant effect on the
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viability of NIH/3T3 cells after 24 h treatment using MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assays. Thus, the graphite/3A-PCL composites exerted
a low cytotoxic effect on normal NIH/3T3 cells. More surprisingly, the SRBC hemolysis
assay clearly demonstrated that the graphite/3A-PCL composites appeared to exhibit
greater structural stability and biocompatibility with SRBCs than pristine graphite does
(see Supporting Information, Figure S1). This might be attributable to the reversible A-A
hydrogen-bonding interactions within the composite matrix (see Figure S2 for the explana-
tion and results), reducing the hemolytic effect of graphite and enabling its potential use for
in vivo applications [39,40]. To further evaluate the effects of the hydrogen-bonded adenine
moieties and self-assembled structures on the growth of cell numbers, NIH/3T3 cells were
seeded on commercial PCL film as a control substrate and on spin-coated 3A-PCL and
composite films, before being incubated at 37 ◦C for various periods (24, 48 and 72 h).
After 72 h incubation, the average number of cells in pristine 3A-PCL (1.1 × 106) was
1.5 times higher than on commercial hydrophobic PCL film (7.2 × 105; Figure 3b), indicat-
ing that the adenine molecules on the end groups of PCL-enhanced surface hydrophilicity
promotes accelerated cell growth in NIH/3T3 cells [19]. Interestingly, the spin-coated
3/10 graphite/3A-PCL substrate was similar in cell growth and number (1.0 × 106) to
pristine 3A-PCL, suggesting that the self-assembled structures of 3A-PCL can play a major
role in facilitating the proliferation and survival of cells even in the presence of exfoliated
graphene nanosheets. However, the 1/10 and 5/10 graphite/3A-PCL substrates had signif-
icantly lower cell numbers compared to 3/10 graphite/3A-PCL substrate—cell numbers
decreased to approximately 7.7 × 105 in both—suggesting that the exfoliated graphene
surfaces are optimally covered by 3A-PCL to achieve a desired surface morphology when
the blending ratio of 3A-PCL and graphite is 3:10 [38]. Thus, a further decrease or increase
in the 3A-PCL content in the composites apparently alters the surface roughness and wetta-
bility in a significant way, leading to a decrease in the total number of produced NIH/3T3
cells. These results confirm that tuning the 3A-PCL content of composites can allow the
efficient control of cellular growth and proliferation in adherent cells. This is perhaps due
to the presence of strong, multiple high-affinity interactions between NIH/3T3 cells and the
hydrogen-bonded adenine group of 3A-PCL, creating a cell culture platform with tailorable
physical substrate properties [19].

To confirm the results of cell growth and assess the interaction and relationship at
the interface between the adenine units, exfoliated nanosheets and cell surface, confocal
laser scanning microscopy (CLSM) was employed to observe the cell cytoskeleton (F-actin,
green) and nuclei (bright blue) using phalloidin and 4′,6-diamidino-2-phenylindole (DAPI)
staining, respectively. The NIH/3T3 cells seeded and cultured for 24 h on pristine graphite
or PCL films displayed an unhealthy cellular shape, insufficient cell density and lacked
the characteristic features of the filamentous cytoskeletal network in cell morphology
(Figure 3c). Thus, NIH/3T3 cells did not seem to attach to the hydrophobic graphite or
PCL surfaces, leading to the inhibition of cell movement and little proliferation. In con-
trast, NIH/3T3 cells did adhere, spread, and grow well on 3A-PCL film and generated a
large area of highly aligned fibroblast-like morphology with the elongation of dendritic
filopodia, indicating that the introduction of the adenine moieties in the PCL structure
effectively improved the binding affinity between the cell surface and the adenine-modified
PCL substrate. This increased binding affinity in turn helped accelerate the cell align-
ment into clusters from adjacent cells via intercellular adhesions, further promoting cell
migration and proliferation. Surprisingly, on the 3/10 graphite/3A-PCL film, NIH/3T3
cells exhibited a highly uniform cellular structure without the presence of a large area
covered by filamentous cytoskeletal structures on the substrate. The restricted formation
of cytoskeletal filamentous networks between neighboring cells was possibly due to the
presence of exfoliated graphene nanosheets within the composites, altering the mechanism
of cell proliferation and inducing a change in the cellular behavior or characteristics [41,42].
While 3A-PCL can help maintain the rate of cell growth, these changes in cell behavior led
to differential morphological attributes in NIH/3T3 cells when compared to cells cultured
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in pristine 3A-PCL substrate. Thus, it appears that the combination of exfoliated graphene
and bioactive 3A-PCL can create a surface with high cell affinity and tailorable effects
on cell culture and that the resulting composite substrate can be efficiently controlled to
regulate the cellular functions involved in cell growth, proliferation, and survival. This has
the potential to play a vital role in cell and tissue cultures [43].
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Figure 3. (a) The viability of NIH/3T3 cells incubated with pristine graphite, PCL, 3A-PCL, and
graphite/3A-PCL composites for 24 h. These viability results were obtained by MTT assay. (b) The
numbers of NIH/3T3 cells on the graphite, PCL, 3A-PCL, and graphite/3A-PCL substrates after
1–3 days of culture. (c) CLSM images of NIH/3T3 cells cultured on pristine graphite, PCL, 3A-PCL,
and 3/10 graphite/3A-PCL substrates. After 24 h of culture, the resulting cells were stained with
green-fluorescent phalloidin and blue-fluorescent DAPI. White scale bars are 20 µm in all images.

2.3. Evaluation of the In Vitro Wound-Healing Activity on Conductive Bioactive Substrates

To determine whether graphite/3A-PCL composites can significantly improve NIH/3T3
cell growth behavior, we evaluated the effects on cell attachment, migration, and prolifera-
tion, using an in vitro scratch wound healing assay [44,45]. As shown in Figures 4 and 5a,
after 24 h of culture, the wound closure percentages of NIH/3T3 cells on pristine 3A-PCL
can reach up to 64.5 ± 1.4%, whereas cells on control tissue culture polystyrene (TCPS)
substrate had only 56.5± 2.1% wound closure. We thus conclude that the 3A-PCL substrate
can promote cell adhesion and enhance cell spreading and migration through specific
interactions between NIH/3T3 cells and hydrophilic adenine-functionalized 3A-PCL sub-
strate, thereby accelerating cell proliferation and wound closure. After 48 h, NIH/3T3 cells
on the 3A-PCL and TCPS substrates showed nearly complete wound closure, revealing
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that 3A-PCL can be used as a high-efficiency bioactive scaffold for cell and tissue culture
applications. In contrast to pristine 3A-PCL, graphite substrates led to a delay in wound clo-
sure efficiency, with the scratch-damaged NIH/3T3 monolayer showing only 38.5 ± 2.0%
wound closure after 48 h. This suggests that the hydrophobicity of the graphite surface
suppresses cell growth, migration, and cycle progression. However, with the incorporation
of 3A-PCL into the graphite matrix, the resulting composite substrates significantly enhance
the wound closure rate in NIH/3T3 cells. For example, the wound closure efficiency of
NIH/3T3 cells on the 3/10 and 5/10 graphite/3A-PCL substrates after 48 h of culture
reached 83 ± 1.4% and 74 ± 2.8%, respectively. Overall, these findings demonstrate that
adjusting the content of 3A-PCL is critical to controlling the physical properties of exfoliated
graphene nanosheets [38] and the resulting composites can be used as a bioactive substrate
to efficiently manipulate and regulate the cell growth and wound healing ability, eventually
achieving desirable cell performance in cell culture.
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2.4. Assessment of Cell Growth on Conductive Bioactive Substrates with IES

Given that graphite/3A-PCL composites have excellent electrical conductivity, we
decided to further explore whether these newly developed substrates could enhance cell
growth and manipulate the cell morphology and shape through the use of an indirect-
current electric field [46–48]. The cell culture experiment using IES was performed under
low electric voltage at 0.1 V/mm (approximately 1~2 mA current intensity); this level does
not affect cell growth or have negative effects during cell culture [49,50]. After 24 h of
culture under IES, the number of NIH/3T3 cells on the 3:10 graphite/3A-PCL substrate in-
creased from 11.4 × 104 to 15.7 × 104 while little change in cell number was seen on control
TCPS or pristine 3A-PCL substrate with IES treatment (Figure 5b). These results suggest
that exfoliated graphite nanosheets present in composites create an electric field-sensing
medium that effectively stimulates the structural motion of the composite under low-
voltage electric fields. This probably promotes an increased interaction of composite and
cells at the interface, leading to a significant increase in total cell number. To explore how
the graphite/3A-PCL substrates under IES treatment influence cell morphology, NIH/3T3
cells were cultured with pristine 3A-PCL or graphite/3A-PCL substrates for 24 h under
0.1 V, and then observed under CLSM to detect changes in cell shape and morphology.
The CLSM images showed no significant differences in cell morphology on the pristine
3A-PCL substrate before and after IES treatments (Figure 5c). In contrast, cells on the
3/10 graphite/3A-PCL substrate cell morphology changed remarkably after IES treatment,
with cells displaying interlocking and close-packing bundles of spindle-shaped cells of
increased overall cell area and pseudopod numbers after IES treatment (Figure 5c, far right).
The increased coalescence and proliferation of cells with neighboring cells can be attributed
to the fact that exfoliated graphene nanosheets in graphite/3A-PCL composites not only act
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as an electrical stimulation unit, like an “active trigger”, to facilitate the segmental motion
of the 3A-PCL polymer chains, but also to efficiently facilitate interaction between the cells
and substrate through the effect of an external electric field. This facilitated interaction
accelerates the formation of a closely connected cell morphology via the promotion of inter-
cellular adhesion, resulting in a significant increase in total cell numbers on the substrate.
Overall, we concluded that the introduction of the adenine moieties in the PCL matrix
substantially enhances the binding affinity with cells, which promotes the attachment of
cells to the substrate and regulates cellular characteristics, i.e., adhesion, proliferation, and
migration. Incorporating graphite into the 3A-PCL substrates enabled the effective tuning
of the wettability and conductivity of the substrate surface and thus altered the growth be-
havior and characteristics of the cells. Importantly, under an indirect-current electric field of
only 0.1 V, the graphite/3A-PCL substrates rapidly stimulated the spread and proliferation
of cells and significantly increased the total cell numbers. Thus, the adenine and exfoliated
graphene-containing bioactive substrates exhibit unique physical and biological properties
that efficiently enhance cell growth and manipulate cell morphology and function through
IES-responsive characteristics. These important features suggest great potential for a wide
variety of biomedical applications, especially as a highly effective scaffold for tissue and
cell cultures [43].
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3. Materials and Methods

Details regarding the synthetic procedures, the cell experiments and instrumentation
used in this study are given in the Supplementary Information.

4. Conclusions

In summary, we successfully created a high-performance conductive supramolecular
nanocomposite containing a hydrogen-bonded adenine-functionalized PCL and exfoliated
graphene nanosheets that serve as a highly efficient bioactive substrate for the cell culture
and manipulation of cell biophysical properties. The exfoliation of graphite within the
3A-PCL matrix promotes the formation of well-dispersed graphene nanosheets with unique
structural and physical properties due to the presence of strong interaction between the
exfoliated graphene nanosheets and the self-assembled nanostructures of 3A-PCL. The
resulting spin-coated composite films can be easily tuned by altering the blending ratio of
the graphite and 3A-PCL to obtain the required level of surface roughness and achieve the
desired surface wettability and electrical conductivity. The combination of a wide range
of tunable physical properties and stable thermo-reversible behavior of graphite/3A-PCL
composites is rare and has strong potential for use as cell culture substrates or tissue
culture scaffolds. When these newly developed composites were evaluated under in vitro
environmental conditions, they exhibited extremely low cytotoxic activity against NIH/3T3
normal cells, high structural stability, and biocompatibility in the SRBC-containing medium.
Cell culture, scratch experiments, and fluorescence images confirmed that pristine 3A-PCL
substrates can efficiently interact with cell surfaces to enhance cell attachment, spreading,
migration, and proliferation. With the incorporation of graphite into the 3A-PCL matrix, the
resulting composite substrates can efficiently regulate cellular functions involved in cellular
morphological features, without affecting wound healing abilities. More importantly,
placing the graphite/3A-PCL substrates under an indirect current electric field of only
0.1 V rapidly stimulated cell responses in terms of adhesion, spreading, viability, and
proliferation, leading to a substantial increase in the total cell numbers and a significant
alteration in cell morphology, especially a gradual increase in cell size distribution. The
presence of both adenine moieties and exfoliated graphene nanosheets within the composite
substrates are crucial for the manipulation of cell growth, morphology, and functions by
IES-responsive characteristics. This newly created strategy provides a simple, rapid, and
efficient path to produce biocompatible and biodegradable conductive supramolecular
nanocomposites for the development of multifunctional bioactive substrates that can
substantially improve the cell culturing process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23084332/s1.

Author Contributions: C.-Y.W.: data curation, methodology, writing—original draft. A.Z.M.: inves-
tigation, validation, writing—original draft. F.B.I.: investigation, writing—original draft. C.-W.C.:
investigation, resources, C.-C.C.: conceptualization, funding acquisition, investigation, methodology,
resources, supervision, visualization, writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: Ministry of Science and Technology, Taiwan (contract No. MOST 110-2221-E-011-003-MY3).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This study was financially supported by the Ministry of Science and Technology,
Taiwan (contract no. MOST 110-2221-E-011-003-MY3).

Conflicts of Interest: The authors declare no competing financial interest.

https://www.mdpi.com/article/10.3390/ijms23084332/s1
https://www.mdpi.com/article/10.3390/ijms23084332/s1


Int. J. Mol. Sci. 2022, 23, 4332 11 of 12

References
1. Liang, Y.; Kiick, K.L. Heparin-functionalized polymeric biomaterials in tissue engineering and drug delivery applications. Acta

Biomater. 2014, 10, 1588–1600. [CrossRef] [PubMed]
2. Zhang, J.; Liu, K.; Müllen, K.; Yin, M. Self-assemblies of amphiphilic homopolymers: Synthesis, morphology studies and

biomedical applications. Chem. Commun. 2015, 51, 11541–11555. [CrossRef] [PubMed]
3. Suh, J.K.F.; Matthew, H.W.T. Application of chitosan-based polysaccharide biomaterials in cartilage tissue engineering: A review.

Biomaterials 2000, 21, 2589–2598. [PubMed]
4. Cao, L.; Cao, B.; Lu, C.; Wang, G.; Yu, L.; Ding, J. An injectable hydrogel formed by in situ cross-linking of glycol chitosan

and multi-benzaldehyde functionalized PEG analogues for cartilage tissue engineering. J. Mater. Chem. B 2015, 3, 1268–1280.
[CrossRef]

5. Aizawa, Y.; Owen, S.C.; Shoichet, M.S. Polymers used to influence cell fate in 3D geometry: New trends. Prog. Polym. Sci. 2012,
37, 645–658. [CrossRef]

6. Seo, J.-H.; Yui, N. The effect of molecular mobility of supramolecular polymer surfaces on fibroblast adhesion. Biomaterials 2013,
34, 55–63. [CrossRef]

7. Dou, X.-Q.; Zhang, D.; Feng, C.; Jiang, L. Bioinspired hierarchical surface structures with tunable wettability for regulating
bacteria adhesion. ACS Nano 2015, 9, 10664–10672. [CrossRef]

8. Galbraith, C.G.; Sheetz, M.P. Forces on adhesive contacts affect cell function. Curr. Opin. Cell Biol. 1998, 10, 566–571. [CrossRef]
9. Gumbiner, B.M. Cell adhesion: The molecular basis of tissue architecture and morphogenesis. Cell 1996, 84, 345–357. [CrossRef]
10. Zhao, K.; Deng, Y.; Chen, J.C.; Chen, G.-Q. Polyhydroxyalkanoate (PHA) scaffolds with good mechanical properties and

biocompatibility. Biomaterials 2003, 24, 1041–1045. [CrossRef]
11. Qi, W.; Xue, Z.; Yuan, W.; Wang, H. Layer-by-layer assembled graphene oxide composite films for enhanced mechanical properties

and fibroblast cell affinity. J. Mater. Chem. B 2014, 2, 325–331. [CrossRef]
12. Yu, G.; Zhao, X.; Zhou, J.; Mao, Z.; Huang, X.; Wang, Z.; Hua, B.; Liu, Y.; Zhang, F.; He, Z.; et al. Supramolecular polymer-based

nanomedicine: High therapeutic performance and negligible long-term immunotoxicity. J. Am. Chem. Soc. 2018, 140, 8005–8019.
[CrossRef]

13. Torchilin, V.P. Multifunctional, stimuli-sensitive nanoparticulate systems for drug delivery. Nat. Rev. Drug Discov. 2014, 13,
813–827. [CrossRef]

14. Hillewaere, X.K.D.; Du Prez, F.E. Fifteen chemistries for autonomous external self-healing polymers and composites. Prog. Polym.
Sci. 2015, 49–50, 121–153. [CrossRef]

15. Roy, N.; Bruchmann, B.; Lehn, J.-M. Dynamers: Dynamic polymers as self-healing materials. Chem. Soc. Rev. 2015, 44, 3786–3807.
[CrossRef]

16. Li, Z.-Y.; Zhang, Y.; Zhang, C.-W.; Chen, L.-J.; Wang, C.; Tan, H.; Yu, Y.; Li, X.; Yang, H.-B. Cross-linked supramolecular polymer
gels constructed from discrete multi-pillar[5]arene metallacycles and their multiple stimuli-responsive behavior. J. Am. Chem. Soc.
2014, 136, 8577–8589. [CrossRef]

17. Liu, J.; Tan, C.S.Y.; Yu, Z.; Li, N.; Abell, C.; Scherman, O.A. Tough supramolecular polymer networks with extreme stretchability
and fast room-temperature self-healing. Adv. Mater. 2017, 29, 1605325. [CrossRef]

18. Cheng, C.C.; Lee, D.J.; Chen, J.K. Self-assembled supramolecular polymers with tailorable properties that enhance cell attachment
and proliferation. Acta Biomater. 2017, 50, 476–483. [CrossRef]

19. Cheng, C.C.; Yang, X.J.; Fan, W.L.; Lee, A.W.; Lai, J.Y. Cytosine-functionalized supramolecular polymer-mediated cellular behavior
and wound healing. Biomacromolecules 2020, 21, 3857–3866. [CrossRef]

20. Zalatan, J.G.; Lee, M.E.; Almeida, R.; Gilbert, L.A.; Whitehead, E.H.; La Russa, M.; Tsai, J.C.; Weissman, J.S.; Dueber, J.E.;
Qi, L.S.; et al. Engineering complex synthetic transcriptional programs with CRISPR RNA scaffolds. Cell 2015, 160, 339–350.
[CrossRef]

21. Huo, Y.; He, Z.; Wang, C.; Zhang, L.; Xuan, Q.; Wei, S.; Wang, Y.; Pan, D.; Dong, B.; Wei, R.; et al. The recent progress of synergistic
supramolecular polymers: Preparation, properties and applications. Chem. Commun. 2021, 57, 1413–1429. [CrossRef] [PubMed]

22. Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Self-healing and thermoreversible rubber from supramolecular assembly.
Nature 2008, 451, 977–980. [CrossRef] [PubMed]

23. Mollet, B.B.; Bogaerts, I.L.J.; van Almen, G.C.; Dankers, P.Y.W. A bioartificial environment for kidney epithelial cells based on a
supramolecular polymer basement membrane mimic and an organotypical culture system. J. Tissue Eng. Regen. Med. 2017, 11,
1820–1834. [CrossRef] [PubMed]

24. Mollet, B.B.; Comellas-Aragonès, M.; Spiering, A.J.H.; Söntjens, S.H.M.; Meijer, E.W.; Dankers, P.Y.W. A modular approach to
easily processable supramolecular bilayered scaffolds with tailorable properties. J. Mater. Chem. B 2014, 2, 2483–2493. [CrossRef]

25. Liao, G.; Hu, J.; Chen, Z.; Zhang, R.; Wang, G.; Kuang, T. Preparation, properties, and applications of graphene-based hydrogels.
Front. Chem. 2018, 6, 450. [CrossRef]

26. Li, L.; Zhou, M.; Jin, L.; Liu, L.; Mo, Y.; Li, X.; Mo, Z.; Liu, Z.; You, S.; Zhu, H. Research progress of the liquid-phase exfoliation
and stable dispersion mechanism and method of grapheme. Front. Mater. 2019, 6, 325. [CrossRef]

27. Marinho, B.; Ghislandi, M.; Tkalya, E.; Koning, C.E.; de With, G. Electrical conductivity of compacts of graphene, multi-wall
carbon nanotubes, carbon black, and graphite powder. Powder Technol. 2012, 221, 351–358. [CrossRef]

http://doi.org/10.1016/j.actbio.2013.07.031
http://www.ncbi.nlm.nih.gov/pubmed/23911941
http://doi.org/10.1039/C5CC03016A
http://www.ncbi.nlm.nih.gov/pubmed/26073994
http://www.ncbi.nlm.nih.gov/pubmed/11071608
http://doi.org/10.1039/C4TB01705F
http://doi.org/10.1016/j.progpolymsci.2011.11.004
http://doi.org/10.1016/j.biomaterials.2012.09.063
http://doi.org/10.1021/acsnano.5b04231
http://doi.org/10.1016/S0955-0674(98)80030-6
http://doi.org/10.1016/S0092-8674(00)81279-9
http://doi.org/10.1016/S0142-9612(02)00426-X
http://doi.org/10.1039/C3TB21387K
http://doi.org/10.1021/jacs.8b04400
http://doi.org/10.1038/nrd4333
http://doi.org/10.1016/j.progpolymsci.2015.04.004
http://doi.org/10.1039/C5CS00194C
http://doi.org/10.1021/ja413047r
http://doi.org/10.1002/adma.201605325
http://doi.org/10.1016/j.actbio.2016.12.031
http://doi.org/10.1021/acs.biomac.0c00938
http://doi.org/10.1016/j.cell.2014.11.052
http://doi.org/10.1039/D0CC07247H
http://www.ncbi.nlm.nih.gov/pubmed/33439172
http://doi.org/10.1038/nature06669
http://www.ncbi.nlm.nih.gov/pubmed/18288191
http://doi.org/10.1002/term.2080
http://www.ncbi.nlm.nih.gov/pubmed/28586546
http://doi.org/10.1039/C3TB21516D
http://doi.org/10.3389/fchem.2018.00450
http://doi.org/10.3389/fmats.2019.00325
http://doi.org/10.1016/j.powtec.2012.01.024


Int. J. Mol. Sci. 2022, 23, 4332 12 of 12

28. Rajendran, S.B.; Challen, K.; Wright, K.L.; Hardy, J.G. Electrical stimulation to enhance wound healing. J. Funct. Biomater. 2021,
12, 40. [CrossRef]

29. Huang, Z.; Guo, Z.; Sun, M.; Fang, S.; Li, H. A study on graphene composites for peripheral nerve injury repair under electrical
stimulation. RSC Adv. 2019, 9, 28627–28635. [CrossRef]

30. Shin, S.R.; Li, Y.-C.; Jang, H.L.; Khoshakhlagh, P.; Akbari, M.; Nasajpour, A.; Zhang, Y.S.; Tamayol, A.; Khademhosseini, A.
Graphene-based materials for tissue engineering. Adv. Drug Deliv. Rev. 2016, 105, 255–274. [CrossRef]

31. Dybowska-Sarapuk, L.; Sosnowicz, W.; Krzeminski, J.; Grzeczkowicz, A.; Granicka, L.H.; Kotela, A.; Jakubowska, M. Printed
graphene layer as a base for cell electrostimulation—preliminary results. Int. J. Mol. Sci. 2020, 21, 7865. [CrossRef] [PubMed]

32. Aydin, T.; Gurcan, C.; Taheri, H.; Yilmazer, A. Graphene based materials in neural tissue regeneration. Cell Biol. Transl. Med. 2018,
3, 129–142.

33. Wang, W.; Hou, Y.; Martinez, D.; Kurniawan, D.; Chiang, W.-H.; Bartolo, P. Carbon nanomaterials for electro-active structures: A
review. Polymers 2020, 12, 2946. [CrossRef] [PubMed]

34. Xue, J.; Gao, Z.; Xiao, L. The application of stimuli-sensitive actuators based on graphene materials. Front Chem. 2019, 7, 803.
[CrossRef]

35. Lovley, D.R. Bug juice: Harvesting electricity with microorganisms. Nat. Rev. Microbiol. 2006, 4, 497–508. [CrossRef]
36. Cheah, Y.J.; Buyong, M.R.; Mohd Yunus, M.H. Wound healing with electrical stimulation technologies: A review. Polymers 2021,

13, 3790. [CrossRef]
37. Thrash, J.C.; Coates, J.D. Review: Direct and indirect electrical stimulation of microbial metabolism. Environ. Sci. Technol. 2008, 42,

3921–3931. [CrossRef]
38. Wu, C.Y.; Melaku, A.Z.; Chuang, W.T.; Cheng, C.C. Manipulating the self-assembly behavior of graphene nanosheets via

adenine-functionalized biodegradable polymers. Appl. Surf. Sci. 2022, 572, 151437. [CrossRef]
39. Choi, J.; Reipa, V.; Hitchins, V.M.; Goering, P.L.; Malinauskas, R.A. Physicochemical characterization and in vitro hemolysis

evaluation of silver nanoparticles. Toxicol. Sci. 2011, 123, 133–143. [CrossRef]
40. Hisey, B.; Ragogna, P.J.; Gillies, E.R. Phosphonium-functionalized polymer micelles with intrinsic antibacterial activity.

Biomacromolecules 2017, 18, 914–923. [CrossRef]
41. Lee, W.C.; Lim, C.H.Y.X.; Shi, H.; Tang, L.A.L.; Wang, Y.; Lim, C.T.; Loh, K.P. Origin of enhanced stem cell growth and

differentiation on graphene and graphene oxide. ACS Nano 2011, 5, 7334–7341. [CrossRef] [PubMed]
42. Kostarelos, K.; Novoselov, K.S. Exploring the interface of graphene and biology. Science 2014, 344, 261–263. [CrossRef] [PubMed]
43. Chen, L.; Yan, C.; Zheng, Z. Functional polymer surfaces for controlling cell behaviors. Mater. Today 2018, 21, 38–59. [CrossRef]
44. Jonkman, J.E.N.; Cathcart, J.A.; Xu, F.; Bartolini, M.E.; Amon, J.E.; Stevens, K.M.; Colarusso, P. An introduction to the wound

healing assay Using live-cell microscopy. Cell Adhes. Migr. 2014, 8, 440–451. [CrossRef]
45. Martinotti, S.; Ranzato, E. Scratch wound healing assay. Methods Mol. Biol. 2020, 2109, 225–229.
46. Tehovnik, E.J.; Tolias, A.S.; Sultan, F.; Slocum, W.M.; Logothetis, N.K. Direct and indirect activation of cortical neurons by electrical

microstimulation. J. Neurophysiol. 2006, 96, 512–521. [CrossRef]
47. Park, H.-H.; Jo, S.; Seo, C.H.; Jeong, J.H.; Yoo, Y.-E.; Lee, D.H. An indirect electric field-induced control in directional migration of

rat mesenchymal stem cells. Appl. Phys. Lett. 2014, 105, 244109. [CrossRef]
48. Ning, C.; Zhou, Z.; Tan, G.; Zhu, Y.; Mao, C. Electroactive polymers for tissue regeneration: Developments andperspectives. Prog.

Polym. Sci. 2018, 81, 144–162. [CrossRef]
49. Onuma, E.K.; Hui, S.W. Electric field-directed cell shape changes, displacement, and cytoskeletal reorganization are calcium

dependent. J. Cell Biol. 1988, 106, 2067–2075. [CrossRef]
50. Balint, R.; Cassidy, N.J.; Cartmell, S.H. Electrical stimulation: A novel tool for tissue engineering. Tissue Eng. Part B Rev. 2013, 19,

48–57. [CrossRef]

http://doi.org/10.3390/jfb12020040
http://doi.org/10.1039/C9RA04855C
http://doi.org/10.1016/j.addr.2016.03.007
http://doi.org/10.3390/ijms21217865
http://www.ncbi.nlm.nih.gov/pubmed/33114038
http://doi.org/10.3390/polym12122946
http://www.ncbi.nlm.nih.gov/pubmed/33317211
http://doi.org/10.3389/fchem.2019.00803
http://doi.org/10.1038/nrmicro1442
http://doi.org/10.3390/polym13213790
http://doi.org/10.1021/es702668w
http://doi.org/10.1016/j.apsusc.2021.151437
http://doi.org/10.1093/toxsci/kfr149
http://doi.org/10.1021/acs.biomac.6b01785
http://doi.org/10.1021/nn202190c
http://www.ncbi.nlm.nih.gov/pubmed/21793541
http://doi.org/10.1126/science.1246736
http://www.ncbi.nlm.nih.gov/pubmed/24744363
http://doi.org/10.1016/j.mattod.2017.07.002
http://doi.org/10.4161/cam.36224
http://doi.org/10.1152/jn.00126.2006
http://doi.org/10.1063/1.4904801
http://doi.org/10.1016/j.progpolymsci.2018.01.001
http://doi.org/10.1083/jcb.106.6.2067
http://doi.org/10.1089/ten.teb.2012.0183

	Introduction 
	Results and Discussion 
	Physical Properties of Graphite/3A-PCL Composites 
	Graphite/3A-PCL Composites for Cell Culture Applications 
	Evaluation of the In Vitro Wound-Healing Activity on Conductive Bioactive Substrates 
	Assessment of Cell Growth on Conductive Bioactive Substrates with IES 

	Materials and Methods 
	Conclusions 
	References

