
Research Article Open Access

Journal of
Nanomedicine & NanotechnologyJo

ur
na

l o
f N

an
omedicine & Nanotechnology 

ISSN: 2157-7439

Al Habis et al., J Nanomed Nanotechnol 2018, 9:2 
DOI: 10.4172/2157-7439.1000493

J Nanomed Nanotechnol, an open access journal
ISSN: 2157-7439

Volume 9 • Issue 2 • 1000493

Enhancing the Cell Growth Using Conductive Scaffolds
Nuha Al Habis1*, Lafdi K1, Tsonis PA2 and Rio-Tsonis KD3

1Department of Materials Engineering, University of Dayton, 300 College Park, Dayton, Ohio 45440, USA
2Department of Biology, Center for Tissue Regeneration and Engineering, University of Dayton, Dayton, Ohio 45469, USA
3Department of Biology, Center for Visual Sciences, Miami University, Oxford, Ohio 45056, USA

*Corresponding author: Nuha Al Habis, Department of Materials Engineering, 
University of Dayton, 300 College Park, Dayton, Ohio 45440, USA, Tel: 937-229-
1000; E-mail: alhabisn1@gmail.com

Received: March 25, 2018; Accepted: April 03, 2018; Published: April 06, 2018

Citation: Al Habis N, Lafdi K, Tsonis PA, Rio-Tsonis KD (2018) Enhancing the 
Cell Growth Using Conductive Scaffolds. J Nanomed Nanotechnol 9: 493. doi: 
10.4172/2157-7439.1000493

Copyright: © 2018 Al Habis N, et al. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the 
original author and source are credited.

Keywords: Carbon nano-additives; Electrical properties of nano-
additives; Conductive scaffold; Cell density

Introduction
Scaffolds were generated as substrate structures for tissue 

repair and regeneration [1,2]. Scaffolds can be formed by utilizing 
biopolymers, conductive materials and polymer-based additives 
which can provide additional features such as surface, mechanical 
and electrical properties. Synthetic polymers are commonly used for 
the fabrication of nanofiber scaffolds. In this study, we explored their 
use as biodegradable materials for scaffolds. These include poly (lactic 
acid) (PLA), poly (lactic-co-glycolic acid) (PLGA), Polycaprolactone 
(PCL), poly (methyl methacrylate) (PMMA), polyglycolic acid (PGA), 
and polyvinyl alcohol (PVA). Polymer scaffolds can be combined with 
growth factors. These polymer scaffolds have been used for numerous 
applications, including regeneration of blood vessels (i.e. coronary 
arteries), bone, skin, cartilage, as well as to enhance cell proliferation 
and differentiation [3-5]. Another material that has shown rapid 
expansion among biocompatible scaffolds are electroactive materials. 
These materials hold a great promise for cell growth and tissue repair. 
Conductive scaffolds have been considered suitable substrates for 
cell proliferation and cell attachment [6], and they enhanced the 
effect of electrical signals on cell activities [7,8]. For instance, when 
biocompatible polypyrrole (PPY) film was applied to rat bone marrow 
stromal cells in culture, the electron mobility, electrical conductivity 
and calcium deposition into the extracellular matrix increased due 
to the highly-branched PPy chains of the film [9]. Furthermore, the 
electroactive and biodegradable blend polymer (PLLA/ PGTA) was 
able to differentiate rat C6 glioma cells rapidly [10]. Finally, carbon 
nano-fillers have a broad range of usage in biological applications as 
scaffolds [11,12] to enhance cell differentiation [13,14] due to their 
compatibility and electrical and mechanical properties [15,16]. These 
fillers, in particular, carbon black (CB), carbon nanofiber (CNF) and 
graphene, have a variety of characteristics that rely on their crystal 
structure and geometrical configuration [17]. CB is extensively used 
as a filler in elastomers, plastic and paints to modify the mechanical, 
electrical and the optical properties of the materials [18]. CB has a 
spherical particle form, obtained by the partial combustion or thermal 
decomposition of hydrocarbons [19]. It has a large surface area and 
an aggregate dimension that ranges from tens of nanometers to 
a few hundred nanometers. When added to another component, 

it imparts its distinctive features to improve the mechanical and 
electrical properties of the nanocomposite [20]. In addition, CNF 
can be primarily fabricated by catalytically vaporizing deposition 
growth and electrospinning approaches [21]. CNF has a cylindrical 
nanostructure with a high aspect ratio, excellent thermal conductivity, 
mechanical, and electrical properties which used as additives in various 
structural materials. The potential of using carbon-based nanofibers as 
reinforcement was realized in the 1980s [22-25]. The most reliable filler 
is graphene which consists of interconnected hexagon carbon atoms 
and forms lamella. Rolling graphene structures carbon nanotubes 
along certain axes which allow graphene to be structurally linked to 
many carbon allotropes [26]. In the last ten years, graphene has been 
one of the most studied materials due to its unique electrical, optical, 
and mechanical properties as well as for its potential applications 
[27]. Graphene can be prepared by exfoliation, epitaxial growth and 
chemical vapor deposition methods [28].

PCL nanocomposite based carbon nano-fillers were fabricated by 
using electrospinning and spin coating techniques. It is known that 
electrospinning can improve cell proliferation. Yang et al. studied 
the behavior of neural stem cells (NSC) with an aligned electrospun 
nanofiber scaffold of poly (l-lactic acid) (PLLA). The results showed 
that the direction of PLLA fibers had a parallel control on the direction 
of NSC elongation and their neurite outgrowth [29]. Furthermore, to 
understand the behavior and interaction of cells with scaffolds, the 
orientation and alignment of the scaffold morphology were studied. For 
example, Sharma et al. achieved a significant effect of 80% elongation 
of cells on the scaffold by using micropatterned polymeric films [30]. 
Moreover, directed axonal and nerve regeneration has been promoted 
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nano-fillers thin film scaffold using a Spin speed of 3000 rpm for 90 
seconds. The electrospinning method was used to fabricate a PCL/ 
nano-filler nano-fibrous scaffolds, which was performed using a syringe 
pump (New Era Pump Systems, Inc. NE-300), voltage controller 
(Stanford research systems, Inc. Model PS375), rotator (Dayton® DC 
Motor, 4Z145), rotator controller (Mastech, HY3010E), and a syringe 
(30 mL Luer-Lor™ Syringe, BD), 17# needle. The voltage between the 
needle and the collector was 15 kV with a distance of 15 cm, a feeding 
rate of 0.003 mL/min, and a rotator speed of 5.7 m/s. The PCL/ acetone 
solution was 14% by weight.

Electrical measurement

Based on our previous work [49], spin coating film conductivity 
was tested by using a two-probe method with copper electrodes and a 
KEITHLEY 2700 multimeter/DATA acquisition system with a range of 
operation (1 µA-1 mA, 0-12.8 V). In this device, the lowest values are 
used for lowest energy across the sample. The area of the measurement 
through the sample was 1.5 × 10 -9 to 3.5 × 10 -8 The thickness of the 
films were measured by a thermal mechanical analysis (TMA, Q400, 
TA Universal) at room temperature (~23°C) which is between 0.3-7 
µm. The conductivity of the electrospinning fibers does not measure in 
this work due to unavailable tools to test the conductivity of the single 
fiber.

Cell culture and seeding

Transformed human lens epithelial (HLE) cells B-3 (ATCC) 
were cultured in Eagle’s Minimum Essential Medium (EMEM) 
supplemented with 20% fetal bovine serum (FBS). HLE B-3 frozen 
cells were thawed in a 37°C water bath with keeping the O-ring and 
cap out of the water to avoid any contamination for 2 minutes. Once 
thawed, the cells were aseptically transferred to 50 ml tubes with 10 ml 
of the culture media and centrifuged at approximately 125x g for 5-10 
minutes to remove cryoprotective agents. The cells were resuspended 
in 20 ml of fresh growth medium, plated into a 75 cm2 tissue culture 
flasks and incubated in 5% CO2 at 37°C.

Sub-culturing procedure

After 5-7 days of incubation, the cells were sub-cultured by 
separating the cells from the dish using the enzyme Trypsin for less 
than 30 seconds. The process was repeated for 60 seconds at room 
temperature. Complete growth medium was then added to neutralize 
the trypsin and the contents were placed in a centrifuge tube. The 
contents were centrifuged at approximately 125x g for 5-10 minutes. 
The medium and trypsin were aspirated and new media was added 
to resuspend the cells. At this time, the cells were ready to culture 
on biomaterial scaffold. After calculating the number of viable cells, 
a dilution ratio was applied to well plates containing the different 
scaffold along with growth media. The cells were, incubated for 24, 72 
and 120 hours

Fixing adherent cells

Cells grown on scaffolds were fixed with 10% Neutral Buffered 
formalin for 10 minutes. The scaffolds were then rinsed twice with 
1X phosphate buffered saline (PBS). To stain cell nuclei, the scaffold-
cell interfaces were incubated with one drop of prolong® diamond 
antifade mountant containing DAPI (Life technologies corporation) 
on microscope slides.

Characterization

A Phenom Desktop scanning electron microscope (SEM) (Pro 

by using micropatterned scaffolds [31,32]. Zhou et al. demonstrated that 
a scaffold of electrospun aligned PLLA fibers coated with PGlu-codoped 
PPy film significantly enhanced neurite’s extensions by 68% [33]. 
Recently, numerous research studies have been examining the effects 
of electrical conductivity and electrical stimulation of the cells. PLLA 
fibers have also been known to regulate cell attachment, proliferation, 
and differentiation of nerve cell axonal extension [34], healing of bones 
[35], cartilage [36], skin, connective tissues [37], cranial, spinal [38,39] 
and peripheral nerves [40,41]. In a study by Schmidt et al., the effect of 
electrical stimulus through a scaffold film was recorded in muscle and 
neuronal cells [42]. Polypyrrole (PPy) film appeared to have a slight 
adverse tissue response compared to poly (lactic acid-co-glycolic acid). 
Another study used CNT grid as conductive scaffolds to demonstrate 
the effect of neuronal circuit growth, by significantly increasing the 
efficacy of neural signal transmission [43]. On the other hand, Keisham 
et al. used graphene as a noninvasive tool for early cancer diagnosis 
due to its large quantum capacitance and the electronic properties. The 
result demonstrated the ability of graphene membrane to differentiate 
a single hyperactive cancerous cell from a normal cell by integrating 
brain cells onto graphene substrate [44].

In this work, we explore the effect that scaffold orientation and 
conductivity has on cell growth. The orientation was altered using 
processing methods such as electrospinning and spin coating. On the 
other hand, the conductivity was tailored using three carbon nano-
fillers (CNF, CB and graphene) at various concentrations.

Materials and Experimental Methods
Materials

Polycaprolactone (PCL), (Mw=80,000) is a semi-crystalline 
nontoxic hydrophobic biodegradable polyester supplied by Sigma 
Aldrich Corporation. Nano-fillers that used in this study are carbon 
nanofiber (CNF), carbon black (CB) and graphene. CNF was provided 
by Pyrograf Products Inc. which was dispersed in a polymer to 
provide a conductive network by approximately 5 × 10-5 Ω.cm [45]. 

The average outer diameter of CNF is 125-150 nm, and the average 
specific surface area is 65-75 m2/g. CB is a high conductive (Vulcan XC 
72R) powder obtained from Cabot® Corporation with a particle size of 
300 nm and 1.9 Ohm-cm volume conductivity at 23°C. The electrical 
conductivity of CB is 9.30 S/cm [46]. Exfoliated graphene produced by 
thermal shock or rapid temperature change of the intercalated graphite 
compound, which was previously described [47]. The surface area of 
the small, medium and large exfoliated graphite is 16.02, 15.61 and 
15.35 m2/g respectively and has an electrical conductivity of about 2.8-
3.2 kS/m [48]. Acetone was used as a solvent which formed PCL/nano-
filler solution. Eagle’s Minimum Essential Medium EMEM (ATCC® 
30-2003™) and Fetal Bovine Serum (FBS) (ATCC® 30-2020™) were used 
as a growth medium for the cell. Human lens epithelial cell B-3 (ATCC® 
CRL-11421™), Neutral Buffered Formalin (10%) (Thermo Scientific™ 
Richard-Allan Scientific™), 1X phosphate buffered saline (PBS) and 
ProLong® Diamond Antifade Mountant with DAPI (Molecular Probes™ 
by life technologies) were used to characterize the cell.

Fabrication of conducting scaffold

Scaffolds were prepared by mixing 14 wt% PCL and the nano-filler. 
Five different weight percentages of nano-filler were dispersed in 5 
ml of acetone which was ultra-sonicated for two days. Following the 
ultrasonication process, a solution of 0.644 g PCL and 5 ml acetone, 
which were stirred at a temperature of 65°C for 2 h. A spin coater 
method (Speed line P2604 Technologies) was used to produce a PCL/
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X, Phenom) was used to characterize the morphology of nano-fillers 
and scaffolds. X-ray diffractometer (Smart lab Rigaku) was used to 
characterize the crystallinity of the raw materials. A fluorescence 
microscope (MF53, Nikon) was used to characterize cell density. 
Cell images were analyzed by ImageJ software. The cell density was 
estimated by counting DAPI+ cells in each dish and calculating the 
average of the integrated density.

Results and Discussion
We have characterized several scaffolds made up of three types of 

carbon nano-fillers including CB, CNF and graphene that have unique 
properties to improve cell growth. As shown in Figure 1, the morphology 
of CB, CNF and graphene was characterized. Using dark field imaging, 
we show that carbon black consists of spherical nanoparticles in which 
these particles are arranged in the form of onion-like structure (inset: 
the model of Heidenreich) (Figure 1a) [50]. These particles have an 
average dimension of 300 nm. Figure 1b shows the morphology of CNF 
with a diameter of around 150 nm and graphene platelets are made of 
thin carbon sheets with a majority ranging between 15-20 um in length 
and width (Figure 1c).

All these nanoparticles were mixed into polycaprolactone matrix to 
fabricate various samples by electrospinning and spin coating methods. 
The morphology of electrospinning fibers of PCL/1 wt% of CB, CNF 
and graphene composites is shown in Figure 2. All spun fibers were 
produced with some degree of alignment and different diameters. The 
nanofibers were smaller in size in the case of CB/PCL vs. CNF/PCL and 

graphene/PCL fibers. The difference in dimension might be due to the 
nano-additive aspect ratio and their dispersion into PCL.

Conversely, spin coating based films of 1 wt% CB/PCL, CNF/PCL, 
graphene/PCL nano-composite are shown in Figure 3. The ringed shape 
shown in these pictures represents the nano-additive network. CB/PCL 
based nanocomposite films show a larger porous area with relatively 
fewer aggregates than CNF/PCL. However, graphene/PCL films show 
the best compromise with better dispersion and a little porosity.

The crystallinity characterization of the raw materials was measured 
by X-ray diffraction. X-ray diffractograms were recorded in ranges of 
5-90° (2𝜃) angles. As shown in Figure 4a, the XRD pattern of graphene 
is characterized by a strong, sharp peak with high intensity at 27.409° 
which corresponds to (002) crystallographic plane which is equal to 
published data [51]. It indicates a higher ordered structure which refers 
to have the highest conductivity. Conversely, XRD spectrum of CNF 
and CB shows less carbon order (Figure 4). Both of these nano-additives 
were made of turbostratic carbons with relatively low crystallinity.

We wanted to test if the manufactured scaffolds favored cell 
growth, therefore, we seeded an equal amount of human lens epithelial 
cells (B-3 cell line) to each of the prepared scaffolds. Samples were 
made by electrospinning and spin coating with various concentrations 
of nanofiller. Cell growth was carried out for a period of 24, 72 and 
120 hours (Figure 5). Cells were then visualized using the nuclear stain 
DAPI under a fluorescent microscope. We noted that for the same 

Figure 1a: SEM of Dark field imaging shows the onion like the structure of 
carbon black (CB) [50].

Figure 1b: SEM morphology of carbon nanofibers (CNF).

Figure 1c: SEM morphology of graphene platelets.

Figure 2: SEM images of electrospinning based fibers of (a) CB/PCL, (b) CNF/
PCL, (c) graphene/PCL.

Figure 3: SEM images of spin coating based samples of (a) CB/PCL, (b) CNF/
PCL and (c) graphene/PCL.

Figure 4: XRD measurements of (a) graphene, (b) CNF and (c) CB.
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concentration and nano-additive type, the cell density was higher in 
samples made by electrospinning compared to the samples made by 
spin coating (Figure 5).

HLE cells were able to grow well on electrospun scaffolds and seem 
to grow parallel to the fiber orientation of electrospun scaffolds. The 
high surface area-volume ratio of fiber scaffold confirms a suitable area 
for cell attachment which allows the cells to be directed compared with 
a nonaligned scaffold [52]. On the other hand, cells grown on spin-
coated scaffolds (Figure 5d-5f) display a random pattern and the cell 
density was much less than that of cells grown on electrospun caffolds. 
Interestingly spin coated scaffold made with graphene were more 
favorable for cell growth than ones made with CNF and CB.

Analysis of the cell density during 24, 72 and 120 hours on fiber 
and spin coated scaffolds are depicted in Figure 6. Using both types of 
scaffolds, we were able to note an increase in cell density that correlated 
with higher additive concentration. Cell density also increased with 
increasing incubation times.

In addition, graphene was more favorable for cell growth than 
the other two materials. These observations are consistent with a 
previous study stating the electrical behavior of nano-filler based PCL 
nanocomposite films as illustrated in Figure 7 [49].

We also studied the relationship between cell density and various 
additives of fiber and film scaffolds during a 24, 72 and 120-hour time 
period. The concentration of additives was kept constant at 1%wt as 
displayed in Figure 8. The cell density increased with longer incubation 
times and there was also a gradual increase in cell density for the 
scaffolds that consisted of graphene, CNF and CB.

An increase in scaffold surface conductivity may lead to an efficient 
absorption and deposition of serum proteins, which can aid in cell 
attachment and cell growth [53]. Our results support graphene as 
a superior scaffold for cell growth. The electrical conductivity of the 
nano-fillers, specifically graphene plays an important role in cell growth 
due to its ability to transport high electrical currents [54]. The higher 
electrical conductivity of graphene depends on two modes of bonding 
interactions: Van der Waals and covalent bonds, as well as on the zero-
overlap semimetal (with both holes and electrons as charge carriers). 
In addition, each atom in graphene is connected to three other carbon 
atoms on the two-dimensional plane, leaving one electron freely 
available on the third dimension for electronic conduction. On the 
other hand, CNF also has covalent and Van der Waals bonds [55,56] 
that could be responsible for its relatively higher value on conductivity 
and could explain its role in supporting cell growth. CB, however, has 
the least favored cell growth properties and this could be due to the 

Figure 5: Fluorescent microscope images of fixed HLE cells stained with DAPI 
and grown on CB, CNF or graphene fiber-based scaffolds (a), (b), (c) and their 
bright field corresponding images (a’), (b’) and (c’). Images of DAPI stained 
cells grown on thin film scaffolds for CB (d), CNF (e) and graphene (f) and their 
respective bright field images (d’), (e’) and (f’).

Figure 6: Cell density measured by counting DAPI+ cells grown on thin film 
scaffolds (a) 24 h, (b)72 h and (c) 120 h after plating. Cell density measured 
by counting DAPI+ cells grown on electrospun fiber scaffolds (d) 24 h, (e)72 h 
and (f) 120 h.

Figure 7: The relationship between the conductivity & concentration of the 
nano-additive with PCL systems.
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spherical onion like geometry and small grain size as well as the control 
of Van der Waals interactions between two adjacent particles reducing 
conductivity performance of the scaffold.

Conclusion
The biopolymer nanocomposites based on carbon nano-fillers have 

a positive effect on the behavior of cell growth. Regardless of the scaffold 
shape (film or fiber) and additive’s type, when the concentration of 
nano-additives is increased, the electrical conductivity and the cell 
density increased too. For a given nano-additive’s concentration and 
type, cell density increased in the scaffolds with fiber shape vs. the film. 
Importantly, as the conductivity of the scaffolds increased, so did the 
cell density.

As shown in this study, there is a close relationship between 
the electrical conductivity, cell density and scaffold orientation. An 
increase on conductivity can be achieved in two ways: by molecular 
orientation or/and by the appropriate selection of nano-additives such 
as graphene and nanotubes.
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