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ABSTRACT

We describe a new method for transparent and conductive films based on carbon nanotubes and bovine serum albumin
composite development. Films are deposited from an aqueous solution of carbon nanotubes/bovine serum albumin by
drop-coating and rod-coating methods. Sheet resistances of as-prepared films vary from 200 Ohm/sq with 50% trans-
mittance to 30 KOhm/sq with 90% transmittance. The maximum o, / o,, ration found in this work is 2.27, which gives

a DC conductivity of 4.55 x 10* S'‘m™". Atomic force microscopy and Raman spectroscopy studies of the films show
that the process of film formation produces neither structural nor chemical changes in the nanotubes. Possibility of us-
ing these films for cell culturing is tested on human embryonic fibroblast cell line. Therefore, it is first time ever in lit-
erature, when proposed a method, allowing fabricating at the same time transparent, high-conductive and biocompatible

CNT films.
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1. Introduction

Flexible electrodes are necessary components of many
current devices, including touchscreens [1], liquid-crystal
displays [2], flexible displays [3], organic light emitting
diodes [4] and solar cells [5]. Conventionally, such elec-
trodes are made with conducting metal-oxide sputtering
techniques. The most abundant of the compounds used—
is Indium Tin Oxide (ITO) [6]. However, ITO has sev-
eral drawbacks such as low mechanical strength, low
conductivity, and as a consequence a high-energy con-
sumption. Besides that it uses complex and environmen-
tally hazardous chemical processes in production [7]. In
addition, global reserves gradually running out of ITO,
which increases the cost of this material. Moreover, ITO
is not suitable for fundamentally new implantable elec-
tronic devices. All this encourages scientists to search for
new materials for replacement.

One alternative group of materials that fit the purpose
of flexible, transparent and conductive electrode produc-
tion is carbon nanomaterials (graphene, carbon nanotubes)
[8]. There are many articles and reviews about the de-
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velopment of thin conductive films of carbon nanotubes
(CNTs) in the scientific literature, describing a range of
different methods [9]. Some cases require using CNTs
with surfactants in aqueous solutions [10], or CNT-al-
cohols solutions [11], CNT-acid solutions [12], etc. Sur-
factants here separate CNTs from each other: as they are
amphiphilic molecules, surfactants bind to CNTs and
help them to become soluble in water. Moreover, they
prevent coagulation and agglomeration of CNT into bun-
dles. Such solutions can stay homogeneous for several
weeks and even months.

One of the problems tackled by conductive film crea-
tion is the development of biocompatible electrodes for
research into cells proliferation activity [13] and their
viability, for example, in nerve tissue regeneration [14].
Biocompatibility is a serious problem facing the use of
CNT films in advanced biotechnology. In literature is
noted that CNTs, while in aqueous solution with various
surfactants such as SDS and SDBS are toxic to astrocy-
troma cells since the surfactants are toxic substances
themselves [15]. Also, in the work of Shin and col-
leagues they treat CNTs with HNO; [16], Parekh et al.
are using COCIl, [17], and Hetch et al. the films are
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deposited from a chlorosulfonic superacid solution [11]:
this definitely restricts the bio-compatibility of the films.

Another major limiting factor from a technical per-
spective against the usage of CNT films in large amounts
is DC conductivity (o4.) [11]. This work deals with the
problem of increasing the conductivity of the biocom-
patible and transparent CNT films. The maximum value
of DC conductivity in the work, of g, = 4.55 % 10*S'm™’,
corresponds to a film with 50 nm thickness and 50%
transparency (at 550 nm).The measured characteristics of
prepared films may be worse than one can possible find
in literature, but this was not the goal of our work [16,17].
The goal was to achieve biocompatible electrodes with
optical and electronic characteristics enough to fabricate
bio-implantable electronic devices.

2. Materials and Methods
2.1. Materials and Films Preparation

Materials: SWCNTs utilized in the work were prepared
by arc-discharge method and provided by A. V. Krestinin
(Institute of Problems of Chemical Physics of RAS) [18].
According to the manufacturer’s estimation, the
SWCNTs are of 95% purity and supplied as a CNT-paper.
According to transmission microscopy, they are in the
shape of bundles with diameters from 1 to 10 nm. BSA
powder, used in this work—is common and commer-
cially accessible (Albumin Bovine Serum Fraction V,
BioWest, P6152).

The solutions preparation: 0.1 mass % of BSA was
added to distilled water followed by ultrasonic homog-
enisation [19]. Then CNTs was added to the solution,
followed by a long duration intensive ultrasonication (8 -
10 hours, 50 W, 34 KHz). For the work we investigated
the different CNT concentrations. The mass ratio of nano-
tube/albumin, 5/1, 10/1 and 33/1 was prepared by dilu-
tion of initial 1/1 solution.

Films preparation: First of all, the surface (cover
glass) accurately cleans in 2-propanol followed by ultra-
sound washing in 2-propanol solution. Then, as-prepared
CNT-containing solution is deposited onto the surface by
drop- or rod-coating. In the case of drop-coating method:
the solution drops onto the substrate, followed by drying
the drop. To accelerate the process, the substrate is ex-
posed to incandescent light (5 - 10 minutes). Resultant
films have a specific non-uniformity: they are thicker
near the edges, and this creates a great irregularity in the
electro-physical characteristics. In the case of rod-coating
method: It is necessary by some means to overcome the
problem of poor wetting and to achieve the better uni-
formity for the films and universality for the whole
method. The role of such mean in the work plays a rod.
Using rods, water was uniformly distributed over the
whole substrate, thus wetting the surface. Consequently,
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thickness of the film decreases and uniformity increases.
Otherwise the method is identical to the previous one.
The last step of film manufacture is annealing. It is well
known that BSA is denatured by heat treatment (BSA
denatures already at 70°C - 80°C). But, in order to take
into account the effect of CNTs on increasing the pro-
tein’s thermal stability, the denaturation temperature
could be raised [20]. Moreover, annealing contributes to
the amelioration of the contacts between CNTs and the
substrate or contact electrodes.

2.2. Characterization

Optical studies of prepared films were made on UV-
visible light spectrophotometer (SP-2000, experimental
design bureau “Spectr”). Electro-physical characteristics
were measured in IPPP 1/5 (Semiconductor Parameters
Meter; Ltd “MNIPI”, Republic of Belarus) by 4-probe
method. Film’s topology was investigated by atomic-
force microscope Solver P-47 (NT-MDT) in tapping
mode with silicon cantilevers. Comparison of Raman
spectra of pure BSA powder, albumin film and CNT-
BSA film is made on the complex confocal micro-
scope/Raman spectrometer Centaur U HR (“Nanoscan
technology” Ltd., Russia). For this purpose, the follow-
ing two solutions were created: 0.5 mg BSA — 1 ml H,O
and 0.1 mg SWCNT - 0.5 mg BSA — 1 ml H,O. The
solutions were deposited onto the Si substrate with a
thermal SiO, layer, and Au/Cr layers of 70/30 nm thick-
nesses were deposited.

3. Results and Discussion

3.1. Uniformity of the Composite Films Prepared
by Different Methods

As mentioned above, there are plenty of different meth-
ods for the creation of thin, conductive CNT films [21].
Each method has its advantages and drawbacks. In our
work we focus on creating a simple, easily scalable and
most importantly—a biocompatible material.

In the work we describe two methods of films creation:
drop-coating and rod-coating (Figure 1), which satisfy to
followed requirements:

e  Possibility of utilizing almost any CNT solution,
but firstly, water-surfactant solutions;
Scalability;
Compatibility with most conventional microelec-
tronics processes.

r i = dropmethod @

L /ﬁ rod-coating

Figure 1. The schematics of drop-coating (left) and rod-
coating (right) methods for CNT films preparation.
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The bovine serum albumin (BSA) plays the role of a
surfactant. The albumin is a protein that commonly found
in blood plasma. Accordingly to X-Ray crystallographic
data, albumin structure is predominantly alpha-helical
(67%) [22].

BSA was chosen due to the fact that the CNT-BSA
composite is, first of all, highly-stable and, second of all,
biocompatible, which was demonstrated in a number of
previous works [23,24]. Along with DNA, BSA appears
to be a non-ionic surfactant in water solutions [25].

It was shown that drop-coated films are highly non-
uniform, what was confirmed by AFM, optical studies
and by dispersion of measured by four-probe technique
conductivity values.

In this work, BSA is used as surfactant as soon as it
allows making not only stable water solution of CNTs,
but also films which by their characteristics will satisfy
all requirements of modern electronics. BSA showed the
possibility to form stable and biocompatible composites
with CNTs [23]. The concentration of BSA and SWNT
was chosen from the solution maximum stability inves-
tigation.

During experiments, it was observed that in the rod-
coating method the prepared films were very much ho-
mogeneous in comparison to drop-coating, and conse-
quently the rod-coating method is preferable. Apparently,
there are two major differences between the methods.
Firstly, the drying time is much less in rod-coating be-
cause of a wetting. Secondly, there is a great influence of
surface tension fields in drop-coating that likely leads to
faster SWCNTs coagulation and bundle formation.

At Figure 2(a) we present a photograph of the film
made by drop-coating, with Rs data on different points of
the film. This proves the non-homogeneity of the drop-
coated films. The film’s topography (Figure 2(b)) has
made in the 1 kOhm/sq region of the film and reveals
highly percolated structure.

All the further experiments, presented data and pa-
rameters are for films made with the rod-coating method.
Films prepared by this method are much more homoge-
nous which makes them better to investigate in the first
place due to adequate sheet resistances. All electrical
characteristics were measured by 4-probe technique in
the center of films [26-29].

3.2. Number of Layers Effect on Resistance

The great advantage of the rod-coating technique is
achieved by spreading the solution onto a substrate sur-
face by means of a cylindrical rod. First of all, this in-
creases the contact surface and consequently decreases
the thickness of the prepared film, thus increasing its
optical transparency. Second of all, it achieved an in-
crease in prepared film homogeneity. However, there are
some drawbacks of the method related to wetting effects.
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Figure 2. (a) Photograph of a CNT film made by the drop-
coating method and three values of sheet resistance at dif-
ferent positions on the film; (b) An AFM image of as-pre-
pared CNT film on a cover-glass (after annealing). The
CNT film is highly percolated.

It was shown that, at some critical concentrations of
CNTs and BSA in aqueous solution, the glass surface
becomes almost impossible to wet. The wetting effect is
inversely proportional to CNT and BSA concentration.
So it is quite interesting that by increasing CNT and BSA
concentrations in water, the wettability of glass is de-
creasing. In our case, the best possible concentrations
were found to be 0.01 mass.% CNT and 0.04 mass.%
BSA.The obtained data regarding optimal CNT and BSA
concentrations in aqueous solution are in good agreement
with results from other work [19].

Another feature of the rod-method—is the dependence
of its resistivity on the number of deposited layers and
the annealing technique used. In Figure 3, one can see
this dependence. After annealing, film resistivity in the
first two layers dramatically increase, while in the third
iteration, the effect dwindles to almost nothing. It was
also shown that the smaller the diameter of the rod, the
more difficult it is to make completely homogeneous
films. In our work, a fluorine rod with a diameter 5 mm
was used.
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Figure 3. Effect of annealing on CNT films made by the rod-
coating method by means of several iterations. Blue (left
bar)—before annealing, red (right bar)—after annealing.

3.3. Transparency and Conductivity of the Films

Figure 4 shows spectrophotometric curves for 4 different
samples, which differ only by CNT concentration in so-
lution and consequently their different values of sheet
resistance.

As it is clear from these curves, there is a direct de-
pendence between transmission coefficient and sheet
resistance. In other words, the higher the transmittance,
the lower film percolation and hence the higher sheet
resistance. As one can see from Figure 4, there are peaks
of absorbance at 670 - 700 nm, this result is in good ac-
cordance with another work which states that the breed
peak of absorbance (consequently, the valley for trans-
mission) around 670 - 800 nm indicates the existence of
aggregated SWCNTs because inter-tube van der Waals
interaction [30]. The peak is almost dwindles in our case
in “10\1” and “33\1” solutions, because the concentration
of CNTs in regards to concentration of BSA is small,
therefore the film’s thickness is also small and aggrega-
tion of CNTs in bundles is less favorable. Whilst at the
same time, for “1/1” and “5/1” solutions sharp peaks
indicate strong CNT aggregation in highly conductive
film.

At low nanotube concentration (high BSA/CNT ratio
“10/1” and “33/1”) the transmission is mostly defined by
optic properties of BSA film. The sheet resistance for
these samples can’t be measured precisely because of
inhomogeneity of the films. It only can be indicative that
sheet resistance for the “10/1” and “33/1” cases is rela-
tively high.

Based on measured values for R, and T in our CNT
films, it is possible to estimate DC conductivity—ay. of
the film by means of the following equation [31]:

1 Co(1s8(Q)a, )
O o
T=l1e— [ Z | _| 422000 P (1
2R\ &, o, Ry oy

where \ (uo/e0) = zo = 377 Q is the impedance of free
space and o,, is the optical conductivity [26].
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Figure 4. Vis-curves for 4 different samples, which differ
only by CNT/albumin mass ratio of solution. In the case of
BSA/SWCNT ratio 1/1 the average resistance is 200 - 600
Ohm/square; Increasing the ratio to 5/1 increases the resis-
tance to 1 - 2 kOhm/sq; further increase of BSA concentra-
tion to 10/1 and 33/1 leads to saturation in resistance of 20 -
50 kOhm/sq.

Equation (1) is commonly used for measuring the
film’s parameter o, /o, , if the value o,, is known.
Since the o,, is different for different materials, we use
the following for CNTs: ¢,, = 200 S-em ' [11,32].

However, the value of ¢,., measured by the equation is
not the true value of conductivity for every film, primar-
ily because o,, is different for different materials. There-
fore, in the general case it is necessary to use the
Oy / o,, Vvalue for comparison of different films.

In order to plot the dependence between transmittance
and sheet resistance (Figure 5(a)), o, / c,, and trans-
mittance (Figure 5(b)), films with different CNT con-
centrations were made.

Figure 6 shows comparison of the films made in the

work and films from other publications. As it is clear, our
films are inferior to most of the other works, but it should
be pointed out the main purpose of these work are mostly
focused on getting the higher conductivity possible, and
do a look into bio-compatibility of the films.
To investigate the mechanism of nanotube and BSA in-
teraction the Raman shift measurements were carried out
on 4 different samples: 1) Pure nanotubes from water
solution (without BSA); 2) Pure BSA powder; 3) BSA
film from an aqueous solution; and 4) The CNT-BSA
water solution.

Basically, from Figure 7 it is clear that CNT spectra
do not change dramatically during BSA functionalization:
CNTs keep their properties. The standard peeks of pro-
tein presence at phenyl, amide I, protein side chain de-
formation (chain) bands. Serum albumin has disulfide
bridges, and they play important roles in the intramo-
lecular sulfhydryl-disulfide exchange reaction [33]. In-
formation about the disulfide bridges conformation (S-S)
is a matter of great importance. Of note in Figure 7 is
that disulfide stretching vibrations of BSA generate a
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Figure 5. (a) A plot of the dependence between transmit-
tance (at 550 nm wavelength) and sheet resistance (meas-
ured by 4-probe technique); (b) A plot of the dependence
between transmittance (at 550 nm wavelength) and ¢, /0'
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Figure 6. Comparison of dependences of sheet resistance to
transmittance for different works.

strong Raman band at 517 cm™". It can be observed that
S-S band intensity remains at SWNT/BSA Raman spec-
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Figure 7. Comparative normalized spectral characteristics
of BSA powder, BSA film, nanotubes with BSA and pure
nanotubes.

tra without any change.

Raman scattering is a powerful tool that provides an
investigation of the aggregate states of SWCNTs in solu-
tion. In this case, the most changes take place in the
RBM mode area with the aggregate state decreasing,
corresponding to a peak number decrease and an aspect
ratio increase [34]. In the case of CNTs functionalized by
proteins, the peaks in either RBM mode (150 - 350 cm™)
or tangential mode could be used as CNT dispersity in-
dicators [35].

As obtained in our results, the main SWNT bands re-
main the same as in the films deposited from the CNT-
BSA aqueous solution. Nevertheless, increases in peaks
intensity if observed could be evidence of increased dis-
persity, perhaps by ultrasonication treatments of the solu-
tion or by the penetration of albumin molecules into the
CNTs surrounding area.

3.4. Biocompatibility

From Raman spectra it could be speculated albumin do
not changes it conformation during interaction with
nanotube. Biocompatibility of the films was investigated
on human embryonic fibroblast (HEF). As it is clear
from Figure 8, the cells grow onto the CNT films and
are stable within 7 days. So, there is no toxicological
effect mentioned in work because the main cause for
such effect is penetration of CNTs through a cell mem-
brane [36]. In the case of films, van der Waals interaction
forces play a large role, and the lower the CNT diameter,
the stronger their interaction with a surface. Therefore,
SWCNTs in the film interact with the substrate, and it is
favorable for them to be attached to it.

4. Conclusions

In summary, the method for making transparent, conduc-
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Figure 8. AFM image of a HEF cell, grown onto a CNT-
BSA film.

tive and biocompatible CNT-BSA films has been devel
oped. We have proposed a novel method of CNT
films/electrodes fabrication with using BSA as a surfac-
tant and the rod-coating technique for films deposition. It
was demonstrated, that the CNT films, obtained by the
method, achieve 90% transparency with resistivity of
about 45 kOhms/square and the value of o, / o, =09.

Nevertheless in this work the films were deposited
only onto glass substrates, the method has no restrictions
to be used with polymeric, flexible substrates, or even
could be deposited onto a skin layer. So, this work dem-
onstrates the potential of creating transparent, conductive
and biocompatible elements, which could be used for
hybrid or implanted electronic devices.
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