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ABSTRACT

Carbon nano-onion/surfactant (CNO/surfactant) composites offer the possibility to easily produce the
soluble nanostructures. That approach combines the hydrophilicity of surfactants with the robustness of
carbon structures to produce composites with superior and unusual physicochemical properties. We used
the following surfactants: hexadecyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS),
sodium dodecyl benzene sulfonate (SDBS), 4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol (Triton
X-100), and polyethylene glycol sorbitan monolaurate (Tween 20) to non-covalently modify CNO surfaces.
The existence of stable CNO composites are clearly evidenced by direct transmission electron microscopy
observations, which are also supported by thermogravimetric analyses. Dynamic light scattering and zeta
potential confirmed their dispersion and stability. Additionally, the biological activity of well-dispersed
CNO/surfactant composites against a strain of Escherichia coli was assayed. In vitro antimicrobial assays for
the composites revealed that only the CNO/CTAB composite decreased cell viability. This activity could be
assigned to the simple composite dissociation in water solutions, however antimicrobial properties of the
composite are slightly better when compared with pure CTAB. This indicate some synergic effect with
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respect to the properties of the pure surfactant.

1. Introduction

Material chemistry mainly involves the synthesis of new mate-
rials or modification of exciting ones to obtain properties for
specific applications (1,2). A lot of attention has been devoted
to nanometric scale structures. Carbon nanoparticles have been
quite commonly used in many applications, mainly due to their
large surface areas, high thermal stabilities, unusual electronic
properties and broad absorption spectra (3,4). Their electronic
properties determine their applications as biosensors, in photo-
voltaics systems (5-9), and electronics (10-15). There are still
limitations in the preparation of well-dispersed carbon nano-
materials in aqueous solutions. Our research to date indicates
that carbon nano-onions (CNOs) seem to be promising materi-
als since they exhibit high reactivity due to their relatively small
sizes (16). The most common method for the preparation of
CNOs is based on the thermal annealing of ultradispersed
nanodiamonds (NDs) of a few nanometers diameter under a
He atmosphere and temperatures in the range between 1500
and 1800°C (17). Using NDs with a diameter of 5 nm led to
formation of spherical CNOs with a diameter in the range
between 5 and 6 nm, that correspond to the nanostructures
with 6-8 concentric fullerene layers and a distance between
them of 0.334 nm (18).

Non-modified carbon nanostructures (CNs) have somewhat
limited dispersibility in many solvents thus hindering their
applicability. Covalent functionalization of CNs changes sp” to
sp’ carbon a hybridization and alters their electronic properties

(19). The noncovalent functionalization of carbon structures
with polymers or surfactants dispersing agents is an effective
approach to retain the intrinsic properties of the CN structures
(20-23).

Surfactants are a unique class of chemical compounds
with interesting chemical and physical properties, which
have the ability to alter the surface and interfacial proper-
ties of different nanostructures (24). Surfactants form struc-
tured molecular assemblies in solution and their structures
and properties depend on the concentration, temperature,
and other condition (25). These structures can solubilize
various molecular species to form host-guest systems, but
they can also be applied as matrices for the incorporation
of various organic and inorganic materials (26,27). These
can lead to an increase of the wettability of the nanostruc-
tures and to stabilization of their dispersions (28). Their
‘surface-active’ properties make them useful as industrial
cleaners, in personal care products, cosmetics (29), pharma-
ceuticals, and in biochemical research involving electropho-
resis (30,31). It has also been shown that some surfactants
are sensitive to bacterial biodegradation, thus they are used
in transepidermal, nasal, and ocular drug delivery systems
(32,33).

A wide variety of water-soluble additives has been successfully
used for the modification of CNOs (34,35). In this work, we
selected commonly used surfactants with cationic, anionic and
non-ionic character, such as hexadecyltrimethylammonium
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Scheme 1. Surfactants used for the modification of CNOs.

bromide (CTAB, 1), sodium dodecyl sulfate (SDS, 2), sodium
dodecyl benzene sulfonate (SDBS, 3), 4-(1,1,3,3-tetramethylbutyl)
phenyl-polyethylene glycol (Triton X-100, 4), and polyethylene
glycol sorbitan monolaurate (Tween 20, 5) (Scheme 1). In this
study, several techniques were used to probe the association
between surfactants and carbon nano-onions. We report the
stabilization of CNOs in aqueous media in the presence of the
different surfactants. The composites were also tested as antibac-
terial agents. The results demonstrate that only the CNO/CTAB
composite reveals significant antibacterial activity.

2. Materials

All chemicals and solvents used were commercially available
and were used without additional purification: sodium
dodecyl sulfate (>99.0%, Sigma Aldrich) (SDS), sodium
dodecylbenzenesulfonate (technical grade, Sigma-Aldrich)
(SDBS), hexadecyltrimethylammonium bromide (>98.0%,
Sigma-Aldrich) (CTAB), 4-(1,1,3,-tetramethylbutyl)phenyl-
polyethylene glycol (laboratory grade, Sigma-Aldrich)
(Triton X-100), Tween 20 (Alfa Aesar GmbH&Co), ethyl
alcohol absolute (99.8%, POCH), ATPlite kit (PerkinElmer),
multi-well filter plate (Pall Corporation), 96-well micro-
plate- CulturPlate (Perkin Elmer), nanodiamond powder
(Carbodeon pDiamond® Molto) with a crystal size between
4 and 6 nm, and ND content >97 wt.%.

2.1. Synthesis of carbon nano-onions

Annealing of ultradispersed nanodiamonds was performed at
1650°C under a 1.1 mPa He atmosphere with a heating ramp
of 20°C min™" in an Astro carbonization furnace (17). The final
temperature was maintained for 1 hour, then the material was
slowly cooled to room temperature over a period of 1 hour.
Next, the CNOs were annealed in air at 400°C to remove any
amorphous carbon (36).

2.2. Synthesis of CNO/surfactant composites

Composites of CNOs and surfactants was prepared as follows:
five different concentrations of surfactants - 100, 10, 1, 0.1 and
0.01 mg mL™" were added to 1 mg of crude CNOs. CNOs with
each surfactants were suspended via pulse probe sonication by
30 min with 35 kHz frequency. Subsequently, the composite
materials were centrifuged and the excess of surfactant solu-
tions was removed. CNOs with adsorbed surfactant on their
surface of five different initial concentrations were obtained.

3. Methods

Transmission Electron Microscopic images were recorded
using the FEI Tecnai™ G2 20 X-TWIN instrument. The TEM
point resolution was 0.25 nm, the TEM line resolution was
0.144 nm, the maximum diffraction angle was +12°, and the
working distance was 10 mm. The accelerating voltage of the
electron beam was 200 keV (37).

Particle size and ¢-potential were determined using
Dynamic Light Scattering (DLS) with the NanoPlus DLS
Nano Particle Size and Zeta Potential Analyzer. Particle size
studies were done using 1 cm quartz cells, however for the
zeta potential measurements a flow cell was used. The
NanoPlus DLS measures the particle sizes of samples
suspended in liquids in the range of 0.1 nm to 12.30 pum.
The ¢-potential of sample suspensions were measured in
the —200 mV to +200 mV range. The ¢-potential values
determined using the Smoluchowski equation are the
average of 10 repeated measurements.

Differential-thermogravimetric (TGA-DTG) analyses were
performed by a Thermal Analyzer TGA/DSC 1 (METTLER
TOLEDO) with a heating rate of 10°C min~" under an oxygen
atmosphere with a flow rate of 10 mL min~'. The measure-
ments were conducted in alumina crucibles with lids in the
temperature range from 50 to 1000°C.

3.1. Antibacterial activity assay

Two milligrams of each composite or unmodified CNOs was
suspended in 1 mL of Luria-Bertani Broth (LB) medium con-
taining 34 ug-mL™" chloramphenicol. The suspension (from 10
to 100 pL) was transferred into 96 deep-well plates and filled
with the medium up to 100 L. Separately, 10 mL of LB
medium supplemented with the antibiotics was inoculated with
BL21-CodonPlus(DE3)®-RIPL strain of Escherichia coli and
grown overnight at 28°C. The overnight culture was used for
inoculation of 50 mL of the fresh medium and grown to an
ODgoonm Of 0.9. Next, the culture was diluted with the medium
in the ratio 1:1 and transferred (100 ©L) to deep-well plates with
CNO suspensions. The cultures were incubated in a shaker at
28°C for 2 hours. Cell viability was assessed by the luminescence
ATP detection assay system (ATPlite). The assay was performed
according to the procedure described by the manufacturer with
some deviations. Briefly, after the culture incubation, 100 uL of
cell lysis solution was added to each plate cell and shaken for
5 min. To remove suspended CNOs, the lysate was filtered with
0.2 pum multi-well filter plate and subsequently centrifuged.
Next, 100 pL of the supernatant was transferred to white
96-well microplate and 50 pL of substrate solution was added to
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Scheme 2. Photographs of the CNO dispersions after standing for 1 day with different concentrations of: (1) CTAB, (2) SDBS, (3) SDS, (4) Triton X-100, and (5) Tween 20.
Different mass ratios of surfactants to CNOs (from left to right in each subsection): 100:1, 10:1, 1:1, 1:10, and 1:100 mg mL~". Shaded circles represent the presence of visi-

ble precipitates.

each well and shaken for 5 min. Luminescence was measured at
25°C using a microplate reader (Tecan Infinite M200 Pro).
Bacteria culture was used as a negative control. Also, the refer-
ence tests were performed with the pure surfactants. For each
tested composite concentration and adequate reference, we used
the same surfactant concentration. The surfactant content in
composites was established on the basis of TGA experiments. All
measurements were performed in triplicates.

4, Results

4.1. Preparation and characterization of CNO/surfactant
composites

Water solubilization of nanoparticles is an essential condition
for their biological application. Due to the low dispersion abil-
ity of CNOs in aqueous solutions, attaching hydrophilic chains
can lead to water-soluble derivatives. To investigate the optimal

Figure 1. TEM images of the CNO/CTAB composites with the concentrations of CTAB: (a,b) 0.01; (c) 1; and (d) 100 mg mL™" in starting material.
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Figure 2. (@) TGA and (b) DTG curves of CNOs/SDS (.—.—), CNOs/SDBS (==),
CNOs/CTAB (—), CNOs/Tween 20 (---), and CNOs/Triton X (— — —). Concentra-

tions of surfactants were 1:1 (mass ratio of both components) in the starting
material.

concentration of surfactants for CNO composite formation,
different concentrations of surfactants (100, 10, 1, 0.1, and
0.01 mg mL™" in the starting material) were added to 1 mg
mL~' of crude CNOs. CNOs were suspended via probe

Table 1. The TGA-DTG parameters of the CNO composites.

sonication. The different mass ratios led to stable dispersions of
the carbon material (see Scheme 2).

The interactions between the CNOs and the surfactants
resulted in the formation of large aggregates. The stability
of the water-dispersed CNOs also depended on the surfac-
tant concentrations (Scheme 2). The most stable CNO/sur-
factant composites are formed at low surfactant
concentrations in the range between 1 and 0.01 mg mL ™.
Under those conditions, the systems are very homogenous
suggesting a complete dispersion of the carbon nanopar-
ticles. In contrast, some composites contain fine dust and
inhomogencittes (see Scheme 2).

The Transmission Electron Microscopy (TEM) images
(Figure 1) of the CNO composites showed the presence of
both components: surfactant (structure 2) and carbon-based
(structure 1) in the composite matrices. TEM clearly
revealed surfactant wrapping of CNOs and showed a signifi-
cant increase of the amount of surfactant in the composites,
compare Figure la, ¢, and d. As shown in Figure 1, increas-
ing the concentration of the surfactants resulted in the
formation of island-like structures of the composites
(Figure 1d, structures 1 and 2). Homogenous core-shell
nanostructures were obtained for low concentration of sur-
factant in the composite, about 0.01 mg mL™! of surfactant
in the starting material (Figure la and b).

Differential-thermogravimetric analyses (TGA-DTG) of
the CNO composites with the different surfactants were
performed to detect the surfactants and to probe the ther-
mal stability of the composites under an air atmosphere at
10°C min~". The thermal behavior of the CNO composites
is important to evaluate the applicability of these materials.
The results are presented in Figure 2. When the samples
were heated under air, the surfactants thermally decom-
posed from 160 to 470°C. The surfactant mass losses are
presented in Figure 2 and Table 1. All composites contained
ca. 30-35 wt % of the surfactant units wrapped on the CNO
surface for the composites 1:1 (mass ratio of both compo-
nents in the starting materials). The combustion of the
CNOs started at temperatures higher than ca. 470°C for the
composites containing SDS and SDBS. The other compo-
sites showed higher thermal stabilities with inflection tem-
peratures for the carbon materials around 620°C.

The modification of the CNO surface with surfactants was
also confirmed by Dynamic Light Scattering (DLS) and zeta (¢)
potential measurements, which are presented in Figure 3
and Table 2. We performed DLS measurements to determine
the average hydrodynamic diameters and size distributions of
the CNO/surfactant structures in aqueous solutions. The

Sample Onset temperature (°C) Inflection temperature (°C) End temperature (°C) Total weight loss of composite (%)
CNOs/SDS 160 3452370, 503" 410 32
CNOs/SDBS 330 367, 463,% 527° 540 35
CNOs/CTAB 180 2202 635° 450 35
CNOs/Tween 20 295 362, 620° 400 30
CNOs/Triton X 260 230,2 620° 395 35

*The temperature for surfactants.

5The temperature for CNOs. Concentrations of surfactants were 1:1 (mass ratio of both components) in the starting material.
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Stokes-Einstein equation (38):

kT
f 6mnRy

(1)

allows the determination of the hydrodynamic radius of the
scattering particle (Ry), when the temperature (T), solvent vis-
cosity (17), and self diffusion coefficients are measured for very
dilute samples using dynamic light scattering. As is well known,
the aggregation behaviour of monomeric surfactants in solution
is controlled by the inter-molecular interaction of the mono-
meric surfactants and the inter-molecular interaction of the
surfactants with the carbon nanoparticles and their interactions
with solvents (39-41,42). In general, the sizes of the CNO/

surfactant composites in solution differ from these of the pris-
tine CNO nanoparticles, the latter forming larger aggregates
(Table 2), due to van der Waals interactions between the
carbon nanostructures. As expected, the average number of
adsorbed aggregates increases with the addition of surfactants
and attains an equilibrium value. The interaction between
CNOs and surfactants led to the formation of spherical aggre-
gates with maximum sizes ranging from 230 nm to 330 nm
(Figure 3f and Table 2).

Zeta potential measurements were performed for the CNO
composites to characterize the surface charge on the nanopar-
ticles and their stability in solution. The stepwise adsorption of
surfactants was followed by checking the surface charge of the
aggregates upon the addition of surfactants to a CNO dispersion.
The measurements of the zeta potential of the surfactant-treated
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Table 2. Dynamic light scattering and zeta potential results in aqueous solution for
CNO/surfactant composites.

Hydrodynamic diameter (Dy) (hnm)  Zeta potential (mV) with

Materials with standard deviation® standard deviation®
CNOs 488 + 24 —17 +£1
CTAB — 313
CNOs/CTAB 259 +3 45 +1
SDS — —17+3
CNOs/SDS 323+ 34 —39+1
SDBS — -30+7
CNOs/SDBS 271+9 —45+1
Triton — —-1941
CNOs/Triton 240+ 4 —34 41
Tween — —-9+£1
CNOs/Tween 23445 —35+1

Concentrations of surfactants were 0.01 mg mL™".
Standard deviation was calculated based on 15 measurements.
bStandard deviation was calculated based on 10 measurements.

CNOs at pH 7.4 reflected the alteration of the surface charge dis-
tribution, as shown in Figure 3 and Table 2. The surface charge
increased from the lower to higher value of ¢-potential, confirm-
ing the stepwise coating of CNOs with surfactants (Figure 3a-f,
Table 2). As indicated, an increase of the surface charge was
induced upon the adsorption of surfactants. The ¢-potential gives
also important information on the stability of the aggregate sus-
pensions. Particles with ¢-potential values between +30 mV and
—30 mV are considered to be stable because of the strong repul-
sion forces that prevent their aggregation (43). Values higher
than £30 mV were observed for all CNO composites. The high
zeta potentials of such dispersions confirm that the CNOs are
well-stabilized by the surfactants, thus inhibiting aggregation.
The ¢-potential values, together with the sizes, confirm the pres-
ence of stable CNO/surfactant composites.

4.2. Antibacterial activity of the CNO/surfactant
composites

Antibacterial activity assays performed with Escherichia coli
cultures after 2 hours treatment with CNOs/surfactants and
with non-modified CNOs demonstrated that only the CNO/
CTAB composite showed a dose-dependent response
(Figure 4). The composite significantly decreased cell viabil-
ity (~40%) in response to 200 pg mL™' and caused a
further ~70% loss in viability in response to 300 ug mL™"
of the composite. An antibacterial response is also observed
for the pure CTAB, however the composite reveals stronger
antibacterial activity in lower concentration range. This
indicate some synergic effect of the composite with respect
to the pure surfactant. Detergents can affect a bacterial via-
bility by disrupting cell membranes which lead to cell lysis.
This process requires the interaction of dissolved surfactants
with the cell membrane. We suggest that the antibacterial
activity of the CNO/CTAB composite is at least partially
the result of its dissociation in solution, however this phe-
nomenom cannot explain the synergy of CNO and CTAB
in antimicrobial tests. On the other hand, non-modified
CNOs and composites containing SDS, Triton X100 and
SDBS have no or little effect on the bacteria cell viability
when compared to the negative control and pure detergents.
This indicates the surfactant activity is inhibited when
adsorbed on the CNO surface. The lack of antimicrobial
properties for the other composites is probably the result of
higher stabilities in aqueous solutions. Results for CNO/
Tween 20 composite, as well as the pure surfactant indicate
that their concentration are too low to observed significant
decrease of viability of bacterial cells.

a) b) c)
120 120 120
CNOICTAB . - . CNO/SDS I CNO/SDBS
100 = = 100 ' L:_ dn 100 [ T
80 Bo BO
£ & =
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Figure 4. Viability of Escherichia coli cells after exposition to ten concentrations of the CNO/surfactant composites and non-modified CNOs, as well as ten concentrations
of surfactants corresponding to the surfactant contents in the composites used in antimicrobial tests, established with TGA experiments. For clarity only concentrations of
CNO and composites are shown. Viability was tested using the ATPLite assay and results are expressed as a percentage of the negative control (bacteria culture without

any additives). Data are expressed as mean =+ standard error.



5. Conclusions

Much effort has been devoted to the development of different
techniques for the dispersion of carbon nanostructures in solu-
tion, with one promising method involving the use of aqueous
solutions of surfactants that show long-term stabilities. We
used different surfactants to prepare CNO composites with
well-defined properties. The existence of stable CNO compo-
sites are clearly evidenced by direct TEM observations, which
are also supported by measurements of micellar sizes by
dynamic light scattering and thermogravimetric analyses.
Dynamic light scattering and zeta potential confirmed their
high dispersion and stability. In vitro antimicrobial assays for
the composites revealed that only the CNO/CTAB composite
decreased cell viability. This activity is at least the result of com-
posite dissociation in water solutions, however some synergic
effect is also observed for the composite.
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