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Abstract—A method for assessment of integral biological toxicity of carbon-based nanomaterials (CBN)
using a bacterial luminescent biosensor was developed, which accounted for the properties of the objects
under study. The proposed approach includes a special procedure for the preparation of the analyzed CBN
samples aimed at obtaining highly dispersed suspensions, an extended period of dynamic monitoring of the
luminescence of the contacting sensor microorganism, and the special algorithm for quantification of the
results of the bioluminescence analysis, in order to exclude the effect of the optical properties of CBN on the
results of investigation. This method was used for assessment of the biological toxicity of a broad spectrum of
CBN, such as single- and multi-walled nanotubes, nanofibres, and C60- and C70-fullerenes, in order to
compare them in this respect to amorphous (nonstructured) carbon.
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atural and recombinant luminescent microorgan-
isms are currently an accepted tool for environmental,
sanitary, toxicological, and other investigations [1].
Their practical application is based on assessment of
activity of the luminescent system, which reacts by an
integral decrease in intensity to the presence of chem-
ical pollutants in the environment [2] or to the toxic
properties of the newly synthesized compounds [3].
An important advantage of the test of inhibition of
bacterial bioluminescence, apart from its sensitivity
and speed of response, is its good correlation with the
results obtained by more complex procedures of
biotesting [4].

Investigation of the biological toxicity of carbon-
based nanomaterials (CBN), which are presently con-
sidered among important potential contaminants of
natural ecosystems and human habitats, is a promising
field for the application of bioluminescence analysis
[5]. Thus, the actual national guidelines [6] specify the
testing of nanomaterials using the recombinant lumi-
nescent strain FEscherichia coli K12 TG1 with the
cloned luxCDABE genes of Photobacterium leiognathi.
The rate of suppression of the luminescence of the test
organism is considered a measure of integral biological
toxicity.

However, the first instance of such biotesting [7], as
well as the analogous attempts to use the Microtox test
system based on the marine luminescent bacterium
Vibrio fischeri NRRL B-11177 [8, 9], revealed a num-
ber of limitations of bioluminescent analysis, which
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depended on the physicochemical and optical charac-
teristics of CBN.

Thus, the goal of the present work was to develop
the methodical basis for assessment of integral biolog-
ical toxicity of carbon-based nanomaterials by lumi-
nescent analysis, as well as to carry out comparative
investigation of a representative sample of commer-
cially available and laboratory CBN.

MATERIALS AND METHODS

The recombinant strain F. coli K12 TG1 with con-
structive expression of the uxCDABE genes of the
marine luminescent microorganism P. leiognathi [10]
was used as an object of treatment. The strain is pro-
duced by Immunotekh (Russia) under the commercial
name Ecolum and is recommended for the pro-
claimed purposes by the actual national guideline [6].

Immediately before the work, the lyophilized prep-
aration was hydrated with 10 mL of cooled distilled
water and incubated for 30 min at 2—4°C; the temper-
ature was then increased to 15—25°C. The subsequent
biotesting procedure included preparation of suspen-
sions of the analyzed compounds, their mixing and
incubation with the sensor microorganism, and quan-
titative assessment of bioluminescence in experimen-
tal and control samples in order to calculate the toxic-
ity indices of the tested CBN.

The investigated CBN included four commercial
preparations of single-walled carbon nanotubes
(SWNT) produced by NanoCarbLab (Russia) [11],
namely, the samples with 2—5% of the terminal
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COOH-groups (SWNT-1) or NH,-groups (SWNT-2),
the shortened variants with 5—10% of the terminal
COOH-groups (SWNT-3), and single-walled carbon
nanotubes with COOH-groups annealed under vac-
uum (SWNT-4). Laboratory CBN preparations
included nanofibres (NF) synthesized in the Men-
deleev Russian University of Chemistry and Technol-
ogy, multi-walled carbon nanotubes (MWNT) devel-
oped in the Institute of the Problems of Chemical
Physics, Russian Academy of Sciences, C60- and
C70-fullerenes, and amorphous carbon (AC). Investi-
gation of these CBN samples on an Elan-6100 mass
spectrometer (PerkinElmer, United States) confirmed
that most of them were at least 99% pure from
attached foreign material, with the SWNT-4 sample
97.64% pure [12]. Morphological characterization of
the CBN confirming their compliance with the
declared parameters was previously carried out using
atomic force microscopy [13].

To prepare CBN suspensions, a weighted portion
(4 mg for nanotubes, NF, and AC and 4 x 103> mM for
fullerenes) was placed into a glass vessel and supple-
mented with 1 mL of distilled water, dimethyl sulfox-
ide (DMSO), or ethanol. Half of the suspension was
mixed by intensive pipetting, while the other half was
sonicated for 5—30 min at 35 kHz in a Sapfir TTTs
bath sonicator (Sapfir, Russia). The degree of disper-
sion for the CBN suspensions formed with different
solvents and sonicated or not sonicated was assessed
by their sedimentation stability at 100, 1000,
and 10000 g (MiniSpin centrifuge, Eppendorf, Ger-
many) with subsequent testing of the supernatants on
a  Flyuorat-02  Panorama  spectrofluorimeter
(Lyumeks, Russia).

The CBN samples (10 pL) were injected into the
wells of 96-well plates containing 190 pL of distilled
water. From this mixture, a series of twofold dilutions
up to 1 : 1024 was prepared. Depending on the initial
character of the CBN suspensions, distilled water or
2.5% DMSO aqueous solution was used. The control
samples contained the solvents alone.

At the next stage, the wells were supplemented with
100 pL of the bacterial biosensor and placed into the
measuring block of an LM-01T luminometer (Immu-
notech, Czech Republic). The luminescence intensity
was monitored for 180 min with 2-min intervals. The
toxicity indices of the samples were determined from
their effect on the intensity of bioluminescence

- Io"mi“, where Tk

Iknmin X IOOmin
and /o are the luminescence intensities in the control
and experimental samples at 0, 60, 120, and 180 min
of incubation. Based on these data, the values of the
toxicological parameters EC,, and ECy, were calcu-
lated, which corresponded to the CBN concentrations
resulting in 20 and 50% inhibition (compared to the
control) of the luminescence of the test microorgan-
ism.

kOmin

according to the equation
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All experiments were carried out in at least three
repeats and treated by the variation statistical methods
using the Statistics V8 software package (StatSoft,
United States), including the modules of multifactor
dispersion and correlation analyses.

RESULTS AND DISCUSSION

Bioluminescence analysis in the variant recom-
mended for assessment of the biological toxicity of
nanoparticles and nanomaterials [6] did not reveal this
activity in any of the studied CBN samples. This was
somewhat contradictory to the results of CBN testing
by other microbiological techniques [14, 15]. The lyo-
phobic (in a particular case, hydrophobic) behavior of
the carbon compounds under study, which formed
polydisperse sedimentationally instable suspensions in
aquatic environment.

The steps used in order to obtain higher dispersion
of the CBN suspensions were sonication, formation of
suspensions in organic solvents with the dielectric
constant lower than that of water (¢ = 81), and a com-
bination of these approaches.

Sedimentation analysis of the nanocarbon suspen-
sions obtained by ultrasound treatment (35 kHz) for
various periods of time confirmed that 30-min treat-
ment was sufficient, since longer sonication did not
result in reliable increase of the parameters of disper-
sion. Formation of the CBN suspensions based on the
solvents with the dielectric constant (€) lower than that
of water also resulted in an increased share of
medium- and fine-dispersed fractions. In spite of its
higher dielectric constant, the aprotonic solvent
DMSO (g = 45) was more efficient than the protonic
solvent ethanol (¢ = 27).

Dispersion analysis was used to determine the con-
tribution of each of these approaches. Analysis
revealed that the physicochemical properties of CBN
were the major factor responsible for dispersion of the
suspensions (43.71% of the degree of dispersion; P <
0.001). Thus, dispersion had a pronounced tendency
to decrease with increased structuring of the nanocar-
bon particles and decreasing number of polar groups
on their surface.

Ultrasound treatment was the second most impor-
tant factor increasing the dispersion of suspensions
(17.76%; P<0.01), which assured mechanical disrup-
tion of the CBN aggregates.

The solvents with the dielectric constant lower than
that of water had a lower impact (8.71%; P < 0.05).
The effect revealed was probably caused by the adsorp-
tion—solvation mechanism, resulting in decreased
surface energy during adsorption of the molecules of
the disperse medium on the surface of carbon nano-
particles.

Finally, the combination of ultrasound treatment

with primary dispersion of the CBN in organic sol-
vents had no pronounced additive effect (2.92%; P >



494

0.05), although it increased the dispersion of suspen-
sions to a higher degree than each approach alone.

Application of DMSO for primary dispersion of the
CBN required determination of the solvent concen-
tration which had no toxic effect on the biolumines-
cence of the bacterial biosensor, E. coli K12 TG1 with
the cloned P. leiognathi luxCDABE genes. Comparison
of the bioluminescence intensity of the test organism
in the presence of different DMSO concentrations
revealed the absence of its inhibitory effect in the con-
centrations of 2.5% and less from the total volume of
the sample.

Thus, the following three-stage procedure may be
recommended for production of highly dispersed sus-
pensions of carbon nanocompounds under study:
addition of the CBNs into the aprotonic solvent
DMSO, sonication of the mixture (35 kHz, 30 min),
and transfer of the formed suspension into the water
phase with subsequent dilution in 2.5% water solutions
of DMSO. These procedures resulted in a significant
increase in the CBN dispersion, accompanied by
enhanced biological activity as characterized by the
toxicological parameters EC,, and EC; (see below).

Enhanced dispersion of the CBN suspensions also
resulted in changes in their optical properties, includ-
ing a significant decrease in light transmittance and
inadequate signal transfer from the biosensor to the
light receiver.

The previously proposed solution for this problem
[16] included measurement of the absorption parame-
ters of the suspensions and a series of calculations,
making the biotesting of significant numbers of the
CBN suspension samples a labor-intensive task. In the
present work, therefore, the calculation similar to that
for assessment of bioluminescence in turbid and col-
ored suspension [8] is proposed, using the equation
]kOmin X Ionmin
Iknmin X IOOmin
nescence intensities of the control sample at the Oth
and nth minutes, respectively, which reflects the kinet-
ics of spontaneous quenching of the bacterial biosen-
sor due to increasing consumption of the energy sub-
strates for bioluminescence. lo,;, and lo,,;, are the
respective luminescence intensities at the Oth minute,
prior to addition of the sensor microorganism to the
CBN suspensions (which accounts for the contribu-
tion of their optical properties to a decrease in the reg-
istered parameter) and at the nth minute (which inte-
grates the optical and toxic characteristics of the inves-
tigated nanocarbon compound).

The character of dynamics of the development of
the toxic effect of CBN, which differs significantly
from that of the “classical” water-soluble toxins, is an
additional reason for the application of this algorithm.
For instance, the registration of the luminescence of
the sensor strain in nanocarbon suspensions revealed a
decrease in the bioluminescence intensity during the
first minutes of contact (figure). However, the quanti-

, where Ik, and Ik, ,;, are the lumi-
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tative parameters of the inhibition of bioluminescence
exhibited a linear relationship with the intensity of
light absorbance in the CBN suspensions, did not
change significantly during the subsequent 15 min,
and did not correlate with the development of the bac-
tericidal effect. This suggests a critical attitude to the
data of [9] concerning the possibility of “rapid” deter-
mination of the biological activity of multi-walled car-
bon nanotubes, since the authors probably misinter-
preted the optical effects of CBN as a manifestation of
their toxic properties.

In some cases, increased time of contact between
CBN and the test organism to 30—45 min resulted in a
relative stimulation of bioluminescence, rather than
its suppression. This effect was especially pronounced
in the case of some SWNT preparations (figure, f), in
agreement with the results of [7], where the possibility
of increased bioluminescence intensity was shown for
a recombinant strain £. coli K12 TG1 during short-
term contact with single-walled carbon nanotubes. In
this case, however, the stimulation of bioluminescence
indicated only the biological activity of the investi-
gated nanomaterials, rather than their toxic effect.

Further increase in the duration of existence of the
reaction systems resulted in real suppression of the
luminescence of the sensor microorganism. This
effect increased with the concentration of the tested
CBN and resulted in the death of bacterial cells. The
registered parameters depended significantly on the
nature of the tested nanocarbon compounds (figure, a,
¢, e, g and on the degree of their dispersion deter-
mined by the combination of sonication and initial
suspending in the aprotonic solvent DMSO (figure, b,
d, f, h).

These results demonstrate that the duration of
biotesting should be increased from the usual 5—
30 min to 180 min. This change will result in more
complete detection of the biological activity of nano-
carbon, which is characterized by slower rates of
development compared to molecular toxicants. On
the other hand, increasing the time of contact over
180 min is technically impossible due to exhaustion of
the luminescence potential of the bacterial sensor,
which may be observed as a decrease in the lumines-
cence (to the values undistinguished from zero) of
intact cells in the control samples.

In this context, the results of bioluminescence test-
ing of SWNT during 24—72 h, which is comparable to
the duration of assessment of chronic toxicity on
growth media, but without addition of growth sub-
strates for the sensor strain F. coli K12 TG1, presented
in [7], look questionable. However, the introduction of
the components of nutrient media into the analyzed
samples may result in aggregation of nanocarbon par-
ticles [17], creating addition obstacles for detection of
their toxicity by luminescent and other bacterial mod-
els.

Thus, the above data made it possible to determine
the ways of modification of the bioluminescence anal-
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Parameters of the bioluminescent dynamics of E. coli K12 TG 1 with the cloned P. leiognathi luxC DABE genes contacting with the
CBN suspensions based on distilled water (a, c, e, g) and 2.5% DMSO (b, d, f, h). Designations: C60-fullerene (a, b); MWNT
(c, d); SWNT-4 (e, f); and SWNT-3 (g, h) at 100 (1), 50 (2), 25 (3), 12.5 (4), and 6.25 (5) uM for C60-fullerene or pg/mL for
MWNT and SWNT; control (C). The X value shows time of contact, min. The Y value shows the registered luminescence inten-

sities (/).

ysis for assessment of integral toxicity of carbon-based
nanomaterials, considering the physicochemical
characteristics and biological activity of the objects
under study. The proposed approach was based on:
(i) special procedure for the preparation of the nano-
carbon samples by combined sonication and initial
suspending in DMSO in order to obtain finely dis-
persed suspensions; (ii) increased duration (to
180 min) of the contact between the sensory lumines-
cent microorganism and CBN; and (iii) the special
algorithm for the calculation of the index of biolumi-
nescence suppression, which makes it possible to
exclude the effect of the optical properties of the CBN
on the results of analysis.

The results of testing the biological toxicity of
investigated CBN samples using the proposed proce-
dure are presented in the table. The toxicological
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parameters EC,, and ECy, calculated after 60, 120,
and 180 min of contact were used as integral charac-
teristics of the registered biological activity. The results
are presented in comparison to the biotesting variant
without DMSO.

Thus, only weak biological toxicity or none was
detected in some CBN suspensions formed in distilled
water with sonication but without DMSO. This
applies to the C60-fullerene and SWNT-2, which had
no reliable effect on the luminescence of the bacterial
biosensor within the range of experimental concentra-
tions at any duration of interaction. For water suspen-
sions of C70-fullerene, MWNT, and NF, the final
EC,, values were within the range of 70—100 pg/mL,
while the probable ECs, values were still above
the maximal tested concentration of 100 pg/mL.
SWNT-1, -3, and -4 behaved as much more active
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Values of the toxicological parameters EC,, and ECs, (ug/mL or uM for fullerenes) determined for CBN suspensions ob-
tained by different techniques assessed by their effect on bioluminescence of the sensor strain E. coli K12 TG1 with the

cloned P. leiognathi luxCDABFE genes

Contact duration
Carbon-based nanomaterials Dispersion 60 min 120 min 180 min
method
ECy ECs, ECy ECs, ECy ECs,

Single-walled carbon nanotubes | Us >100 >100 >100 >100 |30+ 1.56| 62 +3.62
with 2—5% of terminal COOH-
groups (SWNT-1) US + DMSO >100 >100 | 63+2.78|77+4.05|12+0.64| 18 +0.72
Single-walled carbon nanotubes | Us >100 >100 >100 >100 >100 >100
with 2—5% of terminal NH,-
groups (SWNT-2) US + DMSO >100 >100 >100 >100 |35+1.54|48+2.22
Shortened single-walled carbon | Us >100 >100 52+239|854+5.01|22+1.07| 54+2.81
nanotubes with 5—10% of termi-
nal COOH-groups (SWNT-3) | US+DMSO | 70 £3.55| >100 |45+2.54|66+3.82| 10+4.59| 17 +0.98
Single-walled carbon nanotubes | Us >100 >100 | 66+3.22|90+4.98| 50+ 5.03 | 78 + 3.89
with annealed COOH-groups
(SWNT-4) US+DMSO | 67+3.33|92+458|39+2.04|57+2.55|30+1.27 | 46 +2.98

Us >100 >100 >100 >100 | 90+0.45| >100
Carbon nanofibres (CNF)

US + DMSO >100 >100 | 52+2.63| 60+3.04| 14+0.65| 20 +0.97
Multi-walled carbon nanotubes usS >100 >100 >100 >100 99 + 046 >100
(MWNT) US + DMSO | 52+2.53| 65+3.37|38+1.57| 48+2.26|23+0.13| 28 +0.11

uUsS >100 >100 >100 >100 >100 >100
C60-fullerene

US + DMSO >100 >100 | 87+4.85| >100 |72+3.59|84+4.34

us >100 >100 >100 >100 | 70+3.48| >100
C70-fullerene

US+DMSO | 65+3.71 | 71 £3.66 | 64+ 3.84| 69+4.06| 44 +2.14 | 50 £ 2.53

uUsS >100 >100 | 48+2.28|98+0.63| 8+0.05|40+0.23
Amorphous carbon (AC)

US+DMSO | 65+3.36| >100 |32+1.56|44+199| 4+0.01| 8+0.05

compounds, with shortened single-walled carbon
nanotubes with 5—10% of the terminal COOH-groups
being the most toxic (the final EC,, and ECs, values
were 22 and 54 pg/mL, respectively). The highest level
of toxicity was detected in the sample of amorphous
carbon, for which the EC,, and ECs, values after
180 min were 8 and 40 pg/mL, respectively.

Increased dispersion of the CBN by sonication,
initial suspension in DMSO, and subsequent transfer
of the resulting suspension to aquatic environment
resulted in higher rate and expression of the toxic
effects. Under such conditions, amorphous carbon
was the most toxic compound, with the EC,, and ECs,
values of 4 and 8 ug/mL, respectively. The SWNT
samples exhibited similar levels of toxicity, with
C,, values within the 10—35 pg/mL range and Cs,
from17to 48 pg/mL. Increased dispersion
of the CBN resulted in toxicity of NE MWNT, and
C70-fullerenes, for which ECs, values increased 1.5—
5-fold, to 23, 20, and 50 pg/mL, respectively. Under
these conditions, C60-fullerene remained the most
biologically inert nanocarbon compound, with the

inhibition of bioluminescence only at its high concen-
trations and the EC,;, and ECj, values of 72 and
84 uM, respectively.

The results obtained made it possible to scale the
investigated nanocarbon compounds according to
their toxic effect on the sensory luminescent strain
E. coli K12 TG1 with cloned luxCDABE genes of the
marine luminescent bacterium P. leiognathi. While the
absolute values of the CBN biological toxicity clearly
depended on the degree of dispersion of nanocarbon
compounds achieved by different techniques, the rel-
ative differences between them depended on the orig-
inal characteristics of the compounds. This conclusion
is confirmed by the results of statistical analysis show-
ing a pronounced correlation between the EC,, (r =
0.650; P<0.05) and ECs, (r=0.615; P<0.05) values
determined in two experimental series: in CBN sus-
pensions in aquatic medium obtained by sonication
and in those involving additional application of the
aprotonic solvent DMSO. It was also shown that high
levels of carbon structuring in the nanomaterials under
study did not result in their increased toxicity for the

MICROBIOLOGY Vol. 81

No. 4 2012



APPLICATION OF THE INHIBITION OF BACTERIAL BIOLUMINESCENCE TEST 497

test microorganism compared to unstructured (amor-
phous) carbon, which was the most biologically active
compound in this system of biological indication.

ACKNOWLEDGMENTS

The work was supported by the Development of the
Higher School Scientific Potential Analytical Depart-
mental Program, project no. 2.1.1/9770.

REFERENCES

1. Deryabin, D.G., Bakterial’naya biolyuminestsentsiya:
Sfundamental’nye i prikladnye aspekty (Bacterial Biolu-
minescence: Basic and Applied Aspects), Moscow:
Nauka, 2009.

2. Belkin, S., Microbial Whole-Cell Sensing Systems of
Environmental Pollutants, Curr. Opin. Microbiol., 2003,
vol. 6, no. 3, pp. 206—212.

3. Roda, A., Guardigliu, M., and Mirasoli, M., Biolumi-
nescence and Chemiluminescence in Drug Screening,
Anal. Bioanal. Chem., 2003, vol. 377, no. 5, pp. 826—
859.

4. Kaiser, K.L. and Esterby, S.R., Regression and Cluster
Analysis of the Acute Toxicity of 267 Chemicals to Six
Species of Biota and the Octanol/Water Partition Coef-
ficient, Sci. Total. Environ., 1991, vol. 109-110,
pp. 499-514.

5. Hurt, R.H., Monthioux, M., and Kane, A., Toxicology
of Carbon-Based Nanomaterials: Status, Trends, and
Perspectives on the Special Issue, Carbon, 2006, vol. 44,
no. 6, pp. 1028—1033.

6. Metodicheskie ukazaniya 1.2.2634-10 “Mikrobiolog-
icheskaya i molekulyarno-geneticheskaya otsenka voz-
deistviya nanomaterialov na predstavitelei mikrobiotse-
noza” (Methodical Recommendations 1.2.2634-10
“Microbiological and Molecular Genetic Assessment
of Effect of Nanomaterials on Microbiocenosis Com-
ponents”), Moscow: Fed. Center. Hyg. Epidemiol.,
Fed. Service Customer’s Rights Protect. Human Well-
Being Surveillance, 2010.

7. Zarubina, A.P, Lukashev, E.P, Deev, L.I.,
Parkhomenko, I.M., and Rubin, A.B., Biotesting the
Biological Effects of Single-Wall Carbon Nanotubes

MICROBIOLOGY Vol. 81 No. 4 2012

10.

11.
12.

13.

14.

15.

16.

17.

Using Bioluminescent Bacteria Test-System, Nano-
technol. Russia, 2009, vol. 4, no. 11-12, pp. 871—-875.

. Mortimer, M., Kasemets, K., Heinlaan, M., Kurvet, I.,

and Kahru, A., High Throughput Kinetic Vibrio fischeri
Bioluminescence Inhibition Assay for Study of Toxic
Effects of Nanoparticles, Toxicol. in Vitro, 2008, vol. 22,
no. 5, pp. 1412—1417.

. Zheng, H., Liu, L., Lu, Y., Long, Y., Wang, L.,

Ho, K.P,, and Wong, K.Y., Rapid Determination of
Nanotoxicity Using Luminous Bacteria, Anal. Sci.,
2010, vol. 26, no. 1, pp. 125—128.

Danilov, V.S., Zarubina, A.P., Eroshnikov, G.E.,
Solov’eva, L.N., Kartashev, EV., and Zavil’gel’skii, G.B.,
Sensor Bioluminescence Systems Based on the /ux

Operons of Various Species of Luminescent Bacteria,
Mos. Univ. Bull., Ser. 16. Biology, 2002, no. 3, pp. 20—24.

www.nanocarblab.com

Deryabin, D.G., Aleshina, E.S., and Tlyagulova, A.S.,
Acute Toxicity of Carbon-Based Nanomaterials to
Escherichia coli 1s Partially Dependent on the Presence
of Process Impurities, Nanotechnol. Russia, 2011,
vol. 6, no. 7—8, pp. 528—533.

Deryabin, D.G., Vasil’chenko, A.S., Aleshina, E.S.,
Tlyagulova, A.S., and Nikiyan, A.N., An Investigation
into the Interaction Carbon-Based Nanomaterials and
Escherichia coli cells Using Atomic Force Microscopy,
Nanotechnol. Russia, 2010, vol. 5, no. 11-12, pp. 857—
863.

Kang, S., Pinault, M., Pfefferle, L..D., and Elimelech, M.,
Single-Walled Carbon Nanotubes Exhibit Strong Anti-
microbial Activity, Langmuir, 2007, vol. 23, no. 17,
pp. 8670—8673.

Kang, S., Herzberg, M., Rodrigues, D.FE, and
Elimelech, M., Antibacterial Effects of Carbon Nano-
tubes: Size Does Matter!, Langmuir, 2008, vol. 24,
no. 13, pp. 6409—6413.

Aleshina, E.S., Bolodurina, I.P.,, Deryabin, D.G., and
Kucherenko, M.G., Correction of the Results of Biolu-
minescence Analysis Considering the Optical Proper-
ties of Investigated Carbon-Based Nanomaterials,
Proc. Orenburg Univ., 2010, no.6, pp. 123—128.
http://vestnik.osu.ru/2010_6/32.pdf

Arias, L.R. and Yang, L., Inactivation of Bacterial

Pathogens by Carbon Nanotubes in Suspensions,
Langmuir, 2009, vol. 25, no. 5, pp. 3003—3012.



