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Trace uranium detection measurement was performed using DNA immobilized on a graphite pencil elec-
trode (DGE). The developed probe was connected to the portable handheld voltammetric systems used for
seawater analysis. The sensitive voltammogram was obtained within only 30 s accumulation time, and the
anodic stripping working range was attained at 100~800 µg/l U and 10~50 µg/l. The statistic relative stan-
dard deviation of 30.0 mg/l with the 15th stripping was 0.2115. Here, toxicological and analytical applica-
tion was performed in the seawater survey in a contaminated power plant controlling water. The results
were found to be applicable for real-time toxicological assay for trace control.
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INTRODUCTION

Trace radioactive uranium (U) is commonly found (Salama
et al., 2003) in the groundwater of numerous nuclear energy
sites (Lin et al., 2005). Several reports indicate that 1.31~
2.24 µg/l of it is present in the coasts (Djogic et al., 2001).
Recently, Yomiuri Online News (2011.8.7) reported the
meltdown of Fukushima Nuclear Power Plant. Moreover,
according to the Japanese writer Haruki Murakami, Hades
(Murakami, 2011) wielded his power and caused the recent
earthquake and tsunami incidents in Japan, which eventu-
ally caused the nuclear power plant meltdown, where dis-
persive radioactivity is connected to the horrible risks of
human organic cancer (Storm et al., 2006), lung cancer
(Saccomanno et al., 1988), kidney damage (Lestaevel et al.,
2005), and DNA mutagenicity. Here, for in-vivo or in-vitro
diagnosis, very low analytical detection limits are demanded
within nano ranges. Specific analytical methods have been
sought of late for analogy purposes, such as electron impact
ionization quadrupole mass spectrometry (Kahr et al., 2001),
inductively coupled plasma mass spectrometry (Kahr et al.,
2001; Pretty et al., 1998), laser ablation inductively cou-
pled plasma mass spectrometry (Sela et al., 2007), and qua-
drupole ICP MS (Zheng and Yamada, 2006) high-resolution
scanning X-ray fluorescence (Goldberg et al., 2005). Some
of these techniques are used for trace isotopes and radioac-
tivity detection, but they require ion exchange, separation,

evaporation, and voltage excitation. Moreover, other detec-
tion systems are very expensive and complicated. In con-
trast, the voltammetric methods are simple (Ly and Kim,
2009) and fast (Ly et al., 2011). Thus, more specifications
of such methods have been sought for the aforementioned
purpose, such as bismuth film electrode (Lin et al., 2005),
graphite pencil electrode (Ly et al., 2010), and hanging
mercury drop electrode (Cha et al., 2000). The detection
limits of such methods are high, however, and the mercury
sensor is environmentally toxic. In this study, more sensi-
tive DNA immobilized (Ly et al., 2009) on a graphite working
(Ly et al., 2011) probe was sought for uranium detection.
DNA on a carbon-immobilized bond has hybridization effi-
ciency (Ly et al., 2008), and its catalytic structure is capa-
ble of specific interaction (Ly et al., 2009). For this reason,
the developed method is sufficiently simple and more com-
pact, with a fast stripping time of only 30 s. These advan-
tages can enable the developed method to attain a lower
detection limit compared to the existing methods applied to
seawater assay for energy sites. The developed method can
be used for monitoring in any nuclear site, or for in-vivo or
in-vitro diagnosis.

MATERIALS AND METHODS

The instrumental system that was used, Bioelectronics-2
from these authors’ version of circuitry, was computerized,
and like a cellular phone, it had a ± 3.0 V potential range, a
2 mA current range, and a 10 pA detection current. It can
also be used for bioassays and microorganism detection.
The U standard 1,000 mg/l solution was obtained from
Merck, (insert country). The other reagents that were used
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were of standard grade. An electrolyte was prepared through
three-time distillation using 18 Mcm-1 graphite pencil electrode
(GE) prepared from a common pencil (DongA XQ, ceramic,
60 mm, 0.9 B). The DNA-immobilized working electrode
(DGE) was prepared using 20 repetitions of + -2.0 V cyclic
scan in a conc-DNA solution that was used as the working
electrode. Two other graphite pencils served as the refer-
ence and auxiliary electrodes (Ag/AgCl(s)/KCl(3M) refer-
ence electrode). All the experiments were performed at
room temperature, and electrolyte was used for the seawa-
ter without removing the oxygen.

RESULTS

Under cyclic conditions, the probe sensitivity was exam-
ined using -2.0 V initial potential, 2.0 V switching poten-
tial, and 0.5 mV/s scan rate. Under these conditions, the
concentration effects were examined, and the results are

shown in Fig. 1(A) and (B). In the voltammetric assay, the
ionic activity depended on the electrode properties, reac-
tion potential, and working ranges. Thus, the common-type
GE and the modified DGE probe were compared using high
ranges for 10~80 mg/l U spiking, and the 2.0 to -2.0 V
potentials were used for reduction scan at a 0.5 mV/s scan
rate. The voltammogram is shown in Fig. 1(A), under anodic
scan for GE. The voltammogram was simple, and at 0.2 V,
a small peak appeared, then a -1.0 V reduction peak was
obtained, where the working slope was simple and not sen-
sitive. Thus, the modified DGE was compared to real volta-
mmograms, as shown in Fig. 1(B). Under anodic scan, two
peaks for the 0.2 and 0.4 V oxidation activities were obtained,
where the maximum peak currents were 10.54 × 10-6 and
13.50 × 10-6 A, and where one of the working curves was
y = 0.1506x + 2.1145 and the statistic relative standard devia-
tion was R2 = 0.9903. The developed method is thus appli-
cable for stripping voltammetry, which is more sensitive
than cyclic activity. The modified DGE was thus applied to
high ranges for anodic and cathodic stripping voltammetry
under a 0.1 M-NH4H2PO4 electrolyte solution, and the opti-
mum parameters were sought.

Stripping activity and statistic probe stability. Under
oxidation and reduction stripping, the reaction potentials
were examined using the same electrolyte. The real voltam-
mograms are shown in Fig. 2(A) and (B). Fig. 2(A) shows
oxidation for the DGE properties, and the anodic working
ranges were varied from 0.0 to 8.0 mg/l add. Here, the oxi-
dation peaks of -0.4, 0.4, and 0.8 V were obtained at three
points, among which 0.4 V was found to be sensitive and
the working conditions sharp. Such potential was thus used
for stripping voltammetric optimization, where the peak
current was varied from 0.12 × 10-5 to 1.5 × 10-5 A. Under
these conditions, cathodic stripping was performed to the
same ionic strength, with 0.0~8.0 mg/l U spikes. The real
voltammograms are shown in Fig. 2(B). Moreover, two
peaks for the 0.5 V weak and -1.0 V big activities appeared.
Here, the -1.0 V peak current increased to 1.0~5.9 × 10-6 A,
whose working curve was found to be y = 0.062x + 0.713,
and whose statistic was R2 = 0.752. The probe stability, how-
ever, depended on the working repetition and signal oscilla-
tions. Thus, the DGE probe was examined for the statistic
voltammograms with 15th stripping, with 3.0 mg/l U con-
stant and 30 s accumulation time as optimum parameters.
The results are shown in Fig. 2(C), where the first point is
electrolyte blank, after which the 3.0 mg/l U spike was
increased to 7.81 × 10-4 A then oscillated to 8.09~8.67 × 10-4 A.
Here, the statistic standard deviation was 0.2115, indicating
that the probe is sensitive and stable enough for analytical
application. The stripping sensitivity, however, depends on
the voltammetric redox direction, accumulation time, and
other parameters, which were set using 3.0 mg/l U add
(results not shown here). The points were varied by eight

Fig. 1. Modified sensor properties of the 0.0, 10, 20, 30, 40, 50,
60, 70, and 80 mg/l U spikes on the common-type GE (A) and
modified DGE (B) electrodes using a 0.1 M-NH4H2PO4 electrolyte
solution, at optimum conditions of -2.0 V initial potential, 2.0 V
switching potential, and 0.5 mV/s scan rate, starting from the
anodic direction.
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points per parameter, and the maximum peak currents were
recorded. Then the analytically possible interference ions
were calibrated using the standard addition method. Under
these conditions, the analytical working ranges and statistic

applications were examined.

Analytical working ranges and statistics. Under the
optimum conditions, the mili and micro working ranges
were examined. Fig. 3 shows the real anodic-stripping vol-
tammograms at 0.35 V amplitude, 40 Hz frequency, 0.001 V
increment potential, and -2.0 V stripping potential. Under
optimum conditions, the analytical linear working ranges
were examined. Fig. 3(A) shows the micro range of 100.0~
800.0 µg/l U spike by anodic stripping under 0.1 M electro-
lyte strength, using the optimum parameters. Here, the
working slope was ∆x/∆y = 0.015, the intercept was -0.55,
and the relative standard deviation was R2 = 0.9972. The
anodic peak potential appeared at -0.3 V, and the first peak
appeared for 2.782 × 10-4 A then increased from 3.05 to
5.68 × 10-4 A, where the error percentage was shown to be

Fig. 2. (A) SW stripping anodic scan for the -2.0 V accumula-
tion potential and 2.0 V switching potential. (B) Cathodic scan
for the 2.0 V accumulation potential, -2.0 V switching potential,
and ionic-strength variation for 10, 20, 30, 40, 50, 60, 70, and
80 mg/l add using DGE. (C) Statistics for the 3.0 mg/l U con-
stant through 15th repeated stripping, with 30 s accumulation
time, using the same conditions as in (A).

Fig. 3. (A) Stripping working ranges for 0, 100, 200, 300, 400,
500, 600, 700, and 800 µg/l U anodic spiking. (B) Micro ranges
of 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90 µg/l U ion add. In a
0.1 M-NH4H2PO4 electrolyte strength with a pH of 4.0 and 0.35 V
SW square wave amplitude, 40 Hz square wave frequency, 1 mV
increment potential, -2.0 V accumulation potential, and 240 s
accumulation time.
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in a linear curve. The developed method can thus be used
for contaminated power plants or for cooling seawater, for
reviving agricultural lands, and for preventing food contam-
ination. More sensitive low ranges were sought, however,
for micro working. Fig. 3(B) shows that for the 10~90 µg/l
U add of 10 points, the first curve was electrolyte blank,
where the voltammogram did not have any noise. Then
10 µg/l U spiking appeared with a small peak of -0.7 V, and
the current was only 3.952 × 10-5 A. Then two peaks
appeared for 10.0 × 10-5 A and increased to 19.57 × 10-5 A,
where the working curve was y = 0.3873x - 1.0912, the rel-
ative standard deviation was R2 = 0.9563, and the error per-

centage was shown to be within the curve. Moreover, another
5 points were linearly oscillated. These results can be used
for low-range applications such as in-vivo or in-vitro detec-
tion. Within these ranges, the statistic detection limits were
examined using KSb/m (k = 3, n = 15, m = (x/y)), and
reached 7.0 µg/l U, showing that the developed method is
much more sensitive than the other common analytical
methods. The results of this study are highly reproducible
and sensitive, making them suitable for use in any assay.

The analytical applications in the standard solution and
the seawater assay were examined. Under optimized condi-
tions, the standard addition method was used to examine the
known solution. Fig. 4(A) shows the real voltammograms,
with the first curve being electrolyte blank and with 20 µg/l
U constant spike. Here, a 1.099 × 10-4 A peak current was
obtained, then three points were spiked to 30~50 µg/l U
standard. The peak current increased linearly from 4.55 to
6.35 × 10-4 A, and the working slope was 11.17, the inter-
cept was 0.976, and the statistic was precise. As these
results can be applied to any sample, the unknown seawa-
ter was examined. Fig. 4B shows the same method, where
the first peak that was obtained was 1.099 × 10-4 A fol-
lowed by 1.60~3.14 × 10-4 A, the linear equation was y =
5.168x - 0.554, R2 = 0.9932, and the content was 1.72 µg/l
U. The developed method can thus be applied to determine
the possibility of their use in a radioactive or any nuclear
site in a real-time interface.

DISCUSSION

Radioactive uranium detection was performed using the
novel DNA immobilized on a graphite DGE probe with a
handheld system. The optimum parameters were 0.35 V
amplitude, 40 Hz frequency, 0.001 V increment potential,
and -2.0 V stripping potential, and only 30 s accumulation
stripping time was used. Under these conditions, 100~
800 µg/l and 10.0~50.0 µg/l U working ranges were attained.
Moreover, simple and compact systems can attain lower
detection limits of 7.0 µg/l (signal/noise = 3). The study results
were shown to be more sensitive than the spectric and elec-
trochemical assays. Here, the parameters were successfully
applied to the toxicological analysis of the micro-range sea-
water samples. The developed method can also be applied
to raw power plant sites and in other toxicology fields that
require interfacial diagnosis.

REFERENCES

Cha, K.W., Park, C.I. and Park, S.H. (2000). Simultaneous deter-
mination of trace uranium(VI) and zinc(II) by adsorptive
cathodic stripping voltammetry with aluminon ligand. Talanta.,
52, 983-989.

Djogic, R., Pizeta, I. and Branica, M. (2001). Eelectrchemical
Determination of Dissolved Uranium In Krka River. Water
Res., 35, 1915-1920.

Fig. 4. (A) Analytical application by the standard addition
method using the known solution, where the first point was
20 µg/l U 10 ml standard, then 30, 40, and 50 µg/l U standard
spikes, using the same parameters as in Fig. 3(A). (B) Unknown-
seawater analysis and standard spike, where the first curve was
10-ml electrolyte blank and the seawater sample was 1 ml, with
20, 30, 40, and 50µg/l U spikes, under optimum conditions.



Toxicological Investigation of Radioactive Uranium in Seawater 71

Goldberg, E.L., Grachev, M.A., Chebykin, E.P., Phedorin, M.A.,
Kalugin, I.A., Khlystov, O.M., Zolotarev, K.V. (2005). Scan-
ning SRXF analysis and isotopes of uranium series from bot-
tom sediments of Siberian lakes for high-resolution climate
reconstructions. Nuclear Instruments and Methods in Physics
Research A, 543, 250-254.

Kahr, M.S., Abney, K.D. and Olivares, J.A. (2001). Analysis of
solid uranium samples using a small mass spectrometer. Spec-
trochimica Acta Part B, 56, 1127-1132.

Lestaevel, P., Houpert, P., Bussy, C., Dhieux, B., Gourmelon, B.
and Paquet, F. (2005). The brain is a target organ after acute
exposure to depleted uranium. Toxicology, 212, 219-226.

Lin, L., Thongngamdee, S., Wang, J., Lin, Y., Sadik, O.A. and Ly,
S.Y. (2005). Adsorptive stripping voltammetric measurements
of trace uranium at the bismuth film electrode. Analytica. Chim-
ica. Acta., 535, 9-13.

Ly, S.Y. and Kim, M.J. (2009). Diagnostic assay of chromium (VI)
in the ex vivo fluid of the urine of a smoker using a fluorine-
doped handmade sensor. J. Clin. Lab. Anal., 23, 82-87.

Ly, S.Y., Jung, Y.S., Lee, C.H. and Lee, B.W. (2008). Administer-
ing Pesticide Assays in In Vivo-Implanted Biosensors. Aust. J.
Chem., 61, 826-832.

Ly, S.Y., Kim, J.E. and Moon, W.Y. (2011). Diagnostic assay of
carcinoembryonic antigen tumor markers using a fluorine
immobilized biosensor with handmade voltammetric circuit.
Eur. J. Cancer Prev., 20, 58-62.

Ly, S.Y., Lee, C.H. and Jung, Y.S. (2009). Voltammetric bioassay
of caffeine using sensor implant. Neuromolecular. Med., 11, 20-
27.

Ly, S.Y., Lee, J.H. and Jung, D.H. (2010). Radioactive uranium
measurement in vivo using A HandheldD interfaced analyzer.
Environ. Toxicol. Chem., 29, 1025-1030.

Ly, S.Y., Yoo, H.S., Kim, N.J., Lee, J.H., Woo, S.S., Kwon, M.G.
and Lee, S.H. (2011). Diagnostic assay of trace lead in an ex
vivo tissue using a combination electrode. Environ. Toxicol.
Pharmacol., 31, 51-56.

Murakami, H. (2011). 7 Japanese writer and translator, http://
media.daum.net/.

Pretty, J.R., Van Berkel, G.J. and Duckworth, D.C. (1998).
Adsorptive stripping voltammetry as a sample pretreatment
method for trace uranium determinations by inductively cou-
pled plasma mass spectrometry. International Journal of Mass
Spectrometry, 178, 51-63.

Saccomanno, G., Huth, G.C., Auerbach, O. and Kuschner, M.
(1988). Relationship of radioactive radon daughters and ciga-
rette smoking in the genesis of lung cancer in uranium miners.
Cancer, 62, 1402-1408.

Salama, T.A., El-Asser, M.R., Perelygin, V.P., Belov, A.C.,
Kravets, L.I. and Petrova, R.I. (2003). Uranium and thorium
content determination in solids using thermal neutron and dou-
ble gamma irradiation methods. Radiation Measurements, 36,
537-539.

Sela, H., Karpas, Z., Zoriy, M., Pickhardt, C. and Becker, J.S.
(2007). Biomonitoring of hair samples by laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS). Inter-
national Journal of Mass Spectrometry, 261, 199-207.

Storm, H.H., Jørgensen, H.O., Kejs, A.M. and Engholm, G.
(2006). Depleted uranium and cancer in Danish Balkan veter-
ans deployed 1992-2001. Eur. J. Cacer, 42, 2355-2358.

Zheng, J. and Yamada, M. (2006). Determination of U isotope
ratios in sediments using ICP-QMS after sample cleanup with
anion-exchange and extraction chromatography. Talanta., 68,
932-939.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


