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A novel enzymaticmethod ofmanganese (II) and cobalt (II) ions assay, based on using apo-enzyme ofMn2+-de-
pendent recombinant arginase I (arginase) and 2,3-butanedionemonoxime (DMO) as a chemical reagent is pro-
posed. The principle of the method is the evaluation of the activity of L-arginine-hydrolyzing of arginase
holoenzyme after the specific binding of Mn2+ or Co2+ with apo-arginase. Urea, which is the product of enzy-
matic hydrolysis of L-arginine (Arg), reacts with DMO and the resulted compound is detected by both fluorom-
etry and visual spectrophotometry. Thus, the content of metal ions in the tested samples can be determined by
measuring the level of urea generated after enzymatic hydrolysis of Arg by reconstructed arginase holoenzyme
in the presence of tested metal ions. The linearity range of the fluorometric apo-arginase-DMO method in the
case of Mn2+ assay is from 4 pM to 1.10 nM with a limit of detection of 1 pM Mn2+, whereas the linearity
range of the present method in the case of Co2+ assay is from 8 pM to 45 nM with a limit of detection of
2.5 pMCo2+. The proposedmethod being highly sensitive, selective, valid and low-cost,may be useful tomonitor
Mn2+ and Co2+ content in clinical laboratories, food industry and environmental control service.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The importance of monitoring ions of heavy and transitional metals
spans all areas of science and technology. A system that can provide se-
lective detection of these ions in aqueous solutions will find numerous
applications in such fields as environmental monitoring, biomedical re-
search, clinical chemistry and pharmacology. Ions of heavy and transi-
tional metals in trace quantities are essential mineral components for
the human body and all other living organisms, but they exhibit the
high level of toxicity at higher concentrations [1–2].

Manganese (Mn) and cobalt (Co) are considered as the most abun-
dant trace elements in the biosphere, being widely distributed in soil,
sediment, water and live organisms [3–6]. In human, chronic manga-
nese excess affects the central nervous system, with the symptoms re-
sembling those of Parkinson's disease and autism [7–11]. The mean
total content of Mn in human adult is about 15 mg (typically seen in
nucleic acids), and the requirement of in this element is about 2–
5 mg/day [6]. Mn acts as an activator of enzymes and as a component
of metalloenzymes, taking part in oxidative phosphorylation, fatty
acids and cholesterol metabolism, mucopolysaccharide metabolism,
and urea cycle [6].

Co is an essential element for life in minute amounts [5]. The human
adult contains about 1.1mgCowith the daily requirement of 0.1 μg/day.
Co is a component of vitamin B12. Co induces erythropoietin and blocks
iodine uptake by the thyroid, controls the transfer of enzymes like ho-
mocysteine methyltransferase in methionine metabolism [6]. Contact
dermatitis, cardiomyopathy, vision or hearing impairment, hypothy-
roidism and polycythemia, have been attributed to chronic of cobalt
ions due to dietary supplements, occupation and medical devices (Co-
containing implants). The knowledge of steady state Co concentrations
in tissues in combination with the data on its adverse health effects in
humans should help in the characterization of potential hazards associ-
ated with increased blood Co concentrations due to exposure to dietary
supplements or cobalt chromium (Co-Cr) containing implants [12].

Thus, the possibility tomonitorMn2+ and Co2+ ions can represent a
helpful tool for clinical diagnostics, food industry and environmental
control service. The analysis of the localization anddistribution of essen-
tial and beneficialmetals (includingMn andCo) in biological tissues and
liquids (e.g. blood and urine) is a challenging task for medicine and
other life sciences. Blood concentrations as well as urinary excretion
rates of metallic ions are reliable biomarkers for systemic exposure to
these compounds [1,7,13].

Many instrument-based techniques have been applied for quantita-
tive analysis ofmetal ions. Analyticalmethods such as high performance
liquid chromatography (HPLC), gas chromatography, atomic absorption
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and emission spectroscopy, mass spectrometry (MS) are currently and
widely used [14–15]. The classical approaches of spectrophotometry
and fluorometry, especially in combination with micro- and nanotech-
nologies [4,16–19] are very popular too.

Over the past years, the development and application of differentMS
imaging techniques for metals' analysis, including laser ablation induc-
tively coupled plasmamass spectrometry (LA-ICP-MS), has been rapidly
growing in the life sciences in order to investigate the uptake and the
transport of both essential and toxic metals in cells and tissues [20]. Al-
though the high-tech analytical techniques for detection of heavy and
transition metals are highly sensitive and accurate, they are, however,
time-consuming, expensive, require special skills and show limited ca-
pability for real-time measurements in biological samples.

As an attractive choice to thementioned abovemethods, the electro-
chemical analytical approaches are also extensively used for metal ions
assay. Highly specific, sensitive, simple, fast and cheap biosensors based
on electrochemical transducers (amperometric and conductometric
electrodes, potentiometric pH-sensitive field effect transistors) and dif-
ferent biorecognition molecules as sensitive elements were developed
for inhibitory analysis of heavy metals ions [21–22]. Different microbial
cells [23–24], enzymes [22,25–27], DNA and antibodies [28–33], as well
as biomimics (molecularly imprinted polymers) [22,34] were used as
bioelements. These analytical devices are promising tools for needs of
health care, environmental control, biotechnology, agriculture and
food industries. Improvement of their analytical characteristics (e.g.
sensitivity, selectivity, stability etc.) may be achieved by using negative-
ly or positively charged additional semi-permeable membranes, micro-
and nanomaterials of different origin, genetically modified enzymes
[22].

Being rather simple, inexpensive, and portable, bio- and
chemosensors are promising for real-time measuring for online and
continuous analysis of natural samples for detection of metallic ions.
The number of chemosensors, namely, based on platinumnanoparticles
and 3,3,5,5-tetramethylbenzidine as chromogene with fiber optic de-
tection [35] as well as based on gold clusters [36] and fluorescence
graphene-based quantum dots [37–39] were proposed in recent years.

Thus, a majority of known chemical and physico-chemical methods
of metallic ions assay has a number of disadvantages, such as a low sen-
sitivity and selectivity, high costs and complexity of the equipment.
Therefore, the development of simple cost-effective sensitive methods
of quantitative analysis of metallic ions, including Mn2+ and Co2+, is
an important task of analytical chemistry. Thus, metal-ion-dependent
enzymes [22,25–27] and catalytic nucleic acids – DNA-zymes or RNA-
zymes [28–33,40] present promising tools for elaboration of such
methods.

The use of functional nucleic acids as bioelements for the lab-on-a-
chip (LOC) biosensors for detection of heavy metal ions have made a
great step forward in recent years. A number of metal-ion-dependent
DNAzymes and metal-ion-binding DNA structures have been obtained
through combinatorial selection and rational design [33]. These mole-
cules have been used as bioselective elements of sensors with fluores-
cent, colorimetric, electrochemical, and surface Raman detection of
correspondent metal ions. For selective sensing metal ions in complex
biological samples and live cells, a facile and stable biosensor based on
non-biological enantiomer (L-DNAzyme) was proposed by Kue et al.
[32]. With its highly sensitivity (with a detection limit down to
11 ppt) and selectivity (up to millions-fold) toward specific metal
ions, these sensors have been applied for on-site and real-time environ-
mentalmonitoring, point-of-caremedical diagnostics and for in situ cel-
lular imaging [41].

According to the degree of automation and system integration,mod-
ern analytical devicesmay be classified as: microfluidic LOC system,mi-
crochip, lateral flow dipstick, personal glucose meter, disc-based
analytical platform and microfluidic paper-based (MFPB) sensors [42–
44]. MFPB sensors are inexpensive, simple, low-cost, portable, easy to
use and usually naked-eye quantitative methods, so these analytical

devices are promising for use in developing countries and for field
measurements.

Analysis of literature data suggests that the further development of
novel highly selective and sensitive methods for clinical diagnostics
and industry, including enzymatic ones, is necessary. Recently we
have demonstrated the possibility to use apoenzyme of Mn2+-depen-
dent recombinant human liver arginase I as a Mn2+-sensitive
bioelement in biosensor analysis [45]. The bi-enzyme amperometric
biosensor based on arginase, isolated from the recombinant yeast
cells, and commercial urease revealed a high sensitivity to Mn2+-ions
(9200 ± 20 A M−1 m−2) and a low detection limit (0.15 μM).

Arginase I (EC 3.5.3.1; L-arginine amidinohydrolase) is an Mn2+

containing enzyme of the urea cycle. It catalyses the final cytosolic reac-
tion of urea formation in themammalian liver— the conversion of argi-
nine to ornithine and urea. Arginase I (further – arginase) has recently
been considered as a prospective pharmaceutical in enzymotherapy
for some kinds of auxotrophic cancers for L-arginine (further - Arg) as
well as an analytical instrument for assay of the own substrate — Arg
[46].

In this paper, we describe the development of a novel enzymo-
chemical method for differential Mn2+ and Co2+ ions determination
and its application on the real samples of wastewaters. The proposed
method, based on apoenzyme of recombinant arginase, revealed a
high sensitivity and selectivity to Mn2+ and Co2+ ions. The binding of
Mn2+ or Co2+ with apoenzyme of arginase, at experimentally estimat-
ed optimal pH values, induces holoenzyme reconstruction, followed by
recovering arginase activity and generation of urea from Arg in argi-
nase-catalysed reaction at different pH-values: 9,1 and 7,1 for Mn2+

and Co2+, respectively. Analytical signal is the result of the formation
of a stable product between urea and 2,3-butanedione monoxime
(DMO) in an acidic medium [47]. The resulted compound can be spec-
trophotometrically and fluorometrically monitored. The advantages of
the proposed method are the simplicity and the fastness (if compared
to HPLC and other instrumental methods) of analytic procedure. Being
highly sensitive, selective, valid and cost-effective, the proposed analyt-
icalmethodwill be promising forMn2+ andCo2+ ions assay in different
fields of science and technology, including environmental chemistry,
plant and animal biochemistry, nutrition, and medicine.

2. Experimental Section

2.1. Reagents and Materials

2,3-butanedione monoxime (DMO), disodium salt of
ethylenediamine tetraacetic acid (EDTA), Ni-NTA Superflow beads and
sulfuric acid (95–98%) were purchased from Sigma-Aldrich. L-arginine
(Arg) and inorganic salts were obtained from Merck (Darmstadt,
Germany).

Chemical reagents were prepared using Millipore milli-Q water
pretreated with sorbent Chelex 100 (Bio-Rad, Hercules, CA, USA) to re-
move traces of transient metal ions.

2.2. Apparatus

The fluorescence of the end product of analytical reactionswasmea-
sured using a Tecan Infinite M-200 spectrofluorometer (Thermo Scien-
tific, United States) at an excitation wavelength of 360 nm and an
emission wavelength of 515 nm. Optical density was measured at
350 nm using a Shimadzu UV1650 PC spectrophotometer (Japan).

2.3. Arginase Isolation

Recombinant human arginase I (further – arginase) has been
expressed in Saccharomyces cerevisiae yeast cells under the control of
the inducible CUP1 promoter. Isolation and purification of (His)6-tagged
arginase from cell-free extract of cultivated cells using affinity
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