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Left  part – X-ray in vivo image of nude nu/nu mouse inoculated by breast carcinoma cells. Th e mouse was 
injected (i. v. injection) by fl uorescent cleavable probe monitoring the activity of matrix metalloproteinases 
(MPPsense) and the fl uorescence at 700 nm was detected 6 hours aft er injection. Right part – a merged 
X-ray and fl uorescence image. 
(Photo was captured in Laboratory of Applied nanobiotechnology, author: Marketa Vaculovicova).
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 Editorial

Dear readers,

the third issue of „Journal of Metallomics and Nanotechnologies“ in 2015 is dedicated to a bio-

physical characterization of nanomaterials or bio-nanomaterials, especially by optical methods. 

Another part of this issue is focused on research in area of nanotechnology and biotechnology. 

The Laboratory of metallomics and nanotechnologies is the iniciator of the Visegrad Metallomic 

Scientific Network also known as V4MSNet which connects researchers from Czech Republic, 

Slovak Republic, Poland and Hungary. Main aim of the project was to establish functional 

consortia for further research on European level. This was mainly secured by organization of 

the conference, which was finally held in Brno. The events were visited by many students, who 

were the direct target group. Information transfer and spreading of knowledge have enhanced 

the level of education in this field and it should help to increase student́ s interest in the field of 

Metallomics. Project partners are ready and willing to give the chance to young students and 

scientists within the future projects of consortia. Countries of V4 are therefore considered to 

play a crucial role in future development of Metallomics in Europe.

The last coming number of the volume in 2015 will be open for all the contributors in the main 

area of the Journal of Metallomics and Nanotechnologies. The papers preferred for this issue 

should be focused on novel nanotechnology in electrochemically focused analysis.

Ondřej Zítka
Editor in Chief
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tion of human and rabbit metallothionein by 
Brdicka reaction and mass spectrometry were 
published in FEBS Journal. Furthermore, the 
cooperation on the investigation of the meta-
llothioneiń s influence on the zinc bioavaila-
bility could have the essential impact on the 
understanding of mechanisms regulating the 
life processes at the molecular level.  

2. The main outcomes of the
project

The organization necessities connected to the 
formation of the Metallomic Scientific Network 
were discussed at several video-discussion at 
which each partner introduced himself, his 
scientific stuff as well as the results obtained 
in his laboratory. Even though Laboratory of 
Metallomics and Nanotechnologies cooperated 
with all partners individually in the past, the 
video-discussion was the first contact between 
each other. The following video-discussions 
were focused not only on the scientific topics 
but also on the arrangement on two personal 

Laboratory of Metallomics and Nanotechnologies – an initiator 
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1. Introduction
The main goal of the project Metallomic Sci-

entific Network was to create the metallomic 
network joining the partners, which will col-
laborate on the common projects in the long-
-term horizon. Laboratory of Metallomics and 
Nanotechnologies sees the perspective area of 
its research in metallomics – the progressive 
scientific field focused on rapid and noninvasive 
methods of determination, localization and 
treatment of cancer. The newly formed network 
enables the Laboratory of Metallomics and 
Nanotechnologies and the project partners 
to utilize the scientific potential, diversify the 
research tasks and contribute to their solution. 
The obtained results are available to all part-
ners, which contribute to the project. The viabi-
lity of the Network is confirmed by the former 
successful collaboration between Laboratory 
of Metallomics and Nanotechnologies and the 
Faculty of Pharmacy of the Wroclaw Medical 
University on the metallothionein research. The 
results of this research focused on determina-

The researchers from Laboratory of Metallomics and Nanotechnologies at Department of 
Chemistry and Biochemistry of Mendel University in Brno were, in connection to their research 
priorities, interested in the idea to create a cooperating partner network joining the excellent 
central European laboratories focused on the metallomic research. The effort in this area was 
supported by the project Metallomic Scientific Network of The International Visegrad Fund, 
which is devoted to both creation and support of the close collaboration between citizens and 
institutions in the Visegrad Group countries as well as the cooperation of these countries with 
other states and regions.

Editorial material 
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meetings of the partners at Metallomics and 
Technology Conference in Brno and Workshop 
in Debrecen.

2.1 Conference of Metallomics 
Technology 

Metallomics Technology Conference was held 
from 14th to 18th June 2015 at the premises 
of Mendel University in Brno. The conference 
dealt with the latest trends and strategies in 
the metallomic research. 

The conference was organized under patron-
age of rector of Mendel University Prof. RNDr. 
Ladislav Havel, PhD. During the first day of 
the conference, the invited lectures by Prof. 
Hajo Haase from the Technical University of 
Berlin on the effect of zinc on the immunity 
cell functions and by Prof. Juan Hidalgo from 
the Autonomous University of Barcelona on 
the effects of metallothionein in neuroinfection 
were presented. In the second lecture session, 
scientists from Masaryk University and from 
Laboratory Metallomics and Nanotechnologies 
from Mendel University in Brno presented their 
lectures devoted to metallothionein. The first 
day of the conference was finished with a guided 
tour of the premises of the hosting laboratory

Figure 1: Lecture by Associate Professor Vojtech 
Adam of Mendel University in Brno on the role of 
metallothionein in cancer [1].

During the second day, the project partners 
presented the results connected to the project 
topic achieved by their departments, and dis-
cussed the possibilities for future cooperation 
in research projects. During the third day of 
the conference, the participants visited the 

Department of Pathophysiology, Masaryk Uni-
versity, where, among other things, they were 
acquainted with the results of the joint research 
of prostate cancer obtained through the ongo-
ing collaboration of Masaryk University and 
Mendel University in Brno. The fourth day of 
the conference was, within the framework of 
so-called Round table, was devoted to the de-
termination of major joint research interests 
in relation to the creation of the metallomics 
scientific network. This aims to not only at close 
cooperation between the scientific institutions 
of the Visegrad Group but also at the transfer of 
expertise and exchange of information related 
to monitored metallomics issues.

Figure 2: „Round table“ of principal investigator 
and project partners of Metallomic Scientific 
Network [1].

2.2 Workshop in Debreceen 
 Workshop  was organized by Dermatology 

Department of the Medical Faculty Debrecen 
University was devoted to the possibilities of 
metallomics application in skin cancer therapy 
and was held from 1st to 3rd July 2015.

Among the most important outcomes be-
long, besides the existence of the mentioned 
network, three-day workshop as a bridge the 
gaps between the specialists and fields of science 
as diverse as inorganic chemists, biochemists 
and clinicians. The seminars were focused on 
Metallotionein and skin cancer presented by 
Vojtech Adam, Electrophoresis and electro-
chemistry of metallomics presented by Marta 
Kepinska and Jan Labuda. The project ideas of 

Sochor et al.
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Clinical characteristic and treatment of skin 
cancers were introduced by Gabriela Emri fo-
llowed by contributions about Photodynamic 
therapy in the management of skin cancers and 
Photodynamic therapy in the management of 
skin cancers. During the workshop the visit of 
histopathology laboratory was done. Here could 
the participants see various histopathological 
samples connected to skin cancer. The last day 
was the round table organized and the visitors 
could discuss about metallomics and cancer.

Figure 3:  Workshop Metallomics and Skin 
Cancer at University of Debrecen – prof. René 
Kizek, PhD (LMaN) and Dr. Gabriella Emri (UD) 
[2].

2.3  Videoconference  of   Metallomics 
and Analytical Methods

In August 25th and 26th a videoconference 
entitled The Metallomics and Analytical Me-
thods was realized. This videoconference was 
focused on advances in metallomics as well as 
progress in the field of analytical techniques in 
connection to this rapidly developing scienti-
fic field and its application in cancer therapy. 
This two-day session was hosted by associate 
professor Vojtech Adam PhD, the head of the 
Department of Chemistry and Biochemistry, 
vice-rector of Mendel University in Brno and 
the main researcher of the whole project Me-
tallomic Scientific Network.

Figure 4: Lecture by Associate Professor Kledi 
Xhaxhiu of University of Tirana, Albania [3]

3. Other outcomes of Metallomic 
Scientific Network

Under the project of Metallomic Scientific 
Network were arranged other outcomes of the 
project include five webseminars [3-7], one se-
minar [8], three videoconferences [9-11] and 
one workshop [2]. All these actions were fo-
cused on metallomics in connection with cancer 
and metallothionein imaging. Here, we are 
reported the summarization of past events in 
a comprehensive table (Tab. 1).  The overview 
of the combined work of researchers of Vise-
grad group is given the book of abstracts of 
Metallomics Technology Conference 2015: Re-
cent Advances and Strategies [12-33], or in the 
book of abstracts of Metallomics Technology 
Conference 2015: Metallomics and analytical 
method [32,34-43]. The electronic version of 
these books of abstracts is downloadable from 
websites of the project

http://web2.mendelu.cz/af_239_nanotech/V4dp.
php?ip=138.

 Journal of Metallomics and Nanotechnologies 2015, 3, 6—14
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It is obvious, the role of metallothionein is 
discussed in all presented contributions as an 
important metal-binding protein in the field 
of metallomics. In recent decade, the role of 
metallothionein was clarified in the connection 
with higher oxidative stress and cancer. Many 
studies have reported higher expression of MT-I 
and its mRNA in various human cancers; such 
as breast, kidney, lung, nasopharynx, ovary, 
prostate, salivary gland, testes, urinary bladder, 
cervical, endometrial, skin carcinoma, melano-
ma, acute lymphoblastic leukemia (ALL), and 
pancreatic cancers. Or the increased expression 
of MT I and II could be correlated to higher 
tumor grade/stage, chemotherapy/radiation 
resistance, and poor prognosis [44]. Due to 
metallothionein importance, various methods 
for studying this metalloprotein have been 
developed. We can mention electrochemical 
detection by Brdická s reaction, PCR, capillary 
electrophoresis and last but not least MALDI 
imaging, which seems to be a novel, perspective 
method to studying the metallothionein levels 
in tumor tissues. 

3.1 Published papers 
For the above mentioned topic follows articles 

which are focused on the problematic of meta-
llothionein and cancer, were published in the 
Journal of Metallomics and Nanotechnologies 
to give a comprehensive view on all this pro-
blematics: Immunohistochemical detection 
of metallothionein by Emri et al [45], MALDI-
-TOF MSI and electrochemical detection of 
metallothionein in chicken liver after cadmi-
num exposure by Guran et al [46], Capillary 
electrophoresis of metallothionein by Kepinska 
et al [47], Synthetic birnessites and buserites 
as heavy metal cation traps and environmental 
remedies by Xhaxhiu et al [48]. All the articles 
are published in this volume of the journal.

3. Conclusion
The finalization of the Metallomic Scientific 

Network project on August 31st 2015 is a sym-
bolic start of a new period of collaboration 
within the metallomic research of V4 countries 
on only in terms of ongoing exchange of the 
experiences but also in in terms of preparation 

of new projects, which will be based of the newly 
developed collaboration.
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is composed of two domains: α and β linked by 
lysine dimer. Domain α (C-terminal) is more 
stable and is able to bind four atoms of Zn or 
Cd, or five or six atoms of Cu. Beta domain (N 
terminal) is more reactive, it can bind tri- Zn 
or Cd, or six atoms of Cu [4]. 

Slight differences in amino acid composition, 
hydrophobicity and isoelectric point allowed to 
separate the four major isoforms: MT-1, MT-2, 
MT-3 (also known as, growth inhibitory factor 
GIF), and MT-4. Despite the mutual similarity 
of MT-1 and MT-2, their roles and presence 
in tissues differ significantly [5]. While MT-2 
isoform in humans is encoded by a single gene 
MT-2A, MT-1 consists of multiple subtypes en-
coded by a gene set of MT-1 (MT-1A, 1B-MT, 
MT-1E, MT-1F, MT-1G, 1H and MT-MT-1X), 
which determine the micro-heterogeneity of 
the protein (Figure 1).
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1. Introduction 
Metallothionein (MT) was first isolated in 

1957 from the horse kidney by Margoshes and 
Vallee [1], subsequently MT presence was de-
monstrated in other animals, in higher plants, 
eukaryotic microorganisms, and in some proka-
ryotes [2]. Mammalian MT belongs to a group of 
low molecular weight proteins (6000-7000 Da) 
with 30% content of cysteine. A characteristic 
feature of all MTs is a tripeptide sequence Cys-
-Xaa-Cys, where Xaa is an aminoacid other than 
cysteine [3]. The sulfhydryl groups of cysteine 
form with metals closely packed spatial structu-
re in which metals are within the molecule [2,4]. 
It serves as the reservoir of metals for the body 
(mainly Zn and Cu) which are the part of many 
enzymes and proteins involved in the removal 
of DNA damage, replication or transcription. 
MT protects the cells against the toxicity of 
heavy metals (Cd, Pb, Hg) by binding them. MT 

Mammalian metallothioneins (MTs) are a group of low molecular weight (6-7 kDa) proteins. 
They consist of a single polypeptide chain of 61-68 amino acid residues, including 20 cysteinyl 
residues. In the human, there are four isoforms: MT-1, MT-2, MT-3, MT-4. Heterogeneity of 
isoforms results also from post-translational acetylation and/or variations in metal compositions. 
MTs are involved in the metabolism of heavy metals and constitute an intracellular reservoir 
of trace elements. Furthermore, they neutralize electrophilic compounds, have a protective 
function against DNA damage and an ability to inhibit apoptosis. Due to the characteristics, 
such as low molecular weight and unique primary structure, elaborating the isolation, separation 
and determination conditions of MTs analysis poses many problems, especially in achieving 
a satisfactory sensitivity and specificity. In addition to traditional analytical techniques, such 
as gel electrophoresis, liquid chromatography, and size exclusion chromatography, capillary 
electrophoresis (CE) has proven to be a powerful separation technique for MT analysis. 
Numerous studies devoted to the optimization of CE conditions as capillary surface, electrolyte 
background or modifiers or kind of detectors. Coupling CE with mass spectrometry creates a 
powerful analytical tool for the characterization of MT.

 Article   
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 MT-1 and MT-2 genes expression have been 
demonstrated in many tissues: in the parenchy-
mal cells of the kidney, liver, lung, intestines, 
pancreas [7], in cells of the sweat glands of 
the skin, in germ cells, and in epithelial cells 
of the thymus [8]. Izofom MT-3 is a protein 
mainly present in brain tissue [9]. The expre-
ssion of MT-4 is limited to squamous skin and 
upper gastrointestinal [10]. Sites of presence 
of particular isoforms of human MT are listed 
in Table 1 [11].

MT cysteine residues also play a critical role in 
the removal of free radicals. MT has antitumor 
activity as it neutralizes toxic electrophiles, re-
active oxygen and nitrogen species. MT is also 
capable of inhibiting apoptosis and developing 

resistance to radiotherapy and chemotherapy. 
Higher expression of this protein has been 
observed in many tumor tissues: lung, kid-
ney, pancreas, bladder, urinary tract. Lower 
concentration levels have been observed in 
gastrointestinal tumors tract, including liver 
cancer or colon cancer.

To identify MT, sensitive and selective analysis 
techniques are applied. Low molecular weight of 
protein, and the heterogeneity of the biological 
material to be analyzed (serum, erythrocyte 
lysate, urine, different tissues), also causes a 
variety of methods used for its quantitative 
determination.

Electrochemical methods such as differen-
tial pulse and cathodic stripping voltammet-
ry, saturation analysis methods based on Cd, 

Table 1: Places of expression of particular isoforms of human MT [Based on 11].
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Figure 1: Comparison of the amino acid sequences of MT 1/2 human isoforms using the ClustalX 
program 2.0.11 [6].
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Ag and Hg, spectrophotometric methods as 
well as chromatographic and electrophoretic 
techniques are used [12]. Among immuno-
logical techniques used in MT analyses are: 
enzyme-linked immunosorbent assay, immu-
nofluorescence assay and radioimmunoassay. 
These methods are highly sensitive and can 
detect even small amounts of MT in tested 
material [13,14]. One of the most widely used 
techniques in the analysis of proteins inclu-
ding MT is two-dimensional polyacrylamide 
gel electrophoresis or capillary electrophoresis 
(CE) often coupled with mass spectrometry 
(MS). CE allows analysis of both MT as MT in 
complexes with metals. As the determination 
of various isoforms is concerned, there must be 
very sophisticated detection system connected 
with separation one. 

Today, medicine has a lot of interest in re-
search on this protein, and thanks to modern 
analytical methods with high sensitivity and 
specificity, the determination of MT concen-
trations in the biological material is possible, 
wherein its amount in relation to other proteins 
is small.

2. Capillary electrophoresis
Electrophoresis was developed by Swedish 

chemist Arne Tiselius in the 30s of the twen-
tieth century, in order to test serum proteins. 
For this achievement he obtained the Nobel 
Prize. The basis of this analytical method is 
the ability to move of charged species, placed 
in an electric field to the corresponding pole of 
the power source.

CE is one of the methods of electrophoresis, 
which is characterized by high efficiency, sub-
stantially higher than the efficiency achieved 
by high-performance liquid chromatography 
(HPLC). In CE, capillaries made of synthetic 
quartz not absorbing ultraviolet radiation are 
used. The capillaries are immersed in a suitable 
buffer solution and when cross potential gradi-
ent is applied, hydrated cations are attracted 
toward the cathode, causing a flow in the whole 
volume of liquid. This phenomenon is known 
as electroosmotic flow (EOF). In CE, this effect 
is responsible for the movement of all particles 
(cationic, anionic or neutral) along the capillary 

toward the detector. EOF in capillaries filled 
with a buffer is formed by the ionization of 
silane groups (SiOH) on the inner surface of 
the walls at pH above 4. Cations accumulate 
near the negatively charged surfaces and form 
electrical double layer - the potential is formed. 
Applying a voltage across the capillary initiates 
EOF, whose speed is typically about one order of 
magnitude greater than the flow rate of solute. 
So the total migration rate of the substance 
(μ total) is μsubst + μEOF. As the result of EOF, 
all substances are transferred into the cathodic 
end of the capillary, where they pass through 
the chamber of the detector. Most commonly 
used detectors are UV-VIS, diode-array detector, 
fluorescent, electrochemical and mass spectro-
meter [12,15].

2.1 Types of capillary electrophoresis
There are several methods of separation of di-

fferent substances by capillary electrophoresis.
Capillary zone electrophoresis (CZE) is the 

simplest from CE methods. Separation of sub-
stances occurs within the capillary filled with 
a buffer solution of appropriate pH and ionic 
strength. Upon application of the electric field 
substances are transferred toward the cathode 
end of the capillary in a strong flow - EOF. The 
particles reach the detector in order of dec-
reasing total mobility, which depends on the 
size and charge of individual substances. CZE 
cannot be used for the separation of neutral 
substances. The main means influencing EOF 
include electric field, pH, ionic strength, com-
position and additives of electrolyte, as well 
as capillary wall coating and separation tem-
perature [12].

Micellar electrokinetic capillary chromatogra-
phy (MECC) is used for distribution of both ions 
and neutral compounds. It uses the addition to 
buffer of surfactant solution which forms micel-
les with a hydrophobic inside and positively or 
negatively charged surface. The micelles divide 
neutral substances according to their partiti-
on coefficient. More hydrophobic substances 
arrange inside the micelles, and hydrophilic 
in buffer solution [16]. Then micelles migrate 
towards the detector, complexes with a positive 
charge appear first, then a neutral and at the 

Kepinska et al.
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end negative ones. The most commonly used 
surface-active agent is sodium dodecyl sulfate 
(SDS), which exhibits the best resolution [17]. 
The MECC basis for separation of substances is 
their division between the hydrophilic aqueous 
electrolyte environment and the hydrophobic 
interior of the negatively charged SDS micel-
les. Separation is based on differences in hyd-
rophobicity and charge. Separation achieved 
by MECC is generally lower than in other CE 
techniques. However, MECC has much higher 
efficiency of separation and reproducibility of 
peaks migration times and their surfaces.

Capillary gel electrophoresis is used for sepa-
ration polymers, proteins and DNA sequencing. 
The capillary tube is filled with a polyacrylamide 
or agarose gel. The sample is applied electro-
kinetically to the capillary, and prior to the 
analysis it is necessary to remove impurities 
from sample. Separation of analyte particles 
takes place under the influence of differences in 
particle size and speed of their passage through 
crosslinked gel bed. The larger particles migrate 
slower through the gel [15,18].

Capillary isoelectric focusing is a technique 
with a high degree of proteins separation and 
other amphoteric compounds. The analysis is 
carried out in a capillary, wherein pH gradient 
is formed using ampholytes carrier. The iso-
electric point values are typically in the range 
from 3 to 10. Upon application of an electric 
field, components of the sample migrate and 
become embedded in such places of capillary, 
which correspond to their pI. After termination 
of the separation, all components are analyzed 
by a detector through which they pass under 
the pressure applied to the anode end of the 
capillary [15].

Capillary isotachophoresis is characterized by 
the use of two different buffering sets, leading 
buffer with a higher mobility than the mobility 
of the sample and buffer ending with a lower mo-
bility. In them, the particles of analyte migrate 
depending on their electrophoretic mobility, to 
form a chain of adjacent zones, moving at the 
same speed between the two solutions. This 
method uses capillaries with inner diameters 
500 µm, and the primary detection system is 
conductometry [18].

Anhydrous capillary electrophoresis is a me-
thod that has better solubility and stability for 
hydrophobic molecules. Separation takes place 
in a medium consisting of organic solvents in 
place of aqueous buffer. Acetonitrile or metha-
nol are usually used. The viscosity and dielectric 
constant of the solvent affect the mobility of 
analyzed ions and the level of electroosmotic 
flow [19, 20].

Capillary electrochromatography is a method 
that combines the advantages of HPLC and 
CE. It is characterized by a strong EOF with 
flat profile and a higher selectivity than other 
CE methods. Separation of charged analytes is 
carried out on the basis of their electrophoretic 
migration and adsorption chromatography of 
neutral particles [19].

3. The use of capillary electropho-
resis in metallothionein analysis 

For the separation of MT isoforms, different 
CE techniques in combination with appropriate 
detectors are used. It provides a wide range of 
possibilities to optimize the degree of resolu-
tion by selecting the pH, temperature, buffer, 
electrolyte and the type of capillary. 

3.1 Types of capillaries
Two types of capillaries have been used: un-

coated or coated capillary. The use of uncoated 
capillaries gives advantages in terms of their 
stability and the shorter time of analysis, while 
the use of surface-modified capillaries increases 
the resolution of MT isoforms separation [21].

3.1.1 Uncoated capillaries
As a result of using uncoated capillaries often 

occurs undesirable phenomenon of adsorption 
of proteins on the inner wall of the capillary 
tube. The reason is that the silane groups at pH 
3 or more are ionized. This can be avoided by: 
(1) the addition of SDS or methanol that limits 
the proteins ability to interact with the wall; (2) 
analysis of MTs at low pH but it has limitations 
because MTs are unstable at pH below 3 and 
they dissociate metals; (3) the use of buffers 
of high ionic strength. These buffers generate 
current which causes excessive heating of the 
sample and the quantitative loss of resolution. 
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Therefore, effective cooling of the capillaries is 
essential; (4) increase or decrease the length of 
the capillary diameter. As a result, the electrical 
resistance is reduced and there is an increase of 
dissipation of excessive heat, what reduces the 
current flow and heating effects [22].

At low pH MTs are unstable. They dissociate 
metals and the level of apolipoprotein arise. 
The release of metal causes a reduction in UV 
absorbance and MTs sample more concentrated 
should be used for their determination. Sepa-
ration of MTs complexes with Cd and Zn in the 
pH range of 3-5 is not reproducible due to the 
partial dissociation of the metal. Often, in the 
electropherogram it is difficult to distinguish 
the peaks of MT-1 and MT-2 from each other. 
There is no such problem with MT-3, because 
it is highly charged, migrates faster and it is 
completely separated from the MT-1 and MT-2 
in neutral and low pH. In order to improve 
resolution of MT-1 and MT-2 isoforms, ions of 
surfactants with the electrolyte are added to 
samples of MT. Use of MECC technique enables 
the separation of all MT isoforms, which is not 
possible using only phosphate buffer. The best 
MECC recommended conditions include using 
of a 50 cm x 75 µm uncoated capillary, 300 mM 
borate buffer pH 8.4 containing 85 mM SDS. 
Furthermore MECC at 10 kV gives a better 
separation by changing pH from 8.4 to 10.4 or 
SDS concentration from 60 to 120 mM, when 
compared with the use of higher voltage [17,21].

3.1.2 Modified capillaries
The inner surface of a fused silica capillary 

is modified or coated with various substances 
or ligands in order to eliminate EOF and inte-
raction of proteins with walls. This affects its 
charge, hydrophobicity and surface chemistry. 
Neutral capillaries are used for the separation 
and qualitative assessment of proteins, among 
others MT isoforms. They enable to use a wide 
range of different electrolytes and buffers. Both 
low and neutral pH can be used for analysis 
by changing the polarity. Good resolution is 
observed in organic buffers and phosphate. Ca-
pillaries coated with amino groups give better 
results for the separation of proteins positively 
charged (at pH below the pI of the protein), be-
cause the wall has a positive charge. However, 

some of capillaries are not suitable for use in 
pH below 3.5. MT isoforms with pI 4-4.5 and 
charge from 1 to 13 at neutral pH, should not 
be separated in capillaries coated with amino 
groups in neutral or alkaline pH. However, 
using high ionic strength and phosphate buffer 
at pH above 8 as the electrolyte, a good separa-
tion of all MTs is obtained [22].

3.2 Sample preparation for metallothionein 
analysis

Quantitative determination of MT isoforms 
in tissues requires adequate sample preparati-
on technique. Radioimmunoassays and some 
analytical techniques do not require sample 
purification. They can be used directly to MT 
measurements. In contrast, samples for chroma-
tography and electrophoresis should be wholly 
or partially purified. Purification always reduces 
the amount of tested substance in the sample, 
so finding optimal solution is desired. MTs in 
relation to other proteins are heat-stable and 
they can be purified by heat treatment at the 
temperature of 60°C for 10 min. or to 100°C 
for 1 min. The temperature and heating time 
are depending on the size of the sample [23]. 

Another method of sample purification is to 
acidification of tissue fragments prior to ana-
lysis, MTs are difficult to denaturize at a low 
pH, but they lose metals. They are also stable in 
50% aqueous solutions of a mixture of solvents: 
ethanol, acetone and acetonitrile. Many other 
proteins in these solutions are deposited on 
the vessel walls.

These procedures cause significant dilution 
of samples, and from analytical point of view, 
the use of concentrated samples is required. 
Therefore, the most used technique for MTs 
preparation from tissue is by a two-stage solvent 
extraction having a concentration of 50% and 
80-90%. It gives partially clean and concent-
rated extract, which is analyzed using CZE. In 
this technique is important to choose a suitable 
solvent. Using of a mixture of acetonitrile-etha-
nol as a solvent gives a reproducible and highly 
efficient procedure. The purification yield can be 
increased by adding 0.5 mM of sodium chloride 
to the homogenisation buffer 100 mM Tris-HCl 
pH 8.0 [22,24].
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3.3 The choice of buffer and electrolyte
Increasing the resolution of MT isoforms is 

achieved by appropriate selection of buffers and 
electrolytes. Their selection should be guided by 
three main factors: UV absorbance, conductivi-
ty and pH buffering capacity. The most, sodium 
phosphate is used, because it has a very low 
absorbance in the UV wavelength range and 
has very good pH buffer capacity. The phos-
phate buffer gets a higher degree of resolution 
than the borate buffer, but generates a higher 
current because it has a higher ionic strength. 
Therefore, when using a sodium phosphate is 
recommended to use narrower (25 and 50 µm) 
and longer capillaries (50-100 cm). Borate buffer 
has low conductivity, lower ionic strength and 
resolution of phosphate buffer. However, the 
resolution is increased by using higher con-
centrations of buffer [21]. Good separation of 
MT is achieved with organic compounds for 
example: 2-amino-2-hydroxymethyl-propan-1,3-
-diol (Tris) and mixed buffer, eg. Tris-borate. 
Virtanen et al. presented a systematic study of 
the impact of buffer composition, concentration 
and pH as well as temperature and voltage on 
separation of MT isoforms [25]. Later, the same 
author introduced CE method using Tris-tricine 
buffer containing methanol as a background 
electrolyte [26]. The advantage of using bipolar 
organic buffers is their low conductivity and low 
ionic strength. When using UV detection below 
220-230 nm, the absorption of some organic 
buffers is limited by their high concentrations 
[27]. From buffers discussed above, the best MT 
separation was obtained in uncoated capillaries 
in a phosphate buffer with high ionic strength 
and low pH [22].

3.4 Methods of metallothionein detection
Identification of separated MT isoforms from 

tissue extracts and in purified MT samples 
using CE is not so difficult in comparison with 
a further detection, especially because of the 
limited amount of material that can be ob-
tained from tissues. The choice of method for 
determining MT isoforms in CE depends on the 
required degree of reproducibility, sensitivity 
and specifics. The techniques of detection which 

are used in the analysis of MT isoforms are 
UV detection, diode array detector and mass 
spectrometers.

3.4.1 Detection of metallothionein 
by UV and diode array detector

The absorbance detection is highly universal 
especially in the deep UV range of spectra, its 
sensitivity is dependent on the optical pathlen-
gth, which is given by the capillary diameter. 
MT absorbance detection is mostly carried out 
at 200 nm employing the light absorption by 
the peptide bond [12]. MT does not disclose the 
absorbance at 280 nm, as it does not contain 
aromatic amino acids. The most common me-
thod of MT isoforms identification is the use of 
diode-array detector. Simultaneous monitoring 
of spectra at different wavelengths: 200, 214, 
and 254 nm can be done to see: apoproteins 
at absorbance at 200 nm, Zn-MT - at 214 nm, 
Cd-MT - at 254 nm. Another problem is the 
type of buffer used. Organic buffers as HEPES, 
Tricine strongly absorbs UV light below 230 
nm. This limits the use of lower wavelength. 
In contrast, buffers as phosphate and sodium 
borate do not absorb UV light and are suitable 
for the determination in wavelength lower than 
230 nm. A mixture of alkaline borate and SDS 
shows a good separation and repeatability of 
migration times. 

3.4.2 Metallothionein detection 
with mass spectrometry 

A very good method for determining isoforms 
of MT is to use MS. The device separates the 
beam of charged particles according to a weight 
value of the particle charge by means of electric 
and magnetic fields. There are many types of 
mass spectrometers differing in the type and 
direction of fields, shape their area of operation 
and the distribution of the intensities.

With MS, monomers and polymers of MT 
isoforms can be identified. The spectrometer 
analyzes very small sample volumes, making 
it possible to obtain more detailed information 
about the fraction obtained after separation on 
CE, compared with UV or DAD detection. Fur-
thermore, the combination of MS with various 
techniques for CE gained a lot of important 
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information on MT. CZE-MS shows the mole-
cular structure of MT and inductively coupled 
plasma (ICP)-MS binding of MT with metal. The 
application of CE-ICP-MS has made significant 
progress in MT analysis in last few decades. The 
metals complexes of two major MT isoforms, 
MT-1 and MT-2, were separated and elements 
present in isoforms were selectively detected 
by CE-ICP-MS coupled via various interface 
designs [28,29].

4. Conclusions 
MTs are considered as medical or environmen-

tal pollution biomarkers therefore methods of 
their effective determination are needed. The 
present paper shows advantages of capillary 
electrophoresis as a tool for MT determination. 
Despite many years of research on MT and the 
use of CE in its analysis, there is still lack of 
method that allows the simultaneous analysis 
of all isoforms of MT directly in the tissues.
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tes which have a similar structure but consist 
of two single molecule water layers enlarging 
the interlayer space around 10 Å [4,6,7]. Since 
water is loosely bound to the buserite structu-
re, it can be lost easily upon drying yielding 
back birnessites [4,6,7]. This inter-conversion 
is of great importance for various topics and 
especially for manganese distribution in the 
nature. The special structure of birnessite and 
buserite bears several unusual properties such 
as pronounced adsorptive properties and ion 
exchanging [8-13]. In spite of the industrial 
applications of the latter [14-16, 17-20] deri-
ving from this property, increasing interest is 
paid for their application as anticontamintats 
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1. Introduction
The history of the name birnessite derives 

from the region called Birness, from where Jo-
nes and Milne reported at first on this material 
[1]. It importance is related to the its manganese 
content which classify it as the main Mn-con-
taining phase in soil, marine and nodules [1, 
2]. Beyond this fact, what makes this mineral 
important is its characteristic two dimensional 
layered structure built of edge- and corner-sha-
ring MnO6 octahedral sheets separated by a 
single water molecule layer and random cations 
[4,5]. The latter cause a spacing varying from 
7-7.1 Å [5]. Upon further hydrating at certain 
conditions they convert reversibly to busseri-

Microporous Na-birnessite-type manganese oxides are synthesized by oxidation of Mn(OH)2 
with K2S2O8 in strong alkaline environment. Subsequent ion-exchange reactions in aqueous 
solutions containing Sr, Ba promote their incorporation into the layered structural frameworks, 
which upon further hydration lead to the respective layered Buserites. Chemical composition and 
surface structure are assessed by X-ray powder diffraction, nitrogen- and argon- sorptiometry. 
Na-birnessites and Sr-buserites display good crystallinity. Ba-buserites consist mainly of 
nanocrystals. Their N2 adsorption/desorption isotherms of resemble IV-type isotherms. Integral 
and differential pore distribution curves obtained by N2-sorptiometry exhibit out-of-layers pores 
of 4-5 nm and 10-20 nm. Na-birnessites, Sr- and Ba-buserites possess external B.E.T surfaces 
of 75.6, 49.2 and 93.6 m2/g respectively. Considerable adsorption volumes of 14, 17 cm3/g for 
P/P0 = 0.05 for Na-birnessites and Ba-buserites are assessed by Ar-sorptiometry. Differential 
pore distribution curves confirm inner-layer micropores of 5 to 7 Å with a B.E.T specific area of 
76.2 m²/g for Na-birnessites and 51.8 m²/g for Ba-buserites. Na-birnessites and Sr-, Ba-buserites 
possess enhanced ionic exchanging capacity, acting as a “sink” for heavy metal cations such 
as Fe2+, Fe3+, Co2+, Ni2+, As3+. The retention of U, Cs and Sr radioisotopes by them unfolds their 
salient anti-pollution potential for soil and subwater ecosystems.
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[10,12,21,22] in the environmental remedia-
tion. Numerous studies have unveiled their 
adsorbing/exchanging capacities of various 
alkaline metal cations [7,10,8,24], transition me-
tals cations [9,11,13,22,23] or even hazardous 
nuclear wastes containing uranium cations [5]. 
Due to the importance of these materials and 
their continuously reevaluation, this study aims 
to shed light on the structural and adsorptive 
properties of Na-birnessite and emphasise their 
cation sorptive/exchanging properties.

2. Results and Discussion

2.1 Structure of birnessites and buserites
Golden et al. were the first to report on the 

layered structure of birnessites. They found 
the chemical formula Na4Mn14O27*9H2O for 
the synthetic Na-birnessites classifying it to 
the orthorhombic crystal system. The structure 
of Na-birnessite consisted of two-dimensional 
sheets of edge-shared MnO6 octahedra, spaced 
at 7 Å and occupied by Mn3+/Mn4+ species. 

This distance between layers could accom-
modate a single layer water molecules and ex-
changeable Na ions [6]. Latter studies of Le 
Goff et al. on Na-birnessites and buserites ba-
sed on infrared and absorption spectroscopy 
investigations reported the chemical formula 
Na0.32MnO2*0.67H2O for the dried Na-birnes-
site. Although the oxidation state of manga-
nese is represented as 4, according to them 
it was merely 3.68 [4]. They could classify the 
Na-birnessite lamellar structure in the mono-
clinic space group of C2/m with Na ions and 
water molecules occupying the prismatic holes 
formed between the octahedral layers with a 
typical interlayer distance of 7.1. This interlayer 

distance reported by them was in full accordan-
ce to the previous investigations of Post and 
Veblen which determined the crystal structure 
of synthetic sodium, magnesium and potassi-
um, birnessite using TEM and the Rietveld 
method [25]. Upon drying, Na-birnesites lose 
their single water molecule layer which leads 
to a decrease of the interlayer spacing of 5.6 Å 
[7]. Buserites in comparison to birnessites have 
a greater interlayer spacing of 9.3-10 Å [7], and 
contain double-water molecule layers between 
the two-dimensional edge-shared MnO6 octa-
hedral layers. They easily lose one water layer 
transforming to the respective stable Na-birnes-
sites [4,7]. This transformation is interlaced with 
an interlayer shifting of approx. 0.3 Å. Due to 
the ability to maintain or lose the second water 
layer they are classified to unstable and stable 
buserites [7]. Buserites which lose reversibly 
one layer of water molecules upon drying and 
regain it upon stirring in water represent the 
unstable ones. Luo et al. showed that this pro-
cess is strongly dependent on the preparation 

method and proposed a double aging method 
for the synthesis of stable Na-buserites at ambi-
ent conditions for longer times [7]. A schematic 
which summarizes all is described above on 
the reversible transformation dry-birnessite-
-birnessite-buserite is exhibited in fig. 1.
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Figure 1: The reversible conversion of birnessite to dehydrated birnessite (left) and buserite 
(right). The top and bottom layers represent edge-sharing MnO6 octahedra. The given 
distances between octahedral layers are based on the literatures [4,5,7].



25

The measured diffraction pattern of Na-bir-
nessites (Fig. 2) shows a good match with the 
pattern published by Prieto & Rives [26], which 
indexed and refined it in the monoclinic system 
with the lattice constants a0 = 5.039 Å, b0 = 2.822 
Å, c0 = 7.366 Å, β = 103 º. Indeed, literature data 
unveils that in most cases Na-birnessites crysta-
llize in the monoclinic crystal system [4,27,28]. 
As reported by them, this is due to the high po-
larizing effect of the alkali cations (Li+, Na+, K+) 
toward the water molecules which constrain the 
layered structure to maintain the monoclinic 
symmetry. The measured sample of Sr-buserite 
revealed a good crystallinity as shown by the 
powder pattern of fig. 2. In opposite to it, the 
powder pattern of Ba-buserite resembled more 
to XRD pattern of a nano-crystalline sample. 
Both diffraction patterns of measured buserites 
(Fig. 2) matched well to the measured pattern 
of Na-birnessites, especially for the position 
of the main reflections. This similarity to the 
diffraction pattern of Na-birnessites is due to 
the instability of Sr- and Ba-buserites at ambient 
conditions for long times as reported by Luo [7]. 
He found that Ba-buserite change direcly to Ba-
-birnessite upon drying, meanwhile Sr-buserite 
can retain the buserite structure up to 1 h after 
drying. For the latter, this conversion occurs 
gradually and partially. This fact explains the 
presence of some buserite structure reflections 
with low relative intensities, in the measured 

powder pattern of Sr-buserites. 

2.2 Porosity and BET surface area
N2 sorptiometric measurements were taken 

to determine the porosity and BET surface 
area of Na-birnessite, Sr- and Ba-buserite. 
The adsorption isotherms and the respective 
differential pore distributions are plotted in 
fig. 3. At the first glance, the adsorption iso-
therms of Na-birnessite (Fig 3a) and Ba-buserite 
(Fig. 3e) are characterized by a similar initial 
and maximal N2  adsorption volume. Anyway, 
a close observation of the adsorption data un-
veils a light advantage of the initial and final 
adsorption volumes of Ba-buserite (13.32 cm3/g 
vs. 15.91 cm3/g) and (135.27 cm3/g vs. 157.71 
cm3/g) making a difference in the adsorption 
volumes of approx. 20 cm3/g.   

Sr-buserites showed a poorer adsorption be-
havior in comparison to Na-birnessites and 
Ba-buserites. Its initial and final adsorption 
volumes consisted merely of 8.73 cm3/g and 
94.67 cm3/g. The differential pore distributions 
of the measured samples (Fig. 3b,d,f) display-
ed the presence of the microporosity in all of 
them and an overall external porosity increa-
sing in the order Sr-buserite < Na-birnessite 
< Ba-buserite. Since the N2 kinetic molecule 
diameter is 3.64 Å [29] the N2 molecule steri-
city impedes its entrance and accommodati-
on in the free space between the interlayers, 
which in the case of Na-buserite in dried form 
is reported 1.94 Å. The BET specific surface 
area for these three samples was measured 
by this adsorbate and is shown in fig. 4. As 
expected and in full accordance to the adsorp-
tion isotherms and differential pore distribu-
tions, Ba-buserite shows the highest specific 
area 93.64 m2/g followed by Na-birnessite with 
75.57 m2/g and Sr-buserite 49.16 m2/g. Indeed, 
the determined BET specific surface area of 
Na-birnessites was slightly above the maximal 
border value of 72 m2/g reported by Wong and 
Cheng [21] and much higher than the literature 
values [26,30]. To overcome the difficulty of the 
proper determination of the sample porosity 
due to the inaccessibility of N2 entering the 
inlayer space of these materials, complementary 

Figure 2: Measured XRD powder patterns of 
Na-birnessites, Sr- and Ba- busserites.

Xhaxhiu  et al.
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Figure 3: Adsorption desorption hysteresis of: (a) Na-birnessite, (c) Sr-buserite and (e) Ba-buserite; dif-
ferential pore distribution of: (b) Na-birnessite, (d) Sr-buserite and (f) Ba-buserite.
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Ar-sorptiometric measurements were taken 
for the samples of Na-birnessite and Ba-buse-
rite. Ar atoms have a smaller kinetic diame-
ter 3.4 [21] and hence can better access the 
pores. The Ar-adsorption isotherms of both 
samples were recorded for a relative pressure 
of 0.05 (Fig. 5a). The recorded Ar-adsorption 
isotherms exhibit slightly lower initial adsorp-
tion volumes compared to the N2 adsorption 
data. Again Ba-buserite shows the highest 
adsorption volume of 17 cm3/g, compared to 
14 cm3/g for Na-birnessite.

The differential pore distribution calculated 
according to the Horvath-Kawazoe equation 
(Fig. 5b) for both samples reveals the main pore 
distribution with mean diameters varying from 
0.3 to 1.2 nm, and the maximum value at 7 Å. 
This is the most reported value of the interlay-
er distance in birnessites. This fact reinforces 
the conclusion regarding the instability of the 
Sr- and Ba-buserites at ambient conditions and 
emphasizes their partial or total conversion 
into the respective birnessites. These measure-
ments also endorse the fact that the exchange 

of Na+ with Ba2+ increases the porosity in the 
birnessite structure. 

Complementary BET specific area determi-
nation based on Ar-sorptiometric measure-
ments of Na-birnessite and Ba-buserite samples 
(Fig. 6) exhibited a larger BET specific area of 
the latter (60 vs. 64 m2/g). Anyway these values 
are lower in comparison to the BET values repor-
ted above for the N2-sorptric data and slightly 
above the value 55 m2/g reported for Na-birnes-
site by Wong and Cheng [21]. The discrepancy 
between the BET surface area determined by 
N2-sorptiometry and Ar-sorptiometry occurs 
due to the difference between the shapes of N2 
molecule and Ar atom, their polarisabilities and 
their surface packing behavior. Na-birnessite 
showed reveals a larger BET specific surface 
area compared to its external surface (60 m2/g 
vs 57 m2/g). The opposite was observed for 
Ba-buserites which showed a larger external 
surface area instead (64 m2/g vs. 69 m2/g).

Xhaxhiu  et al.
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The BET surface area determined for Ba-bu-
serites is inferior in comparison to the appro-
ximate value 200 m2/g reported by Jeffries and 
Stumm [8]. This indicates that the product ob-
tained and reported in this study, claimed as 
Ba-buserite was probably an intermediate of 
Na-birnessite and Ba-buserite. This conclusion 
is fully endorsed by the finding of Luo et al. who 
reported the same while exchanging of Na with 
Ba in instable Na-buserite [7]. 

2.3 Cation exchanging and 
environmental protection

2.3.1 The role of birnessites
The physical properties of the nonstoichio-

metric manganese oxides, i.e. birnessites and 
buserites have a considerable effect on their 
adsorption properties. Although we didn’t per-
formed yet cationic adsorption studies with 
the synthesized materials, there is plenty of 
information in the literature reporting on the 
cationic adsorption/exchanging properties 
of birnessites and buserites. At one hand the 
cation adsorption in such layered materials 
occurs in the space between the octahedral 
layers. At the other hand, the cation exchanging 
process in them with the environmental cations 
occurs in two levels, namely a) exchanging with 
the cations situated between the octahedral 
layers, which is the quite frequent for most of 
them, b) exchanging with the manganese ca-

tions, occupying octahedral holes. The cation 
exchanging in birnessites and buserites has a 
considerable contribution in the environmental 
remedy. Rives, Arco and Prieto [10] reported 
on a partial cation exchange of Na- and K- con-
taining birnessites when they were introduced 
to solutions containing Li+, Mg2+ and Cu2+. The 
reported exchanging order was L+ > Mg2+ > Cu2+. 
Since the cation exchange occurred between 
the interlayers ones and those introduced by 
the environment, it wasn’t associated with the 
change of the interlayers spacing in them. Feng 
et al [11] found L-type adsorption isotherms of 
heavy metals from the aqueous environment. 
The adsorption was concentration dependent 
and increased sharply when the equilibrium 
concentration of the heavy metals was inc-
reased. From all the tested manganese oxides 
type structures, they reported on the enhanced 
adsorbing properties of birnessites toward Pb2+, 
Cu2+  Zn2+, Co2+ and Cd2+. Lead was adsorbed the 
most followed by the others according to the 
given sequence. They also proposed that the 
cation adsorption process occurred in their 
hydroxylation form where the adsorbed amount 
was proportional to the respective hydrolysis 
constants. Table 1 exhibits the reported maxi-
mal adsorbed values for the mentioned cations.

Figure 5: (a) Ar-adsorption isotherms of Na-birnessite and Ba-Buserite, (b) differential pore distribu-
tion of the samples of Na-birnessite and Ba-Buserite determined by Ar-sorptiometry.
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Table 1: Maximal adsorption values of five heavy metals by birnessite [11].
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The radius of the hydrated ion was calculated 
rion + 2rH2O, rion was reported by Shannon [31]

Similar studies performed by McKenzie and 
Tebo et al. [9,23] in this field, revealed increased 
adsorption/exchanging capacities of birnesites 
toward the cationic species as follows Pb2+ > Cu2+ 
> Co2+ > Ni2+ > Zn2+ > Mn2+ > Ca2+ > Mg2+. Manga-
nese oxidation state plays the most important 
role in this sequence followed by the distribu-
tions of the cations in the layers and interlayers 
respectively [13,22]. Meanwhile, Villalobos et 
al. [32] found that the adsorption/exchanging 

capacity for Pb2+ among others was dependent 
on the birnessite specific area. According to 
Wong et al. [21] the great sorption capacity of 
Pb2+ in comparison to the other heavy metals 
is interlaced with its ability to occupy interla-
yer space in birnessite and their surface edge 
sites. All the adsorption/exchanging processes 
involving greater ions than the present ones are 
associated by the enlargement of the interlayer 
distance and birnessite cell distortion. Al-Attar 
and Dyer [5] reported increases of b-dimension 
in birnessite cell due to high uranium sorption 

Figure 6: BET and external surface area of Na-birnessites, Sr- and Ba-buserites determined by 
Ar sorptiometry.
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on Li-, Cs- and Ba-birnessites. Since the process 
is pH dependent, the best distribution coeffici-
ents values reported for Li- and Ca-birnessites in 
deionised water 2.71 x 106 and 1.67 x 106 ml/g 
respectively were achieve at pH = 6. In contrast 
to them, transition metal birnessites showed low 
adsorption/exchange values ranging between 
34–184 ml/g.

Despite of the above distinctive exchanging 
properties between interlayer situated cations 
and the environmental ones, as mentioned pre-
viously, birnessites take part also to the cation 
exchanging between Mn3+/4+ occupying the 
octahedral holes and the environmental ones. In 
such process Mn plays the role of the oxidation 
agent. Feng et al. reported on the considerable 
amounts of Cr3+ adsorbed on birnessite reaching 
up to (1330.0 mmol/kg). The adsorption of 
Cr3+ occurring of at the interface induced new 
equilibria between it and Mn, leading to its 
further oxidation to Cr6+. Due to the surface 
characteristics, once Cr6+ was formed it desor-
bed back from the birnessite surface into the 
solution. This process attributes to birnesites 
environmental remediation properties since 
Cr6+ is less toxic than Cr3+ [11]. Dias et al. [12] 
proved a similar behavior of synthetic birnes-
sites toward As3+. The contact of As3+ with the 
birnessite surface caused its direct oxidation 
to As5+ and the consequent reduction of Mn4+ 
to Mn3+ and Mn2+. The maximal As3+ adsorption 
level reported by them was approx. 20 mg As/g.

2.3.2 The role of buserites
Similar to birnessites, busserites as their de-

rivatives or precursors possess ion adsorption/
exchange properties. Murray et al. [24] were the 
first to report on the adsorption/exchange of 
Ni2+, Cu2+, Co2+ Ca2+ at high concentrations from 
buserites.  Jeffries and Stumm [8] reported later 
on the adsorption of two valent ions of Ca2+, 
Zn2+ and Cu2+ from their aqueous solutions. 
At a pH values varying from 2-7 they found 
the following buserite adsorption sequence:
Ca2+ < Zn2+ < Cu2+. At normal pH values ranging 
from 6-8 buserites show enhanced adsorption 
capacities, decreasing considerably their con-
centrations in see waters. They also stressed 
the fact of the complicity of the heavy metal 

adsorption process regarding the released hyd-
rogen ions from the surface. Later studies of 
Luo et al. [7] unveil the feasibility of obtaining 
stable buserites of Mg2+, Ca2+, and Sr2+ from 
Na-buserite. They demonstrated also the for-
mation of stable buserites from the treatment 
of unstable Na-buserite with some transition 
metal cations, such as Mg2+, Cu2+, Zn2+, Ni2+, Co2+, 
and Mn2+.All these latter buserites formed, alt-
hough considered stable at ambient conditions, 
upon heating they displayed higher instability 
in comparison to Mg-busserites. The latter were 
obtained very quick due to ion exchange from 
the unstable buserite. Different from all of these, 
the exchange of Na with Ba led to the formation 
of an intermediate product between birnessite 
and busserite. All of this cationic adsorption 
exchanges similar to birnessites were related 
with significantly increased interlayer spacing.

3. Experimental Section 
We reported in this study the synthesis of Na-

-birnessite and the attempt of the synthesis of 
Sr- and Ba-buserites. The synthesized samples 
revealed significant differences in their XRD 
powder patterns. The XRD pattern of the Na-
-birnessites matched well with the literature 
reported pattern, assigning it hence to the mo-
noclinic system. The claimed Sr- and Ba-buserite 
patterns displayed also close similarities with 
reported ones. The N2 adsorption measure-
ments unveiled the presence of micropores 
in all samples. The overall external porosity 
of them increased in the order Sr-buserite < 
Na-birnessite < Ba-buserite. Ba-buserite shows 
the highest specific area 93.64 m2/g followed by 
Na-birnessite with 75.57 m2/g and Sr-buserite 
49.16 m2/g. The complementary Ar-sorptio-
metric measurements for Na-birnessite and 
Ba-buserite recorded for a relative pressure of 
0.05 exhibited slightly lower initial adsorption 
volumes compared to the N2 adsorption data. 
Ba-buserite showed the highest adsorption 
volume of 17 cm3/g, compared to 14 cm3/g for 
Na-birnessite. A mean diameter of 7 Å obtained 
by the differential pore distribution calculated 
according to the Horvath-Kawazoe equation 
reinforced the conclusion regarding the insta-
bility of the Sr- and Ba-buserites at ambient 
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conditions and emphasized their partial or 
total conversion into the respective birnessites. 
Complementary BET specific area determina-
tion based on Ar-sorptiometric measurements 
showed a higher specific area in the case of 
Ba-birnessite compared to Na-birnessite. The 
latter, show a higher specific aree compared to 
the external surface, meanwhile the opposite 
was observed for Ba-buserite. The BET surface 
area determined for Ba-buserites was inferior in 
comparison to the one indicated in the literatu-
re concluding that the claimed as Ba-buserite 
was probably an intermediate of Na-birnessite 
and Ba-buserite. The adsorptive/exchanging 
properties of birnessites and buserites toward 
alkali- and transition heavy metal cations, for 
the remedy of the environment from their con-
tamination are emphasized. 

4. Conclusions 
We reported in this study the synthesis of Na-

-birnessite and the attempt of the synthesis of 
Sr- and Ba-buserites. The synthesized samples 
revealed significant differences in their XRD 
powder patterns. The XRD pattern of the Na-
-birnessites matched well with the literature 
reported pattern, assigning it hence to the mo-
noclinic system. The claimed Sr- and Ba-buserite 
patterns displayed also close similarities with 
reported ones. The N2 adsorption measure-
ments unveiled the presence of micropores 
in all samples. The overall external porosity 
of them increased in the order Sr-buserite < 
Na-birnessite < Ba-buserite. Ba-buserite shows 
the highest specific area 93.64 m2/g followed by 
Na-birnessite with 75.57 m2/g and Sr-buserite 
49.16 m2/g. The complementary Ar-sorptio-
metric measurements for Na-birnessite and 
Ba-buserite recorded for a relative pressure of 
0.05 exhibited slightly lower initial adsorption 
volumes compared to the N2 adsorption data. 
Ba-buserite showed the highest adsorption 
volume of 17 cm3/g, compared to 14 cm3/g for 
Na-birnessite. A mean diameter of 7 Å obtained 
by the differential pore distribution calculated 
according to the Horvath-Kawazoe equation 
reinforced the conclusion regarding the insta-
bility of the Sr- and Ba-buserites at ambient 
conditions and emphasized their partial or 

total conversion into the respective birnessites. 
Complementary BET specific area determina-
tion based on Ar-sorptiometric measurements 
showed a higher specific area in the case of 
Ba-birnessite compared to Na-birnessite. The 
latter show a higher specific surface compared 
to the external one, meanwhile the opposite 
was observed for Ba-buserite. The BET surface 
area determined for Ba-buserites was inferior in 
comparison to the one indicated in the literatu-
re concluding that the claimed as Ba-buserite 
was probably an intermediate of Na-birnessite 
and Ba-buserite. The adsorptive/exchanging 
properties of birnessites and buserites toward 
alkali- and transition heavy metal cations, for 
the remedy of the environment from their con-
tamination are emphasized.
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thereby influencing the function of numerous 
enzymes and transcription factors that cont-
rol cell proliferation, apoptosis and signalling 
pathways [4,5]. Abnormal MT function and 
expression have been implicated in various 
human diseases, including cancer [6]. There 
are at least 10 isoforms of MT in human body, 
which are expressed in a tissue specific pattern 
and may play distinct roles in the various cell 
types. MT-I and MT-II isoforms are present in 
all cells throughout the body, MT-III was first 
isolated as a growth inhibiting factor (GIF) from 
brain neurons, MT-IV is located in stratified 
epithelium [6]. Transcription of MT-I and MT-
-II can be induced by inflammatory cytokines 
(IL-6, TNF-α, interferons), lipopolysaccharids, 
glucocorticoids, free radicals, antioxidants or 
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1. Introduction
Zinc (Zn (II)) is an essential microelement, it 

has critical role in normal health and develop-
ment [1]. Binding of Zn (II) to zinc coordination 
motifs in proteins stabilizes the structure or 
influences the function. The prevalence of genes 
encoding zinc proteins is estimated to be over 
3% of the 32,000 identified genes. Over 300 
Zn (II)-dependent enzymes have been defined 
and characterized [2]. It has been shown that 
Zn (II) can regulate the DNA-binding activity 
of zinc finger transcription factors [3]. The Zn 
(II)-metallothionein (MT)/thionein pair, which 
is an important component of cellular Zn (II) 
homeostasis, is critical to sequester or release 
Zn(II) depending on the local redox state, 

All human tissues consist of a wide variety of cells that have an impact on each other. 
Human diseases that are caused by genetic alterations and/or environmental factors can be 
characterized by morphological and functional changes in tissues. Both aspects are important 
to better understand the pathomechanism of a disease and to find new therapeutic targets. 
Immunohistochemistry identifies the expression, intracellular localization as well as tissue 
distribution of various proteins, while morphology of tissue can also be assessed precisely. 
It is used for routine diagnostics as well as for research. However, antigen specific assay 
standardization and the use of appropriate positive and negative tissue controls are very 
important to interpret the findings in a way that ensures the biological relevance. Abnormal 
metallothionein function and expression have been implicated in various human diseases, 
including cancer. Immunohistochemistry provides an excellent opportunity to gain an insight 
into the role of MT in the pathogenesis of diseases.

 Article   
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heavy metals. MT is a cytosolic protein in res-
ting cells, but it can be translocated transiently 
to the cell nucleus during cell proliferation and 
differentiation [7].

Immunohistochemistry (IHC) identifies the 
expression, intracellular localization as well 
as tissue distribution of various proteins, whi-
le morphology of tissue can also be assessed 
precisely [8]. IHC detection of MT in tissue 
samples is a very important option to study its 
role in the pathogenesis of diseases. Special 
IHC methods such as multiple immunolabeling 
using serial sections of tissue blocks or double 
staining technique provide an opportunity to 
study correlations between MT expression and 
important cell and tissue functions [9]. Tissue 
microarray allows simultaneous examination of 
large number of tissues on a single microscope 
slide; therefore it is very suitable to evaluate the 
diagnostic, prognostic or predictive role of the 
MT expression [9].

2.Immunohistochemical  
detection of metallothionein

The IHC technique is a combination of immu-
nologic and chemical reactions visualized with 
a photonic microscope [8]. It can be divided in 
pre-analytical, analytical and post-analytical 
phases. It starts with tissue fixation, embed-
ding, and tissue sectioning, followed by depa-
raffinization, antigen retrieval, blocking of non-
specific activities, incubation with the primary 
antibody, and labeling of the antigen-antibody 
reaction, and ends with slide counterstaining, 
coverslipping and evaluation (Figure 1.). Most 
commonly, formalin-fixation and paraffin-em-
bedding (FFPE) is used for its ability to preserve 
tissue indefinitely for morphologic examination 
[8,10]. Heat-induced epitope retrieval was pro-
ved to restore the immunoreactivity of tissues 
fixed in formalin [8]

Figure 1: Outline of standard immunohistoche-
mical protocol [8,11,12].

2.1 Pre-analytical phase of 
immunohistochemistry

The aim of fixation is to maintain morphologi-
cal features and to preserve tissue suitable for a 
range of staining and IHC [11]. Adequate tissue 
fixation is very important to stabilize proteins 
and prevent tissue decay. Tissue fixation may 
be accomplished by physical (freeze) and/or 
chemical (coagulative and cross-linking) me-
thods. For IHC purposes, the fixative of choice 
is a 10% neutral-buffered formalin solution. 
The specimen should be placed in fixative im-
mediately after it is removed from the patient. 
The volume of formalin should be 10 to 20 times 
the volume of specimen. Delayed, too short or 
too long fixation can lead to false IHC results 
[8]. Formaldehyde penetrates the tissue very 
quickly, but fixes it very slowly; 16-24 h fixation 
time is required for a tissue specimen of 1-4 mm 
in diameter. Large specimens should be cut into 
slices 4 to 5 mm thick for further fixation [11].

Tissue processing refers to a series of steps that 
include removal of the extractable water and 
lipids from the tissue, usually in an automated 
manner, then infiltration and embedding in a 
support matrix (paraffin) so that the tissue can 
be stabilized and cut easily [11]. The specimens 
are cut on a rotary microtome into sections 3 to 
5 μm thick. Sections that will be used for IHC 
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should be mounted on glass slides specially 
coated or charged to ensure better adherence 
[11]. Long-term storage of tissue sections is not 
recommended, because photo-oxidation of sec-
tions results in loss of antigenicity [8]. Detection 
of certain antigens has the limitation of requi-
ring fresh tissue. In this case the specimen is 
obtained fresh and kept moist until it is oriented 
and embedded in optimal cutting temperature 
(OCT) compound, then the specimen is snap 
frozen [11]. The tissue is then sectioned at 6 μm. 
Occasionally, special tissue processing (e.g., 
decalcification, demelanization) is required 
prior to the immunostaining, but epitopes can 
be destroyed by an aggressive procedure [8]. 
The standard of protocol for tissue fixation and 
processing must be developed for each antigens 
and tissue type. It is worth to highlight that 
pre-analytical factors influence the success of 
a subsequent nucleic acid analysis as well [10].

2.2 Analytical phase of
 immunohistochemistry

Tissue sections mounted on coated or charged 
glass slides are deparaffinized and rehydrated 
before antigen retrieval (AR). Incomplete depa-
raffinization causes suboptimal or incomplete 
staining because of incomplete tissue penetrati-
on by the antibody [12]. Heat- and/or protease-
-induced AR is a procedure which reverses the 
structural changes induced by the fixation and 
tissue processing [8]. AR techniques are critical 
for antigen unmasking, optimal results require 
control of the pH and temperature of retrieval 
solutions and controlled enzymatic digestion 
[12]. The mechanism of heat to restore the im-
munoreactivity of formalin-fixed tissues is not 
completely clear, the dissociation of irrelevant 
proteins from target peptides, hydrolysis of me-
thylene cross-links, restoring the native electro-
static charges, mobilization of trace paraffin 
etc. can be involved [8]. Enzymatic treatment 
is optimal only for few antigens and can alter 
tissue morphology or destroy epitopes [8].

Antigen epitopes consist of 5-6 amino acid 
residues, and are classified as linear or confor-
mational [8]. Antigens may consist of multiple 
identical or distinct epitopes. Antigen-antibody 
binding involves hydrophobic, van der Waals, 

and electrostatic interactions. The best diluents 
buffer for primary antibody is 0.05 to 0.1 M Tris 
buffer (pH 6.0) [8]. Background reactivity due to 
ionic interactions can be reduced by increasing 
the NaCl concentration in the buffer, but it can 
reduce the antigen-antibody binding [8]. Deter-
gents (e.g., Tween 20) are also used to facilitate 
antigen-antibody binding by solubilizing mem-
brane proteins; they are usually incorporated 
into dilution/rinse buffers [8]. Antibody con-
centrates and pre-diluted preparations must be 
optimized for usage at the correct dilution [12]. 
The affinity of an antibody for an antigen affects 
the sensitivity and specificity of an immunolo-
gical reaction [8]. The overall binding intensity 
between antibodies and a multivalent antigen 
is described by avidity. Polyclonal antibodies 
usually have higher avidity, but lower specificity 
compared with monoclonal antibodies [8]. The 
high specificity, however, does not eliminate 
the possibility of cross-reactivity with other 
antigens, because the target epitopes can be 
part of multiple proteins and peptides.

The most frequent reason for the failure of IHC 
is the poor quality of the primary antibody used. 
However, nonspecific background staining, less 
than optimal specific staining, or no staining 
require a careful evaluation of all components 
involved in each step of the IHC technique [13].

2.2.1 Detection system
Primary (direct detection), secondary or terti-

ary (indirect detection) antibodies labelled with 
enzymes, metals or fluorescent compounds are 
used to visualize the antigen-antibody reaction 
[8,12]. The detection system must be compatible 
with the species tested. The most common label 
is the horseradish peroxidase, which produces 
a coloured precipitate at the site of the antigen-
-antibody reaction in the presence of its spe-
cific substrate and chromogens. Endogenous 
peroxidase activity has to be blocked before 
incubation with primary antibody. Chromogen 
entrapment, precipitation and contaminants 
may lead to false-positive interpretation of an 
IHC test [12]. Three-step techniques are more 
sensitive, e.g., the labelled streptavidin-biotin 
(LSAB) method, which is widely used. In this 
case, a biotinylated secondary antibody binds 
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to the primary antibody attached to the tissue 
antigen, and the biotinylated complex is detec-
ted by streptavidin that has been conjugated 
to the enzyme. Nevertheless, the endogenous 
biotin-associated background staining has led 
to increasing use of labelled polymer-based 
detection systems that are characterized by 
greater sensitivity, specificity, and suitable for 
manual and automated IHC platforms. Simul-
taneous or sequential multiple labelling using 
various detection systems can be used to lo-
calize different antigens in the same sections. 
Quantum dot labelling is a promising new tool 
for multispectral analysis [8].

Frozen sections can be more appropriate to 
examine the expression of certain proteins. 
In this case, immunofluorescence is used for 
detection of antigen-antibody reaction. Pri-
mary (or secondary) antibodies are linked to a 
fluorescent label such as fluorescein isothiocya-
nate to allow visualization using a fluorescence 
microscope [12]. Compared to frozen sections, 
paraffin-embedded tissues offer the advantage 
of better preservation of cellular details and 
permanency of the reaction [11].

2.3 Post-analytical phase of
 immunohistochemistry

Post-analytical phase of IHC includes assay 
standardization/validation, control perfor-
mance, and interpretation of IHC results [8,14]. 
IHC assay standardization is important to ob-
tain consistent and reproducible results within 
each laboratory and comparable results among 
laboratories [8]. Standardization is the process 
of optimizing the test method (reagents and 
protocols). Guidelines for antigen-, tissue- and 
species-specific standardization of IHC exami-
nations should be based on currently available 
published evidence and modern understanding 
of quality assurance principles as applied to 
IHC in general [15]. Furthermore, diagnos-
tic IHC laboratories must meet the ISO 15189 
standards or standards of operation as defined 
by the Clinical Laboratory Improvement Amen-
dments, respectively [16]. In non-accredited 
laboratories, IHC tests should be validated by 
documentation of internal and external qua-
lity assessments [17]. Use of quality controls 

is required for technical calibration and ana-
lytical validation [14]. Positive tissue control is 
defined as tissue that is known to contain the 
antigen of interest. Positive and negative tissue 
controls must be fixed and stained in the same 
way as the tested specimen [8]. Positive tissue 
control in the tested specimen is designated as 
internal positive tissue control, e.g., MT immu-
noreactivity in basal layer of normal epidermis 
(Figure 2.). Negative reagent controls are used 
to confirm the specificity of the test and to assess 
the degree of nonspecific background staining 
present by omitting the primary antibody [14]. 
Validation detects any cross-reactivity of the 
selected antibodies with unrelated antigens, 
and cross-reactivity among different tissues and 
among different species, examines the variables 
that affect the IHC reaction, such as fixation 
time and storage of unstained tissue sections, 
and may include comparison of results among 
different laboratories using similar techniques 
[8]. Whenever possible, validation compares the 
sensitivity of IHC detection to the gold standard 
method of detection for the Ag in question.

According to the Clinical and Laboratory Stan-
dards Institute suggestions, the IHC report 
should include the cellular location and tissue 
distribution of the tested antigen, semi-quanti-
tative evaluation of the immunoreactivity, along 
with an interpretation of the test results [8,13-
15]. The report should contain demographic 
information, the tissue that was tested, disease 
characteristics, and the antibody used. IHC 
scoring schemes are based on a subjective as-
sessment of the labelling intensity and percent 
positive cells by a pathologist. Recently, it has 
been demonstrated that software algorithms 
are able to properly indicate the disease-relevant 
regions in digitized tissue images and quantify 
the area and optical density of positive staining 
[18,19]. Advantages of an automated digital IHC 
image analysis are that it is unbiased, precise in 
ranges of staining that appear weak to the eye, 
and produces continuous data [18].

2.4 Antibodies for metallothionein 
immunodetection

In mammals, four tandemly clustered MT 
genes are known [20]. In humans, MT-I has 
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undergone duplication events that have resulted 
in 13 duplicate isoforms, five of which have been 
predicted to be no active forms [20]. All genes 
encode for conserved peptide chains that retain 
20 invariant metal-binding cysteines. A total 
of 9 and 11 cysteines are required to form pro-
tein domains that bind three and four divalent 
metal ions [21]. MT-I and MT-II are 61-residue 
proteins, MT-III holds an extra residue in the 
β-domain and a six-residue long insertion in the 
α-domain, whereas MT-IV shares an additional 
residue in the β-domain [20]. In humans, the 
transcription of MT-I and MT-II isoforms is 
induced by various stimuli [21]. The expression 
of MT-II, MT-IE and MT-IX can be detected in 
most types of tissue, whereas the expression of 
other MT-I isoforms seems to be restricted to 
some tissues [20]. MT-III is constitutive tissue-
-specific isoform, it is expressed in human brain 
and in some other tissues [20]. MT-IV mRNA 
expression has been reported in stratified squa-
mous epithelium in mouse, no data exist on the 
expression of MT-IV in humans [20].

In order to investigate protein expression, the 
most widely used primary antibody to detect 
MT-I/II proteins in FFPE tissues of a number 
of different species is a monoclonal mouse an-
tibody (Clone E9, Dako) reacting with a single 
and highly conserved epitope formed by the last 
5-7 residues of the N-terminus of the β-domain 
of MT-I and MT-II [22-25]. The immunogen was 
horse self-polymerized MT-I and MT-II. In pre-
vious studies a specific polyclonal antibody that 
was generated against rat liver MT in rabbits 
was used efficiently to detect MT expression 
also in humans [7,26,27]. Furthermore, due 
to the difference in the amino acid sequence, 
specific monoclonal and polyclonal antibodies 
against MT-III could be generated and used 
successfully in IHC tests [22,28-30]. Further 
progress in the development of primary antibo-
dies against MT isoforms would be important 
for future investigations. Nevertheless, IHC 
studies to date have greatly contributed to the 
current knowledge on the functions of MT in 
the human body.

2.5 Tissue specific expression of 
metallothionein proteins

MT-I and MT-II can be expressed in all cells 
throughout the body, however, IHC examinati-
ons were able to reveal that not all cells express 
MT to the same extent in healthy tissues [27]. 
In addition, several factors, e.g., proliferation 
status, age, can influence the expression of MT. 
For example, in normal human skin, strong 
MT-I/II immunostaining can be detected in ba-
sal keratinocytes of epidermis and hair follicle 
outer root sheath, hair matrix cells and the 
secretory coil, but not in the exocrine portion 
of eccrine glands [31]. In hyperplastic epider-
mis the increased MT expression represents 
an increase in the germinative pool size [32]. 
Accordingly, the protein levels of MT-I and MT-II 
have been shown to decrease significantly with 
increasing age simultaneously with the decrease 
of keratinocyte proliferation [33]. Nartey et 
al. investigated the distribution of MT during 
human development [34]. They found that MT 
levels are higher in the fetal liver than in the 
adult liver; in addition, MT is localized in the 
nucleus and the cytoplasm of human fetal and 
neonatal hepatocytes, whereas MT is mainly 
expressed in the cytoplasm of adult liver cells. 
In the fetal and neonatal human kidney, MT 
is localized primarily in the nucleus and the 
cytoplasm of the proximal tubular epithelial 
cells, whereas in the adult kidney, intraluminal 
MT localization was also observed [34].

MT-III expression has been investigated by 
IHC in rats [28]. Some astrocytes in the deep 
layers of cortex, ependymal cells, some glo-
merular and tubular cells in the kidney, some 
glandular epithelial cells in the dorsolateral lobe 
of prostate, some Sertoli cells and Leydig cells 
in the testis, and taste bud cells in the tongue 
showed MT-III immunostaining [28].

2.5.1  Metallothionein expression 
in response to exogenous agents

It is thought that MTs exert cytoprotective 
effects against heavy metal toxicity and oxi-
dative stress [27]. IHC is suitable method to 
investigate the expression of MT in various 
tissues in response to an exogenous agent. An 
example is the elevated nuclear and cytoplasmic 
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MT expression of periportal hepatocytes, proxi-
mal tubular epithelial cells, intestinal columnar 
epithelial cells and Paneth cells in rats during 
dietary copper or zinc overloads, and upon 
exposure to cadmium [25,35,36]. Furthermore, 
the hepatic MT levels were increased in both 
the nucleus and cytoplasm of hepatocytes in 
mice upon thioacetamide exposure [37], and 
in rats upon exposure to 2,3,7,8-tetrachlorodi-
benzo-p-dioxin [38]. Increased MT-I and MT-II 
expression in the renal proximal tubular cells of 
rats upon administration of doxorubicin might 
indicate a protective mechanism against the 
pro-apoptotic effect of this cytostatic agent [39]. 
The MT levels have been found to be elevated in 
the epidermis after acute ultraviolet radiation 
exposure [40].

2.5.2 Metallothionein expression 
in inflammatory conditions

MT knockout mice appear relatively healthy, 
but they show an impaired response to stress 
[5]. MT expression is induced by a variety of 
pro- and anti-inflammatory mediators inclu-
ding glucocorticoids, reactive oxygen species, 
antioxidants, endotoxin, acute phase cytokines, 
furthermore, MT have a wide range of functions 
in cellular homeostasis and immunity [41]. 
Altered expression of MT has been shown in 
many inflammatory conditions. For example, an 
IHC study on renal biopsies from patients with 
lupus nephritis showed the depletion of MT-I 
and MT-II protein expression in the proximal 
tubular epithelial cells compared with healthy 
kidney specimens [42]. Moreover, a tubular MT 
score below the median value of the cohort pre-
dicted a poor renal outcome. Tissue infiltrating 
MT-positive cells could be shown in colonic 
biopsies from patients with inflammatory bo-
wel disease and acute infectious colitis [43]. In 
another study, the mucosal MT concentration 
in colonic tissue samples from patients with 
inflammatory bowel disease has been found to 
be lower compared with normal mucosa tissue 
samples suggesting an antioxidant imbalance in 
the intestinal mucosa of these patients [44,45]. 
In a dextran sulfate sodium-induced intestinal 
inflammation mouse model MT-positive cells 
were detected in the lamina propria and sub-

mucosal layer and were mainly co-localized in 
macrophages [46]. Nevertheless, the increase 
of colonic myeloperoxidase activity levels and 
pro-inflammatory cytokine production induced 
by dextran sulfate sodium was significantly 
higher in the MT-I/II knockout animals com-
pared with the wild-type mice suggesting that 
MT plays a protective role against colitis [46].

MT expression was analyzed in the central 
nervous system of mice with experimental auto-
immune encephalomyelitis [47]. MT-I/II seemed 
to be produced mainly by reactive astrocytes 
and activated macrophages. It was assumed that 
the elevation of MT expression level in tissue 
may act on the inflammatory microenviron-
ment suppressing pro-inflammatory cytokine 
production of macrophages, decreasing apopto-
tic cell death in neurons and oligodendrocytes, 
and enhancing tissue repair [47].

2.5.3 Metallothionein expression in cancer
MT expression in tissues has been studied 

most intensively in human cancers [48]. The 
results suggest that change in MT levels might 
play a role in the conversion of a potentially 
malignant lesion to a malignant carcinoma. 
For example, significantly higher MT-I/II and 
MT-III expression was noted in actinic keratosis 
and cutaneous squamous cell cancer, as compa-
red with normal skin epidermis, whereas very 
low levels of MT-III expression were found in 
basal cell cancer [22,29]. A significantly higher 
MT-I/II expression was also observed in oral 
squamous cell carcinoma tissues comparing 
with normal and oral leukoplakia epithelial 
tissues [49]. High MT expression was detected 
in pancreas adenocarcinoma tissues compared 
with pancreatic serous cystadenoma or heal-
thy pancreatic tissue samples [50]. Analysis of 
MT-I/II expression in prostate epithelial cells 
showed higher MT expression in tissues derived 
from benign prostatic hyperplasia than in those 
derived from prostate cancer [51]. Further-
more, IHC analysis of specimens from normal 
colorectal mucosa, adenomas, carcinomas and 
lymph node metastases revealed the down-re-
gulation of MT-I/II expression in association 
with colorectal cancer progression [52]. Janssen 
et al. confirmed that the MT concentrations 

 Journal of Metallomics and Nanotechnologies 2015, 3, 33—42



39

of colorectal adenomas, carcinomas and liver 
metastases are lower than that of corresponding 
normal mucosa, however, they have found that a 
relatively high MT content might be associated 
with the aggressiveness of colorectal cancers 
[53]. Meta-analysis of IHC studies led to the 
conclusion that significantly increased MT-I/
II expression can be detected in head and neck, 
and ovarian cancers, respectively, compared 
with healthy tissues, but significantly decreased 
MT expression can be observed in liver tumours 
compared with normal liver tissue [54]. It seems 
that the expression of MT is not universal to 
all human tumours, but may depend on the 
differentiation status and proliferative index 
of tumours, along with other tissue factors and 
gene mutations [48]. The various tumours may 
also differ in the intracellular localization of MT. 
For example, we observed nuclear MT-I/II stai-
ning in benign melanocytic nevi and intensive 
cytoplasmic and nuclear staining in malignant 
melanomas (Figure 2.) [9]. Cytoplasmic and 
nuclear MT-I/II expression was significantly 
higher in endometrial cancer cells compared 
with cells in benign hyperplasia of endome-
trium, however, the nuclear MT expression 
correlated better with histologic grade [55].

Changes in MT expression (up- or down-regu-
lation) may be associated with a more aggressive 
phenotype and therapeutic resistance, ultimate-
ly resulting in a worse prognosis [6,21]. Weinlich 
et al. have found that high MT levels in tumour 
cells are associated with reduced survival in 
patients with malignant melanoma [56]. We 
confirmed that high expression of MT-I/II in 
melanoma cells is significantly more frequent 
in primary cutaneous malignant melanoma 
with haematogenous metastases [9]. In bladder 
cancer patients a high MT expression in tumour 
tissues was linked to shorter tumour-specific 
survival and increased recurrence rates [57]. 
IHC analysis of specimens from renal cell car-
cinoma revealed that MT immunostaining is 
associated with significantly worse prognosis 
[58]. The absence of MT expression in ovari-
an cancer samples correlated with improved 
progression-free survival in patients treated 
with adjuvant platinum-based chemotherapy 
[59]. Nevertheless, the role of MT in metastasis 

formation remains to be confirmed, and ex-
perimental evidence for its oncogenic role is 
still lacking.

Figure 2: Expression of MT-I/II in primary 
cutaneous malignant melanoma cells (arrows). 
The keratinocytes (asterisks) of epidermal 
basal layer served as internal positive tissue 
controls. The IHC detection was based on 
an immunoperoxidase reaction using VIP 
chromogenic substrate. The slides were 
counterstained with methyl-green. Original 
magnification is x20.

 

3. Conclusions
Zn (II) is essential in fine-tuned orchestration 

of basic cell functions such as proliferation, gene 
expression and stress response. Besides metal 
detoxification, MT can release/bind Zn (II) with 
high affinity and regulates the availability of 
Zn (II) in various cell compartments thereby 
influencing the function of many transcription 
factors and enzymes [5]. It might explain why 
we can detect changes in the expression of MT 
in cancer, and calls for further investigations 
in this field. Moreover, the availability of zinc 
from MT is controlled by the local redox sta-
tus [4]. Alterations in reactive oxygen species 
homeostasis are thought to be involved in the 
pathogenesis of various diseases, including 
cancers [6]. IHC is suitable to demonstrate MT 
expression in its morphological and functional 
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context; therefore, it is an important element of 
the investigations. Assay standardization and 
the use of appropriate positive and negative 
tissue controls are very important to interpret 
the findings correctly.
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MTs serve as cellular regulators by coordination 
of essential metals (Zn, Cu) and reducing the 
toxicity of heavy metals (Cd, Pb) [3]. 

MTs can be detected electrochemically in 
Brdicka solution. Here, three characteristic 
signals are measured for construction of elect-
rochemical fingerprint of MT: RS2Co (about -1.3 
V), Cat1 (-1.4 V) and Cat2 (-1.5 V). The obtained 
voltammograms are then analyzed by mathe-
matical model [4,5].

Cadmium (Cd), a non-essential heavy metal 
and a selective toxicant, is accumulated mainly 
in the kidneys where it causes cellular injury 
[6]. Cd ions stimulate expression of MTs and 
toxicity occurs when the concentration of Cd 
ions exceeds the buffering capacity of intrace-
llular MTs [7]. Cd naturally occurs in the en-
vironment as a pollutant from agriculture and 
industry [8-10]. Cadmium is a known teratogen 
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1. Introduction 
Metallothioneins (MTs) are intracellular, low-

-molecular weight, proteins where cysteines 
form at least one third of all protein amino 
acids and thiol groups serve as pockets for co-
ordination with divalent metal ions, especially 
Zn and Cu [1]. Metallothioneins are connected 
with cancer development, protection of orga-
nism against environmental pollution effects 
and also with chemoresistance of cells. Their 
main functions include detoxification of heavy 
metals, maintenance of ion homeostasis and 
protection against oxidative stress. MTs exist 
in all kind of mammalian cells. Four isoforms 
of human MT (MT-1, MT-2, MT-3, MT 4) were 
found so far [2] and according to UniProt da-
tabase two chicken MTs (MT1 and MT3) have 
been reported. The expression of MTs in the li-
ver can be induced by several metals and drugs. 

Metallomics is an area that studies the interactions of metal ions with proteins and other 
biomolecules and their function in living organisms. Metallothioneins (MTs) belong to a large 
family of metalloproteins in this field. As it is known, the presence of Cd2+ ions causes higher 
expression of MTs. Therefore we focused on determination of MT and Cd content in liver from 
chicken embryos (model organism) by electrochemistry and atomic absorption spectroscopy 
(AAS) after the exposure of chicken embryos to different concentrations of Cd(NO3)2. We also 
determined the spatial distribution of MT in chicken liver tissue slices by matrix assisted 
laser desorption/ionization time-of-flight mass spectrometry imaging (MALDI-TOF MSI) 
and evaluated the toxicity of Cd(NO3)2 to chicken embryos. Finally, we attempted to find the 
correlation between 2D MSI maps of MT and concentration of MT in chicken liver. 
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and can cause damage to chicken embryos 
[11]. Cadmium levels can be determined by 
different methods. In this study, atomic absorp-
tion spectroscopy (AAS) method was used as 
described in our previous work [12].

Matrix assisted laser desorption/ionizati-
on time-of-flight mass spectrometry imaging 
(MALDI TOF MSI) is an imaging technique 
used for determining spatial distribution of 
various molecules (biomarkers) in a variety 
of tissue samples. MALDI is “soft” ionization 
technique, which does not completely fragment 
the molecules of analytes and therefore a mole-
cular weight of whole analyte can be measured 
[13]. MALDI-TOF has been used for detection of 
cancer biomarkers of different tumors, namely; 
gastrointestinal tumors, tumors of respiratory 
system, renal and bladder tumors, prostate, 
breast and ovarian tumors [14]. In this study 
we have used MALDI-TOF MSI for imaging MT 
in chicken liver for the first time.

The purpose of this study was the detection of 
MT in liver from chicken embryos exposed to 
different concentrations of cadmium by elect-
rochemistry and MALDI-TOF MSI. Also, we 
attempted to find some correlation between 
measured MT concentrations and administered 
concentrations of cadmium.

2. Results and Discussion
Chicken embryos were divided into control 

group and five groups exposed to the 100 µl 
solutions of Cd(NO3)2 with total cadmium 
amount: 3.75, 7.5, 15, 30 and 60 µg/egg. A con-
trol group was administered with the same 
volume of pure water. Each group contained 
ten chicken embryos/fertilized eggs.

Cadmium toxicity was evaluated using Kap-
lan-Meier survival analysis [15]. It showed (Fig. 
1C) that 5 hours after application of Cd(NO3)2 
solutions or pure water into chicken embryos 
the overall survival of chicken embryos will 

 Journal of Metallomics and Nanotechnologies 2015, 3, 43—49

Figure 1: (A) Determination of concentration of Cd relative to the weight of liver from chicken embryos. 
Cd was measured by AAS (paragraph 3.6.). (B) Determination of concentration of metallothionein (MT) 
relative to the total protein amount measured in liver from chicken embryos. MT was measured by dif-
ferential pulse voltammetry (DPV) using Brdicka solution (paragraph 3.4.). (C) Kaplan-Meier survival 
analysis of chicken embryos after the application of 0, 3.75, 7.5, 15, 30 and 60 µg/egg of cadmium in 
the form of Cd2+ ions – these concentrations are shown as groups with different color according to the 
legend.
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be 0 % for group 60 and 30, cca 30 % for group 
15, cca 62 % for group 7.5, cca 70 % for group 
3.75 and cca 75 % for control group (group 0). 
The number of group means total amount of 
administered Cd in µg/egg. For other analyses 
were used samples only from groups 15, 7.5 and 
0 because chicken embryos from groups 60 and 
30 were dead and the difference of group 3.75 
from group 0 is not so significant as in the case 
of group 7.5 and 15. 

Liver samples were extracted from chicken 

embryos in the 17th day of their growth and 
were further processed for determining cad-
mium and metallothionein concentrations and 
total protein content. The AAS analysis of Cd 
content and differential pulse voltammetric 
(DPV) analysis of MT content gave similar re-
sults (Fig. 1A, 1B). The determined concentra-
tions of Cd in liver samples had the same trend 
as determined concentrations of MT. 

This highlights a fact that MTs are expressed 
more in the presence of heavy metals and that 

Figure 2. MALDI mass spectrometry images of spatial distribution of chicken metallothionein MT1 
(6277 Da) in liver from chicken embryo after exposure to Cd: (A) control sample (0 µg of Cd), (B) 7.5 
µg of Cd and (C) 15 µg of Cd. Pictures on the left represent scanned images of liver slices, pictures 
on the right represent results from MSI, and pictures in the middle represent scanned images of liver 
slices merged with results from MSI and.
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they bind these metals [16,17].
To support these results further a MALDI-TOF 

mass spectrometry imaging was used to obtain 
spatial distribution of MT in liver from chicken 
embryos. Typically, cryo sectioned frozen tissue 
samples are used for MALDI MSI, but forma-
lin-fixed and paraffin-embedded (FFPE) tissue 
samples can be used too [18]. In this work, FFPE 
liver from chicken embryos was chosen because 
of optimized method of deparaffinization and 
antigen retrieval [19].

Results from MALDI TOF MSI are shown in 
Fig. 2. Chicken metallothionein MT1 with mo-
lecular weight 6277 Da was detected by MALDI-
-TOF MSI, and was verified in UniProt database. 
Liver from chicken embryos exposed to 0 
(Fig. 2A), 7.5 (Fig. 2B) and 15 (Fig. 2C) µg/egg 
of Cd were analyzed. Obtained results indicate 
that with higher concentration of Cd in liver, 
higher amounts of chicken MT1 were detec-
ted. This was in correlation with results from 
DPV and AAS analyses. A spatial distribution 
of MT1 showed that MT1 is uniformly expre-
ssed in whole liver tissue and the expression 
sites cannot be determined precisely. However, 
these data have shown that MALDI-TOF MSI 
can be used for determination of MT in FFPE 
chicken liver tissue which can be used in future 
experiments.

3. Experimental Section 
3.1 Chemicals and material

All chemicals used in this study were pur-
chased from Sigma Aldrich (St. Louis, MO, 
USA) in ACS purity unless noted otherwise. 
Acetate buffer of pH 5 was prepared by titrating 
0.2 M acetic acid with 0.2 M sodium acetate 
then diluted with water and used as a suppor-
ting electrolyte. The pH was measured using 
pH meter WTW inoLab (Weilheim, Germany). 
High purity deionized water (Milli-Q Millipore 
18.2 MΩ.cm-1, MA, USA) was used throughout 
the study.

3.2 Model organism
The fertilized eggs of Lenghorn hen (Integra, 

a.s., Zabcice, Czech Republic) were incubated 
at 37 °C and relative humidity of 55% in the 
incubator (RCom 50 MAX, Gyeongnam, Ko-

rea). The experiments were performed with 
embryos in 7th developmental day. The toxicity 
of Cd2+ was analyzed after the application of 
100 µl of Cd(NO3)2•4H2O (37.5, 75, 150, 300
or 600 µg.ml-1 Cd2+). This solution was applied 
through a small hole in a shell on the chorio-
allantoic membrane. Chicken embryo contro-
ls were exposed to 100 µl of deionized water 
(n = 5). 17th developmental day, the embryos 
were removed from the shell and after the ex-
traction of liver, a few samples were used for 
MALDI-TOF MSI (paragraph 3.7.) and other 
samples were frozen and kept for other analysis. 
The samples were stored in -80 °C until assayed.

3.3 Sample preparation for MT 
electrochemical detection

100 mg of thawed embryo’s liver samples were 
used for MT analysis according to protocol 
[20]: samples were mixed with 1 ml of 0.1 M 
phosphate buffer (pH 7.0) and homogenized 
by ultrasonic needle for 2 minutes. After ho-
mogenization, samples were shaken at 8 °C 
for 20 minutes and centrifuged for 10 minutes 
at 4 °C. 10 µl of supernatant was mixed with 
990 µl of the phosphate buffer and samples 
were further denatured at 99 °C for 20 minutes 
in a thermomixer (Eppendorf 5430, Hamburg, 
Germany) and centrifuged for 10 minutes (Ep-
pendorf 5402, Hamburg, Germany) to remove 
bulk proteins and peptides that interfere in the 
electrochemical response.

3.4 Metallothionein determination
Levels of MT in all tissues were determined 

by the differential pulse voltammetry with 
Brdicka electrolyte (1 mM Co(NH3)6Cl3, and 
1 M ammonia buffer (NH3(aq) and NH4Cl, 
pH = 9.6)) using previous protocol [21]. Diffe-
rential pulse voltammetric measurements were 
performed using the 747 VA Stand instrument 
connected to a 693 VA Processor and 695 Au-
tosampler (Metrohm, Herisau, Switzerland), 
and a standard reaction cuvette with three 
electrodes (working electrode was a hanging 
mercury drop electrode with a drop area of 
0.4 mm2, Ag/AgCl/3M KCl electrode was used 
as reference electrode and platinum electrode 
was used as auxiliary electrode) and also a 
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cooled sample holder and measurement cell 
to 4 °C (Julabo F25, Julabo, Seelbach, Germa-
ny). The analyzed samples were deoxygenated 
prior to measurements by purging with ar-
gon (99.999%) saturated with water for 120 s. 
The parameters of the measurement were as 
follows: initial potential of -0.7 V, end potential 
of -1.75 V, modulation time 0.057 s, time interval 
0.2 s, step potential 2 mV, modulation amplitude 
-250 mV, Eads = 0 V, volume of injected sample 
5 µl. Measurements were done in electrochemi-
cal cell with total volume of 2 ml (5 μl of sample 
and 1995 µl Brdicka solution). 

3.5 Determination of total protein content 
Total protein was determined by using the 

SKALAB CBT 600T kit (Skalab, Svitavy, Czech 
Republic) according to manufactureŕ s instruc-
tions.

3.6 Atomic absorption spectroscopy (AAS)
Cadmium was determined using 280Z Agilent 

Technologies atomic absorption spectrometer 
(Agilent, USA) with electrothermal atomization. 
Cadmium ultrasensitive hollow cathode lamp 
(Agilent, USA) was used as the radiation source 
(lamp current 4 mA). The spectrometer was ope-
rated at 228.8 nm resonance line with spectral 
bandwidth of 0.5 nm. The sample volume 20 µl 
was injected into the graphite tube. The flow 
of argon inert gas was 300 ml.min-1. Zeeman 
background correction was used with field 
strength 0.8 Tesla. Cadmium was determined 
in the presence of palladium chemical modifier.

3.7 MALDI-TOF mass spectrometry 
imaging 

Preparation of tissue samples
The extracted embryo’s liver samples were 

paraffinized according to [22]. Then they were 
cut into 10 µm thin slices using microtome 
Leica SM2010 R (Baria s.r.o., Prague, Czech 
Republic) and they were mounted onto ITO 
(indium-tin oxide) glass slides (Bruker Daltonik 
GmbH, Bremen, Germany). The conductivity of 
surface was checked by ohmmeter. Deparaffi-
nization and antigen retrieval were performed 
according to protocol by Casadonte et al. [19]. 
Position of tissue slices was marked by at least 

three marks by white pencil corrector. Then 
the glass slides with samples were scanned by 
Epson Perfection V500 Office (Epson Europe 
B.V., Amsterdam, Netherlands) with resolution 
2400 DPI. MALDI matrix was sprayed onto 
glass slides with samples by Bruker ImagePrep 
(Bruker Daltonik GmbH, Bremen, Germany). 
As MALDI matrix, 2,5-dihydroxybenzoic acid 
(DHB) (Sigma-Aldrich, St. Louis, MO, USA) was 
used. DHB was prepared in concentration of 
30 mg.ml-1 in 50% methanol and 0.2% TFA. 
MALDI matrix mixtures were thoroughly vor-
texed and ultrasonicated using Bandelin 152 
Sonorex Digital 10P ultrasonic bath (Bandelin 
electronic GmbH, Berlin, Germany) for 2 mi-
nutes at 50 % of intensity at room temperature. 
The samples were ready for analysis after drying.

Mass spectrometry imaging
The mass spectrometry experiments were 

performed on a MALDI-TOF mass spectrome-
ter Bruker ultrafleXtreme (Bruker Daltonik 
GmbH, Bremen, Germany). Data acquisition 
and processing of mass spectra was perfor-
med on flexControl 3.4 and flexAnalysis 2.2 
softwares, while analysis of MSI data was done 
on flexImaging 3.0 software. Firstly, scanned 
images of tissue slices were loaded into flexIma-
ging 3.0 while MALDI adapter with glass slides 
was loaded into mass spectrometer. Then, the 
position of MALDI adapter was changed accor-
ding to white marks on glass slides in the way, 
that MALDI adapter was moved in flexControl 
to a position of white marks and on each mark 
the position was pointed manually in flexIma-
ging by mouse pointer – thus the position of 
tissue slices was programmed into the mass 
spectrometer. Next, regions of acquisition were 
highlighted by mouse pointer in flexImaging 
and raster width of approximately 100 μm was 
chosen. Before MALDI MSI, the measuring me-
thod was standardized and mass spectrometer 
was calibrated on a mixture of peptide and 
protein calibration standards (Bruker Daltonik 
GmbH, Bremen, Germany). The laser power was 
set to 65 %. MALDI MSI was performed in linear 
positive mode in the m/z range 2–20 kDa. The 
MS spectra were acquired by averaging 1600 
sub spectra from a total of 1600 laser shots 

Guran   et al.



48

per raster spot. Automatic method of MALDI 
MSI was then initiated. The mass spectra were 
automatically loaded into flexAnalysis, where 
they were processed (baseline substraction was 
performed), and finally the processed spectra 
were automatically loaded into flexImaging.

Preparation of MALDI MSI images
Final preparation of MSI images was made 

in flexImaging by selecting peak of chicken 
metallothionein 1 (MT1) – the molecular wei-
ght of chicken MT1 was chosen according to 
UniProt database (www.uniprot.org). From a 
peak molecular weight a mass filter was made in 
the format “(molecular weight + atomic weight 
of hydrogen) ± 0.25 %”. Finally, images of tissue 
slices with used mass filters of selected peaks 
were used for preparation of final MALDI MSI 
images, which were made in GIMP 2.8 (www.
gimp.org).

3.8 Statistical analysis
Data were processed using MICROSOFT 

EXCEL (Microsoft, WA, USA). The results are 
expressed as an average ± standard deviation 
(SD) unless otherwise noted.

4. Conclusions 
In our work, cadmium toxicity was connec-

ted with expression of metallothionein. With 
higher amounts of cadmium injected to chicken 
embryos, higher amounts of metallothionein 
were detected. This was further supported by 
MALDI-TOF mass spectrometry imaging of 
metallothionein in liver from chicken embryos. 
In liver tissue with higher amount of cadmium, 
higher metallothionein peak intensities were 
detected corresponding to higher concentration 
of metallothionein. To our current knowledge 
this was the first use of MALDI-TOF MSI for 
detection of metallothionein from formalin-
-fixed and paraffin-embedded tissue sample.
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for the determination of protein expression 
in mammalian tissues [3]. Usually, MALDI is 
combined with time-of-flight mass spectrometry 
(TOF MS), because it measures complete mass 
spectra over wide mass ranges at the same 
time [4]. There also exist other types of mass 
spectrometers connected with MALDI, such as 
Fourier transform ion cyclotron resonance mass 
spectrometers (FT-ICR MS) or linear ion trap 
with orbitrap mass spectrometers (LTQ Orbitrap 
MS) [5-7]. Currently, the MALDI MSI technique 
is the subject of comprehensive research to 
improve it in different ways – time of analysis 
[8,9], spatial resolution [10], and sensitivity 
and detection of different analytes [11,12]. 
Information gained from MALDI MSI can be 
correlated with immunohistochemical images 
[13] or with images from other techniques such 
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1. Introduction 
The matrix assisted laser desorption/

ionization (MALDI) technique was introduced 
by Karas et al. in 1985 [1]. Three years later, the 
same research group published a first study on 
the utilization of this ionization method for 
mass spectrometry of proteins [2]. Since its 
introduction, MALDI mass spectrometry was 
developed rapidly. Nowadays, it is routinely 
used for characterization of peptides, proteins 
and identification of bacteria. Because of its soft 
biomolecules ionization, MALDI was found 
to be useful for mass spectrometry imaging 
of a variety of samples where information 
regarding the spatial distribution of molecules 
is needed. At the turn of the third millennium, 
MALDI mass spectrometry imaging (MALDI 
MSI, MALDI imaging) was firstly applied 

 Matrix-assisted laser desorption/ionization mass spectrometry imaging technique (MALDI 
MSI) has mainly focused on imaging the spatial distribution of biomarkers, drugs and 
metabolites in different tissues. Due to ion suppression, MALDI MSI is usually used in the 
m/z range from 0 to 30 kDa. To detect a wide range of analyte concentrations, it is necessary 
to prepare tissue samples appropriately; cryosectioning has been found to be a successful 
method. There is also a need to process an enormous amount of formaldehyde-fixed tissue 
samples from histopatology/histochemistry. This article presents a short history and recent 
progress in MALDI MSI techniques for the imaging of diverse tissues.
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as magnetic resonance imaging (MRI) [14] or 
laser ablation-inductively coupled plasma mass 
spectrometry/atomic emission spectrometry 
(LA-ICP MS/AES) [15]. There exist several 
extensive reviews on recent progress in MALDI 
MSI and on the development of MALDI imaging 
techniques that are recommended to readers 
with interest in this field [16-18].

In the following paragraphs, a brief descrip-
tion of the current state of the use of MALDI 
MSI in research on different analytes in tissues 
will be given.

2. MALDI MSI in study of various 
tissues

In order for MALDI MSI analyses to generate 
reproducible data, proper sample preparation 
is crucial. Usually, various organs [19,20], plant 
tissues [21], bacterial colonies [22] or cells [23] 
are analyzed. There are different ways of pre-
paring tissue sections depending on the state 
of tissue sample – whether it is fresh, frozen 
(-80 °C), conserved in ethanol or fixed in form-
aldehyde and embedded in paraffin [24,25]. 
The most frequently analyzed tissues are liver, 
kidneys, lungs, brain, heart and all types of 
tumors. The preferred preparation of tissue is 
quick and deep freezing of fresh samples – this 
minimalizes the degradation of analytes and 
fixes their spatial distribution. Rapid freezing 
of the entire tissue is crucial to prevent the 
sample from cracking and the formation of ice 
crystals. The tissue sample is firstly wrapped in 
thin aluminum foil and then is immersed repe-
ated in the freezing liquid (nitrogen, ethanol, 
isopropanol). Afterwards, the tissue sample is 
stored at -40 or -80 °C, depending on the used 
freezing liquid. The optimal thickness of frozen 
tissue sections, made in cryotome is 5-20 μm. 
Fixation of frozen tissue sections on the con-
ductive ITO (indium-tin oxide) glass slide is 
generally conducted by dehydration – usually 
a glass slide with tissue is briefly soaked in 70% 
ethanol and then soaked for a few minutes in 
90% and 100% ethanol. For protein analysis, 
prior to the application of matrix, lipids and 
salts are washed away with ethanol and water 
or other organic solvents (xylene, chloroform). 
To desalt tissue samples prior to lipid analysis 

a solution of ammonium acetate or ammonium 
formate is recommended [23].

A general MALDI MSI workflow consists of 
cutting the tissue into slices, scanning the glass 
slide, applying a matrix solution, measuring the 
mass spectra, and analyzing the data using 2D 
mass maps (Fig. 1). For MALDI MSI of tissue 
sections that have been formalin-fixed and 
paraffin-embedded, sample preparation is more 
complicated. Paraffin can suppress ionization, 
and formaldehyde fixation causes dehydration, 
denaturation, crosslinking (methylene brid-
ges), and the precipitation and agglutination of 
proteins, which prevents detection. Therefore, 
the deparaffination of tissue samples by incu-
bation in xylene for a few minutes is needed. 
Then, rehydration is carried out by soaking 
the slides with the tissue samples in a series of 
ethanol solutions gradually decreasing in con-
centration. Antigens are recovered by breaking 
methylene bridges of cross-linked proteins at 
high temperatures and incubating in buffers 
differing in pH and ionic strength [13].

2.1 MALDI MSI of tumors 
Tumors are the most frequently studied tissues 

by MALDI MSI. Oncology research plays an 
important role in the rapid development of 
MALDI MSI techniques. 

The majority of researchers are searching for 
new cancer biomarkers or for distributions of 
drugs and their metabolites inside tumor tissue. 
In order to obtain the necessary data, sample 
preparation and matrix application must be 
optimized for each type of investigated analyte. 
Some analytes suffer from ion suppression, for 
example, and require different methods for 
their study.

Nearly all types of tumors have been investiga-
ted by MALDI MSI techniques. The most often 
applied MALDI MSI technique is MALDI-TOF 
MSI. For example, a time-of-flight detector was 
used to image metabolites in colorectal liver 
cancer metastases in a mouse model [26]. The 
applied matrix was N (1 naphthyl)ethylene-
diamine dihydrochloride (NEDC). This mat-
rix was proven to be useful in the analysis of 
oligosaccharides and glycerophospholipids. 
In another study, MALDI-TOF MSI was com-
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bined with MALDI-FT-ICR MSI to visualize 
and quantify the distribution of the anticancer 
drug, irinotecan, and its active metabolite, SN-
38, in colon cancer (in a murine model) [27]. 
Rodrigo et al. reviewed that MALDI-TOF MSI 
was also used in studies of gastrointestinal 
cancer, cancer of the respiratory system, renal 
and bladder cancer, and prostate, breast and 
ovarian cancer, in order to find new cancer 
biomarkers or to study the spatial distribution 
of anticancer drugs in tumors [28].

MALDI-FT-ICR MSI was employed in in situ 
studies of lipids in head and neck tumors [29], 
where it served for gaining high resolution 
data sets for higher mass accuracy and better 
interpretation of lipidome, and in a study, where 
it helped to find and optimize an ex vivo model 
for better and faster optimization of sample 
preparation procedures in MALDI drug ima-
ging studies [30].

MALDI-LTQ Orbitrap MSI is another tech-
nique that has been used for drug imaging in 
human lung tumor sections and rat xenograft 
tissue sections, where thin sections were expo-
sed to pharmaceutical drugs (erlotinib, gefiti-
nib, and tiotropium), and were characterized 
by microenvironment localization [31]. This 
method was also applied  in a study, where 
a comparison between two different ways of 
carrying out pulmonary drug administration 
(inhalation of a nebulized aerosol of aqueous 

drug solutions and intratracheal administrati-
on) was carried out in guinea pigs (model orga-
nism). Results indicated different distributions 
of the drug in connection with different method 
of administration [32]. 

2.2 MALDI MSI of other tissues
The (analytical) power of MALDI MSI has 

been demonstrated in many studies and with 
diverse types of tissues. For example, dermato-

Figure 1: The scheme of typical MALDI MSI workflow.
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logy/cosmetics use MALDI MSI to investigate 
the effect of age and peptide applications on 
the skin [33]. In other study from the fields of 
cosmetics and forensics, MALDI MSI was used 
to investigate reactions of hydrogen peroxide 
with cocaine in hair to provide information 
whether cocaine and his reaction products can 
be detected in hair after bleaching. It was found 
that all compounds of interest are in the hyd-
rogen peroxide and wash solutions, and thus 
all evidence of cocaine use might be lost after 
a hair bleaching treatment [34]. An interesting 
study on MALDI MS/MS imaging of the drug 
tilidine in hair after external contamination 
revealed that for correct segmental hair analysis 
it is necessary to collect hair samples not only 
several weeks after intake but also within the 
first days after intake [35]. Another study on 
detection of blood in fingerprints revealed that 
MALDI MSI can support existing presumptive 
tests by detecting the molecules of haem and 
haemoglobin through their m/z ratios. Mo-
reover, MALDI MSI is compatible with other 
methods employed for enhancing fingerprints 
contaminated by blood [36].

Mammalian retinas have also been investiga-
ted, and high resolution MALDI MSI was used 
to obtain information about the distribution of 
lipids on the retina [37]. Resolution at the level 
of a single cell was achieved.

Mesenchymal stem cells were investigated by 
MALDI MSI for the characterization of lipid 
markers of chondrogenic differentiation [38], 
and 20 different lipid species were identified. 

Several studies focused on MALDI MSI of 
plant tissues. Soares et al. investigated hespe-
ridin and rutin in Citrus sinensis grafted on 
Citrus limonia after infection by Xylella fas-
tidiosa [39]. They suggested that hesperidin 
plays a role in the plant-pathogen interaction. 
In previous study, hypericin (a red anthraqui-
none-derivative with medicinal properties) and 
related phytochemicals were investigated in the 
leaves of Hypericum species by high resolution 
MALDI MSI [40]. Yet another study focused on 
using MALDI MSI to detect fungicide residue on 
wheat leaf surfaces, demonstrating the potential 
of MALDI MSI for monitoring the distribution 
of agrochemicals on leaves [41].

Insects have also been the subject of MALDI 
MSI. Klein et al. investigated plant-pest che-
mical interfaces inside leaves, specifically the 
interactions between soybean and aphids and 
rice and bacteria were studied [42]. Whole-
-body sections and various organs of the rove 
beetle, Paederus riparius, were investigated by 
atmospheric pressure high resolution scanning 
microprobe MALDI MSI to locate metabolites 
of the defensive compounds pederin, pseudo-
pederin and pederon [43]. An interesting study 
from Brazil focused on queen bee signals in the 
stingless bee Friesella schrottkyi and illustrated 
the spatial distribution of active compounds 
on queen bees [44]. The spatial distribution 
of lipids in Drosophila melanogaster was also 
analyzed by MALDI MSI to provide more infor-
mation about this model organism [45].

3. Conclusion 
It is clear that MALDI MSI has potential in 

different research fields. Some significant im-
provements of MALDI imaging techniques 
have been made and surely these techniques 
will undergo important improvements and 
modernization to serve analyze tumors and 
other tissues. Further developments and the 
combination of MALDI MSI with other ima-
ging techniques or quantitative methods will 
result in wider use of MALDI MSI, and clinical 
methods using MALDI MSI could be validated 
and applied in routine analytical processes in 
laboratories.

MALDI MSI can be used as supportive tech-
nique in clinical research, mainly in oncology. 
Finding new cancer biomarkers is so important 
that all suitable methods should be tested. The 
task for researchers is to find relevant analytical 
standards and make MALDI MSI a standard 
analytical method as soon as possible.

List of abbreviations
AES … atomic emission spectrometry
FT … Fourier transform
ICP … inductively coupled plasma
ICR … ion cyclotron resonance
ITO … indium-tin oxide
LA … laser ablation
LTQ … linear ion trap/linear trap quadrupole
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MALDI … matrix assisted laser desorption/
ionization
MRI … magnetic resonance imaging
MS … mass spectrometry/spectrometer
MSI … mass spectrometry imaging
NEDC … N (1 naphthyl)ethylenediamine di-
hydrochloride 
TOF … time-of-flight
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nanocomposite  [5-8] and drug deliver [4,9]. 
Especially in electrochemistry, application of 
graphene oxide is employed in the photovoltaic 
device [10], chemical sensor and biosensors 
[11,12] due to wide electrochemical potential 
window, low charge-transfer resistance and 
great electrochemical activity [13]. 

Although the structure of GO was studied by 
several authors, amorphous character of GO 
and lack of analytical technique for its charac-
terizing make an obstacles in GO characteri-
zation. Thus, despite numerous attempts to 
propose precise structure of GO, an unambi-
guous model has not been clarified yet, only the 
Lerf-Klinowski model is thought to be the most 
acceptable [14,15]. GO is formed of monolayer of 
carbon atoms which creates of two-dimensional 
hexagonal lattice with oxygenated functiona-
lities as a carboxylic acid group, hydroxyl and 
epoxy groups [15]. The consequences of oxy-
genated groups on surface are hydrophilicity 
and solubility of GO in water and other organic 
solvents [16]. Through these oxygenated groups 
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1. Introduction
Graphene and graphene oxide (GO) has at-

tracted increasing interest of many scientists 
because of its unique properties which find 
application across many fields. Enormous 
number of papers regarding to graphene and 
graphene oxide are focused on improvement of 
preparation of these materials, their deposition 
on substrates and formation of novel graphene 
structures which enhance detection abilities of 
electrodes as sensitivity and electron transfer. 

This mini-review focuses on the fabrication of 
GO-based electrodes prepared by electropho-
retic deposition (EPD) and their utilization in 
electrochemical sensors and biosensors. 

2. Graphene oxide
Graphene oxide along with carbon nanotu-

bes, nanofibers, fullerens, nanodiamonds and 
nanocomposites are important carbon-based 
materials [1] which have been widely used for 
various applications as a catalyst of chemical 
reactions [2], luminescent nanomaterial [3,4], 

This review summarizes and discusses electrophoretic methods for the fabrication deposited 
graphene and graphene-based structures. Graphenes are commonly dispersed in organic 
solvents or in water. Deposition procedures are performed mostly under constant voltage 
and deposition time seems to be an important parameter for influence prepared graphene 
structures. It was shown that electrophoretically deposited graphene layers have excellent 
properties suitable for electrochemical sensors and biosensors construction, e.g. high electrical 
conductivity and large surface area. Electrophoretic deposition enables also preparation of 
material which combines graphene with metal nanoparticles or polymers.
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and non-covalent binding via π-π stacking, 
cation-π or van der Waals interactions on the 
sp2 networks, GO can be easily modified by 
diverse small molecules and polymers which 
lead to improvement of electrical, thermal and 
mechanical properties of graphene oxide [15].

The GO is commonly prepared by oxidati-
on of graphite using various methods. Three 
most popular methods were proposed by Brodie 
[17], Staudenmaier [18] and Hummers [19]. 
The shortest and recently most used method 
is the Hummers method [20]. Preparation and 
functionalization of GO-based electrodes can be 
performed by several methods. Basic approach 
involves simple evaporation of GO suspension 
on the electrode surface. Unfortunately, layer 
formed using this method causes aggregation 
of GO and nonuniform deposition [21]. Using of 
spin-coater is more sophisticated method which 
create thin continuous layer [22]. Langmuir-
-Blodgett [23] and layer-by-layer [24] method are 
another alternative approaches mainly useful 
for sensors fabrication. Interesting method of 
GO deposition, which creates uniform layer, is 
vacuum filtration [25]. This method involves 
filtration of GO sheets suspension through 
porous membrane where GO sheets lodge and 
form a film. This film can be transferred onto 
electrode by gently pressing the film against 
electrode surface [21]. Direct pattering using 
for example inject printing of GO also offers 
opportunity how create layer of GO direct-
ly onto substrates [26]. The last approach for 
modification of electrodes is electrophoretic 
deposition which is described below. 

3. Electrophoretic deposition 
Electrophoretic deposition is a two-step pro-

cess in which charged particles, dispersed or 
suspended in a liquid medium, move toward 
conductive substrate of opposite charge throu-
gh the application of external electric field and 
then deposit on it [27,28]. According to the 
charge of deposited particles, there exist two 
types of EPD. When the particles are negatively 
charged, application of the electric field causes 
deposition of particles on positively charge 
electrode (anode). This process is called anodic 
EPD. Opposite to this process is EDP of posi-

tively charged particles on negatively charged 
electrode (cathode) which is called cathodic 
EPD [28].

EPD is simple short-time process which requi-
res cost-efficient equipment and provides the 
possibility of scaling up to large dimensions 
[27]. The main factors influencing EPD, among 
others, are applied voltage, deposition time, 
distance between electrodes and properties of 
used solvent. Via alteration of these parameters 
the thickness and morphology of deposited 
layer can be easily controlled [28]. Due to EPD, 
it is possible to modify any shape of conductive 
surface by GO with diverse kind of molecu-
les as metal ions [29], particles [30], carbon 
nanotubes [31], biopolymers [32] and so to 
create a compact thin film as well as complex 
3D structures [13,27,28]. A disadvantage is 
EPD performed in an aqueous medium where 
the application of voltage higher then 3-4 V 
leads to the formation of gas bubbles because 
of water electrolysis. Decomposition of water 
can be avoided by using alternating current 
where the main influencing factor is frequency 
[33,34]. Comparison of different reports shows 
wide variation of EPD condition. For example, 
applied voltage ranges from 5 up to 300 V, de-
position time ranges from few seconds to half 
hour and  GO is dispersed in water or organic 
solvents. Worth noticing is that only few papers 
describe creation of gas bubbles during EPD 
from water where high voltages were applied 
while other authors did not mention it [27].

4. Sensors and biosensors 
Various structures of pure GO or modified 

with metal ions, particles or biopolymers pre-
pared by electrophoretic deposition have a wide 
potential for application in sensors and biosen-
sors. High sensitivity of electrodes modified 
with GO allows miniaturization of detection 
systems into portable device. Such sensors 
could find usage in fields as an food quality 
control or clinical diagnosis [13]. 

4.1 Sensors for clinical diagnosis
GO-based electrodes offer a new approach for 

sensors used in clinical diagnosis. For example 
reduced GO-Ni(OH)2 composite for nonenzy-

 Journal of Metallomics and Nanotechnologies 2015, 3, 57—63



Figure 2: Images of electrode modified by graphene nanowalls obtained using field-emission 
scanning electron microscopy working at 15 kV. (Reprinted with permission from ref 36. Copyri-
ght 2012 American Chemical Society.)
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matic glucose sensing was prepared by EPD 
on gold electrode from mixture of reduced 
GO (rGO) with NiCl2·6 H2O in ethanol at 50 V 
for 20 seconds. Ni2+ ions decorated negatively 
charged GO sheet and such positively charged 
rGO-Ni2+ sheets in electric field move to cathode 
and deposit on it (Figure 1). rGO-Ni(OH)2 
composite was accomplished by cycling 
in 0.1 M NaOH. Electrochemical measurement 
of glucose on rGO-Ni(OH)2 modified electrode 
was based on electrooxidation of Ni(OH)2 on 
NiOOH in alkaline solution following oxidation 
of glucose to gluconic acid while NiOOH reduce 
back to Ni(OH)2 [35]. 

Another possibility of utilization of graphene 
material as graphene nanowalls is for DNA 

sensors (Figure 2). Graphene nanowalls were 
created by EPD on graphite electrode from mi-

xture of GO and Mg(NO3)2 · 6 H2O on the 
similar principle as was written above. EPD 
was carried out in aqueous suspension of 
GO-Mg2+ sheets at 30 V for 10 minutes and 
such modified electrode was subsequently 
reduced by hydrazine vapor for 1 hour. 
An Electrode modified by the graphene 
nanowalls was able to detect all four free 
bases simultaneously even bases bounded 
in ssDNA and dsDNA in femtomolar con-
centrations. Due to high sensitivity, authors 
were able to detect single-based mismatch 
in sequence of DNA [36].

Later this modification was used for the 
determination of leukemia and normal 
blood cells based on an electrochemical 
detection of the guanine oxidation. It was 
found that the current signal of guani-
ne was significantly higher in the case of 
leukemia cells than in normal cell and, 
moreover, the peak position of leukemia 
cells was observed at lower potential 0.61 
V than in normal cell 0.76 V [37]. Previous 
study of free and bounded guanine showed 
the position of peaks at 0.57 V and 0.71 V, 
respectively [36]. The authors concluded 
that the higher signal and shift of potential 
to lower values for leukemia cells could be 
consequence of increased concentration 
of free guanine in electrolyte. This inc-
reased concentration could be caused by 
penetration of extremely sharped edges 
of graphene nanowalls into the cells and 
release of overexpressed free guanine from 

cancer cells [37]. Possible indicator of renal 
as well as liver diseases is increased level of 

Figure 1: Schema of EPD of GO-Ni2+ sheets. Ni2+ 

ions decorated negatively charged GO sheet and 
such positively charged rGO-Ni2+ sheets in electric 
field move to cathode and deposit on it. (Reprinted 
with permission from ref 8. Copyright 2013 
American Chemical Society.)
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urea in serum, blood or urine. For urea sensing, 
the mesoporous silica particle embedded GO 
platform was created. EPD on indium tin oxide 
(ITO) glass substrate was performed at 120 V for 
2 minutes in mixture of SiO2 particles and GO 
in acetonitrile and with addition of Mg(NO3)2·6 
H2O as an electrolyte and to ensure creation 
of surface charge on the GO. After EPD, the 
immobilization of urease and glutamate dehyd-
rogenase (GLDH) enzymes was carried out to 
create biosensor for urea sensing. The electro-
chemical detection of urea was performed in the 
presence of nicotinamide adenine dinucleotide 
(NADH) and α-ketoglutarate using cyclic volta-
mmetry in phosphate buffer saline containing 
[Fe(CN)6]3–/4–. Increased concentration of urea 
triggers system lead to the decomposition of 
urea by urease, then electrons are transfered to 
α-ketoglutarate which is transformed to 2-L-glu-
tamete by GLDH. Finally, 2-L-glutamete reduces 
[Fe(CN)6]3– to [Fe(CN)6]4– which is oxidized 
back on the electrode surface (Figure 3) [30].

4.2 Sensors for food analysis
The graphene-based sensors can be used in 

food analysis as well as in clinical diagnosis. 
These sensors can be utilized for detection of 
nutrients or food toxins. Quercetin is natu-
ral flavonoid which plays important role in 

medical and nutritional science because of its 
antioxidant activity, cardiovascular protecti-
on and anti-inflammatory activity. Due these 
properties, detection of quercetin has become 
conscious of increased interest. Such sensor for 
quercetin was prepared by EPD at 1.7 V from 
aqueous solution of graphene with addition 
of KCl on glassy carbon electrode and after 
modified with β-cyclodextrin by electro-poly-
merization. Detection of quercetin using such 
modified electrode was studied in real samples 
of tea and honeysuckle [32].

For food quality control, the detection of food 
toxin is very important. Alfatoxin B1 is secon-
dary fungal metabolite produced by Aspergillus 
flavus and Aspergillus parasiticus which is re-
sponsible for human hepatocellular carcinoma. 
The utilization of graphene oxide could be use-
ful platform for creation of immunosensor for 
alfatoxin B1 detection. For example, electrode 
modified with rGO-Mg2+ sheets using EPD at 
60-70 V for 2 minutes was functionalized with 

monoclonal antibody for alfatoxin B1 and then 
utilized for the electrochemical sensing studies 
of alfatoxin [38,39].

Overview of EPD conditions for modifications 
of electrode by GO described above is shown 
in Table 1.

Figure 3: Schema of urea sensing using GO-based bioelectrode. Electrons from urea decomposi-
tion are transferred via GLDH, α-ketoglutarate and [Fe(CN)6]3–  to electrode surface. (Reprinted 
from ref 30.) 
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5. Conclusions 
This review summarizes the utilization of 

GO-based electrodes prepared by the electro-
phoretic deposition for application in sensors 
and biosensors. The electrodes for such appli-
cation can be modified by pure graphene oxide, 
graphene oxide with SiO2 particles or biopo-
lymers. However, the most often modification 
of the GO-based electrodes used in sensors 
and biosensors is the modification by metal 
ions. Electrophoretic deposition of such GO-M+ 
sheets leads to the formation of 3D structures 
of graphene oxide which cause an increase of 
the active surface of electrode and improve an 
electron transfer from analyte to the electrode 
surface which result in significant increase of 
the sensitivity. 
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materials using for wrapping [4].
Species of basidiomycetes are considered to 

be a very interesting group of fungi including 
different ecological groups such as white rot, 
brown rot, and leaf litter fungi [5, 6]. Among 
them, only the white rot fungi are able to effici-
ently decompose lignin due to the production 
of ligninolytic enzymes. Lignin, a complex aro-
matic biopolymer, makes structural rigidity to 
wood and protects it from microbial attack [7] 
and it is extremely recalcitrant to degradation 
[8]. Ligninolytic enzymes are also capable of 
degrading various environmental pollutants, 
including polycyclic aromatic hydrocarbons, 
synthetic dyes, pesticides, polychlorinated bi-
phenyls, herbicides and many other xenobio-
tics. However, ligninolytic enzymes from white 
rot fungi are only secreted in small amounts, 
so their using in industrial applications has 
been limited due to low productivity and high 
economic cost [9, 10]. A higher enzyme activity 
guarantees a higher and faster transformation 
of the target substrate and improves the appli-
cability and effectiveness of enzyme-catalyzed 
processes [11]. 
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1. Introduction
Enzymes have a wide range of technological 

applications in various fields of human activities 
such as food, textile, paper and pharmaceutical 
industries. Enzymes also play very important 
role in biological remediation [1], the proce-
ss leading to the removal, detoxification or 
transformation of various organic pollutants in 
environment. They are also applied in nanobio-
technology, where they are used as biosensors, 
the analytical tools for the analysis of bio-ma-
terial samples [2]. The use of enzymes for this 
purpose, however, entails certain limitations. 
These are mainly the high cost of commercial 
preparations and therefore are constantly lo-
oking for new, cheaper and natural sources.

One of the potencial enzyme producers are 
fungi that have broad enzymatic equipment. 
They are currently the focus of considerable 
attention due to their diverse application [3].

Fungi are able to decompose, or cause to 
deteriorate a huge variety of materials and 
compounds such a different type of wood, tex-
tile, stored paper, plastics, leather  and diverse 

White rot fungi are important for their efficient, various and complex ligninolytic enzyme 
system, which is able to degrade wide variety of compounds including lignin. These enzymes are 
desirable for using in various industrial and bioremediation applications. However, ligninolytic 
enzymes are produced by fungi only in small quantities, so their use in biotechnological 
processes is limited due to low productivity and high economic costs. Thus, there is a great 
demand in induction, enhancement and stabilization of ligninolytic enzymes. The main 
scope of this review is to briefly summarize general and specific concepts about induction of 
ligninolytic enzymes produced by white rot basidiomycetes.

Review   
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The main scope of the review is to briefly en-
compass general and specific concepts about 
possibilities, how to increase enzyme activity 
of white rot fungi using natural or synthetic 
inducers.

2. Ligninolytic Enzymes of White 
Rot Fungi      

     Each of white rot basidiomycetes produced 
different enzymes, depending on cultivation 
conditions. Secretion of enzymes is influenced 
by different aspects, such as fungal species, 
culture type, aeration and cultivation time [12, 
13, 14, 15]. These enzymes are usually produced 
extracellulary as secondary metabolites and 
they can degrade different plant materials and 
can colonize lot of environmental parts [16]. 

Fungi can secrete various isoforms of the same 
enzyme [14]. These isoenzymes are different in 
their stability, optimal pH and temperature and 
affinity for different substrates [16, 17]. 

The most important ligninolytic enzymes of 
white rot fungi are phenol oxidase laccase (Lac, 
E.C. 1.10.3.2) [18] and three heme peroxidases: 
lignin peroxidase (LiP, E.C.1.11.1.14),  Mn de-
pendant peroxidase (MnP, E.C. 1.11.1.13) [19] 
and versatile peroxidase (VP, E.C. 1.11.1.16) 
[20]. Other enzymes, secreted by white rot fun-
gi, are associated with ligninolytic enzymes 
in lignin degradation but are unable to degra-
de lignin alone. For example, glyoxal oxidase 
(E.C. 1.2.3.5) and superoxide dismutase (E.C. 
1.15.1.1) produce the H2O2 required by LiP and 
MnP [21].

Laccase is blue copper oxidase which contains 
four copper atoms per molecule in the catalytic 
center and catalyzes the four electron reduction 
of oxygen to water [22, 23]. Laccase is able to 
oxidize a huge variety of organic or inorganic 
compounds, including phenols (e.g. catechol, 
hydroquinone, 2,6-dimethoxyphenol and sy-
ringaldazine) [24, 25], aromatic amines and 
ascorbate [26]. Laccase is often produced in the 
form of numerous isoenzymes [27].

Lignin peroxidase is glycosylated protein con-
taining heme. In the presence of endogenously 
produced peroxide, LiP catalyzes the oxidation 
of aromatic non-phenolic lignin structures to 
give aryl-cation radicals [28]. The oxidative 

lignin degradation requires the presence of 
veratryl alcohol, which is the substrate for LiP 
and also secreted fungal metabolite [29]. 

Mangan dependent peroxidase is also enzyme 
containg heme. It catalyzes H2O2-dependent 
oxidation of Mn2+ to highly reactive Mn3+. After 
the cation Mn3+ subsequently oxidizes phenolic 
parts of lignin to produce free radicals. The 
high reactivity of Mn3+ is stabilized by chelators 
(oxalate, malonate, maleate), which are secreted 
by fungus [30]. 

Versatile peroxidase has catalytic properties of 
LiP and MnP. VP secreted by P. eryngii showed 
high sequence and structural homology with 
LiP, but also comprises a binding site for Mn2+. 
It is not yet clear how much VP are expanded, 
but their presence suggests a close relationship 
with LiP and MnP [30].

Some white rot basidiomycetes contain all of 
these lignin-modifying enzymes, while others 
contain only one or two of these enzymes [31].

3. Induction of Fungal Enzyme 
Activity   

Enzyme activity can be affected by many fac-
tors. The most critical factors are concentration 
of carbon, nitrogen and inducer agent [32]. 
The inducer is a specific molecule that induces 
synthesis of the relevant inducible enzyme and 
is usually a substrate for a given enzyme. The 
inducers are natural (wood, wheat, straw, fruit, 
etc.) [33, 34, 35, 36] or synthetic compounds 
(2,5-xylidine, guaiacol, ferulic acid, 2,6- dime-
thoxyphenol etc.) [37, 28, 38, 39, 40], which 
depending on the enzyme. 

3.1 Nitrogen, and Carbon Sources, 
and Natural Inducers

Amount of carbon, nitrogen and inducer is 
considered to be limiting for large scale produc-
tion of fungal enzymes [10]. It is well known that 
the white rot fungus, Phanerochaete chrysospo-
rium, cultivated in synthetic medium, produ-
ces  LiP and MnP only under nitrogen-limited 
conditions [41]. However, it was found that 
in the presence of lignocellulosic substrate, a 
high nitrogen concentration stimulates these 
enzymes production [34, 42, 43]. Previous 
studies have proved that both the nature and 
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concentration of nitrogen sources are powerful 
nutrition factors regulating ligninolytic enzyme 
secretion [44, 45, 46].    

Songulashvili et al. [34] tested several inorga-
nic and organic nitrogen sources  in submerged 
fermentation of wheat bran to improve enzyme 
production by Ganoderma lucidum. The ma-
ximal value of laccase activity was revealed in 
supplementation of culture medium with KNO3. 
The same compound slightly stimulated MnP 
accumulation. Among organic compounds, 
peptone appeared to be the appropriate nitro-
gen source for laccase accumulation. Levin et 
al. [47] used different nitrogen sources (amino 
acids, yeast extract, peptone) and found that 
the highest laccase activity was with L-glutamic 
acid by Trametes trogii. 

The concentrate of carbon in nutrient medium 
and lignocellulosic substrate play important 
role in enzyme expression [48, 49]. Galhaup et 
al. [48] studied that the expressive production 
of laccase by Trametes pubescens started when 
the glucose concentration in the growth medi-
um was a certain low, critical concentration. 
Cellobiose and glucose that were efficiently 
and quickly utilized by T. pubescens resulted 
in high levels of laccase activity [12]. Accor-
ding to Bettin et al. [50] the laccase activity 
in Pleurotus sajor-caju cultivation in glucose 
media was higher than those obtained with 
lactose. The contrary, lactose appeared to be 
the best carbon source for the laccase produc-
tion by Pseudotrametes gibbosa and good for 
the enzyme secretion by Cerrena unicolor and 
Fomes fomentarius. In addition, glycerol also 
had significant accumulation of laccase by these 
three fungi [12].  

Many authors used wheat straw, sawdust or 
bran as a substrate for increase enzyme activity 
[34, 51, 52, 53, 54].  Stajic et al. [35] studied 
that the medium carbon sources mandarine 
peels and grapevine sawdust for Pleurotus 
eryngii and Pleurotus ostreatus were the best 
for highest laccase activity. Makela et al. [55] 
found the maximal LiP activities and notice-
able levels of MnP, when they used wood as 
a carbon source with milled alder as inducer. 
Bazanella et al. [56] tested agricultural and food 
wastes as substrate for Pleurotus pulmonarius. 

The highest activities of laccase were found in 
wheat bran, pineapple peel and orange peel. 
The highest activities of Mn peroxidase were 
obtained in pineapple peel cultures.

3.2 Synthetic Inducers
Enzyme activity can be increased not only by 

addition of the natural inducers, but also using 
synthetic inducers. It has been reported [37, 49, 
57] that the addition of aromatic compound 
2,5-xylidine induces several times more the 
laccase activities of white rot basidiomycetes. 
Another aromatic compounds such as ferulic 
acid, guaiacol, veratryl alcohol and 1-hydro-
xybenzotriazole have been used to increase 
laccase secretion [58, 59, 60]. Kuhar et al. [39] 
and Wang et al. [61] used ferulic acid as inducer 
for the highest laccase activity. 

Novotný et al. [40] used Tween 80 and MnP 
activity was increased. Gassara et al. [62] ob-
served that addition of Tween 80 caused the 
highest values of MnP activity produced by 
P. chrysosporium. Also in the work of Usha et 
al. [63] Tween 80 stimulated the production 
of ligninolytic enzymes secreted by Stereum 
ostrea.  Munoz et al. [64] studied laccase of P. 
eryngii in the glucose medium, which contained 
ammonium-tartrate, and they obtained two 
isoenzymes with laccase activity. 

Some solvents can be used to dissolve water-
-insoluble molecules for studies of their activity 
as enzyme inducers. For example dimethyl 
sulfoxide or ethanol are very often used as sol-
vents to dissolve water-insoluble compounds for 
determination of enzyme activities. However, 
ethanol is also used as an active solvent to in-
duce enzyme activity [65].  Lee et al. [66] added 
ethanol as a solvent to a medium containing 
glucose as the carbon source, laccase activity 
by T. versicolor increased. They also observed a 
mediators effect of ethanol on laccase produc-
tion by Grifola frondosa and Coriolus hirsutus.

3.3  Metal Inducers
    Some heavy metals are necessary for fungi, 

some aren’t, but they can be toxic, when pre-
sent in excess [33]. Usually the metals start 
to be toxic in concentration only a few times 
greater than those required [67]. The essential 
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fungal metals include copper, iron, zinc, nickel, 
manganese and molybdenum. Nonessential 
metals are chromium, cadmium, mercury lead 
and silver [68]. 

For white rot fungi the most important metal 
is manganese and copper. It has been reported 
that manganese plays a regulatory role in the 
expression of LiP, MnP, Lac and in the degra-
dation of lignin [68, 69]. Copper is a cofactor 
in the catalytic center of laccase. Tinoco et al. 
[70] induce laccase secretion in Pleurotus ost-
reatus through culture medium optimization 
containing lignin and Cu2+ as inducers. 

The positive synergistic effect was showed 
between Cu2+ and lignin, where the activity 
increased 60-fold. Metal responsive elements 
have also been identified in several laccase ge-
nes [33], what can explain the positive effect of 
copper ion on laccase level. Palmieri et al. [71] 
also observed supplementation of P. ostreatus 
cultures with Cu2+ and higher secretion of all 
laccase isoenzymes by the fungus. This result is 
similar to work of Khammuang et al. [72], where 
high levels of laccase activity after addition of 
Cu2+ were observed. The presence of copper 
in the catalytic center of the enzyme has been 
known for a lot time, but the importance of 
regulation role of copper in laccase production 
has just recently been studied [33]. The positive 
effect of the addition of metal ions on the pro-
duction of enzyme was studied by lot of authors 
[42, 55, 62, 71-77, 83-85] (Table 1) 

The induction of laccase by other metals, that 
are able to cause oxidative stress, was studied 
with T. pubescens by Galhaup et al. [78]. They 
also observed that laccase activity secreted by 
P. ostreatus was increased by the addition of 
1-5 mM cadmium.  

Extracellular enzymes must face high con-
centrations of metals, because they are not 
protected by the cell-associated metal-detoxi-
cation mechanism. When metals enter into the 
cell, they are able to influence the production 
of extracellular enzymes on the levels of tran-
scriptional and translational regulation [33]. 
It seems, that low concentrations of essential 
heavy metals are necessary for the development 
of the ligninolytic enzyme system [79]. Addition 
of low concentrations of zinc and cooper into 

the metal-free synthetic cultivation medium 
increased the activity of LiP and MnP of P. 
chrysosporium [79].

4. Conclusion
     White rot basidiomycetes have efficient, va-

rious and complex ligninolytic enzyme system. 
They have been successfully applied for tre-
atment and decomposition of different phenolic 
compounds, dyes and other xenobiotics. The use 
of enzymes for the treatment or the removal of 
environmental and industrial pollutants has 
attracted increasing attention because of their 
high efficiency and high selectivity. The main 
issue of their implementation at industrial scale 
is the low yield of ligninolytic enzymes in most 
white rot fungi. For a more efficient secretion 
of these enzymes are necessary inducers of 
enzyme activity. Inducers have varies forms, 
they can be as natural substrates (straw, wood, 
lignin) or they can be added into medium as 
synthetic compounds (2,5-xylidine, ferulic acid, 
guaiacol, etc.). Induction of enzyme activity 
also can be cause by addition of some nitrogen 
source such as KNO3, peptone, ammonium tar-
trate, etc. Many recombinant microorganisms 
overproduce many industrial enzymes, high 
expression of laccase and peroxidases in hetero-
logous systems has not been achieved yet, they 
still have to be obtained from natural sources, 
also these enzymes are generally secreted in 
low quantities. It is evident that the potential 
applications of these enzymes in industrial 
and environmental technologies demand lot of 
amounts of these enzymes at low cost, that in 
future will increase the demand for potential 
inducers of enzyme activities.
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The use of proteins as nanocarriers has many 
advantages in comparison with artificial nano-
carriers [33]. The immune response of patient’s 
body to protein nanocarriers is much lower, 
especially for the proteins naturally occurring 
in humans or after surface modification with 
polyethyleneglycol [34]. Moreover, they can 
usually self-assemble to form uniform cages 
with an extraordinary binding capacity for 
various drugs. They are also biodegradable, and 
have abundant renewable sources [35]. The high 
binding capacity of protein nanocarriers owns 
to multiple functional groups in their primary 
sequence allowing for different interactions 
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1. Introduction 
Naturally occurring or artificially prepared 

proteins can be employed in various fields 
including basic research [1-4], industry [5-8], 
immuno-based assays [9-12], detection of many 
different analytes [13-16], conventional medi-
cine [17-20] or nanomedicine [21-24]. The first 
nanomedicine formulation ever approved by 
the FDA was a PEGylated bovine serum albu-
min in 1990, named Adagen® [25]. Out of the 
44 FDA-approved nanomedicine formulations, 
10 are polymer-protein conjugates or albumin 
nanoparticles [26-28] and novel protein-based 
nanocarriers are still being developed [29-32]. 

In this work, the encapsulation of cytotoxic drug doxorubicin (DOX) in protein nanocarrier 
apoferritin was studied. Two encapsulation protocols, using the disassembly and reassembly of 
apoferritin molecules in different surrounding pH and infusion method of encapsulation, were 
compared. The changes in size distribution and zeta potential of apoferritin in dependence to 
the pH changes, doxorubicin encapsulation and apoferritin:doxorubicin number of molecules 
ratio (1:14; 1:28; 1:56) were observed. The encapsulation efficiency at 1:56 apoferritin:doxorubicin 
ratio was 70% via pH changing method and 88% via infusion method. The release of doxorubicin 
molecules from nanocarrier after 14 days of storage at -20; 4; 20 and 37 °C was studied using 
capillary electrophoresis with laser induced fluorescence detection. The most stable was the 
storage at -20 °C with the infusion encapsulation method (after 14 days 0.32% DOX release). 
Due to very low release of cytotoxic drug molecules from apoferritin, apoferritin seems to be 
a suitable nanocarrier. Based on the size distribution changes, encapsulation efficiency and 
doxorubicin release, the infusion encapsulation method seems more promising.

 Article   
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with therapeutic molecules [36]. Drug molecu-
les can also be reversibly encapsulated in some 
proteins’ three-dimensional hollow cage [37]. 

The most frequently studied protein as a na-
nocarrier is a human serum albumin, the most 
abundant protein in blood plasma (about 60% of 
the total plasma protein count) [38]. Albumin is 
a globular protein containing 585 amino acids 
(with one tryptophan residue) and three homo-
logous domains stabilized by disulfide bridges 
[39]. The ligands, either organic or inorganic, 
usually bind to the many hydrophobic cavities 
in albumin subdomains, making this protein an 
important regulator of intercellular fluxes and, 
moreover, drug behavior in vivo [40]. Ligands 
can interact with both C=O and C-N albumin 
groups, resulting in changes in its secondary 
structure [41]. Albumin nanoparticles were 
used for delivery of cytostatic drugs, siRNAs, 
vaccines or radiodiagnostics [42-45].

Protein apoferritin is also studied as a possi-
ble nanocarrier [29,46-48]. Apoferritin is also 
naturally found in human body as a major iron-
-binding protein. Apoferritin forms a hollow 
rhombic dodecahedral shell with outer diameter 
of 12-13 nm and an inner diameter of 7-8 nm 
[49]. The ligands can thus not only interact with 
amino acid residues of apoferritin but also be 
encapsulated in its hollow cavity. Many amino 
acid side chains of apoferritin 24 subunits in-
teract to form hydrophobic cores, but there is 
also a large number of polar and hydrophilic 
residues, allowing for interaction with various 
molecules [50]. Some substances can bind to the 
apoferritin surface through hydrogen bonding 
(non-ionic molecules) or electrostatic interac-
tions (ionic molecules) [51]. The apoferritin shell 
contains both hydrophobic and hydrophilic 
channels, allowing small molecules to enter the 
cavity via diffusion [52]. Its subunits can also 
be reversibly disassociated via the change of 
surrounding environment to encapsulate bigger 
molecules after reassembling [53]. In this work, 
we studied the interactions of cytotoxic drug 
doxorubicin with the apoferritin protein. Two 
encapsulation methods were compared, the pH 
changing and infusion method.

2. Results and Discussion

2.1 The encapsulation protocol
In this work, we studied the interactions of 

cytotoxic drug doxorubicin with protein nano-
carrier apoferritin. To this end, two methods of 
doxorubicin encapsulation in apoferritin were 
evaluated. Fig. 1 shows the protocols of the two 
presented encapsulation methods. One of the 
methods employs the ability of apoferritin to 
reversibly disassociate its subunits in highly 
acidic pH and reassemble in the neutral pH, 
thus encapsulating any molecules mixed with 
disassembled apoferritin (Fig. 1A). The infusion 
method (Fig. 1B) allows the doxorubicin to en-
ter the apoferritin cavity by diffusion through 
the channels in the apoferritin shell. The exce-
ss molecules of doxorubicin were removed in 
both methods by filtration through Amicon 3K 
centrifugal units. 

2.2 The characterization of 
nanocarrier size and zeta potential

The influence of pH changes and doxorubi-
cin encapsulation on the size distribution of 
created nanocarrier was evaluated (Fig. 2). In 
this experiment, the apoferritin:doxorubicin 
molecule ratio was 1:14. The native size of pro-
tein complex apoferritin in water (pH 6.9) was 
16 nm with a small portion of 250 nm particles 
(Fig. 2A) and a zeta potential of -13.7 mV. Due 
to the pH changes, the structure of apoferritin 
was disassembled and reassembled, however, 
the reassembly process is not completely co-
rrect and part of the subunits can aggregated, 
creating nanoparticles of 160 nm or 5 000 nm  
in addition to the correctly reassembled 16 nm 
particles (Fig. 2B). The apoferritin was diluted in 
water after the disassembly/reassembly process 
and its zeta potential was -9.93 mV at pH 7.0.

After the encapsulation of doxorubicin via the 
pH changing method, particles of 16 nm and 
300 nm were observed, with zeta potential of 
-19.5 mV at pH 7.2 (Fig. 2C). The size distribution 
of apoferritin with doxorubicin encapsulated 
via the infusion method was highly similar to 
the native apoferritin, with 16 nm particles and 
portion of 200 nm particles (Fig. 2D). However, 
the zeta potential of apoferritin with encapsu-
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lated doxorubicin via the infusion method was 
decreased compared to native apoferritin, -19.5 
mV at pH 7.3

Dostalova et al.

Figure 1: The encapsulation protocols compared in this work with subsequent removal of ex-
cess doxorubicin molecules by filtration through Amicon 3K centrifugal units at for 15 min at 
25 °C and 6000×g and rinsing 3 times with water. (a) The encapsulation of doxorubicin mole-
cules in apoferritin using the pH changing method. The apoferritin subunits were disassociated 
by acidification to pH 2.8 and mixed with doxorubicin for 15 min at 25 °C and 60 rpm. After 
that the pH was increased to 7.2 and the sample was mixed for 15 min at 25°C and 60 rpm to 
reassemble the apoferritin structure and allow the doxorubicin molecules to be encapsulated 
in apoferritin cavity. (b) The encapsulation of doxorubicin molecules in apoferritin using the 
infusion method. The apoferritin was mixed with doxorubicin for 30 min at 25 °C and 60 rpm.

Figure 2: The changes of apoferritin size distribution by intensity due to the pH changes and 
doxorubicin encapsulation. (a) The size distribution by intensity of apoferritin in water, pH 6.9. 
(b) The size distribution by intensity of apoferritin in water after the pH changes, pH 7.0. (c) The 
size distribution by intensity of apoferritin with encapsulated doxorubicin via the pH changing 
method, pH 7.2. (d) The size distribution by intensity of apoferritin with encapsulated doxorubi-
cin via the infusion method, pH 7.3.
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The influence of apoferritin:doxorubicin ratio 
on the size distribution of created nanocarrier 
was further evaluated (Fig. 3). The size distribu-
tion of apoferritin with encapsulated doxorubi-
cin via the pH changing encapsulation method 
changed with the increasing concentration 
of doxorubicin by increasing the portion of 
particles with 300 nm or more (Fig. 3A, C, E). 
However, no such changes in the size distribu-
tion were observed in the infusion encapsula-
tion method with the increasing doxorubicin 
concentration (Fig. 3 B, D and F).

2.3 The efficiency of doxorubicin 
encapsulation in apoferritin nanocarrier 
using different methods

To evaluate the encapsulation efficiency the 
optical properties of doxorubicin were used 
– its absorption maximum at 480 nm and 
emission maximum at 600 nm. Absorbance 
and fluorescence spectra of created nanoca-
rriers were measured after the encapsulation 
of doxorubicin molecules in apoferritin via the 

pH changing and infusion method and subse-
quent removal of excess doxorubicin molecules 
(Fig. 4). The apoferritin:doxorubicin molecule 
ratio was 1:56. 

Following encapsulation, both the absorbance 
and fluorescence of doxorubicin is significantly 
decreased. Fig. 4A shows the decrease of doxo-
rubicin absorbance after the encapsulation very 
similarly in both encapsulation methods, 1.95× 
using the infusion encapsulation method and 
2× using the pH changing method. The decrease 
of doxorubicin fluorescence was also observed 

(Fig. 4B) and it differed significantly between 
the individual encapsulation methods – 6.61× 
decrease of fluorescence using the infusion me-
thod and 7.4× using the pH changing method. 

After the subsequent removal of excess doxo-
rubicin molecules by filtration and adjusting 
the sample volume to original, the absorbance 
(Fig. 4C) and fluorescence (Fig. 4D) spectra 
were measured again. After comparison with 
absorbance and fluorescence spectra before 
filtration, it was observed that 88% of doxorubi-

 Journal of Metallomics and Nanotechnologies 2015, 3, 71—80

Figure 3: The changes of apoferritin size distribution by intensity due to the different apoferri-
tin:doxorubicin ratio during encapsulation. (a, c, e) The size distribution by intensity of apofe-
rritin with encapsulated doxorubicin via the pH changing method (b, d, f) The size distribution 
by intensity of apoferritin with encapsulated doxorubicin via the infusion method. (a, b) The 
apoferritin:doxorubicin ratio 1:14. (c, d) The apoferritin:doxorubicin ratio 1:28. (e, f) The apofe-
rritin:doxorubicin ratio 1:56.
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cin molecules were encapsulated in apoferritin 
using the infusion method, while only 70% were 
encapsulated using the pH changing method. 

2.4 The release of doxorubicin molecules 
from apoferritin during a long-term storage

To evaluate the apoferritin stability the release 
of doxorubicin molecules from apoferritin du-
ring a storage for 14 days at different tempera-
tures (-20; 4; 20 and 37 °C) was observed using 
capillary electrophoresis with laser induced 
fluorescence detection. In contrast to known 
literature [29,48] it was observed that, following 
encapsulation, part of doxorubicin molecules 
is located inside the apoferritin cavity and part 
on its surface. This is concluded based on the 
change in zeta potential of apoferritin after en-
capsulation of doxorubicin and by the behavior 
of apoferritin with encapsulated doxorubicin 
in electric field (Fig. 5). Doxorubicin showed 
two distinct peaks after separation in capillary 
electrophoresis (Fig. 5A). Apoferritin with en-
capsulated doxorubicin via both encapsulation 
methods showed a third peak with electropho-
retic mobility corresponding to apoferritin in 
addition to the two peaks corresponding to 
doxorubicin (Fig. 5B). During the separation 

by capillary electrophoresis the doxorubicin 
molecules from the apoferritin surface are pro-
bably released by the surrounding electric field 

[54]. This behavior was observed in apoferritin 
with encapsulated doxorubicin via both pH 
changing and infusion method.

The height of peak corresponding to apofe-
rritin with encapsulated doxorubicin after 1; 
2; 3; 6; 10 and 14 days of storage was used to 
compare the release from nanocarriers prepa-
red via different encapsulation methods and 
storage at different temperatures (Fig. 6). After 
6 days of storage in all temperatures, the peak 
height of apoferritin with encapsulated doxo-
rubicin was increased which can be caused by 
the transfer of more doxorubicin molecules 
from the apoferritin surface to its cavity.  After 
longer storage the release of doxorubicin mo-
lecules from apoferritin cavity is very limited. 
The encapsulation of doxorubicin via the pH 
changing method caused higher (2.7×) release 
of doxorubicin molecules from apoferritin (Fig. 
6A-D). This can probably be caused by the fact, 
that reassembly of apoferritin after pH chan-
ges is not complete but there appear two hole 
defects on opposite apoferritin poles [53] and 
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Figure 4: The absorbance (a, c) and emission (b, d) spectra of apoferritin with encapsulated doxorubi-
cin via the pH changing (ApoDox O/C) and infusion (ApoDox) method after encapsulation (a, b) and 
after subsequent removal of excess doxorubicin molecules (c, d). The apoferritin:doxorubicin ratio was 
1:56. Emission was measured at excitation wavelength 480 nm.
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doxorubicin can leave the apoferritin cavity 
through these defects.

The lowest release was observed after storage 
at -20 °C with 0.75% of released doxorubicin 
encapsulated via the pH changing method 
(Fig. 6A) and 0.32% via the infusion method 
(Fig. 6E) after 14 days of storage. Thus it can 
be concluded, that apoferritin with encap-
sulated doxorubicin is the most stable after 
storage at -20 °C. After 14 days of storage at
4 °C, the release was 1.67% with encapsulation 
via pH changing method (Fig. 6B) and 0.29% 
via the infusion method (Fig. 6F). The highest 
release and thus the lowest stability was ob-
served after storage at 20 °C, with 2.44% of 
released molecules with encapsulation via pH 
changing method (Fig. 6C) and 2.02% via infusi-
on method (Fig. 6G). After 14 days of storage at 
37 °C, 1.47% of doxorubicin was released with 
encapsulation via pH changing method (Fig. 
6D) and 1% via the infusion method (Fig. 6H). 

3. Experimental Section 
3.1 Chemicals

All chemicals of ACS purity were obtained 
from Sigma-Aldrich (St. Louis, MO, USA) un-
less stated otherwise. The deionized water was 
prepared using reverse osmosis equipment 
Aqual 25 (Aqual s.r.o., Brno, Czech Republic). 
The deionized water was further purified by 
using apparatus Milli-Q Direct QUV equipped 
with an UV lamp from Millipore (Billerica, MA, 
USA), exhibiting a resistance  of 18 MΩ. The pH 

was measured using pH meter WTW inoLab 
(Weilheim, Germany).
 

3.2 The encapsulation of doxorubicin in 
apoferritin via pH changing method

1 mg of apoferritin (20 μL of 50 mg/mL) was 
mixed with 67.2 μg of doxorubicin (200 μL of 
336 μg/mL) with a molar ratio of apoferritin:-
doxororubicin 1:56 and 100 μL of water. Using 
2.5 μL of 1 M HCl the pH was lowered to 2.8 to 
disassociate the apoferritin subunits. The sam-
ple was mixed for 15 min at 25 °C and 60 rpm. 
The pH was changed to 7.2 with 2.7 μL of 1M 
NaOH and the sample was shaken for 15 min 
at 25 °C and 60 rpm to reassemble the subunits 
and encapsulate the doxorubicin in apoferritin 
hollow. The excess doxorubicin molecules were 
removed by filtration using the centrifugation 
in Amicon 3K centrifugal units for 15 min at 
25 °C and 6000×g. The samples were rinsed 
with water 3 times. Water was added after the 
filtration to fill the sample to its original volume.

3.3 The encapsulation of doxorubicin 
in apoferritin via infusion method

1 mg of apoferritin (20 μL of 50 mg/mL) was 
mixed with 67.2 μg of doxorubicin (200 μL of 
336 μg/mL) with a molar ratio of apoferritin:-
doxororubicin 1:56 and 100 μL of water. 

The sample was shaken for 30 min at 25 °C and 
60 rpm. The excess doxorubicin molecules were 
removed by filtration using the centrifugation 
in Amicon 3K centrifugal units for 15 min at 
25 °C and 6000×g. The samples were rinsed 
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Figure 5: The behavior of doxorubicin (a) and apoferritin with encapsulated doxorubicin via both 
the pH changing and infusion method (b) during capillary electrophoresis with laser induced fluo-
rescence detection using fused silica capillary with internal diameter of 75 µm and total length of 
64.5 cm (54 cm to detector window); the separation voltage of 20 kV and hydrodynamic injection 
by 3 psi for 10 s. 
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with water 3 times. Water was added after the 
filtration to fill the sample to its original volume.

3.4 Characterization of nanocarrier size
The average particle size and size distribution 

were determined by quasi elastic laser light 
scattering with a Malvern Zetasizer (NANO-ZS, 
Malvern Instruments Ltd., Worcestershire, Uni-
ted Kingdom). The zeta potential was determi-
ned by laser Doppler micro-electrophoresis with 
a Malvern Zetasizer. Nanoparticles in distilled 
water solution of 1.5 mL were put into a polysty-
rene latex cell and measured at a detector angle 
of 173°, a wavelength of 633 nm, temperature 
25 °C and a refractive index of 1.33.

3.5 The encapsulation efficiency
The efficiency of doxorubicin encapsulation 

in apoferritin was evaluated using the opti-
cal properties of doxorubicin. The absorbance 
(wavelength 230-850 nm) and fluorescence 

(excitation wavelength 480 nm, emission 515-
815 nm) spectra of the resulting nanocarriers 
were measured using the TECAN Infinite 200 
PRO microtitration plate reader (Männedorf, 
Switzerland).

3.6 The release of doxorubicin molecules 
from apoferritin nanocarrier during 14 
days

The created apoferritin nanocarrier with enca-
psulated doxorubicin using both pH changing 
and infusion encapsulation method was stored 
for 14 days at -20; 4; 20 and 37 °C. After 1; 2; 
3; 6; 10 and 14 days of storage the nanocarrier 
fluorescence was measured using the capillary 
electrophoresis with laser induced fluorescence 

Figure 6: The release of doxorubicin from apoferritin nanocarrier during 14 
days of  storage at -20 °C (a, e), 4 °C (b, f); 20 °C (c, g) and 37 °C (d, h). The 
encapsulation was performed via both the pH changing (a-d) and infusion me-
thod (e-h). The release was measured using fused silica capillary with internal 
diameter of 75 µm and total length of 64.5 cm (54 cm to detector window); the 
separation voltage of 20 kV and hydrodynamic injection by 3 psi for 10 s. 

Dostalova et al.
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detection CE 7100, Agilent Technologies (Santa 
Clara, CA, USA). Fused silica capillary with 
internal diameter of 75 µm and with the total 
length of 64.5 cm (54 cm to detector window) 
was used. The separation voltage of 20 kV and 
hydrodynamic injection by 3 psi for 10 s was 
employed.
 

4. Conclusions 
Two methods for doxorubicin encapsulation in 

apoferritin nanocarrier were compared in this 
study. Standard, pH changing method showed 
70% encapsulation efficiency, while the infusion 
method showed 88% encapsulation efficiency. A 
very low release of doxorubicin molecules from 
apoferritin nanocarrier after storage for 14 days 
at different temperatures was observed with the 
most stable using the infusion encapsulation 
method and storage at -20 °C. 
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tems, such as microinjection, electroporation, 
liposomal formulation and use of viral vectors 
[3-5]. In the search for new anticancer agents 
and drug delivery systems, cell penetrating 
peptides (CPP) attracted attention due to their 
possibilities for intracellular delivery of a wide 
range of macromolecules. CPP are short pepti-
des consisting of less than 30 amino acids. CPP 
structures are mostly composed of positively 
charged amino acids (e.g. Arg, Lys and His) 
providing them possibility to translocate throu-
gh the cell membrane by various mechanism, 
including endocytosis, and easily deliver various 
cell-impermeable covalently or noncovalently 
conjugated bioactive cargo such as proteins [6], 
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1. Introduction 
During the last decade newly developed poten-

tial therapeutic drugs such as proteins, nucleic 
acids, and new types of hydrophilic drugs are 
being reported. However, these drugs mostly 
have limitations due to their inability to reach 
the appropriate intracellular targets as a conse-
quence of poor possibility to penetrate through 
cell membranes or deactivation by resistance 
mechanisms that transport these compounds 
out of the cell, both limiting their interaction 
with intracellular targets [1,2]. It has been also 
reported that poor cell specificity and normal 
cell cytotoxicity are common in application 
of standard technique for drug delivery sys-

Eu(III) and Tb(III) Schiff base complexes are applicable in various fields such as sensing, 
assays, screening protocols in vitro, imaging studies in cellulo or in vivo. Fluorescent europium 
and terbium complexes and their interaction with cell penetrating peptide (KKKRKC) can 
represent an excellent key for understanding pathway of peptide transportation though cell 
membrane and the application of Schiff base complexes as  potential antibacterial drugs. 
Mass spectrometry (MALDI TOF) and spectrophotometry measurements have been used 
for study of complex formation between Eu(III) and Tb(III) Schiff base complex with cell 
penetrating peptide.  
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nucleic acid [7], siRNA [8], peptide nucleic acid 
[9] and quantum dots [10]. CPPs as delivery 
agents were in focus of many investigations 
with the aim to increase stability and efficien-
cy of cargo delivery avoiding the problem of 
cytotoxicity effect, lack of cell specificity and 
unexpected side effects. However, it has been 
shown that side effects on normal cells during 
cancer therapy or antibacterial application are 
minimized [11-13]. Peptides as drug carriers 
offer some advantages over other carriers as 
they are relatively easy to modify with various 
organic or inorganic materials, especially with 
compounds that have fluorescent properties, 
enabling easy tracking of drugs after appli-
cation and for better understanding of the 
structure and functions of biological systems 
[14]. Many of luminescent materials such as 
organic fluorophores [15], recombinant pro-
teins [16], semiconductor nanoparticles [17], 
and emissive metal complexes [18] are being 
used for peptide labeling. Application of orga-
nic dyes has many limitations associated with 
poor extinction coefficient or quantum yield 
and low stability against bleaching. However, 
on the other hand, metal complexes, especially 
rare earth metal-based materials show excellent 
optical properties since the f−f emission lines 
of Pr(III), Sm(III), Eu(III), Tb(III), Dy(III) and 
Tm(III) ions are in the visible range [19,20]. 
Especially great attention attracts luminescent 
rare-earth metal complexes with Eu(III) and 
Tb(III) as the excited states of these ions are less 
sensitive to vibrational quenching by intra or 
intermolecular energy transfer to adjacent high-
-energy vibrators such as hydroxyl groups [21]. 
Comparing metal-rare complex with quantum 
dots (QDs), they have long life time fluorescen-
ce and the fluorescence wavelength of Ln(III) 
ions is not sensitive to particle size, where the 
study of the function and properties of these 
compounds is simplified in comparison to QDs 
[22]. However, Ln(III) complexes are mostly 
used for study of their magnetic properties and 
imagine purpose, only few scientific reports 
are dealing with application of the complexes 
in biological applications [23-25].  

Based on this consideration, we were inte-
rested in preparation of Schiff bases 2-[(E)-

-2-pyridylmethyleneamino]-N-[2-[(E)-2-pyri-
dylmethyleneamino]ethyl]ethanamine (S-5) 
and 2-[(E)-2-pyridylmethyleneamino]-N,N-
-bis[2-[(E)-2-pyridylmethyleneamino]ethyl]
ethanamine (S-6) and their europium(III) and 
terbium(III) complexes Eu(III)-S-5 and Tb(III)-
-S-6 with luminescent properties in order to 
study their interaction with cell penetrating 
peptide and possible biological applications. 
The compounds were evaluated against several 
bacterial species with respect to their toxicity.     

2. Results and Discussion
2.1 UV/VIS measurement 

Luminescence studies were conducted at room 
temperature, observing absorbance and fluo-
rescence properties of KKKRKC cell penetra-
ting peptide, Eu(III) and Tb(III) Schiff base 
complexes and interaction between cell pene-
trating peptide and Eu(III) and Tb(III) Schiff 
base complexes. Concentrations of cell pene-
trating peptide and Eu(III) and Tb(III) Schiff 
base complex samples were set on 1 mM, and 
the changes in the absorption spectra were mo-
nitored by spectrophotometry. The absorbance 
maxima of all samples were observed and it is 
found that all samples  have maximum absor-
bance at 266 nm (Fig. 1a and 1b). However, from 
the results obtained after mixing of peptide 
with Eu(III) and Tb(III) Schiff base complexes a 
gradual decrease of the peptide-complex absor-
bance can be clearly observed if we compare it 
with absorbance of the complexes, concluding 
that interaction between peptide and complexes 
is confirmed. This can be explained using Lewis 
theory of acid and base, where europium and 
terbium ions represent acid part of complex, 
while nitrogen or oxygen bases can be bond 
via donor-acceptor bonding, in which peptide 
ligand transfers electron charge towards the 
metal center, forming interaction with the 
electron donor atoms leading to formation of 
peptide-complex structure [19,26,27]. 

An excitation wavelengths of 266 nm was 
taken in order to determine the maximum 
wavelength of emission of the mixed Eu(III) 
and Tb(III). Schiff base complexes and their 
interaction with cell penetrating peptide were 
measured. From the obtained results it can be 

 Journal of Metallomics and Nanotechnologies 2015, 3, 81—89



83

seen that maximum emission peaks of Tb(III)-
-S-5 and Tb(III)-S-6 were found at 355 nm, 
450 nm, 480 nm, 500 nm and 545 nm (Fig. 1c). 
This can be explained by f-f transition coming 
from electron or energy transfer processes 
which is assigned to the 5D4-7FJ with J = 6–0, 
reported by Shintoyo et al. [28]. However, in 
the case of Tb(III)-S-5 and Tb(III)-S-6 complex 
with peptide the same position peaks as in case 
of only complex emission were found, while 
also high emission peak was found at 305 nm 
for which we can assume that they belong to 
peptide-complex interaction via donor-acceptor 
bond mentioned before. In the case of Eu(III)-
-S-5 and Eu(III)-S-6 maximum emission peaks 
have been found at 365 nm, 455 nm, 475 nm, 
490 nm, 615 nm and 700 nm (Fig. 1d), due to  
f-f emission of electron or energy transfer pro-
cesses which is assigned to the 5D0-7FJ with J 
= 4–0 transitions [28]. The same results have 
been obtained for Eu(III)-S-5 and Eu(III)-S-6 
complex with peptide, with high emission peak 
at 305 nm, which probably belongs to peptide-
-complex interaction.

2.2  Mass spectrometry measurement 
To confirm that interactions between cell pe-

netrating peptide with Eu(III) and Tb(III) Schiff 
base complex and complex itself were formed, 
mass spectrometry (MALDI-TOF) was applied. 
The main observed signals shown in (Fig. 2a 
and 2b) were assigned as follows: [Peptide+ H]+ 
(m/z  790.63). It is evident that a proposed intra-
molecular complex, metal-peptide, was found, 
as shown in Figure 2c, 2d, 2e and 2f: [peptide-
-Eu(III)-H]+ (m/z 952.86), [2peptide-Eu(III)-H]+ 

(m/z 1740.54); [peptide-2ClEu(III)-H]+ (m/z 
892.54),  [peptide-Eu(III)-H]+ (m/z 952.86), 
[2peptide-Eu(III)-H]+ (m/z 1739.53); [peptide-
-2Cl-HTb(III)]+ (m/z 878.77), [peptide-Tb(III)-
-2Cl-H]+ (m/z 1041.89), [2peptide-2Tb(III)-
-H2O-H]+ (m/z 1918.69) and [peptide-2Cl-H]+ 

Tb(III)(m/z 878.73), [peptide-Tb(III)-2Cl-H]+ 

(m/z 1041.83), [2peptide-2Tb(III)-H2O-H]+ 

(m/z 1918.54). The intensity of peptide signal 
without incubation with metal was lower than 
with metal complexes in both cases (Eu(III) 
and Tb(III)). The spectra Tb(III)-S-5-peptide 
and Tb(III)-S-6-peptide showed no significant 

Figure 1: (a) Absorption and fluorescence spectra of cell penetrating peptide, Tb(III)-S-5 and Tb(III)-S-6 
Schiff base complex. (b) Absorption and fluorescence spectra of cell penetrating peptide, Eu(III)-S-5 and 
Eu(III)-S-6 Schiff base complex.
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difference in the formation of complexes. We 
cannot confirm the type of bonding that occurs 
between the metal and the peptide by MALDI-
-TOF, however from the results it is obvious that 
complexes between peptide and Eu(III) and 
Tb(III) are formed [29,30]. From the results we 
can conclude, that Schiff bases are replaced by 
peptides during reaction and 1:1 lanthanides 
complexes or dimers are formed. This conclusi-
on can be explained by affinity of lanthanides 
to oxygen atoms which are present in peptides. 
Much stronger bonds are therefore formed in 
comparison with nitrogen coordination in the 
case of Schiff bases.   

 

2.3 Influence of Eu(III) and Tb(III) 
Schiff base complex on E. coli

Today it is well known that growth of micro-
organisms can be limited by heavy metal ions 
which can be incorporated into a variety of 
materials and as such they perform strong an-

tibacterial activity [31,32]. Effect of Eu(III) 
and Tb(III) Schiff base complex on E. coli was 
conducted by method of determination of 
growth dependences, where the 50% inhibito-
ry concentration (IC50) was determined. In this 
experiment antimicrobial activity of Eu(III) 
(S-5 and S-6) and Tb(III) (S-5 and S-6) Schiff 
base complex conjugates with cell penetrating 
peptide were determined. Obtained results 
show that Eu(III)-S-5 and Eu(III)-S-6 conjugate 
with cell penetrating peptide (Fig. 3a, 3b) have 
stronger antimicrobial effect. In the case of E. 
coli treated with Eu(III)-S-5 and Eu(III)-S-6, 
there was minimal inhibitory concentration 

(MIC) determined after addition of 0.125 mM 
and totally inhibitory concentration (TIC) af-
ter application of 5 mM. IC50 for Eu(III)-S-5 
was statistically calculated as 1.6 mM (Fig. 
3a). Also, the same results were obtained for 
Eu(III)-S-6, only in the case of this sample IC50 
was determined as 1.3 mM (Fig. 3b). In appli-

Figure 2: (a,b) Mass spectra of peptide. (c) Mass spectrum of peptide interaction with Eu(III)-S-5 
complex, (d) Tb(III)-S-5 complex, (e) Eu(III)-S-6 complex, (f) Tb(III)-S-6 complex.
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cation of Tb(III)-S-5 and Tb(III)-S-6 conjugate 
with cell penetrating peptide the minimal in-
hibitory concentration (MIC) was 0.125 mM 
and the total inhibitory concentration (TIC) 
was 5 mM (Fig. 3c, 3d). However, treatment 
of E. coli with Tb(III)-S-5 showed that IC50 was 
statistically calculated as 2.5 mM (Fig. 3c). Af-
ter application of Tb(III)-S-6 on E. coli results 
showed that total inhibitory concentration 
(TIC) is not sufficient for inhibition, because 
in the case of this sample IC50 was calculated as
10 mM (Fig. 3d), what indicates lower toxicity of 
Tb(III)-S-6 on bacterial strains in comparison 
to the other three samples, which correlates 
with lower concentration values required for 
the bacterial inhibition.  
However, to confirm that metal-peptide com-
plex have main role in antibacterial activity, 

peptide conjugate with S-5 and S-6 Schiff base 
without Terbium and Europium were applied 
on E. coli.  Results show that treatment of E. 

coli with S-5 Schiff base conjugate with cell 
penetrating peptide showed that IC50 was stati-
stically calculated at 19.2 mM and for S-6 Schiff 
base conjugate with cell penetrating peptide 
at 20 mM. Due to that we can conclude that 
main role in antibacterial activity have samples 
that contain Schiff base complex with Terbium 
and Europium. Antibacterial effect of applied 
samples come from Schiff base complex with 
Terbium and Europium and peptide, with abi-
lity to easily penetrate the bacterial cell mem-
brane by coordination of metal ion through 
oxygen or nitrogen donor atom with lipopoly-
saccharide (LPS) causing the damage of cell 
membrane. Atabay et. al, report application of 
monometallic complexes with PdCl2 and ZnX2, 
were ligand acts as a chelating tridentate or 
bidentate, through two of the nitrogen atoms 

in the imidazole ring and the sulfur atom of 
the bridging group together with two chloride 
ions forming a rare five coordinate complex 

Figure 3: Spectrophotometric determination of growth curves obtained by treatment with 0, 0.125, 
0.312, 0.625, 1, 2.5 and 5 mM concentration of Eu(III) and Tb(III) Schiff base complex conjugate with 
cell penetrating peptide of: (a) E. coli after application of Eu(III)-S-5 conjugate with CPP. (b) E. coli after 
application of Eu(III)-S-6 conjugate with CPP. (c) E. coli after application of Tb(III)-S-5 conjugate with 
CPP. (d) E. coli after application of Tb(III)-S-6 conjugate with CPP.  
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and tetrahedral complexes, which have strong 
antibacterial activity [33,34].

3. Experimental Section 
3.1 Chemicals

2-pyridinecarboxaldehyde, diethylenetriami-
ne, tris(2-aminoethyl)amine, europium(III) 
chloride, terbium(III) chloride, methanol, gly-
cerol, glucose, tryptophan, yeast extract were 
purchased from Sigma–Aldrich Co. (St. Louis, 
MO, USA). Deionized water underwent demi-
neralization by reverse osmosis using an Aqua 
Osmotic 02 (Aqua Osmotic, Czech Republic) 
and was subsequently purified using a Milli-
pore RG (MiliQ water, 18 M, Millipore Corp., 
Billerica, MA, USA).

3.2 Synthesis of KKKRKC peptide
For synthesis, Liberty Blue peptide synthe-

sizer was used (CEM, Matthews, NC, USA). 
The sequences and monoisotopic molecular 
weights of synthesized peptides were as fo-
llows: KKKRKC - 790 Da. Deblock of Fmoc 
protecting group was performed with 20 % 
piperidine v/v in DMF. Coupling was achieved 
using N,N,N′,N′-tetramethyl-O-(1H-benzotria-
zol-1-yl)uronium hexafluorophosphate (HBTU), 
N,N-diisopropylethylamine (DIEA) and DMF. 
Cleavage of side chain protecting groups was 
performed by treating the peptide resin with 
95 % trifluoroacetic acid v/v, 2.5 % H2O v/v and 
2.5 % TIPS v/v for 30 minutes at 38 °C under 
microwave irradiation. Isolation of peptide was 
performed by centrifugation (6000 rpm, 3 min) 
under cold diethylether. 

3.3 Synthesis of Eu(III)-S-5 and 
Tb(III)-S-5 Schiff base complexes

2-pyridinecarboxaldehyde (2850 µl) and 
diethylenetriamine (1080 µl) were added in 
35 mL of methanol and refluxed for 6 h. Af-
ter cooling, methanol was added to 50 ml. 
Tb(III)Cl3·6H2O (0.435 g) or Eu(III)Cl3·6H2O
(0.366 g) was dissolved in 50 ml of water. After 
that Schiff base (5 ml) was added to the solution 
with stirring. Solutions were heated at 80 °C 
for 2 h. After that the solutions were filtered 
and water was added to reach 100 ml with final 
concentration 10 mM. 

3.4 Synthesis of Eu(III)-S-6 and 
Tb(III)-S-6 Schiff base complexes
2-pyridinecarboxaldehyde (2850 µl) and 
tris(2-aminoethyl)amine (1498 µl) were ad-
ded in 35 mL of methanol and refluxed for 6 h. 
After cooling, methanol was added to 50 ml. 
Tb(III)Cl3·6H2O (0.435 g) or Eu(III)Cl3·6H2O 
(0.366 g) were dissolved separately in 50 ml of 
water. After that Schiff base (5 ml) was added 
to the both solutions with stirring. The solu-
tions were heated at 80 °C for 2 h. After that 
solutions were filtered and water was added to 
reach 100 ml with final concentration 10 mM.

3.5 Cultivation of bacterial strains
Staphylococcus aureus (NCTC 8511), Esche-

richia coli (NCTC 13216) and methicillin-re-
sistant Staphylococcus aureus (7111 2/A8) 
were obtained from the Czech Collection of 
Microorganisms, Faculty of Science, Masaryk 
University, Brno, Czech Republic. The strains 
were stored as a spore suspension in 20% (v/v) 
glycerol at -20°C. Prior to use in this study, the 
strains were thawed and the glycerol was remo-
ved by washing with distilled water. 

The composition of cultivation medium was 
as follows: glucose 10 g/l, tryptone 10 g/l and 
yeast extract 5 g/l, sterilized MilliQ water with 
18 MΩ. pH of the cultivation medium was ad-
justed at 7.4 before sterilization. The steriliza-
tion of the media was carried out at 121 °C for 
30 min in sterilizer (Tuttnauer 2450EL, Israel). 
The prepared cultivation media were inoculated 
with bacterial cultures or yeasts into 25 ml 
Erlenmeyer flasks. After inoculation, bacteria 
and yeasts were cultivated for 24 h on a shaker 
at 600 rpm and 37 °C. Strains, cultivated under 
these conditions, were diluted by cultivation 
medium to OD600 = 0.1 and used in the following 
experiments. 
 
3.6 Determination of growth curves

  The procedure for the evaluation of the anti-
microbial effect of tested compounds consisted 
in measuring of the absorbance using the appa-
ratus Multiskan EX (Thermo Fisher Scientific, 
Germany) and subsequent analysis in the form 
of growth curves. Bacteria and yeasts were 
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cultivated in GTY medium for 24 h with sha-
king and were diluted with GTY medium using 
Specord spectrophotometer 210 (Analytik, 
Jena, Germany) at a wavelength of 600 nm to 
absorbance 0.1. On the microplate, these cultu-
res were mixed with various concentrations of 
peptide and peptide-Eu(III) and Tb(III) Schiff 
base complex or S. aureus alone as a control 
for measurements. The concentrations of all 
samples were 0; 7.8; 15.6; 31.3; 62.5; 125; 250 
and 500 µg/ml. Total volume in the microplate 
wells was always 300 µl. The measurements were 
carried out at time 0, then each half-hourly for 
24 h at 37 °C and a wavelength of 600 nm. The 
obtained values  were analyzed in graphical 
form as growth curves for each variant indivi-
dually. Software STATISTICA (data analysis 
software system), version 10.0 (Tulsa, OK, USA) 
was used for data processing. The half-maximal 
concentrations (IC50) were calculated from 
logarithmic regression of sigmoidal dose-re-
sponse curve. The general regression model 
was used to analyse differences between the 
combinations of compounds. 

3.7 UV/Vis spectrophotometry
    Measurements of peptide and europium(III) 

and terbium(III) Schiff base complexes fluo-
rescence were conducted by a multifunctional 
microplate reader Tecan Infinite 200 PRO (Te-
can group Ltd., Männedorf, Switzerland). The 
absorbance scans were recorded in the range of 
200–800 nm each 5 nm. Emission wavelengths 
from 260 nm to 850 nm were measured at diffe-
rent excitation wavelengths (280 nm, 350 nm, 
and 400 nm) with 200 µl of the sample placed 
on a Costar UV-transparent, acrylic copolymer, 
flat bottom, 96 well plate (Sigma–Aldrich Co. 
St. Louis, MO, USA). All measurements were 
performed at 30 °C controlled by the Tecan 
Infinite 200 PRO (TECAN, Switzerland). 

3.8 Matrix-assisted laser desorption/
ionization (MALDI-TOF)

The mass spectrometry experiments were 
performed on a MALDI-TOF/TOF mass spect-
rometer Bruker Ultraflextreme (Bruker Dal-
tonik GmbH, Germany) equipped with a laser 
operating at wavelength of 355 nm with an 

accelerating voltage of 25 kV, cooled with nit-
rogen and a maximum energy of 43.2 µJ with 
repetition rate 2000 Hz in linear and positive 
mode, and with software for data acquisition 
and processing of mass spectra flexControl 
version 3.4 and flexAnalysis version 2.2. The 
matrix used in the MALDI method was α-cyano-
-4-hydroxycinnamic acid (CCA) (Bruker). The 
matrix was prepared in TA30 (30% acetonitrile, 
0.1% trifluoroacetic acid solution).  Mixture was 
thoroughly vortexed and ultrasonicated using 
Bandelin 152 Sonorex Digital 10P ultrasonic 
bath (Bandelin electronic GmbH, Germany) 
to 2 minutes 50% of intensity at ambient tem-
perature. Working standard solutions were 
prepared daily by dilution of the stock solu-
tions. The sample solutions were TA30. The 
solutions for analysis were mixed in ratio of 
1:1 (matrix/substance). After obtaining a ho-
mogeneous solution, 1µl was applied on the 
target and dried under atmospheric pressure 
and ambient temperature. A mixture of peptide 
calibrations standard (Bruker) was used to 
externally calibrate the instrument. The MS 
spectra were typically acquired by averaging 
20 sub spectra from a total of 500 shots of the 
laser (Smartbeam 2. Version: 1_0_38.5). 

4. Conclusions 
We have successfully synthesized and conju-

gated the Eu(III) and Tb(III) Schiff base com-
plexes with KKKRKC cell penetrating peptide. 
All interactions between peptide and Eu(III) 
and Tb(III) Schiff complex were confirmed by 
spectrophotometric and mass spectrometry 
studies. UV/VIS spectra of Tb(III)-S-5-peptide 
and Tb(III)-S-6-peptide in the presence and 
absence of Schiff base affirmed an increase 
in peak intensity of complex and decrease in 
free Schiff base spectra indicating the forma-
tion of metal-peptide complex. The spectra of 
Tb(III)-S-5-peptide and Tb(III)-S-6-peptide 
show no significant difference in the formation 
of complexes by MALDI-TOF. Even though we 
cannot confirm the type of bonding that occurs 
between the metal and the peptide by MAL-
DI-TOF, it is obvious that complexes between 
peptide and Eu(III) and Tb(III) Schiff base are 
formed.  Europium and Terbium ions represent 
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the acid part of complex according to the Lewis 
acid theory where the nitrogen or oxygen bases 
can be bound via donor-acceptor bond, while 
peptide ligand transfers electron charge toward 
the metal center, forming interaction with the 
electron donor atoms. This property resulting 
in reduced metal ion polarity, through par-
tial sharing of the positive charge with donor 
atoms of the ligand, enables higher antimicro-
bial activity. In other words, the chelation of 
peptide-Schiff base complex leads to increase 
in lipophilic properties allowing the complex 
penetration through lipid layers of the bacte-
rial membrane [35]. Due to that reason Schiff 
base can easily penetrate the cell membrane by 
coordination of metal ions via donor-acceptor 
theory with lipopolysaccharide leading directly 
to membrane damage. Metal-peptide complex 
due to that in the future can shows great poten-
tial in biological application as antibacterial 
drug, however it is necessary conduct more 
experiment on metal rare complex and their 
application as antibacterial drug.                
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The HNSCCs is the sixth leading cancer by 
incidence worldwide and eighth by death. There 
are 0.5 million new cases a year worldwide [5]. 
The environmental pollution and wrong life 
style, which are associated with the squamous 
cell carcinomas, involve following risk factors: 
tobacco smoking, alcohol consumption, UV 
light, particular chemicals used in certain wor-
kplaces, and certain strains of viruses, such as 
human papillomavirus (HPV) [6].

Human papillomaviruses (HPVs) are small 
DNA viruses with a strict tropism for human 
epithelial cells. In general, HPV infections are 
asymptomatic and persist for 18–24 months 
before they are cleared by the immune system 
of the host [7]. Tumorigenicity of HPVs differs 
markedly among HPV genotypes [8]. This virus 
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1. Introduction 
Head and neck squamous cell carcinomas 

(HNSCCs) are  malignant tumors of epidermal 
keratinocytes, that affect mainly the lip, oral 
cavity, nasal cavity, paranasal sinuses, pharynx, 
and larynx [1]. HNSCCs grow locally and in-
frequently metastasize [2]. This carcinomas are 
one of the major forms of skin cancer, which 
arises from the uncontrolled multiplication of 
epithelial cells or other cell types such as  kera-
tinocytes, tonofilament bundles, desmosomes, 
or structures involved in cell-to-cell adhesion 
[3]. At the time of diagnosis, HNSCCs spread 
to the lymph nodes of the neck, and this is 
often the first sign of the disease. The surgery 
and radiation are the common therapy against 
this cancer [4].

Head and neck cancer are a malignant tumours originating in the upper aerodigestive tract, 
including the oral cavity, larynx, pharynx and nasopharynx. The vast majority of head and 
neck cancers are squamous cell carcinomas (HNSCC) arising from the epithelial membranes 
of these regions. The environmental pollution, high alcohol consumption and smoking are 
associated with this type of cancer, and also human papilloma virus (HPV) is involved in HNSCC 
carcinogenesis. Many different methodologies have been developed for detection of HPV virus. 
This manuscript is dealing with the HPV detection in leukocyte samples of 103 patients with 
spinocellular carcinomas using PCR method for detection and subtypes identification. 56 
positives samples were detected for HPV papillomavirus. Further, the positives samples were 
tested with HPV type-specific primers and 21.4% were HPV 16 type and 12.5% were HPV 18 
type. 7% of these samples were positive for both HPV16 and HPV18 type.

Article   



Table 1: Clinical characterization of patients. Ana-
lysis the medical information obtained from pati-
ents with head and neck cancer from St. Anne´s 
University Hospital in Brno, differentiating be-
tween men and women and their clinical histologi-
cal data.
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has been associated with HNSCCs in the areas 
of the oropharynx, lung, fingers, and anoge-
nital region [1]. Functional loss of p53 tumor 
suppressor gene, mutations in Ras protooncoge-
nes, and certain chromosomal aberrations are 
characteristics of cancer caused by HPVs [9].

Many different methods are able to give in-
formation about the presence of HPVs in bio-
logical samples. The combination of a sensitive 
test, and a specific test, could allow for the best 
potential to accurately establish the presence 
or absence of HPVs [10,11].The mainly utilized 
tests for HPV identification   among others, are 
polymerase chain reaction (PCR) testing, real 
time PCR, in situ hybridization analysis (IS), 
immunohistochemical (IHC) staining for tumor 
suppressor protein p16, and southern blotting 
assays [11]. 

The methodology for polymerase chain reac-
tion (PCR) is an indispensable technique used 
in molecular biology in research labs to amplify 
a single copy of DNA generating thousands 
to millions of copies of chosen DNA sequence 
[12]. This technique has a big variety of appli-
cations like DNA cloning for DNA sequencing, 
DNA-based phylogeny, or functional analysis 
of genes; the diagnosis of hereditary diseases; 
the identification of genetic fingerprints and the 
detection and diagnosis of infectious diseases. 
PCR can be extensively modified to perform a 
wide array of genetic manipulations [10,13].

In HPV detection the PCR represents a highly-
-sensitive and cost-effective method. It can be 
used to detect as little as one copy of a DNA 
sequence from paraffin-embedded tissues or 

fresh tissues from biopsies [14]. The disadvan-
tages of PCR techniques are that they have lower 
specificity, they do not allow distinction between 
all HPV types that are present in the neoplas-
tic cells and non-neoplastic and they cannot 
distinguish between episomal and integrated 
HPV DNA[15]. Furthermore, the presence of 
latent viruses leads to false positive results due 
to the ability of PCR to detect just a few copies 
of HPV DNA per cell. Different attempts have 
been made to resolve this issue through the use 
of real-time PCR, which provides a quantitative 
analysis of  viral load [16].

The combined results of immunocytochemical 
detection of p16 protein and the detection of 
HPV DNA by specific PCR enable better discri-
mination between latent and carcinogenic HPV 
infections and thus can provide information on 
the prognosis of HNSCC patients and facilitate 
therapeutic decisions[17].

The detection of the viral oncoproteins E6 
and E7 requires technique that is restricted to 
the research laboratory, like RNA extraction 
and polymerase chain reaction amplification. 
The development of RNA in situ hybridization 
(ISH) probes complementary to E6/E7 mRNA 
permits direct visualization of viral transcripts 
in routinely processed tissues and has opened 
the door for accurate HNSCC detection in the 
clinical care setting [18].

2.	 Results and Discussion
2.1 Clinical Characterization of
Patients

In this study 103 DNA samples were isolated 
from leukocytes of patients with head and neck 
cancer from St. Anné s University Hospital in 
Brno and purified using QIAamp DNA Mini Kit. 
The average age of the patients was 69 years for 
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men and 64 years for women.
92% of the patients were men and 8% women, 

with major diagnosis for both which was oro-
pharynx cancer with spinocellular histologi-
cal type, followed with adenocarcinomas and 
basaliomas. Only a low percentage of the high 
grade tumors in men and women were found. 
These men presented a 51% of this cancer in 
the stage III-IV, with a 5% of metastasis, while 
the women presented a 69% of this cancer in 
the stage I-II, with a 6% of metastasis (Table.1).

2.2 	PCR detection and subtypes 
identification

The samples were analyzed using PCR with 
specific primers for HPV detection and subtypes 
identification. DNA from leukocytes samples 
was tested using GP5/GP6 set of primers lo-
cated within the L1 region of HPV genome. 
Furthermore, the samples were also tested with 
type-specific primers for HPV types 16 and 18 

(Fig. 1).The quality of the isolated DNA, was 
determined with β-actin gene. 85 of the 103 
DNA samples were β-actin positive and thus, 
adequate for further analysis. In this group of 
samples, 56 positives samples were detected for 
HPV which were obtained in 65.9% cases. We 
identified the subtypes with type-specific pri-
mers for HPV-16 and HPV-18 obtaining 21.4% 
of HPV-16 type and 12.5% of HPV-18 type.  7% 
of these samples were HPV-16 and HPV-18 po-
sitives at the same time and were determined 
as high grade tumors (Fig.2).

2.3 Sequencing analysis
The HPV positive samples were also checked 

by PCR sequencing. After purification and se-
quencing of these samples, they were studied 
by in silico analysis using BLAST searches and 
Clustalw Multiple Sequence Alignment, obtai-
ning 73% of identities with full length sequence 
of L1 HPV major capsid protein (Fig.3).

2.4 Discussion
We have used in our study the polymerase 

chain reaction (PCR) method for HNSCCs 
detection in leukocyte samples, because is a 
highly-sensitive, fast and cost-effective method. 
The PCR methods enable the detection of large 
number of HPV genotypes and also can increase 
significantly the positivity rate of HPV DNA de-
tection in samples with a low DNA copy number. 
In conclusion, we preselected the samples using 
sets of primers located within the L1 region 
of HPV genome (GP5/GP6 primers) and with 
an additional amplification to typing of PCR-
-positive samples with the HPV type-specific 
primers (HPV16-18 primers). The samples were 
also tested by PCR sequencing and by in silico 
analysis, where was obtained a 73% of identi-
ties with the sequence of L1 HPV major capsid 
protein, which confirms the presence of HPV.

The first studies that used the set of GP5/GP6 
primers for HPV detection were done in samples 
of patients with cervical cancer. Jacobs et al, 
introduced a GP5/GP6 PCR-based procedure 
in which they included Southern blot 

Figure 1: Scheme of HPV detection using PCR. 
First, GP5/GP6 primers for HPV detection were 
used. Next, the 56 HPV positive samples were ana-
lyzed with the type-specific primers for HPV-16 and 
HPV-18, obtaining 12 samples of HPV16, 7 samples 
of HPV-18 and 4 samples were HPV-16 and HPV-18 
at the same time.

Figure 2: HPV detection and subtypes identifi-
cation of the patients by PCR method. GP5/GP6 
primers were used for HPV detection (65.9%) and 
HPV16-18 primer for subtyping (21.4% HPV-16, 
12.5% HPV-18 and a 7% for HPV16-18).
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Figure 3: Multiple sequence alignment using ClustalW2. The sequences used in this alignment were, 
sequence of the amplicon obtained with the GP5/GP6 set of primers (called database), the sequence 
obtained from analysis of our samples (called Sequence), and a complete sequence of L1 gene (called 
L1 complete).

hybridization of PCR products with cocktails of 
radioactively labeled HPV type-specific internal 
oligonucleotides to detect a broad spectrum 
of genital HPV genotypes in one PCR[19]. De 
Roda Husman et al observed that the GP5/GP6 
PCR method provided an increased detection of 
HPV level in poorly cervical scrapes[20]. Baay 
et al, compared the efficacies of three general 
primer pairs (GP5/6, CPI/IIG, MY09/11) for the 
detection of HPV DNA in formaldehyde-fixed 
paraffin-embedded carcinomas. The efficacy 
of each primer pair increased in HPV DNA 
detection in a 87.6%[21].

3. Experimental Section
3.1 Clinical specimens

A total of 103 histopathologically confirmed 
head and neck cancer subjects were involved 
in the study. The samples were collected from 
St. Anné s University Hospital, Department of 
Otorhinolaryngology and Head and Neck Sur-
gery. Enrolment of patients into realized clinical 
study was approved by the Ethic Committee of 
the Faculty of Medicine, Masaryk University, 
Brno, Czech Republic. 
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3.2 Extraction and quantification of DNA 
DNA was isolated and purified from leuko-

cytes using QIAamp DNA Mini Kit (Qiagen, 
Venlo, Netherlands), following the manufactu-
rer’s instructions. The concentration of purified 
DNA was determined using multimode reader 
Infinite 200 (Tecan, Männedorf, Switzerland).

3.3 Polymerase chain reaction (PCR)
The 142 base-pair long sequence of L1 gene 

was amplified using GP5 and GP6 primers. 
The PCR mixture from New England Biolabs 
(UK),  containing the PCR buffer (10 mM Tris–
HCl, pH 8.3, 50 mM KCl with 2.5 mM MgCl2 

included) 0.05 mM of each dNTP and 0.05 mM 
of GP5 and GP6 primers (Table 2). The DNA 
amplification was carried out during 40 cycles 
that included the denaturation at 94°C for 30 s, 
the annealing at 45°C for 30 s and the primer 
extension at 72°C for 30 s.

The positive samples for HPV were analyzed 
using PCR with the HPV-16 and HPV-18 pri-
mers. The PCR amplicons reached length of 
202 bp for HPV-16 and 272 bp for HPV-18. The 
PCR mixture from New England Biolabs (UK), 
containing the PCR buffer (10 mM Tris–HCl, 
pH 8.3, 50 mM KCl with 2.5 mM MgCl2 inclu-
ded) 0.05 mM of each dNTP and 0.05 mM of 
each couples of primers (Table 1). The DNA 
amplification was carried out during 40 cycles 

that included the denaturation at 94°C for 30 s, 
the annealing at 58°C for 30 s and the primer 
extension at 72°C for 30 s.

As the internal quality control of the isolated 
DNA, β-actin gene (600bp) was used. The PCR 
mixture from New England Biolabs (UK), con-
tained the PCR buffer (10 mM Tris–HCl, pH 
8.3, 50 mM KCl with 2.5 mM MgCl2 included) 
0.05 mM of each dNTP and 0.05 mM of each 
couples of primers (Table 2). The DNA ampli-
fication was carried out during 40 cycles that 
included the denaturation at 94°C for 30 s, the 
annealing at 58°C for 30 s and the primer ex-
tension at 72°C for 45 s. Each PCR product was 
analysed using electrophoresis on 1% agarose 
gels stained with ethidium bromide.

3.4 Sequencing
GenomeLab DTCS Quick Start kit (Beckman 

Coulter, USA) with 20 ng of purifed amplified 
DNA from the PCRs was used for the sequencing 
reaction. The cycling conditions were as follows: 
30 cycles of denaturation at 96 °C for 20 s; 
annealing at 50 °C for 20 s and 60 °C for DNA 
synthesis for 4 min. DNA fragments from 
this reaction were purified using magnetic 
particles CleanSEQ (Beckman Coulter, USA). 
DNA sequencing was performed on Genetic 
Analysis System CEQ 8000 (Beckman Coulter, 
USA). After denaturation at 90 °C for 2 min, 
the fluorescence-marked DNA fragments were 
separated in 33 cm capillary with 75 μm i.d. 

 Table 2: List of primers used in this study [25]. 
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(Beckman Coulter, USA), which was filled with a 
linear polyacrylamide denaturing gel (Beckman 
Coulter, USA). The separation was performed 
at capillary temperature of 50 °C and voltage 
of 4.2 kV for 85 min.

3.5 Sequence analyses
Sequence analyses were performed using, 

BLASTX algorithm available from the NCBI 
(http://blast.ncbi.nlm.nih.gov/;[26]) and 
ClustalW2 algorithm available at EBI (http://
www.ebi.ac.uk/Tools/clustalw2/;[27] ). 

4. Conclusions 
The polymerase chain reaction is a suitable 

method enabling the detection of HPVs and 
differentiation between different subtypes. 
Many different HPV tests are available. All of 
the methods are able to give information about 
the presence of HPV in biological samples. The 
majority of carcinomas are caused by the most 
common and high risk HPV types, HPV-16 and 
HPV-18, which contain the E6-E7 oncogenes. 
The patients infected with one type of HPV 
were significantly more likely to harbor addi-
tional HPV types. Thus, evaluation of risk rate 
of heterogeneous coinfections has to be further 
done to determine the effects on head and neck 
cancer development.
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is an extremely valuable separation analytical 
method and in combination with laser-induced 
fluorescence detection provides exceptionally 
low limits of detection, its application to analysis 
of fluorescent carbon nanomaterials is relati-
vely limited [11]. In contrast to stationary fluo-
rescence spectrometry, CE is capable to reveal 
the presence of various species in the sample 
due to their different electrophoretic mobility. 

In this work, preparation of CQDs from va-
rious precursors such as citric acid, sucrose 
and multiwall carbon nanotubes were synthe-
tized, optically characterized by fluorescence 
spectrometry and investigated by capillary 
electrophoresis with laser-induced fluorescence 
detection. 

2. Results and Discussion
2.1 Spectrometric characterization

The solutions of CQDs were prepared from 
different carbon precursors (citric acid, sucrose 
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1. Introduction 
Recently, semiconductor quantum dots (QDs) 

have been established as a valuable tool for la-
beling and sensing [1-3]. However, semiconduc-
tor quantum dots possess certain limitations 
such as high toxicity due to the use of heavy 
metals in their production. It is known that 
heavy metals are highly toxic even at relatively 
low levels, which may prove prohibitive to any 
clinical studies. This prompted the creation 
of carbon-based fluorescent nanoparticles 
(CQDs) to replace semiconductor QDs due to 
their low toxicity, biocompatibility, low cost 
and chemical inertness in addition to having 
similar fluorescence properties [4]. Similarly 
to semiconductor QD, fluorescent carbon na-
noparticles can employed for chemical sensing 
applications - monitoring of metal ion content 
[5,6], pH sensing [7], biosensing [8] and/or in 
vivo imaging [9,10].     

Even though the capillary electrophoresis (CE) 

 Interestingly, even though the absorption maximum of prepared capped carbon quantum 
dots (CQDs) is 210 nm and the emission maximum is 392 nm, using capillary electrophoresis 
with laser-induced fluorescence detection (CE-LIF) with excitation wavelength of 470 nm and 
long pass emission filter (510 nm) a signal was observed. Application of separation technique 
reviled presence of two different species, which corresponded to two well-resolved peaks present 
in the electropherogram. This fact is probably caused by presence of particles of different sizes.
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and multiwall carbon nanotubes) according to 
the procedures described above. Photographs 
of obtained solutions under illumination by UV 
light (254 and 312 nm) and ambient light are 
shown in Fig. 1.  

Figure 1: Photographs of various types of CQDs 
solutions (MWCNT-CQDs, S-CQDs, PEG-CA-
-CQDs) under UV (254 and 312 nm) and ambient 
light illumination.

 

Figure 2: (A) Absorbance spectra of synthetized 
CQDs. (B) Emission spectra of synthetizes CQDs 
after excitation by 480 nm.

 

The obtained solutions were optically cha-
racterized using spectrophotometry and fluo-
rescence spectrometry. The best fluorescence 
properties were detected in case of MWCNT-
-CQDs followed by S-CQDs and PEG-CA-CQDs 
(Fig. 2). All synthetized CQDs absorbed the 
light in the UV range of the spectra the as shown 
in Fig. 2A. Above the wavelength of 500 nm, the 
absorbance decreased below 0.2 AU in case of all 
types of CQDs. Therefore, the excitation by the 
light with the wavelength of 488 nm (excitation 
light source of CE-LIF instrument) is not opti-
mal; however, as shown in Fig. 2B, some signal 
was obtained even under such suboptimal con-
ditions. The most intensive signal was obtained 
in case of S-CQDs (70 °C) and MWCNT-CQDs. 
MWCNT-CQDs had to be even 10-times diluted 
to obtain measurable signal.     

2.2 Capillary electrophoresis with 
laser-induced fluorescence detection
2.2.1 PEG-CA-CQDs

Besides the stationary fluorescence spectro-
metry, also CE-LIF analysis of CQDs was carried 
out to investigate the number of species present 
in the solution. As shown in Fig. 3, in the case 
of PEG-CA-CQDs, there are two species pre-
sent. The CE-LIF signal is very low due to the 
non-ideal setting of the CE-LIF instrument for 
analysis PEG-CA-CQDs (absorption maximum 
of PEG-CA-CQDs is 210 nm and the excitation 
wavelength of the CE-LIF instrument is 488 
nm). However, still two species can be recogni-
zed in the solution. 

Figure 3: CE-LIF of PEG-CA-CQDs. Separation 
conditions: internal diameter - 75 µm, length -  
54/64.5 cm, separation voltage - 20 kV, hydrody-
namic injection - 0.5 psi, 5 s, electrolyte - 20 mM 
sodium borate, pH 9.
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 2.2.2 S-CQDs
Second precursor tested for CQDs preparation 

is the sucrose. It was found out that the prepa-
ration temperature has a significant influence 
on the fluorescence properties. In this case, 
temperatures of 50 60 and 70 °C were tested. 
Two peaks were recognized in the electrophe-
rogram – 6.1 min and 6.6 min. the major peak 
with migration time of 6.6 min was used for 
quantification and evaluation. As shown in 
Fig. 4, the preparation temperature of 70 °C 
provided nanoparticles of significantly higher 
fluorescence compared to 50 °C (5.8-times) and 
60 °C (1.8-times). In comparison with PEG-CA-
-CQDs, the CE-LIF signal of S-CQDs (50 °C) 
was 4-times higher.

Figure 4: CE-LIF of S-CQDs prepared by using 
50, 60 and 70 °C. Separation conditions: internal 
diameter - 75 µm, length -  54/64.5 cm, separation 
voltage - 20 kV, hydrodynamic injection - 0.5 psi, 5 
s, electrolyte - 20 mM sodium borate, pH 9. Inset: 
Dependence of the peak height on the preparation 
temperature.

 
2. 2. 3. MWCNT-CQDs

MWCNT-CQDs provided the best fluorescence 
properties from all carbon precursors used. 
As shown in the Fig. 5, the signal obtained by 
CE-LIF analysis of MWCNT-CQDs was 8.6-ti-
mes higher compared to the S-CQDs (70 °C). 
Similarly to S-CQDs, two peaks are present in 
the electropherogram of MWCNT-CQDs (4.2 
and 4.35 min). As shown in the inset of Fig.4, 
the fluorescence signal is linearly dependent on 
concentration with regression equation of y = 
14.568x + 1.5459 and determination coefficient 
R2=0.9954.

Figure 5: CE-LIF of MWCNT-CQDs. Separati-
on conditions: internal diameter - 75 µm, length 
-  54/64.5 cm, separation voltage - 20 kV, hydrody-
namic injection - 0.5 psi, 5 s, electrolyte - 20 mM so-
dium borate, pH 9. Inset: Dependence of the peak 
height on the dilution by separation electrolyte.

 

Based on the CE-LIF data, the electrophoretic 
mobilities of all CQDs were calculated (migra-
tion times of major peaks were used) according 
to the equation 1. Migration time of coumarin 
334 used as a electroosmotic flow marker was 
4.06 min. The obtained values of electrophoretic 
mobilities are summarized in Tab. 1. It follows 
from the results that S-CQDs possess the most 
negative charge, which is caused probably due 
to the preparation procedure.

μEl = (leff×ltot/tmigCQDs×V) - (leff×ltot/tmigEOF×V)               (1)

μEl – electrophoretic mobility, 
leff – effective capillary length, 
ltot – total capillary length,
tmigEOF – migration time of the electroosmotic flow, 
tmigCQDs – migration time of CQDs.
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3. Experimental Section 
3.1 Synthesis of fluorescence 
carbon nanoparticles (CQDs)
3.1.1 Polyethyleneglycol-capped citric 
acid-based CQDs (PEG-CA-CQDs)

The solution of ethylene glycol (10 mL), PEG-
8000 (1 g) and citric acid (1 g) in a 100 mL 
three-neck flask was heated at 180 °C for 3 h 
under nitrogen flow, and then cooled down to 
ambient temperature. Mili-Q water was then 
added and the mixture was stirred for a couple 
of minutes. The obtained solutions were purified 
for 24 h by dialysis against Mili-Q water with a 
D-Tube maxi dialyzer to remove ethylene glycol.

3.1.2 Sucrose-based CQDs (S-CQDs)
H3PO4 (70%, 10 mL) was added with stirring 

to a solution of sucrose (1 g) in water (5 mL). 
After 30 min stirring, 2 ml of mixture was pi-
petted to a glass vial and heated in Multiwave 
3000 Microwave Reaction System (Anton Paar, 
Graz, Austria) using rotor 64MG5. Reaction 
conditions were as follows – power 300 W, time 
10 min and temperatures 50, 60 and 70 ºC. 
After cooling, the samples were neutralized 
with water solution of Na2CO3 (4 g in 15 ml). 
Neutralized solutions were left overnight and 
formed dark brown precipitates were removed 
by centrifugation (10000 rpm, 20 min, 20 ºC). 
Thus, obtained supernatants were used for me-
asurements.

3.1.3 Multiwall carbon nanotubes-based 
CQDs (MWCNT-CQDs)

MWCNT (0.1 g) were heated in 3:1 mixtu-
re of H2SO4 : HNO3 (10 ml) under reflux at 
140  ºC for 8 h. After cooling acetone (10 ml) 
was added. The mixture was left overnight and
Na2CO3 (10.6 g) in water (80 ml) was added 
with stirring. Brown oily viscous liquid was 
collected on bottom of tube after centrifugation 
(25000 rpm, 20 min, 20 ºC). Water layer was 
used for fluorescence measurement.

3.2 Fluorescence spectrometry 
and spectrophotometry  

Absorbance and fluorescence spectra were 
measured using the TECAN microtitration 
plate reader Infinite 200 PRO (Switzerland) 
using 50  μL of the sample in the UV transpa-

rent 96-well plate. Each absorbance value is an 
average of 5 measurements. 

3.3 Capillary electrophoresis with laser-
induced fluorescence detection (CE-LIF)

The electrophoretic behavior was analyzed by 
CE-LIF (PACE MDQ, Beckman Coulter, USA) 
using fused silica capillary with internal dia-
meter of 75 µm was used 54/64.5 cm. 

The separation voltage of 20 kV and hydrody-
namic injection by 0.5 psi for 5 s was employed. 
20 mM sodium borate buffer pH 9 was used as a 
separation electrolyte. The signal was detected 
with laser-induced fluorescence after excitation 
with argon ion laser (488 nm) and emission 
wavelength in the range 510-530 nm. Coumarin 
334 was used as a electroosmotic flow marker.

4. Conclusions 
It was found out that MWCNT-CQDs provided 

the best optical properties and were the most 
suitable for CE-LIF analysis with 488 nm excita-
tion light source. For further labeling purposes 
the MWCNT-CQDs will be used. On the other 
hand, the S-CQDs exhibited the most negative 
electrophoretic mobility suggesting their nega-
tive charge compared to the other CQD types, 
which were very slightly negative or neutral. 
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or double stranded DNA [11,12]. Anti-dsDNA 
antibodies can be found in the blood of systemic 
lupus erythematodes (SLE) patients. This auto-
immune disease is manifesting by formation of 
immunocomplexes [13]. The antibodies usually 
belong to class IgM in normal patients or IgG 
in SLE patients [14] and they can be transi-
ently found in the blood of patients with some 
viral infections (HIV, BK or B19 virus) [15]. 
Anti-dsDNA antibodies usually bind to sugar-
-phosphate backbone, base pairs or some double 
strand conformations. Anti-ssDNA antibodies 
should be able to bind to bases, nucleotides, 
oligonucleotides and sugar-phospate backbone 
[16]. Commercially available are also antibodies 
against DNA adducts such as those with cispla-
tin [17]. The combination of suitable antibodies 
can help identify the secondary structures of 
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1. Introduction 
Antibodies represent a specialized glycopro-

tein group and form the main base of vertebrate 
immune system. There are 5 immunoglobulin 
classes in mammalian serum: IgG, IgM, IgA, 
IgD and IgE [1]. In avian species the immuno-
globulins G are replaced by highly functionally 
similar immunoglobulins Y and there are also 
IgA and IgM present [2]. Antibodies are often 
used in variety of applications, including ELISA 
for the detection of various analytes [3], virions 
[4] or tumor markers [5], cell capture for sub-
sequent analysis [6] and magnetic immunose-
paration [7,8]. For bulk production, antibodies 
extracted from chicken egg yolks immunized 
with the specific antigen are often used [9]. 

Anti-DNA antibodies were first discovered in 
1957 [10] and they can bind to single stranded 

The anti-DNA antibodies are produced in patients with autoimmune disease called systemic 
lupus erythematodes. They can be reactive against double or single stranded DNA or DNA 
modified with some other molecules. Using the variety of antibodies it is possible to determine 
the structure of studied DNA. In this work, we used 4 anti-DNA antibodies produced in egg yolk 
after immunization of hens with DNA-mBSA antigen – anti-dsDNA, anti-ssDNA, afi-dsDNA 
and afi-ssDNA. The reactivity of these antibodies was evaluated using the dot blot method 
with different lengths and concentrations of DNA antigen. The most reactive antibodies 
(anti-ssDNA) were modified with carbon quantum dots synthesized from multiwall carbon 
nanotubes and this modification was verified by ELISA-like method with fluorescent detection 
and fluorescence resonance energy transfer between DNA and quantum dots was observed, 
increasing the sensitivity of the DNA detection.

Article  



103

DNA [18].
To enhance the antigen detection limit it is 

possible to label the antibodies with highly 
fluorescent nanoparticles such as quantum dots 
(QDs) [3]. QDs have unique fluorescent charac-
teristics, including wide absorbance spectrum 
with narrow emission spectrum, high quantum 
yield or excellent photostability [19]. They are 
usually formed by a semiconductor crystals, 
such as CdTe, CdS or ZnS, but they can also be 
prepared from carbon materials with polymer 
coating [6]. These materials include nanodia-
monds [20], graphene [21], 
graphite [22], single- and 
multi-wall carbon nanotubes 
[23], citric acid [24] or sucro-
se [25]. The prepared carbon 
quantum dots usually show 
high fluorescence under UV 
light [26].

In this work, we studied 
anti-DNA antibodies pro-
duced in chicken egg yolks 
as a tool for DNA structure 
detection. We used four dif-
ferent anti-DNA antibodies: 
anti-dsDNA, afi-dsDNA, anti-ssDNA and afi-
-ssDNA. Their reactivity towards various sized 
DNA molecules was evaluated using dot blot 
method. The successful modification of anti-
-DNA antibodies with carbon quantum dots 
was determined by ELISA-like method with 
fluorescent detection.   

2. Results and Discussion
2.1 The reactivity of anti-DNA antibodies 
and DNA of different lengths

The reactivity of 4 different types of anti-DNA 
antibodies (anti-dsDNA, afi-dsDNA, anti-ssDNA 
and afi-ssDNA) to different lengths of double 
and single stranded DNA was evaluated using 
the dot blot assay on Zeta Probe membrane 
with high affinity to DNA. 6 different DNA 
samples were immobilized on the membrane 
in the order described in Fig. 1A – double and 
single stranded oligonucleotide (12 bp), double 
and single stranded DNA fragment (498 bp) 
and double and single stranded genomic DNA 

from bacteriophage λ (48502 bp). To determine 
which part of DNA serves as an antigen for anti-
-DNA antibodies, we used two concentrations 
of different DNA lengths – the same molar 
concentration (15 nM, Fig. 1B) and same mass 
concentration (100 μg/mL, Fig. 1C). The anti-
bodies used were produced in chicken egg yolk 
after hen immunization. Anti-chicken antibody 
labeled with horseradish peroxidase was used 
for colorimetric detection of antibody-DNA 
binding. Table 1 shows the quantification of 
the observed bands intensity

Figure 1: The dot blot assay for evaluation of antibo-
dy reactivity with single and double stranded DNA of 
different length.  (A) The sample order on Zeta Pro-
be membrane. (B) Dot blot assay with 15 nM DNA 
and 22 μg/mL of antibodies. (C) Dot blot assay with
100 μg/mL of DNA and 22 μg/mL of antibodies.

None of the tested antibodies were able to bind 
to oligonucleotides, either single stranded or 
double stranded. The anti-dsDNA antibody was 
able to bind to double stranded DNA fragment 
and both double and single stranded genomic 
DNA. With the same molar concentrations of 
DNA, the anti-dsDNA antibody bound most 
to the double stranded genomic DNA and the 
binding to double stranded DNA fragment 
and single stranded genomic DNA was similar. 
However, with the same mass concentrations 
of used DNA, the anti-dsDNA antibody bound 
equally to all three of these samples. From these 
results, it can be concluded that this antibody 
probably binds to the DNA mass (i.e. certain 
number of bases), not to a special part of DNA 
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Table 1: The colorimetric intensity quantification of dot blot assay.
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molecule. The afi-dsDNA was prepared by affi-
nity purification of anti-dsDNA antibodies. This 
antibody was able to bind only to the double 
stranded genomic DNA, it was non-reactive to 
any shorter or single stranded DNA.

The anti-ssDNA antibody was the most re-
active, it was able to bind to both single and 
double stranded DNA fragment and genomic 
DNA. With the same molar concentrations of 
DNA, the antibody bound most equally the 
double stranded DNA fragment and single st-
randed genomic DNA. The reactivity to single 
stranded DNA fragment was poor. With the 
same mass concentrations of DNA, the antibody 
equally bound to double stranded DNA frag-
ment and single and double stranded genomic 
DNA. There was no reactivity to single stran-
ded DNA fragment. Overall, the anti-ssDNA 
antibody is more reactive to double stranded 
DNA than single stranded which can be caused 
by the immunization process during which 

the single stranded DNA can form double 
strands with its complementary molecules. 
The afi-ssDNA was prepared in a similar way 
to the afi-dsDNA. With the same molar con-
centrations of DNA, this antibody bound to 

double stranded DNA fragments and single 
and double stranded genomic DNA, but in 
the case of same concentrations of DNA, the 
afi-ssDNA antibody bound only to double 
stranded DNA fragment and genomic DNA. 
These antibodies probably bind to some part 
of DNA molecule, but the reactivity is also 
dependent on the DNA mass.

2.2 Characterization of carbon quantum 
dots

The most reactive antibodies (anti-ssDNA) 
were subsequently modified with carbon 
quantum dots synthesized from multiwall 
carbon nanotubes (MWCNT-CQDs). Fig. 2A 
shows these quantum dots under ambient 
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Figure 2: The characterization of MWCNT-CQDs. (A) Visualization under ambient 
and UV (254 and 312 nm) light. (B) Absorbance spectrum of MWCNT-CQDs. (C) The 
fluorescence spectra of MWCNT-CQDs after various excitation wavelength.
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and UV (254 and 312 nm). Fig. 2B shows the 
absorbance spectrum of MWCNT-QDs. The 
absorption of these quantum dots is the highest 
for light of smaller wavelengths (UV light). Ho-
wever, their fluorescence intensity increased in 
dependence to the increasing excitation wave-
length with the excitation maximum at 330 nm. 

2.3  Modification of anti-DNA antibodies 
with carbon quantum dots

These quantum dots were used for the modifi-
cation of anti-ssDNA antibodies. The successful 
modification was verified by ELISA-like method 
with fluorescent detection (Fig. 3). The double 
stranded DNA fragments were immobilized 
on the surface of microtiter plate well and the 
rest of the surface was blocked by milk powder 
in PBS. The samples were then incubated with 
antibodies with and without MWCNT-QDs 
modification and excess molecules of antibodies 
were removed by washing. The fluorescence 
of MWCNT-QDs was measured using their 
excitation maximum at 330 nm. Antibodies 

with no MWCNT-QDs modification (Fig. 3A) 
showed no fluorescence using this excitation. 
In case of antibodies modified with MWCNT-
-QDS there was very low fluorescence observed 
and only with the highest DNA concentration 
(100 μg/mL) (Fig. 3B). However, high fluo-
rescence was observed with the excitation at 

230 nm. This fluorescence was observed in sam-
ples with antibodies without the MWCNT-QDs 
modification (Fig. 3C) as well as antibodies 
with MWCNT-QDs (Fig. 3D). However, the 
fluorescence was 4 times higher in the case of 
anti-ssDNA modified with MWCNT-QDs than 
unmodified antibodies and it increased with 
the increasing DNA concentration linearly. This 
difference between the fluorescence of carbon 
quantum dots and antibodies modified with 
carbon quantum dots bound to DNA can be 
probably explained by fluorescence resonance 
energy transfer between the DNA, antibodies 
and carbon quantum dots.

Dostalova et al.



106

3. Experimental Section 
3.1 Chemicals 

All chemicals of ACS purity were obtained 
from Sigma-Aldrich (St. Louis, MO, USA) un-
less otherwise stated. Deionized water under-
went demineralization by reverse osmosis 
using the instrument Aqua Osmotic 02 (Aqua 
Osmotic, Tisnov, Czech Republic) followed by 
further purification using Millipore RG (Milli-
pore, Billerica, MA, USA, 18 MO)–MiliQ water. 
The pH was measured using WTW inoLab pH 
meter (Weilheim, Germany).

3. 2  dsDNA and ssDNA preparation 
3 different lengths of DNA were used as samp-

les for evaluation of antibody reactivity – geno-
mic DNA (48502 bp), DNA fragment (498 bp) 
and oligonucleotides (12 bp). Genomic DNA 
isolated from bacteriophage λ was purchased 
from New England Biolabs (Ipswitch, MA, 
USA). From this DNA, xis gene fragment was 

amplified using Taq PCR kit purchased from 
New England Biolabs (Ipswitch, MA, USA) and 
primers synthesized by Sigma-Aldrich (St. Lou-
is, MO, USA) with the sequence 5́ -CCTGCTCT-
GCCGCTTCACGC-3´ for forward primer and 
5 -́TCCGGATAAAAACGTCGATGACATTT-
GC-3´ for reverse primer. The reaction mixture 
(100 μL) composed of 1× standard Taq reac-
tion buffer; 0.2 μM deoxynucleotide solution;
0.2 μM of each primer; 6.25 U of Taq DNA po-
lymerase and 750 ng DNA. PCR took place in 
Mastercycler ep realplex4 S (Eppendorf, New 
Brunswick, Germany) and the cycling condi-
tions were as follows: denaturation for 120 s at 
95 °C; 30 cycles of denaturation for 15 s at 95 °C, 
annealing for 15 s at 64 °C and elongation for 
45 s at 72 °C with a final elongation for 5 min at 
72 °C. Obtained DNA fragments were purified 
using MinElute PCR Purification Kit (Qiagen, 
Hilden, Germany) and their concentration was 
determined spectrophotometrically (Analytic 
Jena, Jena, Germany). The oligonucleotide se-

Figure 3: Modification of anti-DNA antibodies with MWCNT-CQDs determined by ELISA-like method 
with fluorescent detection. (A) Fluorescence spectra (excitation wavelength 330 nm) of microtiter plate 
wells coated with DNA fragment after incubation with anti-ssDNA antibodies. (B) Fluorescence spectra 
(excitation wavelength 330 nm) of microtiter plate wells coated with DNA fragment after incubation 
with anti-ssDNA antibodies modified with MWCNT-CQDs. (C) Fluorescence spectra (excitation wave-
length 230 nm) of microtiter plate wells coated with DNA fragment after incubation with anti-ssDNA 
antibodies. (D) Fluorescence spectra (excitation wavelength 230 nm) of microtiter plate wells coated 
with DNA fragment after incubation with anti-ssDNA antibodies modified with MWCNT-CQDs.
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quences were 5́ -ATGGAATGCAGG-3́  (O1) and 
5́ -CCTGCATTCCAT-3´ (O2), respectively and 
they were synthesized by Sigma-Aldrich (St. 
Louis, MO, USA). 

To produce double stranded oligonucleoti-
des, O1 and O2 were mixed in 1:1 molar ratio, 
heated at 99 °C for 4 min and slowly cooled to 
room temperature to enable the formation of 
double strand. To dissolve double stranded 
DNA fragment and genomic DNA and produce 
single stranded DNA, the samples were heated 
at 99 °C for 4 min, shock-cooled on ice to pre-
vent the re-formation of double stranded DNA 
and immediately used for subsequent analysis. 

3.3 Preparation of antibodies
Chicken anti-DNA antibodies were prepa-

red by HENA (Prague, Czech Republic). Hens 
were immunized with DNA-mBSA complex 
and IgY fraction reactive to DNA-mBSA was 
obtained from egg yolk. The antibodies were 
stabilized with 0.1% NaN3 in PBS and protein 
concentration was 38.8 mg/mL in immuno-
globulin fraction for anti-dsDNA, 30.1 mg/mL 
for anti-ssDNA, 29.2 mg/mL for afi-dsDNA and 
22.2 mg/mL for afi-ssDNA. For the analysis, 
antibodies were diluted with antibody dilu-
tion buffer containing 1 mg/mL BSA in PBS 
(137  mM NaCl, 2.7 mM KCl, 1.4 mM NaH2PO4, 
and 4.3 mM Na2HPO4, pH 7.4) to a concentra-
tion of 22 μg/mL.

3.4 Dot bot assay
2 μL of the DNA samples (15 nM or 

100 μg/mL) were immobilized on a Zeta Pro-
be membrane (Bio-Rad, Hercules, CA, USA) 
and dried at 37 °C in an incubator Galaxy 14S 
(Eppendorf, New Brunswick, Germany). The 
membrane was blocked for 30 min during ro-
tation at 40 rpm (Multi RS-60, Biosan, Riga, 
Latvia) in a blocking buffer containing 1% milk 
powder in PBS. The solution was replaced by 
primary antibodies (anti-dsDNA, afi-dsDNA, 
anti-ssDNA or afi-ssDNA antibody). The mem-
brane was incubated with antibodies for 1 h at 
room temperature during rotation and then 
washed with PBS with 0.05% Tween 20 (PBS-T). 
The secondary antibodies labeled with horsera-
dish peroxidase (Dako, Glostrup, Denmark) in 

dilution of 1:1500 in dilution buffer were added 
to the membrane and incubated for 1 h during 
rotation.  Visualization in chromogenic sub-
strate followed after washing with PBS-T. The 
membrane was immersed in the solution com-
posed of substrate buffer (0.5 M acetate buffer, 
pH 5.4), 0.4 mg/mL 3-amino-9-ethylcarbazole 
and hydrogen peroxide in the ratio 1000:10:1. 
The assay was performed according to [27]. 
Mean intensity of the color was quantified by 
Carestream Molecular Software (Rochester, 
NY, USA) in each spot and the color of the bac-
kground was deducted.

3.5 Multiwall carbon nanotubes-
based CQDs (MWCNT-CQDs) 
preparation and characterization

MWCNT (0.1 g) were heated in 3:1 mixture of 
H2SO4 : HNO3 (10 ml) under reflux at 140 ºC for 
8 h. After cooling acetone (10 ml) was added. 
The mixture was left overnight and Na2CO3 
(10.6 g) in water (80 ml) was added with sti-
rring. Brown oily viscous liquid was collected 
on the bottom of the tube after centrifugation 
(25000 rpm, 20 min, 20 ºC). Aqueous layer was 
used for fluorescence measurement. Absorban-
ce and fluorescence spectra were measured 
using the TECAN microtitration plate reader 
Infinite 200 PRO (Männedorf, Switzerland) 
using 100 μL of the sample in the UV transpa-
rent 96-well plate. Each absorbance value is an 
average of 5 measurements.

3.6 Modification of anti-DNA 
antibodies with MWCNT-CQDs and 
ELISA-like verification method

25 μL of MWCNT-CQDs  was mixed with  
5 μL of anti-ssDNA antibodies (1.4 mg/mL) and   
75 μL of water and incubated for 2 h at 20 °C 
during rotation at 60 rpm. 50 μL of DNA frag-
ment (100 μg/mL) was pipetted on microtiter 
plate well and incubated at 37 °C for 2 h. The rest 
of the well surface was blocked for 30 min with 
a blocking buffer containing 1% milk powder 
in PBS. The solution was replaced by 100 μL of 
anti-ssDNA antibodies modified with MWCNT-
-CQDs and incubated at 37 °C for 1 h and then 
washed three times with water. Visualization 
was performed by absorbance and fluorescence 
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spectra measurement using TECAN microtitra-
tion plate reader Infinite 200 PRO (Männedorf, 
Switzerland) in 100 μL of water.

4. Conclusions 
In this work, the reactivity of anti-DNA antibo-

dies was evaluated using the dot blot method. 
The antibodies were subsequently modified with 
carbon quantum dots and used in an ELISA-
-like DNA detection method with fluorescent 
detection. Using this approach it is possible 
to increase the sensitivity of DNA immuno-
-based detection and eliminate the need to use 
secondary antibodies labeled with HRP in these 
methods. Moreover, using the combination of 
different anti-DNA antibodies it is possible to 
determine different DNA structures. 
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mentation [6-8]. The portable devices moreover 
allow the in situ analyses, which have number 
of advantages such as obtaining the data in real 
time, lowering the time of the analysis as well as 
its costs. Especially in cases where the detection 
site is difficult to reach, the remote-controlled 
analyzers are beneficial. Stratosphere is one of 
these hard-to reach places and therefore stra-
tospheric or space research is a new challenge 
for these devices [9]. Nowadays, balloons are 
a main tool for stratospheric in situ research 
mostly focused on the stratosphere compositi-
on. In case that balloon is above the ozone layer, 
nearly the same radiation as in free space affects 
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1. Introduction 
Measurement of molecular fluorescence is 

one of the most sensitive methods to detect 
the signal of interest. It can be realized in nu-
merous arrangements including flow-throu-
gh geometry (i. e. chromatography, capillary 
electrophoresis) [1,2], imaging and microscopy 
[3,4], however the most commonly used is the 
stationary fluorescence spectrometry [5]. The 
diversity of the detectors is based on several 
factors such as light source and/or geometry 
of the detection cell. Currently, the utilization 
of the light emitting diodes as a light source is 
a trend enabling miniaturization of the instru-

Using of 3D printing technology (acrylonitrile butadiene styrene as material) stratospheric 
probe (SP) was developed for the purpose of this experiment. Fluorescent behavior of carbon 
quantum dots (CQDs) in concentration range 0-32 mg.ml-1 was monitored by stratospheric 
probe and classical fluorescence spectroscopy. Balloon flight lasted 120 minutes. During this 
time it traveled 90 km. At a height of approximately 40 km there was a rupture of balloon. 
Thanks to a parachute SP landed in a controlled manner in the wood in the cadastral area of 
municipality Brusnica (Slovak Republic). It was found that the fluorescence intensity of CQDs 
changed slightly before and after the flight, however this was caused by the CQDs instability 
and not by the detector design.
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Figure 1: (A) 3D printer with detection part of probe. (B) 3D model of stratospheric probe 
detection part.

the balloon. This fact is used to test durability 
of space materials in cheap way [10]. Ghysels 
et al. used optical sensor carried by balloon to 
quantify amount of carbonic dioxide in upper 
parts of troposphere and stratosphere [11]. 
Photometric quantification was also used to 
quantify vertical distribution of oxides of bro-
mine [12]. However, to our knowledge, no fluo-
rimetric device has been used in stratospheric 
conditions so far.

To monitor the behavior of the detector above 
the ground, carbon quantum dots (CQDs) can 
be employed. CQDs are new type of nanoma-
terial. They retain portion of bulk material 
properties and gain new, which arise from their 
nanometer diameter. They are biocompatible 
and possess chemical inertness and low toxi-
city [13]. The importance of CQDs is reflected 
in their electronic, mechanical, chemical and 
optical properties. All of these properties allow 
using CQDs in different fields of research such 
as catalysis, sensing, bioimaging, tissue engi-
neering, optoelectronic and electronic devices 
[14-16]. The fluorescent labeling of DNA using 
nanoparticles enables DNA to be observable in 
in vivo  or in vitro experiments [17]. 

The aim of this work was to test the fluorescen-
ce analyzer made by 3D printer in stratospheric 
conditions. For testing of this stratospheric 
equipment 0-32 mg.ml-1 CQDs were used. Tes-
ting was performed prior and after the return 
of stratospheric probe from the stratosphere

2. Results and Discussion
2.1 Miniaturized fluorescence analyzer

 The analyzer was composed mostly from parts, 
fabricated using 3D printing technology, Fig. 1 
A. These parts are good heat insulators due to use 
of fused deposition modeling technology of 3D 
printing. The other advantages of 3D printing 
are speed of fabrication, which also enables 
fast testing of prototypes. The final shape of the 
probe was cylindrical with diameter 26 cm, high 
28 cm and weight 2200 g. Servomotors were 
used to eject the samples out from the probe. 
The detection part of the probe includes a light 
emitting diode (LED) source of radiation of 
wavelength 245 nm (Fig. 1 B-a), photomultiplier 
suitable for these measurements with optical 
filter, Fig. 1 B-c,d. Temperature of this part of 
the probe is stabilized. Heaters and temperature 
sensors maintain the proper temperature. 
The detection is based on irradiation of 
the sample (Fig. 1 B-e) using luminescent 
diode and detection of emission intensity
(λ = 450 nm). The stratospheric probe contained 
two UV cuvettes with solution (1 ml) containing 
CQDs/DNA conjugate. One cuvette was ejected 
to outer environment regularly, where it was 
exposed to UV irradiation. The second reference 
cuvette stayed within probe. Experimental data 
were transferred on-line to computer in control 
center. 
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Figure 2: (A) 3D model of flight computer Julo-X 
and its real photo (Aa). B) Schematic illustration of 
miniaturized fluorescence analyzer connected with 
Julo-X.
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2.2 Flight computer - Julo-X
The board, which is connected with Julo-X 

(flight computer was developed by SOSA, Fig. 
1 A and 1 Aa) included 7 power outputs for he-
ating elements, 10 temperature sensors, high 
voltage source for powering the photomultiplier 
tube (PMT), LED current driver for the ope-
rating point stabilization, SD card storage for 
all of data and three current measurements on 
servo1, servo2 and PMT output.  ATmega128 
was employed as the micro control unit. For the 
temperature measurement was chosen because 
of easy connection to MCU. The power on servos 
was detected and from this data, the load of de-
vices was derived. Julo-X recorded outside tem-
perature, humidity, pressure, GPS position and 
altitude and sent them into ground PC. Before 
stratospheric launch was Julo-X (Fig. 1 A and 1 
Aa) connected with miniaturized fluorescence 
analyzer, Fig. 1B. Finally, the stratospheric 
probe was wrapped in a thermal protection 
layer and attached to parachute and balloon.

2.3 Launch of stratospheric probe
The proposed detector was implemented to the 

platform Julo-X (flight computer) and released 
to stratosphere using balloon filled with helium. 
Prior to the launch of stratospheric probe, the 
last tests of communication between the pro-
be and the control center were done, Fig. 3 A. 
Subsequently, the stratospheric balloon was 
filled with helium (Fig. 3 B) from the storage 
bomb. SP was launched 12. 9. 2014 at 7:30 a.m. 
from the airport situated in the Spišská Nová 
Ves (Slovak republic). Balloon flight lasted 120 
minutes. During this time, it traveled 90 km. 
At a height of approximately 40 km there was 
a rupture of the balloon. Thanks to a parachute 
SP landed in a controlled manner in the wood 
in the cadastral area of municipality Brusnica 
(Slovak Republic). Thanks to radio and GPS 
module spacecraft was found, Fig. 3 C. 

2.4 Verification of fluorescence 
functionality the stratospheric probes

Water soluble CQDs were prepared according 
to the general method reported by Wang et 
al. [18]. Fluorescent activity of 0-32 mg.ml-1 
CQDs was determined by stratospheric pro-
be. The intensity of fluorescence was recorded 
before the flight into the stratosphere in field 
conditions (Fig. 4 A-a) and subsequently after 
completion of the flight, Fig.4 A-b. It was found 
that the fluorescent signal of CQDs after com-
pletion of the flight was decreased compared 
to that before the flight. The same analysis 
was also performed using fluorescence ana-
lyzer Infinite M 200 pro, Fig 4 B-a (before the 
flight in the laboratory conditions) and Fig. 4 
B-b (after flight in laboratory conditions). The 
fluorescent signals of CQDs were also lower. 
From these results, it can be concluded that the 
decrease in the fluorescence signals of CQDs 
was not caused by the construction faults of 
the fluorescence analyzer, but probably by 
the instability of CQDs in time.  In this way, 
it was verified that the fluorescent analyzer 
manufactured by 3D printer could be used in 
stratospheric environment. 
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Figure 3:  (A) Test of communication between the stratospheric probe and the control center. 
(B) Filling of latex balloon with helium.  (C) Localization of the stratospheric probe by radio 
signal.

Figure 4:  (A) Fluorescent activity of 0-32 mg.ml-1 CQDs determined by stratospheric probe a) 
before launch, b) after landing probe.  (B) Fluorescent activity of 0-32 mg.ml-1 CQDs determined 
by fluorescence analyzer a) before launch in the laboratory, b) after landing probe in the labo-
ratory.
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3. Experimental Section 
3.1 Chemicals and materials

    All the reagents were purchased from Sig-
ma-Aldrich (St. Louis, MO, USA) in ACS purity, 
unless noted otherwise. Deionized water under-
went demineralization by reverse osmosis using 
Aqua Osmotic 02 (Aqua Osmotic, Tisnov, Czech 
Republic) and was subsequently purified using 
Millipore RG (MiliQ water, 18 MW, Millipore 
Corp.,  Billerica, Massachusetts, USA).

3.2 Synthesis and characterization of CQDs 
The preparation of water soluble CQDs was 

carried out following the protocol of Wang et 
al [19]. The fluorescence of resulting CQDs was 
measured using multifunctional microplate 
reader Tecan Infinite 200 PRO (Tecan group 
Ltd. Männedorf, Switzerland) [20]. The average 
particle size and size distribution were deter-
mined by quasielastic laser light scattering 
with a Malvern Zetasizer (NANO-ZS, Malvern 
Instruments Ltd., Worcestershire, U.K.). Nano-
particles/distilled water solution (1 mg.mL-1) 
was put into a polystyrene latex cell and measu-
red at a detector angle of 173°, a wavelength of 
633 nm, a refractive index of 0.30, a real 
refractive index of 1.59, and a temperature 
of 25 °C. 

3.3 Construction of miniaturized 
fluorescence analyzer by 3D printer

Rest of the probe was crafted on Profi 3D 
maker (3DFactories, Straznice, Czech Repub-
lic) by using acrylonitrile butadiene styrene. 
All parts of the device were changeable. The 
advantage in 3D printing technology is the 
short time of production and designing the 
model in CAD software Solidworks (Dassault 
Systèmes SolidWorks Corp., a subsidiary of 
Dassault Systèmes, S. A. (Vélizy, France) where 
the components were tested for noncollision in 
final assembly.

3.4 fluorescence spectroscopy
Fluorescence spectra were acquired by mul-

tifunctional microplate reader Tecan Infinite 
200 PRO (TECAN, Männedorf,Switzerland). 
Briefly, 50 µL of sample CQDs was placed in a 
transparent 96 well microplate with flat bottom 

by Nunc (Thermo Scientific,Waltham, USA). 
245 nm was used as an excitation wavelength 
and the fluorescence scan was measured with 
the range from 585 to 800 nm per 2-nm steps. 
Each intensity value was an average of three 
measurements. The detector gain was set to 100. 

 4. Conclusions
The developed concept was used to construct 

of fluorescence detector, which was carried 
to stratosphere by balloon. The detector was 
also tested after return to ground. The succe-
ssful functioning of the SP under stratospheric 
conditions was verified and the applicability of 
3D printing technology for the stratospheric 
detection devices was confirmed
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