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Abstract:

This habilitation thesis is a commented collection of 11 selected peer-reviewed scientific
papers that deals with combination of nanomaterials with powerful and well-established
analytical method — capillary electrophoresis (CE). Such combination is beneficial for both
of these sides since CE is able to characterize properties of nanomaterials in terms of size,
charge or interaction with other compounds and on the other hand, nanomaterials are
applicable for improvement of CE performance both separation resolution as well as

detection sensitivity.

Abstrakt:

Tato habilitacni prace je komentovanym souborem 11 vybranych recenzovanych publikaci
zamétenych na kombinaci vyhod nanomateriali se schopnostmi vysoce u¢inné analytické
metody — kapilarni elektroforézy (CE). Toto spojeni oboustranné vyhodné, protoze CE
umoziuje charakterizovat nanomateridly z pohledu velikosti, naboje nebo interakci
s jinymi molekulami a na druhou stranu, nanomaterialy lze vyuzit pro zlepSeni vlastnosti

CE jak z pohledu zlep$eni separa¢niho rozliSeni tak zvyseni detek¢ni citlivosti.

Key words: nanotechnologies, nanomaterials, nanoparticles, separation techniques
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1 Introduction

Nanotechnology is a quickly developing area of science. Due to an outstanding lecture
given by Richard P. Feynman in 1959, giving the vision that science and technology can be
based on nanoscale, this year can be marked as turning-point in scientific history.
However, already Michael Faraday in 1857, observed characteristic behavior of gold
nanoparticles in aqueous solution. Yet, the oldest known application of nanomaterials
would probably be the creation of Lycurgus Cup (5" - 4™ century B.C.). Such cup was
made from so-called “gold-ruby glass” contained gold nanoparticles (5-60 nm) causing the
color change based on the way of illumination. The glass appeared green in reflected light

and red when light was transmitted from inside.

The thigh connections between nanotechnology and physical chemistry can be found
through such great names as Albert Einstein with his Brownian motion theory and/or

Nobel prized Jean-Baptiste Perrin.

Nowadays, nanoparticles can be found everywhere from computers through house
facades coatings to clothing and cosmetics. They have their place in medicine as well as in
agriculture. Their benefits are indisputable including the advantages provided for
improvement of conventional, well-established methods and techniques. In the future,
however, the excessive use of nanomaterials may become problematic. Therefore,
powerful procedures have to be implemented, not only for the detailed characterization of
the properties of the produced nanoparticles but also for their sensitive detection in the

environment.

There is always more than one point of view. Therefore, this thesis is trying to look
at the symbiosis of nanomaterials and capillary electrophoresis from two perspectives —
analysis and characterization of nanomaterials and their exploitation for improved

performance of a well-known method.



1.1 Structure of the thesis

The thesis is presented as a collection of selected peer-reviewed scientific papers
published between years 2011 and 2017. Since all discussed publications are attached, in
following text 1 am discussing only main achievements and general conclusions. The

included articles are referred to as “article X”

1.2 Personal commentary

During my PhD studies | was introduced to the field of electromigration techniques,
especially capillary electrophoresis. | realized that this family of methods is extremely
powerful when used properly (as every method). Its flexibility allows for its application for
analysis of analytes ranging from ions and small molecules through smaller or bigger
biomolecules including large proteins and nucleic acids to cellular compartments, viruses,

whole cells (both prokaryotic and eukaryotic), and even nano- and microparticles.

However, | have realized that even though the method is so powerful, there are still
some instrumental improvements, which can be done to enable even broader flexibility and
applicability. These improvements include combination of detection modalities as well as
development of alternative light sources for fluorescence detection. Some of these
shortcomings were addressed in publications included in my PhD thesis [1-4] and even
though my current work is based on these publications and | still draw information and
knowledge from what | have learnt during the my PhD studies, | have realized that present
trend of nanotechnologies, nanomaterials, and nanomedicine together with abilities of

capillary electrophoresis may create an efficient combination benefiting both sides.

First, capillary electrophoresis may provide excellent way of nanoparticle
characterization, synthesis quality control, and batch-to-batch preparation check-up
including polydispersity monitoring and interaction determination. Second, nanomaterials
not only due to their large surface area, but also due to the optical and electronic properties
may benefit to capillary electrophoresis by improving/enhancing the separation resolution
as well as detection sensitivity either as stationary/pseudo-stationary phases or labels
enabling fluorescent, chemiluminescent or electrochemical detection. Finally, the in-



capillary environment is even suitable for low-volume nanoparticle preparation with on-

line characterization for green-chemistry applications.

My postdoctoral work at both Dublin City University as well as at Mendel
University in Brno was focused on development and application of capillary
electrophoretic method. Through this work, I was able to build a scientific group
(Laboratory of Bioanalysis and Imaging) at the Department of Chemistry and
Biochemistry of Mendel University in Brno currently accommodating 2 postdoctoral

researchers, 2 PhD students, 1 Master and 7 Bachelor students.

1.3 Author’s contribution

Currently, under my ORCID (0000-0002-6771-1304) combining my maiden name
(Ryvolova) and married name (Vaculovicova), one can find 98 hits at Web of Science
database including 60 journal articles, 14 reviews, 21 conference proceedings and 1
editorial material. From these | have chosen 7 experimental articles and 4 reviews that |
believe present pieces in the puzzle aiming at mapping the benefits of utilization of
capillary electrophoresis for investigation in the field of nanotechnologies or

nanomedicine.

The following summary is giving an overview of my contribution to the selected
works with special attention to amount of performed experiments, supervision of students,

definition of research direction, and my contribution to manuscript preparation.

1) Stanisavljevic M, Krizkova S, Vaculovicova M, Kizek R, Adam V. Quantum dots-

fluorescence resonance energy transfer-based nano-sensors and their application. Biosens
Bioelectron 2015;74:562-574.

Experimental work/Literature analysis 30%

Manuscript preparation 30%

Supervision 100%

Research direction 90%



2) Dostalova S, Cerna T, Hynek D, Koudelkova Z, Vaculovic T, Kopel P, Hrabeta J, Heger
Z, Vaculovicova M, Eckschlager T, Stiborova M, Adam V. Site-directed conjugation of

antibodies to apoferritin nanocarrier for targeted drug delivery to prostate cancer cells.
ACS Appl Mater Interfaces 2016;8(23):14430-14441.

Experimental work/Literature analysis 30%

Manuscript preparation 30%

Supervision 50%

Research direction 70%

3) Dostalova S, Vasickova K, Hynek D, Krizkova S, Richtera L, Vaculovicova M,

Eckschlager T, Stiborova M, Heger Z, Adam V. Apoferritin as an ubiquitous nanocarrier
with excellent shelf life. Int J Nanomed 2017;12:2265-2278.

Experimental work/Literature analysis 30%

Manuscript preparation 30%

Supervision 30%

Research direction 30%

4) Konecna R, Nguyen HV, Stanisavljevic M, Blazkova I, Krizkova S, Vaculovicova M,
Stiborova M, Eckschlager T, Zitka O, Adam V, Kizek R. Doxorubicin Encapsulation

Investigated by Capillary Electrophoresis with Laser-Induced Fluorescence Detection.
Chromatographia 2014 Nov;77(21-22):1469-1476.

Experimental work/Literature analysis 50%

Manuscript preparation 80%

Supervision 80%

Research direction 70%

5) Janu L, Stanisavljevic M, Krizkova S, Sobrova P, Vaculovicova M, Kizek R, Adam V.

Electrophoretic study of peptide-mediated quantum dot-human immunoglobulin
bioconjugation. Electrophoresis 2013;34(18):2725-2732.

Experimental work/Literature analysis 30%

Manuscript preparation 90%

Supervision 50%

Research direction 60%



6) Ryvolova M, Chomoucka J, Janu L, Drbohlavova J, Adam V, Hubalek J, Kizek R.
Biotin-modified glutathione as a functionalized coating for bioconjugation of CdTe-based
quantum dots. Electrophoresis 2011 Jun;32(13):1619-1622.

Experimental work/Literature analysis 60%

Manuscript preparation 80%

Supervision 50%

Research direction 50%

7) Stanisavljevic M, Chomoucka J, Dostalova S, Krizkova S, Vaculovicova M, Adam V,

Kizek R. Interactions between CdTe quantum dots and DNA revealed by capillary
electrophoresis ~ with  laser-induced  fluorescence  detection.  Electrophoresis
2014;35(18):2587-2592.

Experimental work/Literature analysis 60%

Manuscript preparation 40%

Supervision 80%

Research direction 90%

8) Adam V, Vaculovicova M. Nanomaterials for sample pretreatment prior to capillary
electrophoretic analysis. Analyst 2017;142(6):849-857.

Experimental work/Literature analysis 100%

Manuscript preparation 90%
Supervision 80%

Research direction 90%

9) Adam V, Vaculovicova M. Capillary electrophoresis and nanomaterials - Part I:

Capillary electrophoresis of nanomaterials. Electrophoresis 2017 Oct;38(19):2389-2404.
Experimental work/Literature analysis 100%
Manuscript preparation 90%
Supervision 80%

Research direction 90%

10) Adam V, Vaculovicova M. CE and nanomaterials — Part Il: Nanomaterials in CE.
Electrophoresis 2017 Oct;38(19):2405-2430.
Experimental work/Literature analysis 100%
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Manuscript preparation 90%
Supervision 80%

Research direction 90%

11) Nejdl L, Zitka J, Mravec F, Milosavljevic V, Zitka O, Kopel P, Adam V,
Vaculovicova M. Real-time monitoring of the UV-induced formation of quantum dots on
a milliliter, microliter, and nanoliter scale. Microchim Acta 2017;184(5):1489-1497.

Experimental work/Literature analysis 10%
Manuscript preparation 80%
Supervision 80%

Research direction 50%

List of abbreviations:

ACE - affinity capillary electrophoresis

CE — capillary electrophoresis

EDC - N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride

Fab — antigen-binding region of antibody

Fc — region of antibody ensuring the communication with the other components of the
immune system

FRET — Forster resonance energy transfer

QDs - quantum dots
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2 Nanotechnologies, nanomaterials and nanomedicine

2.1 Nanotechnologies

The term “Nanotechnology” was used in 1974 by Taniguchi and since that time it is used
for the scientific field where sizes from 0.1 to 100 nm play a crucial role. In the nano
range, gravity presents less an issue, however the strength of materials is more important
and also quantum size effect matters. The unique optical, electronic, thermal features and
chemical properties of nanomaterials as well as the ability to be chemically modified are
coming from their small dimensions and high ratios of surface to volume. Therefore,
nanomaterials found their applications in numerous scientific areas including physics and
engineering, however lately also in natural sciences including chemistry, biology and
medicine. Although nanomaterials are affecting various scientific fields, they are
approached differently. From the chemistry point of view, this field has historically been
related with colloids, micelles and/or polymers - typically, very large molecules, or
molecular aggregates. More recently, structures such as fullerenes, nanofibers, and
semiconductor quantum dots have been included in the group of particularly interesting
classes of nanostructures. In physics and electrical engineering, nanoscience is usually
related to quantum behavior and electrons and photons. Biology and biochemistry are also
interested in nanostructures as cell compartments; number of interesting biological
structures such as DNA, subcellular organelles and/or viruses can be labeled as

nanostructures [5-7].

2.2 Nanomaterials

“Nanomaterials” is a general name covering a large collection of compounds. Commonly
accepted definition is that a nanomaterial is “any material that has an average particle size
of between 1 and 100 nanometers.” Meanwhile, the definition given by The European
Commission states that nanomaterial as “a natural, incidental or manufactured material
containing particles, in an unbound state or as an aggregate or as an agglomerate and
where, for 50% or more of the particles in the number size distribution, one or more

external dimensions is in the size range 1 nm-100 nm.”[8]
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Firm following of such definitions permits the use of the term nanomaterials also to a
wide range biomolecules such as proteins or nucleic acids. For instance, the albumin
molecule is approximately 7 nm in size [9] and such protein fits the definition of

nanomaterial. However, it is not typically comprised into this group.

Simultaneously, some materials bigger than 100 nm, might also be included into the
nanomaterial group due their properties significantly different from properties of bulk
materials. For all these reasons, the definition given in the work by Buzea et al. may be
more appropriate [10]. The authors state that majority of the important properties of nano
begin to be apparent already in structures smaller than 1 um (however some exceptions do

exist).

In general, nanomaterials cover materials of different natures and enormously varied
properties. Based on their specific properties, the materials as metallic and metal oxide
nanoparticles, semiconductor nanocrystals (quantum dots [11]), carbon nanomaterials
(nanodiamonds, fullerenes, graphene, carbon nanotubes) [12, 13], and polymeric
nanomaterials (e.g., chitosan, latex, polystyrene, dendrimers) can be distinguished [14, 15].
Based on shapes, dots, wires, tubes, ribbons, nanosheet, etc. may be identified. Among key
properties belong optical/fluorescent (e.g., quantum dots), electronic (e.g., fullerenes),
magnetic (e.g., metallic nanomaterials), and biological (e.g., liposomes).

2.2.1 Metal Nanoparticles

Undoubtedly, the biggest and most variable group of nanomaterials is the set of metal
nanoparticles. Metal- and metal-oxide nanoparticles are applicable as catalysts, sensors,

(opto)electronic materials, and for environmental remediation.

Nobel metals such as gold and silver are the most often used for generating
nanoparticles. Gold nanoparticles have been known about for 2500 years. The generation
of spherical gold nanoparticles is usually done via the citrate reduction method reported by
Turkevitch in 1951 [16]. The size distribution of the gold nanoparticles is controllable by
temperature, gold to citrate ratio, and the order in which reagents are added. Among other
methods belong the seeding technique [17], the two-phase reaction method [18], and an

approach employing inverse micelles [19] and dendrimers [20].
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Silver-based nanomaterials are attracting attention due to its characteristic properties,
such as chemical stability, catalytic activity, and good conductivity. Silver compounds
including nanoparticles are used also due to their antimicrobial properties. Chemical
reduction is the most commonly employed procedure for the synthesis of stable, colloidal
suspension either in water or organic solvents. Commonly used reductants include

borohydride, citrate, ascorbate, and elemental hydrogen [21].

Other noble metals such as platinum [22, 23], palladium [24-26], rhodium [27, 28],

and/or osmium [29-31] have also been described.

2.2.2 Semiconductor Nanocrystals

Semiconductor nanoparticles exhibit namely optical properties strongly associated with the
size and shape. These properties differ considerably from the bulk semiconductor material.
The shapes vary from nanorods, nanowires, and nanotubes to the currently very popular

quantum dots (QDs).

QDs have gained enormous popularity in the past two decades [32, 33]. Arising from
the quantum confinement of electrons and holes within the nanostructure, the fluorescence
of QDs is incomparable with organic fluorophores. In comparison with organic fluorescent
dyes and fluorescent proteins, QDs have molar extinction coefficients that are 10-50 folds
greater than those of conventional dyes, making them brighter and therefore applicable for
in vivo conditions. The long lifetime of 10 — 40 ns enhances the option of absorption at
lower wavelengths. Further, notable advantage is the high quantum yield from 40% to 90%
and the fact they are resistant to the influence of the ambient light (photobleaching) and/or

chemical degradation

Besides, QDs emission wavelengths are size-tunable over almost whole range of spectra
[34] and the emission wavelength can even reach the near-infrared region (650 nm to
950 nm). Large Stokes shift of QDs (300 — 400 nm) and ability of multiplex detection
enable imaging and/or monitoring several molecular targets simultaneously as well as
elimination of background autofluorescence, which limits in vivo fluorescence imaging
modalities. Since their introduction into biological imaging in 1998, enormous interest on
the aqueous synthesis [35, 36], characterization [37-40], and bioconjugation of QDs [35,
41, 42] was attracted.

14



In article 1 of this thesis, a summary of utilization of quantum dots as sensors in Forster

resonance energy transfer (FRET) applications is given.

FRET is a process during which the donor is excited by the external light source and the
emitted fluorescence is transferred to the acceptor leading to the emission of the light with
higher wavelength (emission of the acceptor). In the review, also systems using the
guenching mechanisms are included. In such case the acceptor returns after excitation to its
ground state via non-radiative decay pathways. In general, FRET is applicable for a
number of purposes including investigation of structural changes caused by alterations in
the molecular environment (e.g. temperature, pH, etc.) and/or exploration of molecular

interactions (i.e. aggregation or digestion).

2.2.3 Carbon nanomaterials

Especially due to its low toxicity for living organisms, nowadays carbon and carbon-based
materials are extensively investigated. Graphite attractively lies in the fact that it consists
of a flat single layer of carbon atoms organized into a two-dimensional (2D) honeycomb
structure - graphene. It can be wrapped up into OD fullerenes, rolled into 1D nanotubes, or
stacked into 3D graphite. [43]

Fullerenes are arranged as a closed network of fused hexagons and pentagons. The
smallest stable and therefore most abundant fullerene is the buckminsterfullerene C60. [44]
Fullerenes display antiviral and antioxidant properties and because of the hollow cavity
inside the molecule, they serve as gene and drug carriers [45]. The lipophilic properties are
helpful for interactions with many enzymes or enable the intercalation into biological

membranes. Therefore, antibacterial activity of several derivatives may be observed [46].

Carbon nanotubes are well-ordered, hollow fiber-like nanomaterials consisting of tubes
of sp>-hybridized carbon atoms [47]. The distortion of graphene into a cylinder noticeably
complicates the orbital overlapping, thus leading to carbon atoms wound around in a
helical mode. Moreover, a number of morphologies can occur among carbon nanotubes.

These are known as “hollow tube,” “bamboo” and “herringbone” [48].
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2.3 Nanomedicine

During the past years, substantial efforts have been driven towards the development of
effective therapeutic substances. However, current anti-tumor therapy possesses limited
safety and efficacy. Common conventional anticancer drugs display a narrow therapeutic
window because of the random distribution in the body. Non-specific distribution causes
cytotoxicity to healthy cells causing severe side effects to the patients. The non-specific
toxicity of anti-tumor drugs also restricts the applicable dose and thus lowers the

therapeutic value.

Nanoparticle-based drug carriers are colloidal systems acting as drug vehicles in the
form of nanospheres or nanocapsules [49]. Nanoparticle carriers belong most often to the
group of iron oxides, gold, biodegradable polymers, dendrimers, liposomes, viral capsids
[50-52] and/or proteins [53]. The formulation of the drug encapsulated in the nanocarrier
provides increased biocompatibility, which increases the applicability in clinical practice.
These types of drugs already used in the clinical practice include liposomal doxorubicin

and albumin-conjugate of paclitaxel [54].

Among the key properties of perfect nanocarrier is its size. The largest nanocarriers
are liposomes with their diameter of 80-200 nm [55], polymer-based particles (40-100 nm)
[56] or micelles (20-60 nm) [57] and the smallest ones are dendrimers (smaller than
10 nm) [58]. The size of nanocarrier should be uniform and enable the surface
modification with targeting molecules [59]. The use of suitable nanocarriers can
significantly decrease the undesired side effects, improve biocompatibility, specificity,
stability and water solubility [60].

The size of the nanocarrier should be low enough be able to enter the cells, but high
enough to avoid early removal from the body by renal clearance [61]. Furthermore, the
production should be simple and easy, capacity of encapsulation should be high and drug
release mechanism should be reliable to prevent undesired drug release but guarantee the

delivery into the target cells [62].

Even though, nanocarriers based on inorganic compounds/particles are easier for

preparation, they often cause an immune response of the organism or are even toxic to
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healthy cells. On the other hand, biomolecule-based nanocarriers can be found in human
body and therefore are more suitable [63]. Among such carriers belongs protein called
ferritin, which ensures the storage and transfer of iron ions [64]. After iron removal,
hollow cavity - apoferritin - is created [65]. Such cavity is ideal for drug transport mainly
due to the fact that the protein disassembles its structure in low pH environment. Such
environment can be found inside the cancer cells. Therefore, the effect of the carried drug
on the healthy cells is not as dramatic as on the diseased ones. Moreover, the encapsulation
of drugs in apoferritin does not require any modification of either drug or carrier molecules
because it employs an apoferritin behavior in surrounding environment [66]. The cell entry
is done via specific receptors, found on most body cells. However, this natural ability of
cell targeting and ferritin incorporation can be more enhanced by targeting moieties (e.g.
antibodies [67].

In article 2 of this thesis, targeted drug delivery system consisting of protein nanocarrier
(apoferritin), gold nanoparticles and antibodies was developed and characterized it
according to its long-term stability (article 3). The scheme of the developed targeted

nanocarrier is shown in Figure 1.

The apoferritin from horse spleen was used as a carrier of doxorubicin, which is an
effective anti-tumor drug with severe cardiotoxicity limiting its therapeutic dose.
Therefore, the protection of healthy tissues is highly required. The drug was encapsulated
into the protein cage, which was surface-modified by gold nanoparticles providing the
affinity to thiol groups of cysteine in the sequence of a heptapeptide (HWRGWVC). This
peptide was derived from the protein G, which exhibits a high affinity to the Fc fragment
of antibodies, which leads to the site-directed orientation of the antibody on the surface of

the apoferritin surface.

The conjugation of prostate specific membrane antigen antibodies and apoferritin was
used to target the prostate cancer cells (LNCaP) and HUVEC cells were used as a non-
targeted control. The encapsulation of doxorubicin in apoferritin with subsequent
modification by antibodies did not lead to lowering of doxorubicin toxicity for target

prostate cancer cells. On the other hand, nonmalignant cells were protected against the

17



toxic effect of free doxorubicin. Moreover, the presented nanocarrier showed excellent
hemocompatibility.

Subsequently, detail study of the long-term stability of the developed nanocarrier
under various storage conditions was performed (article 3). The nanocarrier was prepared
in two solvents (water and phosphate buffer), and stored for 12 weeks at -20 °C, 4 °C,
20 °C, and 37 °C in dark and at 4 °C and 20 °C under ambient light. The parameters such
as optical properties; the amount of prematurely released drug molecules; size, shape, (-
potential, and the ability to internalize into cancer cells and deliver the drug to nuclei were

tested. It was found out that the optimal storage conditions were 4 °C in dark and in water.

targeted B
nanocarrier ¢

A very good stability for over 12 weeks was observed.

’g@antibody

E HWRGWVC peptide
(4

Y apoferritin with doxorubicin

o ‘
: %~ doxorubicin
i free apoferritin : X L

Figure 1: Scheme of the targeted apoferritin-based nanocarrier for doxorubicin transport

@ gold nanoparticle
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3 Capillary electrophoresis in nanomedicine

Since the transfer of electrophoresis into the narrow capillaries by Jorgenson and Lukacs in
1981 [68], the technique has rapidly developed into a versatile analytical tool. Classical
capillary electrophoretic (CE) separation takes place in a fused silica capillary with internal
diameter of 20-100 um, where the voltage of up to 30 kV is applied. It is separating
molecules based on their mobilities in the electric field. Its main advantages include high

separation efficiency, short time of analysis and low consumption of chemicals.

Besides monitoring of properties of analytes such as size, charge, and/or surface
modification, etc., CE is able to monitor the interactions between molecules. An entire
field has appeared known as “affinity capillary electrophoresis” (ACE) [69, 70]. Although
many interactions are being investigated and employed, the term ACE appears to be more

or less reserved for stronger interactions with specific stoichiometries.

Nanomaterial surfaces can be easily modified and functionalized by many molecules
that may enter into interactions with molecules of interest. In this case, CE can work in
several ways: 1) monitoring the direct interaction between the nanomaterial and analyte
(the signal is provided by both the analyte and nanoparticle), 2) monitoring the interaction
between two analytes mediated by the nanomaterial (the signal is provided by the analytes
themselves, not by the nanomaterial), and 3) monitoring the interaction between two

analytes reported by a change in the signal of the nanoparticle.

3.1 Cargo encapsulation

The aim of the article 4 of this thesis was to study the encapsulation of doxorubicin into
the cavity of apoferritin nanotransporter and to investigate the behavior of doxorubicin in
CE using electrolytes with different pH values with purpose of exploration of release of the
drug from the apoferritin cage by changing pH. It can be summarized that decreasing the
pH of doxorubicin-carrying apoferritin to 3 caused the presence of a single peak with
migration time matching to the doxorubicin at the same conditions. Therefore, the release
of the drug was confirmed. Further, the properties of doxorubicin using capillary

electrophoresis with laser-induced fluorescence detection were investigated. The intrinsic
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fluorescence of the drug enabled to monitor the behavior of doxorubicin in the presence of

several compounds quenching the fluorescence.

3.2 Conjugation to targeting ligands

To improve the targeted drug delivery, the conjugation of the nanotransporter with a
selective targeting ligand is recommended. For such conjugation, antibodies, targeting
peptides (e.g. RGD peptide, etc.), or small molecules (e.g. folic acid, etc.), nanocarriers can
be used to specifically target the diseased cells [20-23]. The coupling can be done by
covalent bond, physical or hydrophobic adsorption. Commonly, cross-linking through an
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC)/N-
hydroxysuccinimide reaction is used. In the EDC coupling, there is an unwanted option
that the antigen binding sites of antibodies are blocked by the nonselective formation of
amide bonds close to a Fab (antigen-binding fragment) area of the antibody. For this

reason, alternative ways are searched.

Therefore the article 5 of this thesis presents capillary electrophoretic investigation of
the nanostructure conjugation with antibody with the aim of sterically-specific orientation
to ensure the activity of the antigen-binding fragment of the antibody remains unchanged.
This approach was employed in the designing of the above mentioned drug nanocarrier

(doxorubicin-carrying apoferritin).

In the article, a new strategy of the coupling of CdTe QDs with human
immunoglobulin using a specially designed heptapeptide was presented. The heptapeptide
with a sequence of HWRGWVC was prepared and characterized by mass spectrometry,
liquid chromatography, and capillary electrophoresis. Subsequently, the peptide was used
as a stabilizing compound for QDs. The coupling QDs capped via this peptide with
immunoglobulin was studied by capillary electrophoresis and magnetic immunoextraction
coupled with differential pulse voltammetry. Finally, the prepared conjugates were used

for fluorescent detection using immobilized goat antihuman immunoglobulin antibody.
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4 Monitoring of the interaction between nanoparticles and
biomolecules

4.1 Affinity interaction

Besides the affinity interaction between Fc fragment of antibody and HWRGWVC peptide,
other affinity-exhibiting pairs are applicable. The (strept)avidin—biotin interaction is
considered as the strongest non-covalent interaction with dissociation constant Ky = 4x10°
Y M. (Strept)avidin-biotin complex is rapidly formed and it is resistant to many extreme
conditions (extreme pH values, temperature and even to denaturing agent). Due to strong
and reliable affinity (strept)avidin-biotin interaction is often used in diagnostics
application. In most of the assays when interaction is applied, streptavidin is coupled to
solid phase, such as QDs, magnetic particles, microtitration wellplate and surfaces while

biotin is conjugated to the molecule of the interest (e.g. protein, etc.).

However, in the article 6, different approach was taken. Biotin-conjugated
glutathione was prepared and used as a coating for CdTe QDs. Such coating connected the
ability of the biotin to bind avidin, streptavidin and/or neutravidin with the fluorescent
properties of the QDs creating specific, high-affinity fluorescent label. The results obtained
by the capillary electrophoretic analysis of the prepared probe showed that biotinylated
glutathione is suitable coating for the elegant synthesis of thiol capped QDs. Obtained QDs
were of good properties for fluorimetric detection and moreover, it was demonstrated that
capillary electrophoresis is an efficient method for separation of the glutathione and
biotinylated glutathione excess from the quantum dots stabilized with biotinylated

glutathione. Moreover, the functionality was verified by interaction with avidin.

4.2 Non-specific interaction

In some cases, not only the covalent labeling or affinity-based conjugation is required, but
also non-specific interaction based on structural properties of the analyte and probe may be
of an interest. However, it should be highlighted that not only intentional coupling of
nanoparticles with biomolecules may occur, but due to the constantly increasing use of
nanomaterials, the undesired interactions may happen. Therefore, both of these

possibilities (intentional and unintentional interaction) should be taken into an account.
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One of the possible targets is the genetic information of the cell. Possible interaction
between DNA and nanomaterials is probably ensured by electrostatic binding in major

groove of double stranded DNA (dsDNA) and incorporation between base pairs.

The aim of work presented in article 7 was aqueous synthesis of CdTe QDs capped
with glutathione of the specific 2 nm size for monitoring of the interaction based on QDs
size fitting into the major groove of the DNA double helix. Characterization of the
nanoparticles has confirmed desired size of 2 nm. The interaction between QDs and DNA
have been studied, through time and different concentration interaction with double
stranded genomic chicken DNA (dsDNA), ssDNA and 500 base pair long DNA fragment.
The comparison of the interaction between sSDNA and dsDNA has confirmed that dSDNA
is needed for complex creation because peak complex was not observed in the case of
ssSDNA interaction with QDs. Interaction with 500 base pairs long DNA fragment has
shown the same tendency of creating complex as with genomic DNA. The presence of the
QDs in the structure of DNA was observed with gel electrophoresis after ethidium bromide
staining. Observed interaction relies on possible similarity between size of quantum dots

and major groove of the DNA (aprox. 2.1 nm)

5 CE for nanomaterials and nanomaterials for CE

5.1 Sample pretreatment by nanomaterials

CE can be coupled with many detection techniques. Each of them has its own advantages
as well as disadvantages in terms of sensitivity, selectivity, and/or versatility. On-capillary
as well as off-capillary detection modes are available. On-capillary detection is a
nondestructive strategy minimizing the band broadening and enabling the employment of
several detectors simultaneously (either consecutively or at the same detection point,
however the off-capillary methods may provide additional information such as molecular
mass. Photometric (or absorbance) detection is outstanding because of its versatility and
due to this reason it is the most commonly used technique. However, the internal diameter
of the capillary (generally tens of um) defines the light path length. Therefore, relatively
high analyte concentrations are necessary. Otherwise, extended path length flow cells

(bubble cell, Z-cell), or preconcentration techniques are required to reach satisfactory
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results. Moreover, several cleaning steps are usually needed in case of biological matrices
significantly interfering with electrophoretic analysis. Sample pretreatment and
preconcentration can be done either electrophoretically or chromatographically.
Electrophoretic strategies are based on un-matching electrophoretic mobilities of the
components or on their behavior in presence of (pseudo)stationary phase. On the contrary,
chromatographic methods rely on compound sorption on a solid-phase material. These
techniques take advantage from loading of multiple capillary volumes of sample

subsequently eluted in a minute volume of solvent.

For extraction, isolation or preconcentration purposes, nanomaterials are offering
appreciated high surface-to-volume ratios. As an example may serve the comparison of
surface area of carbon microparticles with 60 um in diameter of (0.01 mm?) and the
surface area of carbon nanoparticles with 60 nm in diameter (11.3 mm?). Besides the
increase in the surface area, the reactivity increases approximately 1000x. Not only the
surface area, but also the chemical affinity may be beneficial.

For example, gold nanoparticles deliver outstanding isolation power because of the
high affinity for thiols. Similarly, magnetic separation is a method using magnetism for the
effective separation mediated by paramagnetic and superparamagnetic particles. This
technique relies on the option of surface modification of magnetic nanoparticles to
facilitate immunoextraction. Such particles may be modified by either antibodies for
targeted capture of the analyte of interest or by oligonucleotide chains having sequences
complementary to the desired nucleic acid. Magnetic particles can be immobilized using a
magnetic field while interfering compounds are removed from the solution [71]. The above
mentioned preconcentration techniques can be combined with CE in an off-line, at-line,

on-line, or in-line mode.

The summary of the work combining the nanomaterial-based sample pretreatment

(preconcentration) followed by CE analysis is the goal of the article 8 of this thesis.

5.2 Characterization of nanoparticles by CE

Despite of all the advances in nanomaterial synthesis, problem in terms of batch-to-batch

repeatability still persists. Moreover, sometimes, tools for characterization of nanomaterial
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composition and properties are missing. Even in the same lot, the polydispersity of the
particles and the inconsistency of the properties may present problem for satisfactory
application. Therefore, it is not surprising that various methods of synthesis and
characterization of the nanomaterials have been developed. From these methods, capillary
electrophoresis has its unreplaceable position due to many advantages discussed. CE is the
easy to use and low cost technique for studying nanoparticles parameters, such as their
size, surface chemistry, and interaction abilities. Based on the literature search, it can be
concluded that electromigration techniques represent a family of effective methods for
nanomaterial characterization, evaluation, and investigation. In the future, manufacturing
of portable or even hand-held CE-based instruments for in situ characterization of
produced nanomaterials, as well as incorporating of CE into some industrial devices for
high-throughput production of nanomaterials as quality control may emerge this field even

further.

The overview of application of CE for separation and characterization of nanoparticles is

given in article 9 of this thesis.

5.3 Separation improvement

Even though, the development of miniaturized devices using microfluidic chips presented a
great boom at the end of last century, nowadays, an increasing number of researchers
perform CE separations in short capillaries (units of centimeters) instead of microfluidic
chips [72, 73]. In such capillaries, fast and efficient separations take place without more or
less difficult chip preparation requiring expensive facilities (e.g. clean rooms and
lithography). In comparison to microchip-based rapid CE, short capillary-based high-speed
CE take advantage of simple structure, easy fabrication, and low costs.

The shortcoming, however, is in lowered resolution linked with short separation
length. This obstacle can be overcome either by injection of very low sample volumes
(picoliters) or by extra selectivity coming from an added (pseudo)stationary phase of
various nature (e.g. micelles, nanoparticles, nanostructures, etc.). Such solution
significantly eliminates the adsorption on the capillary wall [74-77]. Nanomaterials have
been proven to be effective (pseudo)stationary phase due to their beneficial properties,

such as large surface/volume ratio and simple functionalization. Among often used
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nanomaterials belong carbon nanotubes [78]. But, also other structures including
nanoparticles [79, 80], nanofibres [81] and/or nanorods [82, 83] have been used. On the
other hand, interaction of analyte with immobilized nanostructures such as monoliths,
nanopillars, bound nanoparticles and/or other nanomaterials is also applicable. All of these
types have already been employed in coupling with CE. Immobilized nanomaterials, either
deposited on capillary wall as a thin layer coating or filled into the capillary, are frequently
utilized as stationary phases for capillary electrochromatographic mode of separation.
Equally, (pseudo)stationary phases enable a broad range of functionalities providing a

number of interactions [84].

5.4 Enhancement of detection sensitivity

Laser-induced fluorescence detection is the most sensitive optical detection modality
connected with microcolumn separations. Picomollar detection limits [85] and good
detection selectivity enables analysis of samples in rather complex matrices. Concurrently,
this selectivity could be perceived as a limitation due to the fact that majority of analytes

does not fluoresce and derivatization by some fluorescent label is desirable.

Such photoluminescent labels may be not only organic fluorophores or fluorescent
proteins but also QDs [86-89]. However, besides photoluminescence detection,
chemiluminescence and electrochemiluminescence detection are also benefiting from
properties of nanomaterials [90]. Undesired background signals are eliminated which leads
to improved sensitivity. Furthermore, the instrumentation is simplified by absence of
certain optical components such as excitation sources or optical filters. Metal
nanomaterials (such as gold, silver, platinum, semiconductors, and magnetic) are in
chemiluminescence and electrochemiluminescence detection applicable as catalysts,

fluorophores, or energy acceptors [91].

Potentiometric, amperometric and conductometric are three of the most commonly
used types of electrochemical detection in CE. Compared to the optical detection modes is
that the electrochemical detection is mostly performed by off-column, end-capillary, and
therefore, in destructive arrangement. The main roles of nanoparticles cover biomolecule
immobilization, catalysis of reactions, improvement of electrode-analyte electron transfer,

analyte labelling, and even use as a reactant [92].
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It is highly unlikely that nanomaterials will wholly substitute such well-established
approaches as organic dyes for fluorescent labeling. However, nanomaterials offer new
options for a broad range of applications. The electrochemical detection particularly

benefits from use of nanomaterials that enable increasingly sensitive detection.

The abilities of nanomaterials to improve the performance of CE analysis in terms of both
separation resolution as well as detection sensitivity are summarized in the article 10 of
this thesis (Figure 2)

o
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Figure 2: Summary of application of nanomaterials for improvement of CE performance
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6 In-capillary quantum dot synthesis

6.1 Organometallic synthesis of quantum dots

Organometallic synthesis is still the most popular method of quantum dot preparation. It
was introduced by Murray et al. in 1993 and involves very high temperature, toxic
precursors, organic solvents and surfactants. However resulting quantum dots are highly
monodisperse, size-tunable and surface coated. Usually the precursors are loaded into the
flask with organic solvents trioctylphosphine (TOP) and its oxide (TOPQ). The reaction is
performed under an inert atmosphere and at 230-260 °C for nanocrystals growth. Final
hydrophobic quantum dots have to be subsequently modified for water-solubility and
biocompatibility. Nevertheless problems of the reproducibility, lack of the control and the

overall costs of the procedure are its major disadvantages.

6.2 Agueous synthesis of guantum dots

The second most often used synthesis method for direct producing stable and
biocompatible aqueous solution of QDs is aqueous synthesis. Reactions are performed in
three-necked flask with reflux condenser. Heavy metal precursors are easily dissolved in
water; while chalcogens precursors can be bought as commercial solid powder. Metal salts
dissolution in water occurs in the presence of capping agents (usually thiols, e.g. 2-
mercaptoethanol, 2-thioglycerol, thioglycolic acid). The thiols control the QDs synthesis
Kinetics, passivate surface, provide stability, solubility and surface functionality of the
QDs. This method is considered more environment-friendly and less expensive than
organometallic, easy with high reproducibility, but comparing to the organometallic
procedure lower quantum yields and higher polydisperity is observed. Disadvantages of the
aqueous synthesis including a long reaction time (hours and/or days) have been overcome
by employing microwave irradiation. High-quality quantum dots with enhanced quantum
yield are produced. Generally, CdTe, CdSe, CdS, Znl-xCdxS and ZnSe QDs are

synthesized by microwave irradiation.
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6.3 The other ways of synthesis

Above mentioned methods are very effective in production of highly fluorescent QDs but
usage of toxic chemicals limits their application in clinical practice. Therefore, more eco-
friendly paths of QDs synthesis have been investigated using the principles of ,green
chemistry™ such as use of biocompatible and non-toxic solvents, precursors, and stabilizers

such as bovine serum albumin as a capping agent.

Also, biosynthesis is new area of synthesis method and involves biological
organisms and their metabolic pathways in preparation of QDs of desired composition,
size, shape and functionality. Microbial synthesis is done either intracellular or
extracellular and each of these QDs has their specific characteristics and is naturally
capped with the proteins from the system with good stability and compatibility for any
biological application. However, challenges such as improving size and shape control,
obtaining larger amount of QDs and detail explanation of the synthesis mechanisms have

to overcome.

6.4 UV irradiation in-capillary synthesis of guantum dots

In the article 11 included in this thesis, a detail investigation of the inexpensive, low-
temperature, and rapid preparation of aqueous QDs by UV illumination is reported. The
influence of UV irradiation (at 254 nm and 250 nm) and temperature on the solutions of
precursors were described. Optimal results were achieved with a solution of precursors
composed by cadmium, selenium and mercaptosuccinic acid (quantum yield of 13.5%).
Furthermore, the synthesis and observation of the formation of QDs in quantities from sub-
mg to sub-ng was carried out. The smallest concentration being 258 pg in volume of 4 nL.
The growth of QDs was observed in real time by photometry, fluorimetry and dynamic
light scattering. Among biggest advantages of the presented method belong the simplicity,
controllability, and low costs. The presented procedure can be integrated with miniaturized

analytical systems or other instrumentation.
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7 Conclusion

Undoubtedly, nanomaterials are exceptionally valuable tool not only improving highly the
selectivity and effectivity of analyte isolation methods, increasing the ability of separation
techniques to distinguish closely-structured molecules but also and improving greatly the
abilities of detectors. Among numerous of crucial features of devices used for clinical
purposes belong simplicity of application and robustness. Although, the great benefits of
capillary electrophoresis are indisputable, robustness and repeatability of analyses belong
to the weak points. Therefore, use of CE in clinical practice is limited to DNA sequencer.
Therefore, employment of nanomaterials in CE might open new insight due to lower
detection limits on one side and enhance the separation efficacy on the other side.
Nevertheless, this is at the beginning and waiting for exploration.

Nanomaterials such as liposomes and dendrimes are able to advance the separation part of
the CE analysis and QDs can significantly improve the detection part. Nevertheless, some
types of nanomaterials such as carbon nanotubes or metal nanoparticles can improve both.
Simultaneously, CE is an effective technique for characterization of nanomaterials,

evaluation and/or investigation.

The relationship of CE and nanotechnology is advantageous not only for analytical
chemists and material scientists, but also for biochemists and molecular biologists, because

it leads to the advance of new, more effective, and more sensitive approaches.

The combination with the ease of miniaturization is offering opportunities for portable and
point-of-care applicable devices suitable for personalized diagnostics. Moreover, the
improved separation power of electrophoretic analysis promises effective analyses of

complex biological samples.

29



8 References:

[1] Johns, C., Breadmore, M. C., Macka, M., Ryvolova, M., Haddad, P. R,
Electrophoresis 2009, 30, S53-S67.

[2] Ryvolova, M., Preisler, J., Brabazon, D., Macka, M., Trac-Trends Anal. Chem. 2010,
29, 339-353.

[3] Ryvolova, M., Preisler, J., Foret, F., Hauser, P. C., et al., Anal. Chem. 2010, 82, 129-
135.

[4] Vaculovicova, M., Akther, M., Maaskant, P., Brabazon, D., Macka, M., Anal. Chim.
Acta 2015, 871, 85-92.

[5] Whitesides, G. M., Small 2005, 1, 172-179.

[6] Drbohlavova, J., Chomoucka, J., Hrdy, R., Prasek, J., et al., Int. J. Electrochem. Sci.
2012, 7, 1424-1432.

[7] Drbohlavova, J., Vorozhtsova, M., Hrdy, R., Kizek, R., et al., Nanoscale Res. Lett.
2012, 7, 1-4.

[8] http://ec.europa.eu/environment/chemicals/nanotech/fag/definition_en.htm.

[9] Armstrong, J. K., Wenby, R. B., Meiselman, H. J., Fisher, T. C., Biophys. J. 2004, 87,
4259-4270.

[10] Buzea, C., Pacheco, Il, Robbie, K., Biointerphases 2007, 2, MR17-MR71.
[11] Alivisatos, A. P., Science 1996, 271, 933-937.

[12] Shenderova, O. A., Zhirnov, V. V., Brenner, D. W., Crit. Rev. Solid State Mat. Sci.
2002, 27, 227-356.

[13] Guldi, D. M., Rahman, A., Sgobba, V., Ehli, C., Chem. Soc. Rev. 2006, 35, 471-487.
[14] Paul, D. R., Robeson, L. M., Polymer 2008, 49, 3187-3204.

[15] Balazs, A. C., Emrick, T., Russell, T. P., Science 2006, 314, 1107-1110.

[16] Turkevich, J., Stevenson, P. C., Hillier, J., Dis. Farad. Soc. 1951, 55-75.

[17] Murphy, C. J.,, San, T. K., Gole, A. M., Orendorff, C. J., et al., J. Phys. Chem. B 2005,
109, 13857-13870.

[18] Daniel, M. C., Astruc, D., Chem. Rev. 2004, 104, 293-346.

30


http://ec.europa.eu/environment/chemicals/nanotech/faq/definition_en.htm

[19] Pileni, M. P., Nat. Mater. 2003, 2, 145-150.

[20] Scott, R. W. J., Wilson, O. M., Crooks, R. M., J. Phys. Chem. B 2005, 109, 692-704.
[21] Sharma, V. K., Yngard, R. A,, Lin, Y., Adv. Colloid Interface Sci. 2009, 145, 83-96.
[22] Peng, Z. M., Yang, H., Nano Today 2009, 4, 143-164.

[23] Ahmadi, T. S., Wang, Z. L., Green, T. C., Henglein, A., ElSayed, M. A., Science
1996, 272, 1924-1926.

[24] Cheong, S. S., Watt, J. D., Tilley, R. D., Nanoscale 2010, 2, 2045-2053.
[25] Kim, S. W., Park, J., Jang, Y., Chung, Y., et al., Nano Lett. 2003, 3, 1289-1291.
[26] Teranishi, T., Miyake, M., Chem. Mat. 1998, 10, 594-600.

[27] Hoefelmeyer, J. D., Niesz, K., Somorjai, G. A., Tilley, T. D., Nano Lett. 2005, 5, 435-
438.

[28] Mu, X. D., Meng, J. Q., Li, Z. C., Kou, Y., J. Am. Chem. Soc. 2005, 127, 9694-9695.
[29] Kramer, J., Redel, E., Thomann, R., Janiak, C., Organometallics 2008, 27, 1976-1978.
[30] Li, C. X., Leong, W. K., Zhong, Z. Y., J. Organomet. Chem. 2009, 694, 2315-2318.

[31] Reetz, M. T., Lopez, M., Grunert, W., Vogel, W., Mahlendorf, F., J. Phys. Chem. B
2003, 107, 7414-74109.

[32] Medintz, I. L., Uyeda, H. T., Goldman, E. R., Mattoussi, H., Nat. Mater. 2005, 4, 435-
446.

[33] Michalet, X., Pinaud, F. F., Bentolila, L. A., Tsay, J. M., et al., Science 2005, 307,
538-544.

[34] Stewart, D. T. R., Celiz, M. D., Vicente, G., Colon, L. A., Aga, D. S., Trac-Trends
Anal. Chem. 2011, 30, 113-122.

[35] Geszke-Moritz, M., Moritz, M., Mater. Sci. Eng. C-Mater. Biol. Appl. 2013, 33, 1008-
1021.

[36] Valizadeh, A., Mikaeili, H., Samiei, M., Farkhani, S. M., et al., Nanoscale Res. Lett.
2012, 7.

[37] Drbohlavova, J., Adam, V., Kizek, R., Hubalek, J., Int. J. Mol. Sci. 2009, 10, 656-673.

[38] Morris-Cohen, A. J., Malicki, M., Peterson, M. D., Slavin, J. W. J., Weiss, E. A.,
Chem. Mat. 2013, 25, 1155-1165.

31



[39] Kadkhodazadeh, S., Micron 2013, 44, 75-92.
[40] Riley, E. A., Hess, C. M., Reid, P. J., Int. J. Mol. Sci. 2012, 13, 12487-12518.
[41] Petryayeva, E., Algar, W. R., Medintz, I. L., Appl. Spectrosc. 2013, 67, 215-252.

[42] Wang, Y. C., Hu, R., Lin, G. M., Roy, I., Yong, K. T., ACS Appl. Mater. Interfaces
2013, 5, 2786-2799.

[43] Geim, A. K., Novoselov, K. S., Nat. Mater. 2007, 6, 183-191.
[44] Buhl, M., Hirsch, A., Chem. Rev. 2001, 101, 1153-1183.

[45] Bakry, R., Vallant, R. M., Najam-Ul-Haqg, M., Rainer, M., et al., Int. J. Nanomed.
2007, 2, 639-649.

[46] Bosi, S., Da Ros, T., Castellano, S., Banfi, E., Prato, M., Bioorg. Med. Chem. Lett.
2000, 10, 1043-1045.

[47] lijima, S., Nature 1991, 354, 56-58.

[48] Yang, W. R., Ratinac, K. R., Ringer, S. P., Thordarson, P., et al., Angew. Chem.-Int.
Edit. 2010, 49, 2114-2138.

[49] Juillerat-Jeanneret, L., Drug Discov. Today 2008, 13, 1099-1106.
[50] Gu, F. X., Karnik, R., Wang, A. Z., Alexis, F., et al., Nano Today 2007, 2, 14-21.

[51] Cho, K. J., Wang, X., Nie, S. M., Chen, Z., Shin, D. M., Clin. Cancer Res. 2008, 14,
1310-1316.

[52] Mishra, B., Patel, B. B., Tiwari, S., Nanomed.-Nanotechnol. Biol. Med. 2010, 6, 9-24.

[53] Dostalova, S., Cerna, T., Hynek, D., Koudelkova, Z., et al., ACS Appl. Mater.
Interfaces 2016, 8, 14430-14441.

[54] Haley, B., Frenkel, E., Urol. Oncol.-Semin. Orig. Investig. 2008, 26, 57-64.

[55] Vaz, G. C., Bahia, A., Muller-Ribeiro, F. C. D., Xavier, C. H., et al., Neuroscience
2015, 285, 60-69.

[56] Cernat, A., Bodoki, E., Farcau, C., Astilean, S., et al., J. Nanosci. Nanotechnol. 2015,
15, 3359-3364.

[57] Zhang, H. Q., Zhao, L. L., Chu, L. J., Han, X., Zhai, G. X., J. Colloid Interface Sci.
2014, 434, 40-47.

32



[58] Alanagh, H. R., Khosroshahi, M. E., Tajabadi, M., Keshvari, H., J. Supercond. Nov.
Magn 2014, 27, 2337-2345.

[59] Svenson, S., Mol. Pharm. 2013, 10, 848-856.

[60] Kratz, F., Warnecke, A., J. Control. Release 2012, 164, 221-235.

[61] Allen, T. M., Cullis, P. R., Science 2004, 303, 1818-1822.

[62] Sumer, B., Gao, J. M., Nanomedicine 2008, 3, 137-140.

[63] Panyam, J., Labhasetwar, V., Adv. Drug Deliv. Rev. 2003, 55, 329-347.
[64] Smith, J. L., Crit. Rev. Microbiol. 2004, 30, 173-185.

[65] Kopp, R., Vogt, A., Maass, G., Nature 1964, 202, 1211-1212.

[66] Kilic, M. A., Ozlu, E., Calis, S., J. Biomed. Nanotechnol. 2012, 8, 508-514.

[67] Lu, W., Xiong, C. Y., Zhang, R., Shi, L. F., et al., J. Control. Release 2012, 161, 959-
966.

[68] Jorgenson, J. W., Lukacs, K. D., Anal. Chem. 1981, 53, 1298-1302.

[69] Colton, 1. J., Carbeck, J. D., Rao, J., Whitesides, G. M., Electrophoresis 1998, 19,
367-382.

[70] Shimura, K., Kasai, K., Anal. Biochem. 1997, 251, 1-16.
[71] Adam, V., Vaculovicova, M., Electrophoresis 2017, in press.

[72] Wang, W., Ma, L. H,, Yao, F. Z, Lin, X. L., Xu, K. X., Electrophoresis 2015, 36,
335-340.

[73] Lin, Q. H., Cheng, Y. Q., Dong, Y. N., Zhu, Y., et al., Electrophoresis 2011, 32,
2898-2903.

[74] Duan, A. H., Xie, S. M., Yuan, L. M., Trac-Trends Anal. Chem. 2011, 30, 484-491.

[75] Terabe, S., Annual Review of Analytical Chemistry, Annual Reviews, Palo Alto 2009,
pp. 99-120.

[76] Hajba, L., Guttman, A., Trac-Trends Anal. Chem. 2017, 90, 38-44.

[77] Gonzalez-Curbelo, M. A., Varela-Martinez, D. A., Socas-Rodriguez, B., Hernandez-
Borges, J., Electrophoresis 2017, 38, 2431-2446.

[78] Ravelo-Perez, L. M., Herrera-Herrera, A. V., Hernandez-Borges, J., Rodriguez-
Delgado, M. A., J. Chromatogr. A 2010, 1217, 2618-2641.

33



[79] Peng, Y., Xie, Y., Luo, J., Nie, L., et al., Anal. Chim. Acta 2010, 674, 190-200.
[80] Guihen, E., Electrophoresis 2017, 38, 2184-2192.

[81] Chigome, S., Darko, G., Torto, N., Analyst 2011, 136, 2879-2889.

[82] Wang, D., Wang, Q. T., Zhang, Z. M., Chen, G. N., Analyst 2012, 137, 476-480.
[83] Wang, D., Zhang, Z. M., Luo, L., Li, T. M., et al., Nanotechnology 2009, 20.
[84] Adam, V., Vaculovicova, M., Analyst 2017, 142, 849-857.

[85] Swinney, K., Bornhop, D. J., Electrophoresis 2000, 21, 1239-1250.

[86] Chen, Q. D., Zhao, W. F., Fung, Y. S., Electrophoresis 2011, 32, 1252-1257.
[87] Bai, Y., Du, F. Y., Yang, Y. Y., Liu, H. W., J. Sep. Sci. 2011, 34, 2893-2900.

[88] Guo, D. S., Chen, G. H., Tong, M. Z., Wu, C. Q., et al., Chin. J. Anal. Chem. 2012,
40, 1379-1384.

[89] Qiu, L., Bi, Y. H., Wang, C. L., Li, J. Y., etal., Int. J. Mol. Sci. 2014, 15, 1804-1811.
[90] Yao, J., Li, L., Li, P. F., Yang, M., Nanoscale 2017, 9, 13364-13383.

[91] Giokas, D. L., Vlessidis, A. G., Tsogas, G. Z., Evmiridis, N. P., Trac-Trends Anal.
Chem. 2010, 29, 1113-1126.

[92] Luo, X. L., Morrin, A., Killard, A. J., Smyth, M. R., Electroanalysis 2006, 18, 319-
326.

34



9 Articles

35



Article 1
Stanisavljevic M, Krizkova S, Vaculovicova M, Kizek R, Adam V. Quantum dots-

fluorescence resonance energy transfer-based nano-sensors and their application. Biosens
Bioelectron 2015;74:562-574.

36



Biosensors and Bioelectronics 74 (2015) 562-574

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Quantum dots-fluorescence resonance energy transfer-based
nanosensors and their application

® CrossMark

Maja Stanisavljevic?, Sona Krizkova &b Marketa Vaculovicova *”, Rene Kizek*®,
Vojtech Adam **

4 Department of Chemistry and Biochemistry, Mendel University in Brno, Zemedelska 1, (Z-613 00 Brno, Czech Republic
® Central European Institute of Technology, Brno University of Technology. Technicka 3058/10, CZ-616 00 Brno, Czech Republic

ARTICLE INFO

ABSTRACT

Article history:

Received 30 April 2015
Received in revised form
26 June 2015

Accepted 29 June 2015
Available online 3 July 2015

Keywords:

Quantum dots

Fluorescence resonance energy transfer
Sensor

Fluorescence resonance energy transfer (FRET) in combination with quantum dots (QDs) and their superior
properties has enabled designing of the new and improved sensors. In this review, the latest novelties in
development and application of FRET nanosensors employing QDs are presented. QDs offer several ad-
vantages over organic dyes - broad excitation spectra, narrow defined tunable emission peak, longer
fluorescence lifetime, resistance to photobleaching and 10-100 times higher molar extinction coefficient.
These properties of QDs allow multicolor QDs to be excited from one source by common fluorescent dyes
without emission signal overlap and results in brighter probes comparing to conventional fluorophores.
Due to these benefits, QD-FRET-based nanosensors gained a wide spread popularity in a variety of scientific
areas. These sensors are most frequently applied in the domain of the nucleic acid and enzyme activity

Nucleic acid detection. Other applications are detection of peptides and low-molecular compounds, environmental
Enzyme pollutants, viruses, microorganisms and their toxins, QD-FRET-based immunoassays, and pH sensors.
© 2015 Elsevier B.V. All rights reserved.

Contents
L ETOOUCHION . o iy s e e 0 s e s o ST e e W S A G B 8 S A S D S e 563
s ERETTDRBICS: s i o 30 L 2 90 R T T 5 i T i O Y B R B R AT SR BT R e 563
e RTS8 T T OO DOTEIONIER .« ocov o0, im0 10 .3, 5w M T 0 A0 TSGR0 W 0 L e 564
4 IORCPRET-DSE SEISOE: Lo 4 & e a s el B i S e S R SR SRR SR R £ R S e A A ST A TS AR AR R A S 565
41, QD-PHET sensors $ab DT EIe AP 55 iy s o i s s 0 e e e B R e S e R S T e e e 565
411 BB SO SERBINE 1. it soin i o oo s e W o i T o s s G v S0 e i e 565
412, Immobilized QDS for NUCIEIC ACH BEEECTION AEEAWE & « .+ v o v vvvmvivis v s soswsis snss s eins e ns e e s sssasesssssess 566
42 QD-FRET 3ensors Tor enzymatic aChVIRIOS o s innins s 5s 0 suus s 00 S5 000 A s i Stg S r A e s SRR B ERAe Rai s RS kA b 567
421 Immobilized QDs for enzymes activities — chip and paper-based SENSOIS ... ... ...ttt iieiiiiaiiaiaaeaarannn 567
43. QD-FRET-based immunoassays and organic compounds deteaion. . ... ..vvuuritnn iinnrionneensranerosnersoannseasneannes 568
44, QD-PRET sensors for Siall MOLECUIEES. ... o ovvuaiws e s sainse sineinisin sim eenbiais s sac oo e s e yimee a8en naes e e fe e sanees s 569
45. QD-FRET sensors for heavy metals debettion . . .o« cinvesisreomisrsnssstsssresd iesonrsisrneinas snonsbsatavsnksscinnscs 569
46. Sensors for detection of microorganisms and their LOXINS . ... ... ittt it i iia i e a e s 570
47 Detection of virtses via QD-PRET-DASEA SERBOTS  4:cowiiiin woms s st 69 e o /et oo i 500 000 €0 T i b e w5 e e e i as 571
B ORIV RN CORMEHIBIININE . o o ocoorarcnsiie o6 0 e o A A IO g B T MR SO B B A SO e A 00 e 572
6 I DA S = i T R R Y e e M A R R e T e e R N e R R R TR S R R R AR A e S e 572
ERWI OIS vty s, ot i s 3 i e T A T A S P A B L B B e e B S O S S T S B R R A 572
Appendix A SRPR IR TR . orc o e e s e R S e B 5 T B A R B S 3 T I o e R e N 572
2 T 572

*Corresponding author at: Department of Chemistry and Biochemistry, Mendel
University in Brno, Zemedelska 1, CZ-613 00 Bmno, Czech Republic.
Fax: +4205 4521 2044.

E-mail address: vojtechadam@mendelu.cz (V. Adam).

http://dx.doi.org/10.1016 /j.bios.2015.06.076
0956-5663/@ 2015 Elsevier B.V. All rights reserved.

37



M. Stanisavijevic et al. / Biosensors and Bioelectronics 74 (2015) 562-574 563

1. Introduction

Nanotechnology-the development of materials at the na-
noscale-is one of the most prominent advancing technologies to-
day. Novel nanomaterials have found their place in improvement
of biosensors including well-known and widespread technologies.
Biosensors classification is done according to multiple criteria like
transduction mechanism andjor biorecognition principles (Ro-
driguez-Mozaz et al, 2004). In our focus will be biosensors with
optical transduction mechanism or precisely speaking, based on
fluorescence.

Fluorescence is a physical phenomenon described for the first
time by Sir David Brewster on the chlorophyll (Brewster 1834) and
quinine by Sir John Herschel (Herschel and W, 1845). Further
fluorescence-based technique, which rises great interest, is Forster
resonance energy transfer (FRET) as a specific mechanism of en-
ergy transfer between two molecules, called fluorophores, which
can be easily excited with photon.

As a number of other areas, also FRET-based sensors have been
affected by nanotechnology development. Nanoscale materials
with their uniqueness have become a new challenge for biosensors
designing. In this review, we will give an insight into the devel-
opment of FRET-based nanosensors after new nanomaterials have
been implemented into sensor designing process.

2. FRET basics

FRET is an acronym for Férster resonance energy transfer
named according to its discoverer German scientist Theodor Fér-
ster (Forster, 1948). In the presence of two fluorophores, the en-
ergy donor and acceptor, FRET will occur. Detailed explanation of
the fluorescence and FRET has been published in the past (Selvin,
2000; Shanker and Bane, 2008; Uhl et al., 2011),

FRET involves non-radiative transfer of energy between donor
and acceptor fluorophores, also called FRET pairs. Energy transfer
between FRET pair is the result of long-range dipole-dipole in-
teraction between them and does not include a photon emission.

FRET will occur when overlap of the emission spectrum of the

donor and absorption spectrum of the acceptor is bigger than 30%
and the distance is less than 10 nm (Elangovan et al., 2002). The
distance between FRET pair is not only defining whether FRET
occurs or not, but the efficiency of energy transfer has the same
dependence of the distance and mathematically is expressed with
the following equation:

E= RE/(RS +19)

where E is efficiency of energy transfer, R, is Forster distance (the
distance at which energy efficiency is 50%) and r is the donor-
acceptor distance.

Other properties, though not less important, include quantum
yield (QY) and fluorescence lifetime of the fluorophores. Larger QY
means approaching to the unity and displaying the brighter
emission and represents number of emitted photons relative to
the number of absorbed ones. The more photons are emitted from
the donor, the better energy transfer will occur. Fluorescence
lifetime, on the other hand, defines an average time that molecule
spends in the excited state before relaxation. Both of these prop-
erties are dependent on rates of radiative and non-radiative decay
because they are tightly connected to depopulation of excited state
which determinate fluorescent characteristic of the fluorophores
(Lakowicz, 1999; Uhl et al., 2011).

FRET can be detected by monitoring the acceptor fluorescence
and Jor the acceptor quenching (Fig. 1). In FRET system, quenching
will be observed when the acceptor belongs to the family of mo-
lecules called quenchers which after excitation are returned to
their ground state via non-radiative decay pathways (Leriche et al.,
2012). In general, FRET is applicable for a number of purposes at
the molecular level including monitoring of structural changes
caused by changes in the molecular environment (i.e. temperature,
ionic strength, etc.) and/or monitoring of interactions between
molecules (i.e. aggregation or cleavage) (Fig. 2).

Due to aforementioned conditions, that fluorophores have to
achieve it is obvious that designing FRET encounter a lot of lim-
itations and shortcomings. To overcome them besides improve-
ment of existing fluorophores, new nanomaterials have been ex-
plored and used for the sensing.

A [nm)

[ 1
2 / l'/ff’/ /fé ]

A (nm)

Fig. 1. (A) Basic principle of FRET: Excitation light is absorbed by donor (D), transferred by non-radiative transfer to acceptor (A) and emitted (top); in case of long distance
between D and A, FRET does not occur (bottom), (B} In presence of quencher (Q). the emission of the fluorophore is not detected (top), after cleavage of Q the emission is
restored (bottom), {C) Spectral characteristics of donor acceptor FRET pair: 1 - Absorption spectrum of donor, 2 - emission spectrum of donor, 3 - absorption spectrum of
acceptor, 4 - emission spectrum of acceptor (hatched maked area is the spectral overlap); (D) Spectral characteristics of fluorophore-quencher FRET pair: 1 - Absorption
spectrum of quencher, 2 - emission spectrum of fluorophore (hatched maked area is the spectral overlap).
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Fig. 2. Applications of FRET: (A) Structural changes monitoring: 1 - FRET occurs when two fluorescently labeled parts of the molecules are properly folded, 2 - unfolding of
the molecule by external impacts ( ie. temperature, chemical environment, etc.) causes quenching of the FRET; (B) DNA elongation: 1 - FRET occurs when the chain is short
enough, 2-elongation of the strand causes the FRET quenching; (C) Monitoring of deavage: 1 - FRET occurs when molecule is intact and two labeled parts are in proximity, 2
- when molecule is cleaved, FRET is quenched. (alternatively, association of two molecules is monitored by FRET generation upon interaction); (D) Flow through detection: 1
- emission wavelength of the immobilized fluorophore is detected, 2 - when acceptor labeled molecule is passing by, FRET occurs and acceptor emission wavelength is

detected.
3. Quantum dots as new fluorophores

Regarding FRET, one of the most interesting nanomaterials are
nanoparticles, espedially quantum dots (QDs). QDs are semi-
conductors made out of the elements from groups Il and VI or
groups Il and V in periodic table. They are known for their small
size (1-10 nm) and size-dependent optical and electronic proper-
ties caused by quantum confinement (Adams and Barbante, 2013).
They offer several advantages over organic dyes; some of them
will be discussed according to FRET desirable characteristics and
are presented in the Table 1,

QDs have one unique characteristic incomparable with organic
fluorophores; the ability of tuning the emission range as a result of
core size regulation during synthesis follows quantum confine-
ment. QDs broad excitation spectra and narrow defined emission
peak allow multicolor QDs to be excited from one source without
emission signal overlap (Alivisatos et al., 2005; Probst et al., 2013),

Table 1

Short summary of characteristics comparison between QDs and organic fluorophores.

also 10-100 times higher molar extinction coefficient than fluor-
ophores results in brighter probes comparing the conventional
fluorophores (Sun and Goldys 2008; Yu et al., 2003). This induces
large Stokes shift (difference between peak absorption and peak
emission wavelengths) of QDs in a range of 300-400 nm as well
valuable for multiplexing purposes (Fu et al, 2005). These ad-
vantages enable imaging and/or tracking multiple molecular tar-
gets at the same time as well as elimination of background auto-
fluorescence, which can emerge in biological samples. Therefore,
fluorescence lifetime plays an important role and QDs, with life-
time of 20-50 ns, have superiority over fluorophores with few-
nanosecond fluorescence lifetime, as well as size-tunable absorp-
tion and emission spectra (Walling et al., 2009). Further notable
advantage is the high QY ranging from 40% to 90% and due to their
inorganic core; they are highly resistant to the photobleaching
and/or chemical degradation (Zrazhevskiy et al., 2010).

QDs are not flawless, they suffer of luminescence intermittency

Property Quantum dots

Absorption spectra Broad spectra, possible excitation with UV light

Emission spectra Narrow, in band width 20-40 nm

Stokes shift 300-400 nm

Quantum yield 40-90%, depending on buffer and surface
modification

Fluorescence lifetime 20-50 ns

Photostability Strong resistance to photobleaching
Molar extinction coefficient 10-100 times larger than of fluorophores

Less than 100 nm
Variable, depends on the chosen fluorophore (Zrazhevskiy et al., 2010)

Few nanoseconds
Variable, depends on the chosen fluorophore (Zrazhevskiy et al., 2010)
<200000M 'cm !

Fluorophores Ref.

In general narrow, but variable (Alivisatos et al., 2005; Probst et al,
2013)

Broad, asymmetric and tailed (Alivisatos et al., 2005; Probst et al,
2013)

(Fu et al, 2005)

(Walling et al., 2009)

(Sun and Goldys 2008; Yu et al., 2003)
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known as blinking, which can cause problems in applications and
usually have been overcome by shell engineering andjor de-
creasing the excitation intensity (Li et al,, 2013; Stopel et al,, 2013),
and then their inorganic nature and insolubility has been suc-
cessfully mitigated by different coating and capping agents. QDs
are an order of magnitude bigger than organic dyes, which re-
presents a problem if the probe size is important (Walling et al.,
2009). Further as shortcomings, their synthesis costs and toxicity
of the precursors are usually stated. Overall QDs toxicity remains a
subject of discussions although possible solutions are given by
development of alternative ways of synthesis such as “green
synthesis”™ (Ahmed et al., 2014; Beri and Khanna, 2011; Huang
et al., 2013a) or biosynthesis (Bao et al., 2010; Huang et al, 2012;
Sturzenbaum et al., 2013).

4. QD-FRET-based sensor

Due to the numerous benefits, QD-FRET-based sensors gained a
wide spread popularity in a variety of scientific areas. The main
fields and representative examples are discussed in the following
text. The overall summary of applications is given in Fig. 3.

4.1. QD-FRET sensors for nucleic acid

4.1.1. Hybridization sensors

A very first QD-FRET-based sensor for the detection of DNA
which can be found in the literature was designed by Zhang et al.
(Zhang et al., 2005). This FRET system consisted of streptavidin-
modified CdSe/ZnS QDs with photoluminescence emission at
605 nm (QD605) as energy donor and organic fluorophore Cy5 as
energy acceptor. The sandwich hybrid was formed by binding
complementary Cy5-labeled reporter probe and biotinylated cap-
ture probe with targeted DNA and hybrid was driven toward QDs
surface via strong streptavidin-biotin affinity. It has been estab-
lished that 54 hybrids could be self-assembled on an individual QD
causing significant increase of the FRET efficiency and providing
achievement of 4.8fM as limit of detection (LOD), which was
improvement comparing to the 0.48 pM obtained from molecular
beacon. Designed sensor has been combined with an

QD-FRET sensors

Environmental
protection

Fig. 3. Summary of application fields of QD-FRET sensors.

oligonucleotide ligation assay and applied for detection of a point
mutation characteristic for ovarian tumors, Further, Chen et al.
have successfully combined QD-FRET and single molecule detec-
tion for targeting DNA directly in solution and without prior se-
paration or amplification (Chen and Leong, 2006). Later, for im-
proving detection sensitivity of previously formed QD-FRET-based
DNA sensor (Zhang et al., 2005) Zhang et al. have conducted de-
tection under the capillary microfluidic flow. The new conditions
have shown significant improvement related to FRET efficiency,
photobleaching prevention, higher sensitivity and lower sample
consumption (~5 orders of magnitude less). Observed improve-
ment of the FRET efficiency is caused by DNA deformation in the
capillary (Zhang and Johnson, 2006).

Problem of the non-specific adsorption of DNA on the QDs is
common in nucleic acid sensors design and Zhou et al. have of-
fered a solution in 11-mercaptoundecyl tri(ethylene glycol) alcohol
(EG30H)/11-mercaptoundecyl tri(ethylene glycol) acetic add
(EG4COOH)-capped QDs. The EG; group provided surface stabili-
zation as well as prevention of non-specific DNA adsorption. Tar-
get DNA was covalently attached to the (EG30H)/(EG3COOH)-
capped QDs through carboxyl-to-amine crosslinker and was used
as energy donor while Alexa 594 (A594) labeled complementary
DNA was energy acceptor in the designed system. Further they
have shown that target DNA attached to (EG30H)/(EG3COOH)-
capped QDs could be used for detection of non-labeled com-
plementary DNA by introduction of a dsDNA intercalating dye,
such as ethidium bromide (EB). During the hybridization process,
EB was intercalated into the double-strand hybrid and upon QD
excitation, FRET occurred between QD and EB. Authors have suc-
cessfully designed system suitable for the detection of labeled as
well as non-labeled DNA with sensitivity of 1 nM measured on a
conventional fluorimeter (Zhou et al, 2008). Further Algar et al.
likewise (Zhou et al, 2008) have designed system with two dif-
ferent color QDs as donors and EB as energy acceptor showing that
EB can be used even for multiple detections of DNA. QD-FRET-
based sensors for simultaneous detection of two different targeted
DNA is formed of green mercaptoacetic acid (MAA) capped CdSe/
ZnS QDs and sequences of spinal muscular atrophy labeled with
Cy3 for detection of this genetic disorder and red MAA-capped
CdSe/ZnS QDs with A647-labeled target sequence for detection of
Ecoli (Algar and Krull, 2007). Peng et al. used the simplicity of the
electrostatic attraction to bring the donor and acceptor into the
proximity enabling FRET. They have used cationic polymer, poly
(diallyldimethylammonium chloride) as an electrostatic linker
between blue thioglycolic acid (TGA)-capped CdTe QDs and Cy3-
labeled single stranded DNA (Cy3-ssDNA) as energy donor and
acceptor, respectively. In the presence of the sample DNA and after
hybridization decrease of QD/Cy3-ssDNA photoluminescence was
observed, due to more rigid structure of dsDNA which increases
donor-acceptor distance (Peng et al, 2007). Still decreased pho-
toluminescence was observed due to aggregation of QDs caused by
hybridization. Lee et al. have used positively charged dihydrolipoic
acid (DHLA)-2.2'{ethylenedioxy )bis(ethylamine)-derived ligand
and polyethylene glycol-modified CdSe/ZnS QDs for formation of
an electrostatic complex with negatively charged ssDNA labeled
with fluorescent dye TAMRA without the QDs aggregation, which
was observed in the case of Peng et al. study. QDs aggregation was
not possible due to charge neutralization after hybridization, (Lee
et al,, 2009).

Mainly in the QD-dye FRET systems QDs, as energy donors,
contribute to the increase of dye's fluorescence used for detection
but in the sensor designed by Mao et al. QDs were used for dye’s
fluorescence quenching and its recovery was used for detection.
This characteristic behavior was observed when CdS QDs inter-
acted with acridine orange (AO), a DNA intercalating dye. How-
ever, in the presence of calf thymus DNA (ctDNA), ctDNA and AO
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Fig. 4. Competitive displacement-based QD-FRET assay for intracellular detection of target DNA. System designed consisted of (1) CdSe/ZnS QDgqs and A647-labeled dsDNA
containing mismatching bases (marked with asterisks) as energy donor and acceptor with visible high photoluminescence of QDs, (2) streptavidin-biotin linkage between
QDs and A647-labeled dsDNA followed, upon excitation with QDs photoluminescence quenching and (3) detachment of the single strand with designed mismatches of
dsDNA in the presence of the fully complementary target ssDNA visible by QDs photoluminescence recovery. Reprinted from (Vannoy et al, 2013) with permission from

Elsevier.

created a binary ion-association of AO-ctDNA resulting in AO
fluorescence recovery. Further QD-AO interaction was prevented
by electrostatic repulsion between ctDNA and QDs (Mao et al,
2008). In existing sensors, a chemical conjugation between tar-
geted nucleic acid and labeling dye always occurs, but there are
environments, such as intracellular, where chemical interaction is
impossible. Vannoy et al. were focused on designing the sensor,
which would enable detection of nucleic acid in these conditions.
They proposed a competitive displacement-based assay. The sys-
tem consisted of CdSe/ZnS QDggs conjugated to the A647-labeled
dsDNA via streptavidin-biotin linkage resulting in QDs photo-
luminescence quenching. The dsDNA was formed of the ssDNA
probe hybridized with 18-mer long reporter with three base-pair
mismatches and was labeled with A647 (Fig. 4). The presence of
the 98-mer ssDNA fully complementary to the ssDNA probe
caused displacement of the 18-mer reporter with mismatching
base pairs and recovery of the QDs photoluminescence (Vannoy
et al, 2013). DNA-triggered dye transfer designed by Michaelis
et al. has offered a good solution for spectral cross-talk between
QDs and dyes as well as lack of the needed distance. Sensor con-
sisted of 3'-thiolated oligonucleotide labeled with a cyanine dye
(donor) and oligonucleotide attached to the QD surface via
streptavidin-biotin affinity at its 3'-end and at 5-end to the cy-
steine moiety (acceptor). In the presence of a complementary
nucleic acid, after the hybridization, transfer of the linked fluor-
ophore from the oligonucleotide dye donor to the oligonucleotide
dye acceptor occurred via a native chemical ligation-type me-
chanism providing bigger proximity between QD and dye. System
was successfully applied on the DNA-analogous peptide nucleic
acids which bound complementary DNA and RNA strands with
improved affinity (Michaelis et al, 2014).

4.12. Immobilized QDs for nucleic acid detection assays
Algar et al. have presented an interesting work by designing

several QD-FRET-based sensors for nucleic acid hybridization with
immobilized QDs as energy donors. Mercaptopropionic acid (MPA)
modified CdSe/ZnS QDs conjugated with oligonucleotide probe
were immobilized on fused-silica optical fibers modified with
multidentate thiol ligands. A layer of denatured bovine serum al-
bumin prevented possible non-specific adsorption of the Cy5-la-
beled target on the interface active sites. After introduction of the
Cy5-labeled target DNA, hybridization occurred, providing proxi-
mity between QDs and Cy5 required for FRET. Found LOD was
5nM for designed system (Algar and Krull, 2009). Further, the
same group has reported and discussed several multiplex assays
for simultaneous detection of two or more target sequences. They
have designed multiplex assay consisting of green MPA-capped
CdSe/ZnS QDs-Cy3 and red MPA-capped CdSe/ZnS QDs-A647 as
FRET pairs. For multiplexing, two different color QDs were co-
immobilized in mixed films and in this assay single nucleotide
polymorphisms discrimination with contrast ratios as high as 31:1
was possible (Algar and Krull, 2009). The same approach of two
color QDs co-immobilized was used for detection of three different
nucleic acids (Algar and Krull, 2010). The authors have shown that
multiplexing is possible even using single color QDs immobilized
on optical fibers as energy donor to two, Cy3 and Rhodamine Red-
X, energy acceptors (Algar and Krull, 2010). Consequently, an idea
of using immobilized QD-FRET probes was applied in chips. Chen
et al. have constructed solid-phase nucleic acid hybridization assay
using immobilized QDs within microfluidic channels. Im-
mobilization of QDs inside the channels was done via hybridiza-
tion of the complementary oligonucleotides assembled on the QDs
surface and located on a glass surface inside the microfluidic
channels. The second oligonucleotide sequence attached to QDs
was available for hybridization with targeted Cy3-labeled DNA
driven through channels electrokinetically, which enabled FRET
(Chen et al,, 2011).

Similarly Traver et al. have designed on-chip QD-FRET-based
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assay for detection of transduction of nucleic acids. Streptavidin-
modified green CdSe/ZnS QDs were immobilized into the micro-
fluidic channels on the biotinylated polydimethylsiloxane (PDMS)-
glass via streptavidin-biotin affinity and energy acceptor Cy3 was
conjugated to target oligonucleotide sequence. Achieved LOD of
the probe was in the range of femtomole (Tavares et al, 2012).
Later on, this work was expanded on designing multiplex detec-
tion of nucleic acids in microfluidic channels (Noor et al,, 2013).
The most recent reported novelty in QD-FRET-based detection of
nucleic acid is paper-based solid-phase assay and multicolor pa-
per-based solid-phase assay reported by Noor et al. Paper surface
has been modified with imidazole ligands for immobilization of
glutathione (GSH)-capped QDs with oligonucleotide probe self-
assembled on their surface as energy donors and Cy3 has been
used as energy acceptors (Noor and Krull, 2013). For multicolor
assay, green and red-emitting GSH-capped QDs with appropriate
oligonucleotide sequence for target DNA detection were im-
mobilized on the paper surface, and Cy3 and A647 were used as
their FRET pair (Noor and Krull, 2013). In both cases, selectivity of
nucleic acid hybridization was demonstrated by single-nucleotide
polymorphism detection, reaching LOD in the range of femtomole.
Similarly Petryayeva et al. have modified polystyrene microplate
with multidentate imidazole-based surface ligands for im-
mobilization of green- and red-emitting QD donors. Two different
oligonucleotide probe sequences were assembled on QDs surface
via hybridization with target oligonucleotides. QDs were paired
with Cy3 and A647 acceptor dyes, respectively, creating two FRET-
based detection channels. Established LOD was 4 nM for both as-
says, with green- and red-emitting QDs (Petryayeva et al., 2013).

4.2, QD-FRET sensors for enzymatic activities

Enzymes are involved in the thousands of metabolic processes.
Proteases, which catalyze hydrolysis of proteins into smaller
peptides and/or amino acids, are ubiquitous in all normal meta-
bolic processes but as well as in diseases, such as viral infections
(Meeprasert et al., 2014), AIDS (Pokorna et al., 2009) and in ma-
lignant progression like tumor angiogenesis, invasion and metas-
tasis (Flores-Resendiz et al, 2009). Designing QD-FRET-based
sensors for activity monitoring of proteases such as trypsin, cas-
pase, HIV protease and others have attracted a lot of attention
recently due to their diagnostic importance. However, such design
is not so straightforward and includes several very important and
complicated steps such as engineering of the linking protease-
specific peptide or finding appropriate energy donors and
acceptors,

42.1. Immobilized QDs for enzymes activities - chip and paper-
based sensors

Since QD-FRET-based systems have the potential to be used in
diagnostics and therapy, several chip-based QD-FRET sensors have
been reported along with immobilization of QDs into the surface,
which prevents their aggregation. For the detection of the MMP-7
activity, streptavidin-coated QD525 have been immobilized on the
amine-reactive glass surface and QDs photoluminescence was
quenched with TAMRA attached to biotinylated MMP-7 degrad-
able peptide (RPLALWRSK). Fifty peptide molecules were attached
per one QD and the designed chip-based assay was able to detect
MMP-7 enzyme activity at concentration of approximately
100 ng/mL (Kim et al., 2007). The Medintz group has demon-
strated monitoring of trypsin activity on electroluminescent (EL)-
charged-coupled device (CCD)-microchip platform using QD bio-
conjugated with a trypsin substrate dye-labeled peptide (Fig. 5)
(Medintz et al, 2006). The 16-well microchip was designed and
linking peptide consisted of two segments: (1) a polyhistidine
segment for self-assembly on the DHLA-PEGggo-capped QDs,

Modular peptide
f Helix linker Quencher}dye\.

. Cleavage
Hisg\  site

|

QD emission

+ Protease

- Caspase-1

- Thrombin

- Collagenase
- Chymotrypsin

Fig. 5. QD-FRET sensor for detection of the enzymes activity. N-terminal hex-
ahistidine (Hisg) sequence for easier attachment to the DHLA-capped QDs as energy
donors, while on C-terminal on the cysteine residues was used for dye attachment
followed by helix linker for providing peptide rigidity, next part is deavage site
which was specific to the protease, caspase-1, thrombin, collagenase and chymo-
trypsin as enzyme of interest and on C-terminal site-spedfic location (cysteine
thiol) for dye attachment Cy3 and QXL™520 were used in this sensor for QDs
photoluminescence quenching. In the presence of the enzyme, cleavage occurred
rambling QD and dyes which prevented FRET enabling QDs photoluminescence
recovery. Adapted by permission from Macmillan Publishers Ltd.: Nature Materials
(Medintz et al. 2006) copyright 2006,

(2) enzyme cleavage site and cysteine residue for Cy3 attachment
as acceptor dye. System had an optimal QD:Cy3-peptide ratio of
1:2 and was used for trypsin proteolytic activity and trypsin in-
hibition monitoring. The EL-CCD combined the spatial detection of
CCD with the simple illumination by EL strips to measure fluor-
escence from chips. The results were compared to the conven-
tional fluorescent plate reader measurements showing that used
volumes were more than an order of magnitude lower comparing
to the conventional method though LOD of trypsin (6.2 nM) has
remained the same (Sapsford et al., 2009). Also, a microbiochip has
been designed by Lee et al. using specific micro-electro-mechan-
ical system. The design of the chip was based on microbead
probes, where microbeads together with donor and acceptor fixed
on their surface were injected into microchip and captured by
micropillars in reaction chamber. Streptavidin-modified QDs were
used for coupling with MMP-7 degradable peptide labeled by
TAMRA quenching dye as FRET pair with the ratio of 1:20, which
resulted in 90% of QDs photoluminescence quenching. Microbe-
ads-QDs linkage was based on the streptavidin-biotin affinity. The
microbiochip successfully measured QDs photoluminescence re-
covery in the presence of the MMP-7 after 50 min of reaction at
37 °C and LOD was 1 pug/mL. Besides reducing of reagents volume,
main advantages of this microbiochip were easy handling and
mass production potential due to its simple structure. Similarly, as
for nucleic acid detection the most recent reported novelty in QD-
FRET-based detection and monitoring of enzyme activity is paper-
based assay, firstly reported by Algar group. Cellulose fibers in the
paper were modified with bidentate thiol surface ligand on which
CdSeS/ZnS QDs capped with DHLA or GSH can readily immobilize.
After immobilization, QDs were assembled with Alexa Fluor 555-
labeled peptide substrates for proteases (trypsin, chymotrypsin
and enterokinase). Enzyme specific peptides have been engineered
with Hisg cysteine bonding segments and enzyme-characteristic
cleavage site. A portable USB spectrometer with violet LED as an
excitation source, digital camera, webcam and an iPhone were
sufficient for analysis on the basis of a red/green color intensity
ratio in enzyme concentration 1-2nM (Petryayeva and Algar,
2013). In order to minimize the unusually high analysis costs, due
to sophisticated instrumentation, the same authors have shown
that even smartphone camera can be used as photoluminescence
detector as well as multiplexed protease sensing is possible and
easily detectable (Fig. 6) (Kim et al, 2014). Later, they have
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Fig. 6. Multiplexed QD-FRET assays for the detection of proteolytic activity using a smartphone. (A) Design of the assay with three color QDs as energy donors and QSY35,
QSY9 or A647 as energy acceptors, which are used for labeling of the peptide with enzyme-specific cleavage site. (B) Detection of the photoluminescence recovery as a result
of proteolytic activity via smartphone camera and hand-held UV lamp as excitation source. Reprinted with permission from (Kim et al., 2014).Copyright 2014 American

Chemical Society.

reported work with immobilized QDs and different amounts of
dye-labeled peptide for trypsin activity measurement, which had
bright luminescence under ultraviolet illumination making QDs
photoluminescence emission visible by eye (Kim et al., 2014),

4.3. QD-FRET-based immunoassays and organic compounds
detection

Immunoassays are biochemical tests based on the antibody-
antigen methodology. QDs in combination with FRET were used
for designing immunoassays for variety of samples and com-
pounds. One of the first published reports, which used FRET and
QDs in immunoassay has been reported by Goldman et al. for TNT
detection. Sensor consisted of anti-TNT specific antibody frag-
ments attached to DHLA-CdTe-ZnS QDs via metal-affinity co-
ordination. Black Hole Quencher-10-labeled TNT analogue was
coupled to the antibody binding site and it quenched photo-
luminescence of the QDs. In the presence of TNT, dye-labeled
analogue is displaced and photoluminescence is recovered. LOD
was 20 ng/mL of TNT (Goldman et al, 2005). Several years later,
another QD-FRET-based sensor for TNT has been reported. A hy-
brid system was based on the QDs photoluminescence quenched
by the gold nanorods with LOD of 0.1 nM (Xia et al., 2011). Further
two immunoassays are probably the most known QD-FRET-based
sensor and they have been designed for maltose detection. The
detection is based on P-cyclodextrin displacement as maltose
analogue. First, sensor consists of multiple copies of Escherichia coli
maltose-binding protein (MBP) bound to QDs by a C-terminal
oligohistidine segment and plays a role of the sugar receptors.
li-cyciodextrin—QSY' 9 dark quencher conjugate was bound to MBP
saccharide binding site for QDs photoluminescence quenching.
Displacement of the B-cyclodextrin was caused in the presence of
the maltose, which was detected as photoluminescence recovery
of QDs strongly dependent on maltose concentration. The second
sensor uses a fluorescent dye as acceptor instead of QSY9 dark
quencher. In this case, MBP-QD photoluminescence was quenched
in two steps. First, energy was transferred from QDs to Cy3-labeled
MBP and then to Cy3.5-labeled cyclodextrin (Medintz et al., 2003).
In addition, a displacement mechanism was used for the glucose
detection by Tang et al. Authors have designed a nanobiosensor in
which glucose was detected upon fluorescence recovery. Sensor
consisted of QDs as energy donors conjugated to a sugar-binding
lectin concanavalin A (ConA) and glucose analogue, thiolated
P-cyclodextrins (beta-SH-CDs) assembled on the surface of gold
nanoparticles (AuNPs) as quenching acceptor. Fluorescence re-
covery was observed in the presence of glucose due to displace-
ment of AuNPs-beta-CDs segment from ConA binding sites. Sensor
had a high sensitivity with LOD of 50 nM and showed very good
selectivity toward glucose in the presence of other sugars or serum
biomolecules (Tang et al., 2008). Another nanosensor designed for

glucose detection was based upon observation of fluorescence
inhibition and the authors have introduced binding site pre-
blocking glucose assay protocol, as a part of the detection system.
In the system, green QDs conjugated with ConA were used as
energy donor and red QDs-NH»-glu as acceptor. The authors have
used ConA specificity for sugars and pre-bound glucose into the
QD-ConA acceptor, which disabled attachment of the QDs-NH,-glu
acceptor blocking the resonance energy transfer between green
and red QDs. The more glucose was bound into the binding sites of
the ConA, the lower the conjugation with the red QDs-NH,-glu
was and photoluminescence of the green QDs was not quenched
(Hu et al, 2012). Recently, a FRET-based aptamer biosensor for
insulin was reported. FRET system was built between near-infrared
QDs (NIR-QDs) and oxidized carbon nanoparticles as the energy
donor and acceptor, respectively (Wang et al., 2014b). For achiev-
ing good FRET efficiency, the distance between QDs and antibody
binding site is very important, as well as the number and location
of the acceptor molecules. Molecules used for QDs surface mod-
ification sometimes enlarge the distance between the donor and
the acceptor molecules causing a decrease in the FRET efficiency.
To overcome this problem, Nikiforov et al. have designed a QD-
FRET-based immunoassay, in which QDs surface was modified
with haptens such as biotin, fluorescein and cortisol. The synthesis
of hapten-QDs conjugates was very straightforward and based on
the mixing of amine-labeled QDs with an excess of the N-hydro-
xysuccinimidyl esters of biotin and fluorescein. In the case of
cortisol, a carbodiimide-activated carboxylic acid derivative of the
hormone has been used. The binding of hapten-QDs to Alexa
Fluor-labeled streptavidin, anti-biotin, anti-fluorescein or anti-
cortisol antibody formed a FRET system and achieved LOD for
fluorescein and cortisol that was 25 nM and 2 nM for biotin (Ni-
kiforov and Beechem, 2006). Wei et al. have used QDs in the open
sandwich fluoroimmunoassay (OsFIA) and estrogen was used as a
model sample. In the sensor, CdSe-ZnS QDs attached to the hinge
area of anti-estrogen receptor P (anti-ER-P) monoclonal antibody
was used as energy donor and anti-ER polyclonal antibody was
labeled with the energy acceptors-Alexa Fluor 568 or Alexa Fluor
633. After 30 min of incubation with estrogen receptor p (ER-p)
antigen, FRET could be measured with LOD of 0.05 nM. OsFIA of-
fers a simpler way of detection than ELISA (Wei et al., 2006). An-
other hormone QD-FRET sensor was reported for estradiol. It was
FRET-based aptasensor using QDs bioconjugated as a nano-biop-
robe and a high-affinity, high-specificity fluorescence-labeled anti-
17 beta-estradiol aptamer as a bio-recognition molecule. LOD was
0.22nM and probe showed really high estradiol specifity and
sensitivity against potentially interfering endocrine-disrupting
compounds or other chemicals (Long et al., 2014).
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44. QD-FRET sensors for small molecules

Besides large biomolecules such as proteins or nucleic acids,
also small molecules are extremely important either as com-
pounds essential for life or as toxic and harmful species. In both
cases, they have to be sensitively detected and identified. Even for
these purposes, QD-based FRET can be applied (Esteve-Turrillas
and Abad-Fuentes, 2013).

One of the most commonly determined analytes is currently
glucose due to the widespread of type 2 diabetes. This disease
affects more than 370 million people (Kahn et al, 2014) and
therefore the need for proper diagnostics and treatment is urgent.
In the area of QD-based FRET, number of studies have been pub-
lished (Duong and 1 Rhee 2007; Gill et al,, 2008; Hu et al., 2012;
Huang et al, 2013c¢). Very recently, a simple and ultrasensitive
platform for the detection of glucose and hydrogen peroxide based
on fluorescence resonance energy transfer between carbon
quantum dots and polyaniline was described (Zhang et al., 2015).
By this method, detection of glucose down to submicromolar le-
vels was achieved and moreover, it was found that traces of hy-
drogen peroxide can be detected in a range of 0.5-50 pM.

Among other important molecules detectable by QD-based
FRET belong vitamins such as ascorbic acid (Huang et al, 2014),
cobalamin (Gore et al., 2014; Vaishnavi and Renganathan, 2013)
and/or biotin (Mattsson et al., 2015) also amino acids (Heger et al.,
2015; Tirado-Guizar et al., 2014), glutathione (Shi et al., 2014) and
adenosine triphosphate (Chen et al, 2008; Revesz et al., 2007).

Finally, substances that may cause pollution are numerous, some
of them are directly connected to human activities, such as agri-
culture, and/or mining industry, and therefore monitoring is re-
quired. Few QD-FRET based nanosensor have been reported for
some of the pollutants. Sensor for the detection of residues from
organophosphorus pesticides was based on the simple ligand re-
placement on the QDs surface, which resulted in turning off the
FRET. CdTe QDs were quenched by bidentate ligand dithizone (DZ)
attached on the surface due to FRET and presence of organopho-
sphorothioate pesticides replaced DZ ligands on the QDs surface by
the hydrolyzation of the organophosphorothioate and photo-
luminescence recovery occurred. Model pesticide was chlorpyrifos
and system achieved LOD of 0.1 nM. Organophosphorothioates
were successfully detected in apples (Zhang et al., 2010). Glyphosate
is a broad-spectrum herbicide brought up to the market in the 70's
of the last century by Monsanto Corporation. QD-FRET based gly-
phosate sensor was designed with the negatively charged TGA
capped CdTe-QDs as energy donor and positively charged gold
nanoparticles stabilized with cysteamine (CS-AuNPs) as energy ac-
ceptor. Electrostatic interaction approximated FRET pair resulting in
the QDs fluorescence quenching. Glyphosate interaction with the
FRET system induced aggregation of the CS-AuNPs due to electro-
static interaction and fluorescence recovery has been observed. The
detection limit for glyphosate in the apples was 9.8 ng/kg (Guo
et al, 2014). Octachlorostyrene (OCS) was never used as a com-
mercial product but it can be produced during magnesium pro-
duction, incineration, combustion processes involving chlorinated
compounds and others. It is characterized as persistent, bioaccu-
mulative and toxic compound, involved in the mutagenicity/geno-
toxicity and carcinogenicity in humans. OCS detection FRET system
was built in a microtitration plate and contained several steps. La-
boratory produced anti-OCS antibody were adsorbed on a micro-
titer plate and competitive immunoreaction occurred between
rhodamine B-labeled OCS (RB-OCS) and OCS. Afterwards separated
solution was mixed with TGA capped CdTe QDs and based on the
electrostatic interaction between CdTe QDs donor and RB-OCS ac-
ceptor FRET occurred and increasing of the fluorescence emission of
the rhodamine B was observed with corresponding decreasing of
the QDs photoluminescence (Wang et al, 2014a).

4.5. QD-FRET sensors for heavy metals detection

One of the biggest problems of today’s society is environmental
pollution with heavy metals. FRET-based nanosensors enhanced
with QDs as novel fluorophores had been successfully applied for
heavy metals as prominent sensing tool. As well as in the others
QDs-based nanosensors, interaction between QDs and metal ions
is detected as photoluminescence enhancement or quenching
caused by direct physical adsorption or chelating metal-ions on
the ODs surface or more often is used interaction between metal-
ions and QDs functionalized with metal-ion selective receptors.
For direct interaction, several pathways have been described as
probable reaction mechanisms, but it is not possible to clearly
determine which one had happened or if several pathways had
been combined (Wu et al., 2014). On the other hand, functionali-
zation of the QDs reduces direct metal-ion attack and application
of the QDs encapsulated with materials such as polymers reduce
non-specific interactions. Hereafter, QDs-FRET-based nanosensor
for most common pollutant, such as Hg(1l), which belongs to one
of the most toxic and dangerous pollutants, will be described. QD-
FRET-based sensor designed by Li et al. for Hg(ll) detection used
TGA-capped CdTe QDs and butyl-rhodamine-B dye in Tris-HCl
buffer with addition of the cetyltrimethylammoniumbromide in
order to bring the electronegative QDs and dye closer for better
FRET efficiency. In the presence of Hg(ll) photoluminescence
quenching of TGA-CdTe QDs and corresponding fluorescence en-
hancement of the butyl-rhodamine-B was observed. QDs photo-
luminescence has been quenched because of mercury affinity to-
ward telluride, which caused Cd(ll) ion displacements from the
QDs surface. Reached LOD was 203 uM (Li et al, 2008). Since
mercury has a bio-accumulative nature, an intracellular detection
might be needed and FRET ratiometric approach is a good solution,
especially with long lifetime material like QDs whose emission
will last longer than background autofluorescence. A system with
polymer-encapsulated CdSe/ZnS QDs and thiosemicarbazide-
functionalized rhodamine-B, which is capable of non-specific ad-
sorption on the QDs surface, as energy donor and acceptor was
designed by Page et al. Detection was followed by ring-opening
reaction at thiosemicarbazide-functionalized rhodamine-B and
rise of absorption peak at 550 nm, which overlapped with emis-
sion maxima of the QDs and FRET occurred. Measured LOD was
79 ppb (Page et al., 2011). Follow, Liu et al. designed QDs-FRET
ratiometric fluorescence sensors for detection of Hg(ll) in water,
which involved CdTe QDs encapsulated into silica particles and
rhodamine-B as FRET pair (Liu et al, 2012). Hu et al. have used
N-acetyl-1-cysteine (NAC) functionalized QDs and rhodamine-6 G
derivative-mercury conjugate as FRET pair for ratiometric FRET
sensor. NAC stabilized QDs and gave much brighter emission then
typical TGA and/or MPA stabilizers, as well as it has good affinity
toward mercury ions. Sensor was employed for intracellular col-
orimetric imaging in live Hela cells (Hu et al, 2013).

Mainly, QDs are used as a donor in FRET systems and the sys-
tem in which they are used as acceptor are rare. In such system,
TGA-CdTe QDs and fluorescent brightener were used in con-
centration ratio 10:1 and as acceptor and donor respectively. De-
tection of Hg(ll) ions was followed by QDs photoluminescence
quenching due to strong absorption of Hg(Il) to the carboxyl group
on the QD surface (Tao et al, 2014). Among common, bio-accu-
mulative and persistent pollutant also belongs lead. Therefore,
several QD-FRET-based sensor for detection are reported in the
literature. CdTe QDs capped with cysteamine have been used as
energy donors while surface of gold nanoparticles modified with
11-mercaptoundecanoic acid (MUA-AuNP) have been used as en-
ergy acceptors. Lead ions have been detected according to the QDs
photoluminescence recovery with LOD 30 ppb. Supposed interac-
tion that led to photoluminescence recovery is the aggregation of
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MUA-AuNP in the presence of lead (Wang and Guo, 2009). Simi-
larly, Zhao et al. have reported lead detection with the system of
dithizone (Dz) functionalized CdSe/CdS QDs, where Dz quenched
QDs photoluminescence. The recovery of photoluminescence has
been observed in the presence of the lead ions caused by removal
of Dz from QDs surface due to its strong affinity to lead ions, LOD
was 0.006 nM and probe has shown satisfactory results with real
environmental samples (Zhao et al,, 2013). Very interesting ap-
proach was published by Wu et al. showing the design of QD-
DNAzyme nanosensor in which fluorescence recovery of QDs is
consequence of DNAzyme cleavage in the presence of the heavy
metals, Pb(Il) and Cu(ll) were used as models. The carboxyl-sila-
nized QDs have been linked to DNAzyme through the zero-length
crosslinker EDC and sulfo-NHS. The achieved LOD for Pb(Il) and Cu
(II) were 0.2 and 0.5 nM, respectively. Using different colors of
QDs, Pb(Il) and Cu(ll) ions were successfully recognized within the
mixture without any signal interference (Wu et al., 2010). Further,
different systems for Cu(ll) ions were designed. Ganguly et al. have
used salen-coupled CdSe/ZnS QDs through condensation reaction
between surface amine and salicylic aldehyde. In the presence of
Cu(ll) salen will exhibit photoluminescence quenching. Model has
been applied for Fe(ll) ions detection as well (Ganguly et al., 2010).
Further, for Cu(ll) ions, a sensor using MPA-CdTe QDs as energy
acceptor and green luminescent monodisperse phenol for-
maldehyde resin nanoparticles (PFR NPs) as energy donors was
built. In the system of QD-PFR NPs, red color of QDs has been
observed, but in the presence of Cu(ll) ions, FRET has been dis-
rupted and QDs photoluminescence has been quenched while
green color of PFR NPs has arose visible by naked eye within 1 min
(Yang et al., 2011). Besides mercury, cadmium and lead, also others
pollutants such as zinc and potassium have been subjected to the
detection. Ruedas-Rama et al. have designed an interesting QD-
FRET-based sensor for Zn(ll) and Mn(ll) ions sensing with 2-car-
boxyl-2-hydroxy-5-sulfoformazylbenzene (Zincon) modified QDs.
Systemn has shown different behavior in the presence of these two
metals. In case of Zn(ll), Zn(ll)-Zincon absorption spectra overlaps
with the emission of QDs thereby photoluminescence quenching is
observed. On the other hand, in the presence of Mn(ll) and its
binding to Zincon, enhancement of the photoluminescence in-
tensity is observed as a result of deactivation of the quenching
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interaction between Zincon and QDs (Fig. 7) (Ruedas-Rama and
Hall, 2009). Chen et al. developed a crownether(15-crown-5)-
functionalized dual QDs system for potassium detection. CdSe/ZnS
QDs of two different colors were used, QD545, as energy donor
and QD635, as energy acceptor. When potassium has bound, ag-
gregation of the QDs has occurred due to shortening of the dis-
tance between them causing QD545 quenching and QD653 fluor-
escence increase (Chen et al, 2006). CdTe-AuNPs quenching sys-
tem has been designed for sensing of fluoride (F~) anion. CdTe-
AuNPs have bound through formation of cyclic boronate esters,
whose integration with F~ formed trifluoroborate and have dis-
assembled CdTe from AuNPs. The linkage breaking has resulted in
the fluorescence recovery of QDs and LOD for F~ has been mea-
sured at the concentration of 50 nM (Xue et al., 2012).

4.6. Sensors for detection of microorganisms and their toxins

A majority of microorganisms are harmless to humans, how-
ever some microorganisms arefor their toxins can be very dan-
gerous, causing serious diseases; therefore their rapid and sensi-
tive detection is needed. In this section, a short insight in QDs-
FRET-based nmanosensors designed for detection of different mi-
croorganism and toxins will be given. These nanosensors employ
previously introduced mechanisms of the hybridization and anti-
body-antigen interaction to provide appropriate proximity of the
donor and acceptor for FRET as well as activity of the proteases,

Kattke et al. have developed QD-FRET-based immunoassays for
spores in the solution of Aspergillus amstelodami, presented in the
Fig. 8. Detection system has been formed by anti-Aspergilus anti-
body conjugated to the amine-derivatized (PEG)-coated CdSe/ZnS
QDs through succinimidyl-4-| N-maleimidomethyl]cyclohexane-1-
carboxylate (SMCC) crosslinker and black hole quencher (BHQ3)-
labeled mold analytes that had a lower affinity for the antibody
than A. amstelodami. Fluorescence recovery was observed in the
presence of A. amstelodami due to black hole quencher-labeled
mold analytes displacement The immunoassay has detected
concentrations as low as 10° spores/mL in five minutes or less
(Kattke et al., 2011). The toxic shock syndrome toxin-1(TSST-1)-
producing Staphylococcus aureus has been successfully detected by
FRET system with CdSe-ZnS QDs as donor and BHQ3 as acceptor.

Fig. 7. QD-FRET sensor for detection of Zn(II) and Mn{I1) ions. In designed system, MPA-capped QDs were modified with poly(allylamine hydrochioride) (PAH * ) was chosen
for achieving positive charge on the QDs surface used for electrostatic binding of the Zincon. System has exhibited QDs photoluminescence quenching due to metal-ion
disruption of the QD-Zincon system caused by formation of the Zincon-metal complex and QDs photoluminescence enhancement due to RET and/or FRET in the detection of
the Zn(l) and Mn{Il) ions, respectively. Reproduced from (Ruedas-Rama and Hall 2009) with permission of The Royal Society of Chemistry.
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Fig. 8. Schematic presentation of the QD-FRET-based immunoassays for spores of the Aspergillus amstels
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the ant-Aspergilus antibody via SMCC crosslinker, which interacted with BHQ-3-labeled mold analytes with lower affinity than A. amstelodami spores. As a result, QDs
photoluminescence was quenched but in the presence of the A. amstelodami spores lower affinity mold analytes will be displaced recovering photoluminescence as detection

signal. Reprinted with permission from (Kattke et al, 2011 ).

QD-DNA probe was prepared by conjugation of the carboxyl-
modified QD and the amino-modified DNA with the EDC in ratio
1:40, respectively. Photoluminescence quenching has been ob-
served after DNA hybridization between matching ssDNA-mod-
ified donor and acceptor. In the presence of targeted DNA the
photoluminescence recovery was observed due to BHQ-labeled
ssDNA detachment from the probe. Recovered QDs photo-
luminescence has been linearly dependent on the concentration of
target DNA and LOD was 0.2 yM (Wang et al., 2011). QD-FRET-
based sensors relied on the DNA hybridization process for pro-
viding the donor-acceptor proximity between QDs and graphene
oxide (GO) has been applied for Listeria monocytogenes detection, a
foodborne pathogen. Method consisted of a multiplex linear-after-
the-exponential PCR amplification, DNA hybridization, and QD-GO
signal detection. QD525 and QD605 have been conjugated to the
ssDNA amplification products of the iap and hlyA genes, respec-
tively due to streptavidin-biotin interaction. The photo-
luminescence recovery has been observed in the presence of the
targeted DNA. Genomic DNA from L. monocytogenes can be de-
tected as low as 100 fg/uL (Liao et al., 2014). Similarly, the FRET
between QDs and quenchers has been developed for Listeria
monocytogenes, Bacillus thuringiensis, and Salmonella typhimurium
detection designed by Burris et al. (2013). A very simple and rapid
QD-FRET-based nanosensor has been designed for Helicobacter
pylori by Shaneshaz et al. Two oligonucleotides probes were dif-
ferently labeled, one with TGA-capped CdTe QDs and the other
with TAMRA. 210 bp PCR product of urease gene of bacterium H.
pylori was used as complementary DNA. Complementary DNA
hybridized with oligonucleotides probes brought closer QDs and
TAMRA and enabled FRET. The LOD was estimated as 4.5nM
(Shanehsaz et al, 2013). Several QD-FRET-based nanosensors for
bacteria toxins have been reported. Botulinum neurotoxins
(BoNTs) are proteins produced by the Clostridium botulinum. BoNTs
are one of the strongest and most dangerous natural toxins known
to human and could cause poisonings with fatal outcomes,
therefore rapid and sensitive detection of the toxins is needed. QD-
FRET-based nanosensors were based on observing activity of light
chain protease of the BoNT serotype A (LcA). The authors deigned
LcA peptide substrate consisting central LcA recognition/cleavage
region with C-terminal cysteine residue labeled with Cy3 acceptor
dye and N-terminal oligohistidine for self-assembly with PEGy-
lated or DHLA-capped CdSe/ZnS QDs. In the presence of BoNT LcA
the created QD-LcApep-Cy3 quenching system exhibited

fluorescence recovery as a result of LcApep cleavage. Obtained LOD
was 350 pM for LcA (Sapsford et al., 2011).

Staphylococcal enterotoxin B (SEB) is one of the toxins pro-
duced by Staphylococcus aureus and is commonly associated with
food poisoning. Detection system for SEB was based on FRET be-
tween two different QDs, QD53 and QDgg, which were bio-
conjugated to anti-SEB antibody and SEB respectively according to
the carbodiimide protocol. Mutual affinity of anti-SEB antibody
and SEB enabled efficient FRET between QDs, where fluorescence
quenching was observed at QDs,3 (energy donor) and fluorescence
enhancement at QDgq, (energy acceptor) (Vinayaka and Thakur,
2013). Aflatoxins are group of secondary metabolites produced
mainly by the fungi of Aspergillus flavus and Aspergillus parasiticus.
They are harmful to human, poultry and livestock health. QD-
FRET-based competitive immunoassay for aflatoxin B1 detection
was designed by Zekavatin et al. CdTe QDs conjugation with anti-
aflatoxin B1 antibody and Rhodamine123-labeled aflatoxin B1-al-
bumin both done by EDC-sulfo NHS methodology, were used as
energy donor and acceptor. The proximity of the QDs and the
Rhodamine123 provided by labeled-aflatoxin B1-albumine en-
abled FRET and strong Rhodamine123 fluorescence emission was
observed. Aflatoxin B1 was detected according the reduction of the
Rhodamine123 fluorescence due to competitive replacement of
the labeled-aflatoxin B1-albumine with aflatoxin B1. Achieved LOD
was 2x 10~ "' M (Zekavati et al, 2013). Another sensor for afla-
toxin B1 in rice grain was formed by using hapten-labeled green
QDs as energy donor and monoclonal antibody-labeled red QDs as
energy acceptor. Achieved LOD was 0.13 pM in rice extracts (Xu
et al,, 2014).

4.7. Detection of viruses via QD-FRET-based sensors

Viruses are small infectious agents that require a host organism
for living and replicating. Most of the viruses have either RNA or
DNA as their genetic material, they undergo the genetic mutation
very quickly, and due to that, they stand as an unsolved diag-
nostics and therapeutic problem. Rapid, inexpensive and sensitive
virus detection methods are still under investigation. Similarly
to QD-FRET-based bacteria detection, in the most of the cases viral
nucleic acids been used for hybridization assays as well as antigen-
antibody affinity for building immunoassays as mechanism,
which will enable FRET follow their detection. For Porcine Re-
productive and Respiratory Syndrome Virus (PRRSV) two different
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QD-FRET-based sensors have been proposed. An anti-PRRSV
monoclonal antibody labeled with Alexa Fluor 546 (A546) fluor-
escent dye was attached to the commercially protein-modified
green QDs as first FRET system, in the second one the same dye-
labeled anti-PRRSV monoclonal antibody was used and coupled
with protein A-modified gold nanoparticles. In the presence of the
antigen, antibody-antigen reaction will occur causing conforma-
tional change within the antibody structure bringing closer FRET
pair and increasing FRET efficiency. For QDs-based sensor, less
energy has been transferred from QDs to the A546, increasing QDs
photoluminescence and decreasing A546 fluorescence. For gold
nanoparticle-based sensor, this has caused the decrease in the
quenching effect, Both sensors were able to rapidly and effectively
detect PRRSV in solution with LOD 3 particles/ul (Stringer et al,
2008). Further, for hepatitis B virus (HBV) sensor has been re-
ported consisting of MPA-capped CdSe/ZnS QDs conjugated with
amine-modified 15-mer oligonucleotides via carbodiimide chem-
istry along with Cy5 dye used for labeling of the target DNAs.
Bringing QD-Cy5 FRET pair together by sandwiched hybridization
fluorescence emission of the Cy5 was observed. Non-com-
plementary and unbound DNAs did not produce any FRET signal
because they could not hybridize with the QD-DNA conjugate.
Applicability of the nanosensor was also demonstrated in the de-
tection of synthetic 30-mer oligonucleotide targets derived from
the HBV with a sensitivity of 4.0 nM by using a multilabel counter
(Wang et al., 2010). Relaying on the same procedure another HBV
sensor was designed with the usage of 6-carboxy-X-rhodamine
fluorophore as energy acceptor (Huang et al., 2013b). FRET tech-
nique was applied for H5N1 avian influenza virus detection as
well. FRET system consisted of CdTe QDs conjugated with ssDNA
via EDC/NHS linkage as energy donor and oxidized carbon nano-
tubes (0xCNT) were used as fluorescence quenchers. Upon the
recognition of the target, efficient competitive binding toward QD-
ssDNA occurred and resulted in the oxCNT removal from the sys-
tem and photoluminescence recovery. Registered LOD was
9.39 nM (Tian et al, 2012). Moreover, a nucleic acid sandwich QD-
FRET-based hybridization assay was used for H5N1 virus detection
where 16-mer oligonucleotide was attached to QD655 via sulfo-
SMCC crosslinker in the molar ratio of 10:1 (probe-to-QD) and 18-
mer oligonucleotides was attached to Alexa Fluor 660 (A660) dye.
Since these oligonucleotides recognize two separate but adjacent
regions of the H5 sequences, sandwich hybridization assay was
applied. In the presence of label-free hemagglutinin H5, A660 dye
emission was increased as consequence of FRET (Chou and Huang
2012).

Human Enterovirus 71 (EV71) and Coxsackie virus B3 (CVB3)
immunoassays were proposed based on the energy transfer be-
tween two colored QDs and graphene oxide as energy donors and
acceptors. Streptavidin-modified green CdSe/ZnS QDs were at-
tached to biotinylated EV71 antibody and streptavidin-modified
red CdSe/ZnS QD were attached to biotinylated CVB3 antibody and
in both cases GO was used as quenching acceptor. The QD-Ab-GO
complex was broken up in the presence of the targeted EV71 and
CVB3 followed by photoluminescence recovery of QDs. Achieved
LOD for EV71 and CVB3 were 0.42 and 0.39 ng/mL, respectively
(Chen et al., 2012). QDs-FRET-based sensors are also applied in the
detection of viruses like necrotic yellow vein virus (BNYVV); a
plant virus, which is responsible for most destructive disease in
sugar beet, called rhizomania transmitted by protozoan Poly-
myxabetae (Keskin). BNYVV sensor was proposed by Safarpour
et al. and FRET occurred between TGA-capped CdTe QDs con-
jugated with anti-glutathione-S-transferase antibody (anti-GST)
via electrostatic interaction as energy donor and fluorescent dye
rhodamine attached to GST as energy acceptor (Safarpour et al,
2012).

5. Summary and conclusions

FRET has gained a huge importance in different research fields
and improved detection sensitivity in various analytical techniques
since its first description. As it is presented in this review, FRET in
combination with QDs and their superior properties, such as long
fluorescence lifetime and resistance to photobleaching, has en-
abled designing of the new and improved sensors. QD-FRET-based
sensor are giving a great contribution to the miniaturization of the
sensors. Moreover, QDs immobilization to the inexpensive mate-
rials and employing phone cameras as detectors leads toward
cheaper detections possibilities, which is a solid proof of their
immense potential to be affordable and perhaps applied in ev-
eryday life in the future.

6. Future perspectives

We suggest that FRET-based biosensors could be a key for
point-of-care diagnostics, which has to be low cost, easy-to-use
(color change) and sensitive. Besides this in vitro diagnostics, there
is an ocean of fields in in vivo diagnostics, where FRET would find a
good place including tracking of the target molecules, studying of
changes in biochemical pathways and cell structures.
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ABSTRACT: Herein, we describe a novel approach for targeting of ubiquitous protein apoferritin =
(APO)-encapsulating doxorubicin (DOX) to prostate cancer using antibodies against prostate- __};%_'__ .
specific membrane antigen (PSMA). The conjugation of anti-PSMA antibodies and APO was ~/\° = @ = @#
carried out using HWRGWVC heptapeptide, providing their site-directed orientation. The prostate- |
cancer-targeted and nontargeted nanocarriers were tested using LNCaP and HUVEC cell lines. A l =
total of 90% of LNCaP cells died after treatment with DOX (0.25 uM) or DOX in nontargeted and
prostate-cancer-targeted APO, proving that the encapsulated DOX toxicity for LNCaP cells

remained the same. Free DOX showed higher toxicity for nonmalignant cells, whereas the toxicity

was lower after treatment with the same dosage of APO-encapsulated DOX (APODOX) and even

more in prostate-cancer-targeted APODOX. Hemolytic assay revealed exceptional hemocompat- l

ibility of the entire nanocarrier. The APO encapsulation mechanism ensures applicability using a
wide variety of chemotherapeutic drugs, and the presented surface modification enables targeting to
various tumors.

KEYWORDS: antibodies, apoferritin, doxorubicin, nanomedicine, targeted drug delivery
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1. INTRODUCTION

Using nanomedical approaches for personalized medicine, it is

doxorubicin (DOX).”'” APO contains a cage with internal
diameter of 8 nm and external diameter of 12 nm in which drug

possible to target multiple disease markers and deliver multiple
therapeutic agents at once, as required for heterogeneous
diseases such as cancer.' Conventional cancer treatment is
often based on small differences between nonmalignant and
cancer cells; thus, the toxicity to nonmalignant cells is enormous,
resulting in a significant reduction of therapeutic index of
cytostatics. To overcome this phenomenon, therapeutic agents
can be protected against unwanted interactions by nanocarriers. :
Nanocarriers enable de!wery of poorly water-soluble drugs® or
control the drug release,” and the advantage of the nanocarrier’s
small size is employed. Nanoparticles below 100 nm in diameter
can utilize the enhanced permeability and retention (EPR) effect
in tumors, so they can easily get into irregularly dilated and leaky
tumor blood vessels with relatively large pores. Moreover,
nanocarriers over 10 nm in size can avoid renal clearance and
extravasation from normal blood vessels.”

A wide variety of materials, elther organic or inorganic, can be
used for creating a nanocarrier. * This includes carbon nano-
tubes, ll;:iosomes.ﬁ fuilerenes, chelles." r.lamcosphm'es,6 emul-
sions,” or dendrimers.” We recently developed a method using
480 kDa protein apoferritin (APO) as a nanocarrier for

< ACS Publications  © 2016 American chemical Society

can be enclosed."’ APO may also improve selectivity for cells
expressing transferrin receptors (TfR1) that are overexpressed in
a number of tumors."”

Moreover, to enhance the specificity, targeting peptides or
antibodies can be attached to nanocarrier, reducing the amount
of drug administered in patient’s blood circulation and
minimizing the toxicity and side effects.” The attachment of
antibodies to the nanocarrier surface can be realized by covalent
coupling, physical and/or hydrophobic adsorption,” or the
frequently used affinity of biotin to streptavidin/avidin.'*
However, this results in creating relatively large nanoparticles
where it is not possible to control the site-directed orientation of
antibody and where the antibody can contain multiple
biotinylated sites. To eliminate these problems, a linker between
the antibody and the nanocarrier can be used, ensuring the site-
directed orientation."’
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DOX is an ‘anthracycline drug inhibiting the synthesis of
nucleic acids,”” and it is used in the treatment of dxverse
malignant tumors (e.g., breast or small cell lung cancer).'® Tts
fluorescent properties allow easy visualization.” However, this
cytostatic drug exhibits some severe side effects, such as
cardiotoxicity = that can be reduced by its enclosing in
nanocarrier such as APO.”

In this study, antibody-targeted, APO-mediated, and pH-
triggered transport of cytostatic drug DOX was studied using the
fluorescent properties of DOX. We present utilization of a site-
directed conjugation of antibodies using a combination of
advanced nanotechnologies and a short heptapeptide linker. To
ensure the spedificity, we have exploited anti-PSMA (prostate-
specific membrane antigen) antibodies. The functional mod-
ification of APQ surface with anti-PSMA antibodies was
observed using transmission electron microscopy (TEM) and
an ELISA-like method. The presented approach significantly
impacts the geometry of the resulting delivery system and its
biological activity. The influence of targeted and nontargeted
APO with encapsulated DOX (APODOX) on nonmalignant and
prostate cancer cells was studied using proliferation, spreading,
and cell attachment kinetics. Although we have exploited the
prostate cancer model for testing, we anticipate that our system is
versatile and can be exploited for any cancer disease with known
overexpressed transmembrane antigens.

2. METHODS

2.1. Chemicals. All chemicals of ACS purity were obtained from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Encapsulation of DOX into APO. A 200 uL aliquot of 1 mg:
mL™' DOX was added to 20 uL of 50 mgmL™" horse spleen APO
(Sigma-Aldrich, St. Louis, MO, USA) and 100 uL of water. A 2.5 L
aliquot of 1 M hydrochloric acid was added to decrease the solution pH
(WTW inoLab, Weilheim, Germany) and dissociate the APO. The
solution was mixed for 15 min. Then, 2.5 uL of 1 M sodium hydroxide
was added to increase the pH and encapsulate the DOX inside APO
(creating APODOX). The mixture was kept at 20 °C for 15 min and
then rinsed twice with water using Amicon Ultra-0.5 mL 3 K (Merck
Millipore, Billerica, MA, USA). Absorbance and emission spectra of
APODOX were subsequently measured using Tecan Infinite 200 PRO
(Tecan, Minnendorf, Switzerland, excitation wavelength 480 nm and
emission wavelengths 515—815 nm).

2.3. Modification of APODOX Surface with Gold. The surface of
APODOX was modified either with gold nanoparticles or gold(III)
chloride hydrate (HAu). The preparation of gold nanoparticles (AuNP)
was as follows: A 0.25 mL aliquot of trisodium citrate (26.5 mg-mL'l)
was added to 10 mL of 1 mM gold(II) chloride hydrate and shaken on
an Orbital Shaker (Biosan, Riga, Latvia) at 20 °C for 1 h. The resulting
AuNP were 1.4 nm in diameter.

To APODOX, 25 uL of 1 mM solution of AuNP (creating
APODOX-Nano) or 200 L of 1 mM HAu was added (followed with
3 mg of reducing agent NaBH,, thus synthesizing AuNP on APO
surface, creating APOD OX-HAu), and the mixture was shaken at 20 °C
for 12 h. The resulting product was rinsed twice with water on Amicon
Ultra-0.5 mL 3 K.

2.4. Gel Electrophoresis. APODOX modified with AuNP and HAu
were run on 6% nondenaturing PAGE (polyacrylamide gel electro-
phoresis) using a continuous buffer system. Nondenaturing PAGE gels
were prepared and run using 60 mM HEPES with 40 mM imidazole, pH
7.4, buffer systems as described by Kilic et al.'® The samples were loaded
with a loading buffer in 2:1 ratio (50% glycerol). The electrophoretic
apparatus was kept at 6 °C to avoid overheating the gels. The DOX was
visualized at 312 nm, and thc gels were stained with coomassie blue
according to Krizkova et al'?

2.5. Determination of Gold. Mineralized samples of gel were filled
up to 10 mL with ultrapure water and analyzed by means of quadrupole
inductively coupled plasma mass spectrometer (ICP-MS) Agilent 7500

CE (Agilent, Santa Clara, CA, USA) which is equipped with collision—
reaction cell for suppressing polyatomic interferences. Optimization of
ICP-MS parameters was performed with respect to maximum S/N ratio
of signal of '”Au isotope and minimum oxide formation. Optimized
parameters are summarized in Table 1.

Table 1. ICP-MS Parameters Used

parameter (unit) value
radio-frequency power (W) 1500
plasma gas (Ar) (L'min"") 15
sheath gas (Ar) (L'min™") 0.84
carrier gas (Ar) (L'min™") 021
He in collision—reaction cell (mL-min~") 25

Mineralized sample was nebulized into ICP-MS via double-pass Scott
spray chamber with Babington nebulizer. The sample uptake was 0.1
mL-s~!. For suppressing variation of plasma condition and sample
uptake, the internal standard was used (water solution containing 100
ng-m].." T1). The matrix effect was compensated using matrix-matched
calibration solutions containing the same amount of acids as well as the
mineralized samples. The concentration of 1%7Au in calibration solution
was 0, 0.5, 2.0, and 10 ng-mL™".

2.6. Creation of Targeted Nanocarrier. APODOX or APODOX
modified with gold (125 wg) was conjugated with 625 ng of
HWRGWVC (HWR) peptide (Clonestar Peptide Services, sr.o,
Brno, Czech Republic) at appropriate temperature (20 or 45 °C) and
400 rpm for 1 h. Unbound HWR peptide was removed by fltration
using Amicon Ultra-0.5 mL 3K at 20 °C and 6000 g for 15 min. A7 ng
aliquot of human IgG antibodies (Sigma-Aldrich, St. Louis, MO, USA)
or 17.5 ng aliquot of mouse monodonal anti-PSMA antibodies (Abcam,
Cambridge, UK) was added to the samples and incubated at 20 °C and
600 rpm for 1 h, creating targeted APODOX-Nano-HWR-IgG or
APODOX-anti-PSMA, respectively.

2.7. Characterization of Created Nanocarrier. The technique of
negative staining was used for the visualization of samples using
transmission electron microscopy. For this purpose, organotungsten
compound Nano-W (Nanoprobes, USA) was utilized. Samples (~4 uL)
were deposited onto 400-mesh copper grids coated with a continuous
carbon layer. Dried grids were imaged by a Tecnai F20 microscope (FEL
OR, USA) at 80 000 magnification.

The surface zeta potential of the presented nanocarrier was measured
using the Zetasizer Nano ZS instrument (Malvern Instruments Ltd,,
Worcestershire, UK). The size of the created nanocarrier was evaluated
from TEM images.

FT-IR spectra were collected using a Nicolet iS10 FT-IR
spectrometer with diamond attenuated total reflectance (ATR)
attachment (Thermo Electron Inc, San Jose, W1, USA). The sample
solution was supplied dropwise (S pL) on the diamond crystal of the
ATR cell, and thin film was measured after spontaneous evaporation of
the solvent. Infrared spectra were recorded from 4000 to 650 cm ™ at a
resolution of 2 cm ™. Each spectrum was acquired by adding together 64
interferograms. Spectra were acquired at room temperature (22 °C) for
each sample. The OMNIC software was used for IR spectra recording
and JDXview v0.2 software was used for further spectra evaluation.

The drug release kinetics from APODOX and APODOX-anti-PSMA
were evaluated using the Ringer’s solution as the imitation of human
plasma prepared according to Williams et al.*’ and the intracellular fluid
according to Corazzari et al.”' Samples were incubated for 24 h at 37 °C,
collected at various time points, and free DOX was removed by filtration
using Amicon Ultra-0.5 mL 3K at 20 °C and 6000 g for 15 min.

2.8. ELISA-Like Method for Determination of Individual
Components’ Influence on Nanocarrier Geometry. A microtiter
plate Nunc Maxisorp (Thermo-Fisher Scientific Inc, Waltham, MA,
USA) was coated with 50 4L of goat anti-human IgG antibodies diluted
with carbonate buffer according to ref 20 to the desired concentration
(0.5 or 2 ug-mL™"). The coating was performed at 37 °C for 2 h. The
unbound antibodies were removed, and the well surface was blocked
with 50 uL of 1% BSA in phosphate-buffered saline (PBS), pH 7.4,

DOt 10.1021/acsami 6b04286
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Figure 1. Layout of nanocarrier. (A) Mechanism of pH-dependent drug encapsulation into APO based on pH changes and release from APO during
acidification in endosomes. (B) Design of nanocarrier modified with antibodies via specific peptide linker derived from immunoglobulin-binding protein

A

according to ref 20 at 37 °C for 1 h. The wells were washed with 50 uL of
PBS-T (PBS with Tween 20). A 50 uL aliquot of nanocarrier was added
to each well and incubated at 37 °C for 1 h. Wells were washed with 50
pL of PBS, and to enhance the fluorescent signal, samples were adidified
with 2 L of 1 M HCI (pH 2.8).

2.9. Influence of Nanocarrier on Nonmalignant and Prostate
Cancer Cell Lines. Human umbilical vein endothelial cells (HUVEC)
were cultured in EBM-2 medium (Lonza, Basel, Switzerland) and Earde's
Medium 199 (1x) without L-glutamine (GE Healthcare, South Logan,
UT, USA) in 1:1 ratio supplemented with 10% fetal bovine serum
(Gibco, Gaithersburg, MD, USA), 2 mM v-glutamine (PAA, Vienna,
Austria), 100 yg-mL™" heparin (Sigma-Aldrich, St. Louis, MO, USA),
and 50 pg:mL™" endothelial cell growth supplement (ECGS, Sigma-
Aldrich ). Human prostate adenocarcinoma derived cell line LNCaP was
maintained with RPMI Medium 1640 (1x) with GlutaMAX (Gibco)
supplemented with 10% fetal bovine serum. Cells were incubated with
5% CO, in the air at 37 °C.

Quantitative expression of PSMA on LNCaP and HUVEC cell lines
was investigated by flow cytometry. A total of 5 x 10° HUVEC or
LNCaP cells were transferred in FACS tubes. Cells were resuspended in
50 uL of PBS and incubated with monoclonal anti-GCPII/-PSMAanti-
body conjugated to Alexa Fluor 488 (clone GCP-05) (Exbio, Prague,
Czech Republic) at 25 °C for 15 min in the dark. Cells were then
washed, resuspended in 200 4L of PBS, and immediately analyzed using
aBD LSRII flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

xCELLigence RTCA DP instrument (Roche Diagnostics GmbH,
Basel, Switzerlind) was used to evaluate the in vitro cytotoxidty of
APODOX, APODOX-anti-PSMA, and free DOX. The background
impedance signal was measured using 100 4L of cell culture media with
cytostatics. Then, 1.5 x 10" HUVEC or LNCaP cells were seeded in
each well of 16-well E-plates (Roche Diagnostics GmbH), followed by
incubation at 37 °C with 5% CO,. Final concentrations of APODOX,
APODOX-anti-PSMA, and DOX were 0.50 uM for HUVEC and 0.25
#M for LNCaP in a 200 uL total volume in each well Proliferation,
spreading, and cell attachment kinetics were monitored every 30 s for
first 10 min, then every 30 min for 72 h. Experiments were performed in
three independent repetitions. After 72 h of treatment, the cells were
stained using the CellEvent Caspase-3/7 Green Flow Cytometry Assay
Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol

and visualized using the Countess [l FL. Automated Cell Counter
(Thermo Fisher Scientific).

2.10. Red Blood Cell Hemolysis Test. Hemolytic assay was done
to check the hemolytic activity of APODOX and APODOX-anti-PSMA
on human erythrocytes. Plasma from the fresh blood sample collected
from a human donor was removed by multiple washings with 150 mM
sodium chloride and centrifugation at 5000 rpm for 5 min. Then,
different concentrations of APODOX and APODOX-anti-PSMA
(0.25—50 uM) in PBS pH 7.4 were mixed with the RBC and incubated
for 1 hat 37 °C. PBS and 0.1% Triton X-100 was used as negative and
positive controls, respectively. After completion of the incubation
period, the cells were centrifuged, and the absorbance of the supernatant
containing lysed erythrocytes was measured at 540 nm. The percentage
of hemolysis was determined by the following equation:

(Al - A()
(Ajpos — A)

where A, is the absorbance of the supernatant from samples incubated
with the particles, A_is the absorbance of the supernatant from negative
control (PBS), and A,y is the absorbance of the positive control
supernatant (completely lysed RBC incubated in the presence of 0.1%
Triton X-100).”

% Hemolysis = [ ] x 100

3. RESULTS

3.1. Layout of Nanocarrier. The drug encapsulation/
release in/from APO is pH-dependent. Aad.tﬁcahon of APO
leads to disassembly into 24 single subunits.” After mixing the
subunits with DOX and subsequent increase of the pH to
physiological conditions, the APO structure is reassembled, and
DOX molecules are encapsulated within the cavity.'® After
entering the intracellular region, APODOX is engulfed by
lysosomes. Lysosomal acidification significantly contributes to
the disassembly of APO and release of DOX. This mechanism is
schematically illustrated in Figure 1A. Because of its non-
chemical-based encapsulation mechanism, it is possable to use
APO for dehvery of various drugs, such as DOX, daunomycin,” e
or curcumin.”

DOk 10.1021/acsami 6b04286
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Figure 2. Modification of APODOX with gold. (A) Design of APODOX nanocarrier with surface modification with gold. Visualization of gold-modified
and unmodified APOD OX in (B) ambient light and (C) UV light (312 nm). (D) Absorbance spectra of gold-modified and unmodified APODOX (4 =
230—850 nm). (E) Fluorescence measurement of gold-modified and unmodified APODOX (4, = 480 nm; A, = 515815 nm). (F) Nondenaturing
PAGE (6%, 60 mM HEPES with 40 mM imidazole pH 7.4) of gold-modified and unmodified APODOX after 2 h of separation at 10 mA. The Au
concentration in cut APO bands measured using ICP-MS equipped with collision—reaction cell.

The surface of APO was modified with targeting antibodies.
For the binding of antibodies, HWR peptide linker was used to
ensure the correct site-directed orientation of the antibodies. The
C-terminus of HWR peptide was made of cysteine and the
surface of APO was modified with gold, to which HWR
heptapeptide and antibodies were bound. The design of resulting
nanocarrier is schematically illustrated in Figure 1B.

3.2. Modification of APO with Gold. Gold nanoparticles
and HAu were used to modify the surface of APO. The modified
APODOX (Figure 2A) was visualized under ambient (Figure
2B) and UV light (Figure 2C). Optical properties of DOX

14433

changed after modification with HAu (APODOX-HAu) and
subsequent reduction with NaBH, under both ambient and UV
light. There was no significant change after modification with
gold nanoparticles (APODOX-Nano).

The changes of optical properties were proven by absorbance
(Figure 2D) and fluorescence measurement (Figure 2E).
APODOX-HAu showed no apparent absorbance maximum at
480 nm (for DOX), only the absorption maximum at 280 nm
(for APO). This was accompanied by a total loss of fluorescence
under the appropriate conditions for DOX (excitation wave-
length 480 nm). In contrast, the modification with gold

DOk 10.1021/acsami.6b04286
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Figure 3. Influence of each component on the nanocarrier geometry using ELISA-like method with 50 uL. of nanocarrier, incubated for 1 hin an goat
anti-human IgG-coated well revealed by fluorescence (4,,= 480 nm, A= 600 nm). (A) Influence of gold nanoparticles. (B) Influence of specific
heptapeptide linker. (C) Influence of targeting antibody. (D) Influence of antigen concentration on the amount of bound nanocarrier: a, experimental
design with highlighted respective part of nanocarrier; b, influence of the presence of respective part on the amount of bound nanocarrier. (E) Scheme of

different compositions of nanocarrier presented in this study.

nanoparticles did not influence DOX fluorescence. It led to only
a slight increase in absorbance, but fluorescent properties
remained unchanged.

To find whether the gold was bound on the APODOX surface
or remained in the solution, we separated APODOX from
unbound gold molecules using PAGE (Figure 2F). The APO
bands were cut out from the gel and the content of gold was
measured by ICP-MS. Higher gold content was measured in
APODOX-HAu (12.42 ng per g of gel) than in APODOX-Nano
(1.98 ng per g of gel). Nevertheless, APODOX-Nano was used
for the following experiments.

3.3. Influence of Individual Components on Nano-
carrier Geometry. The influence of each component on
nanocarrier ability to bind selectively to the target molecule was
studied using an approach similar to the direct ELISA method.
The APO surface was modified with human IgG antibodies, and

14434

the surface of a microtiter plate well was coated with goat anti-
human IgG. After incubation with the nanocarriers, the well was
rinsed to remove unbound molecules and acidified to enhance
the fluorescent signal of DOX.

In the first experiment, the influence of gold nanoparticles on
the amount of bound nanocarrier was studied (Figure 3A-a). The
rest of nanocarrier components remained unchanged; both of the
tested nanocarriers were modified with HWR heptapeptide and
human IgG antibodies. Figure 3A-b shows the results from
fluorescence measurement. The higher fluorescence is associated
with a higher amount of nanocarrier bound to the immobilized
goat anti-human IgG. A 5-fold higher signal was observed using
APODOX-Nano compared to unmodified APODOX.

The second experiment dealt with the influence of HWR
peptide and the conditions of incubation of HWR peptide with
nanocarrier (Figure 3B-a). Both gold-modified and unmodified

DOk 10.1021/acsami 5b04286
ACS Appl Mater. Interfaces 2016, 8, 14430-14441
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Figure 4. Structural changes of nanocarrier geometry at different stages of its modification with anti-PSMA antibodies revealed by TEM analysis with

arrows showing the respective structures and by ATR FT-IR. (A) APO. (B) APODOX. (C) APODOX-Nano. (D) APODOX-Nano-HWR-IgG.

nanocarriers were further conjugated with human IgG antibod- Nano, a 14-fold higher signal was obtained using HWR
ies. As can be seen in Figure 3B-b, the presence of HWR heptapeptide, and the signal was further increased about 1.7-
heptapeptide had no influence on the targeting ability of the fold when the interaction between HWR heptapeptide and gold
nanocarrier in the case of APODOX. In the case of APODOX- was performed at increased temperature (45 °C).
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Figure 5. Kinetics of drug release from nontargeted (APODOX) and prostate-cancer-targeted (APODOX-anti-PSMA) nanocarrier in plasma (A) and
intracellular environment (B) observed at various time points during 24 h incubation at 37 °C.

In the next experiment, we studied the influence of human IgG
antibodies on the amount of bound nanocarrier (Figure 3C-a).
The results (Figure 3C-b) showed that the presence or absence
of targeting antibodies had no influence on the targeting ability of
the nanocarrier in the case of APODOX. In the case of
APODOX-Nano, the presence of antibodies significantly (3-
fold) increased the targeting ability of nanocarrier.

The last experiment with this experimental design was aimed
at investigating the influence of target molecules coating the well
surface on the amount of bound nanocarrier (Figure 3D-a). Two
different concentrations of goat anti-human IgG antibodies were
used for the coating of wells, and the fluorescence of bound
nanocarrier was measured (Figure 3D-b). The concentration of
target molecules had no influence in the case of APODOX. In the
case of APODOX-Nano, the amount of bound nanocarrier was
1.2-fold increased with increasing concentrations of the target
molecules. For clarity, all of the different nanocarrier
compositions presented in this study are schematicallyillustrated
in Figure 3E.

We also studied the influence of each component on average
particle size and zeta potential of the presented nanocarrier
(Figure 4). The native APO showed the average partide size of
12 nm with zeta potential of —32.0 mV. Figure 4A shows a TEM
image of native APO in which empty cavities in the APO
structures can be observed. Figure 4A also shows the ATR FT-IR
spectrum of APO.

After encapsulation of DOX (Figure 4B), the cavities observed
in the obtained TEM images were filled in all observed
APODOX structures, proving successful encapsulation. The
average particle size of APODOX remained 12 nm, whereas the
zeta potential increased to =19.7 mV. The ATR FT-IR
spectroscopy revealed the bands that can be assigned to APO
and DOX, proving the presence of both compounds. Only a
slight change showing the binding between these two
compounds can be observed at 1350 cm™'. Because of the fact
that no observable changes in positions of individual bands were
present, it can be concluded that only negligible binding
interactions are present between these two compounds.

The successful conjugation with gold nanoparticles can be
observed as a black layer™® around the surface of APODOX
structures (Figure 4C). The average particle size of APODOX-
Nano was increased to 14 nm, and the zeta potential was slightly
increased to —19.1 mV. The ATR FT-IR spectroscopy revealed
residual presence of organic compounds in the gold nano-
particles. Slight changes in the spectrum of APODOX-Nano in
comparison with APODOX were observed at 1198, 1370, and

14436

1416 cm™". These changes showed the binding between gold
nanoparticles and APODOX.

After further modification with antibodies, the approximately 8
nm antibodies can be clearly observed on the surface of APO
(Figure 4D). The average particde size of APODOX-Nano-
HWR-IgG increased to 22 nm, and the created nanocarrier
became more stable with a zeta potential of —22 mV. The ATR
FT-IR spectroscopy revealed very slight changes in APODOX-
Nano spectrum after incubation with HWR peptide at 742, 836,
and 1038 cm ™, caused by the binding of HWR to the complex.
Only negligible changes at 1222 cm™ were observed after the
modification with anti-PSMA antibody.

3.4. Drug Release Kinetics in Plasma and Intracellular
Environment. The drug loading efficiency of the presented
nanocarrier and the 24 h drug release under the conditions
corresponding to conditions in human plasma and intracellular
environment were evaluated. The drug loading efficiency of 200
pug of DOX in 1 mg of APO with subsequent surface
modifications was calculated as 37%. Ringer's solution as an
imitation of human plasma based on the work of Williams et al.*’
(Figure 5A) and intracellular fluid based on the work of Corazzari
et al.*' (Figure SB) were used for the drug release study. The
observed DOX release in plasmatic environment was about 68%
for APODOX and 59% for APODOX-anti-PSMA. In the fluid
simulating the intracellular environment, the DOX release from
APODOX was 85%, and APODOX-anti-PSMA showed 82%
release. Therefore, it can be concluded that the surface
modification of APODOX-anti-PSMA was able to better protect
the cargo from undesired premature release in plasmatic
environment (14% lower release) while still retaining the ability
to release the drug molecules inside cells (4% lower release).

3.5. Effects of Nanocarrier in Nonmalignant and
Prostate Cancer Cells. After the assessment of individual
nanocarrier components, an in vitro biological experiment was
performed, studying the influence of nontargeted (APODOX)
and prostate-cancer-targeted (APODOX-Nano-HWR-anti-
PSMA, shortened as APODOX-anti-PSMA) nanocarriers on
nonmalignant HUVEC and LNCaP prostate cancer cells.

The proliferation, spreading, and cell attachment kinetics of
HUVEC and LNCaP cell lines after treatment with free DOX,
APODOX, and APODOX-anti-PSMA during 72 h was studied
with the real-time cell analyzer xCELLigence. The LNCaP cell
line was treated with 0.25 yM DOX in free form, APO-
encapsulated (APODOX), or prostate-cancer-targeted (APO-
DOX-anti-PSMA). The HUVEC cell line was treated accord-
ingly with 0.50 uM DOX, APODOX, or APODOX-anti-PSMA.
Figure 6Aa and B-a show representative graphs of the measured
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Figure 6. Influence of prostate-cancer-targeted and nontargeted nanocarriers on nonmalignant (HUVEC) and prostate cancer (LNCaP) cell lines.
Values are means of three independent replicates (n = 3). Vertical bars indicate standard error. Asterisks indicate significant differences at p < 0.05
relative to the group treated with DOX (*). (A) Effect of the presented nanocarriers on LNCaP cells revealed by real-time cell analyzer xCELLigence: a,
proliferation, spreading, and cell attachment kinetics of 1.5 X 10* of LNCaP cells after 12, 24, 36, 48, 60, and 72 h of treatment with 025 uM DOX,
APODOX, and APODOX-anti-PSMA; b, quantitative expression of PSMA in the membranes of 5 X 10° LNCaP cells investigated by flow cytometry
after incubation of cells with anti-PSMA-Alexa Fluor 488 conjugate for 15 min at 20 °C in dark. Cyan, unstained cells. Purple, cells with antibody; c,
schematic depiction of interactions between nanocarrier and LNCaP expressing PSMA antigen. (B) Effect of the presented nanocarriers on HUVEC
cells: a, proliferation, spreading, and cell attachment kinetics of 1.5 X 10" of HUVEC cells after treatment with 0.50 uM DOX, APODOX, and
APODOX-anti-PSMA; b, quantitative expression of PSMA in the membranes of 5 X 10° HUVEC cells; ¢, schematic depiction of interactions between
nanocarrier and HUVEC cells with limited expression of PSMA antigen. (C) Hemocompatibility assay using RBC in 1:1 ratio with the presented
nanocarriers of various concentrations (DOX concentrations of 0.25, 1.56, 3.13, 6.25, 12.5, 25, and 50 #M ) after incubation for 1 h at 37 °C, visualization
in ambient light, and absorbance measurement (540 nm) with evaluated percentage of hemolytic RBC. Asterisks (*) indicate significant differences at p
< 0.05 between the group treated with APODOX and APODOX-anti-PSMA.

cell index after 12, 24, 36, 48, 60, and 72 h of treatment for the To test the expression of PSMA on the surface of HUVEC and
LNCaP or HUVEC cells, respectively. LNCaP cells, flow cytometry with anti-PSMA antibody

The obtained results proved similar sensitivity of LNCaP conjugated with Alexa Fluor 488 was performed. Expression of
cancer cell line to all forms of DOX: free DOX, nontargeted a high level of PSMA was observed in 98.10% of the LNCaP cells
APODOX, and prostate-cancer-targeted APODOX-anti-PSMA (Figure 6A-b), whereas HUVEC cells lacked PSMA expression
(Figure 6A-a). After 12 h of treatment, all of the tested forms of (Figure 6B-b). PSMA present on the surface of LNCaP cells
DOX showed approximately 30% inhibition of cell growth enables the targeted APODOX-anti-PSMA nanocarrier to enter
compared with untreated control, and after 72 h of treatment, all these prostate cancer cells and deliver the druginside (Figure 6A-
of the tested forms of DOX showed approximately 90% c). However, the entry of targeted APODOX-anti-PSMA to
inhibition of cell growth. However, the toxicity of different nonmalignant HUVEC cells expressing no PSMA antigens is
forms of DOX to nonmalignant HUVEC cells showed significant hindered (Figure 6B-c).

differences (Figure 6B-a). After 12 h of treatment, all of the tested To evaluate further the toxicity of the presented nanocarriers
forms of DOX showed 5% inhibition of cell growth. After 72 h of to nonmalignant cells, a hemocompatibility assay on human RBC
treatment, free DOX was highly toxic to nonmalignant cells (99% was performed using fresh blood from a human donor, via
inhibition). However, the cells treated with nontargeted absorbance measurement and visualization in ambient light of

APODOX were spared from DOX toxicity, which resulted in lysed RBC (Figure 6C). Both the nontargeted APODOX and
only 82% inhibition of their growth. Nonmalignant cells were prostate-cancer-targeted APODOX-anti-PSMA showed excel-
further spared using APODOX modified with anti-PSMA lent hemocompatibility. Nontargeted APODOX showed
antibodies, showing only 57% of cell growth inhibition. approximately 3-fold higher hemolysis than that of prostate-
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cancer-targeted APODOX-anti-PSMA, but the percentage of
hemolysis was <0.5% forup to 25 M DOX in nanocarriers. The
highest RBC hemolysis was 1.7 and 2.1%, respectively (observed
at 50 uM of DOX).

The prostate cancer and nonmalignant cells after 72 h of
treatment with DOX, APODOX, and APODOX-anti-PSMA
were stained using a kit for the fluorescent determination of
apoptotic and necrotic cells (Figure 7A,B). In the case of LNCaP
prostate cancer cells, the level of apoptosis was comparable forall
of the tested forms of DOX, with 67% of apoptotic cells in the
case of free DOX, 64% in the case of APODOX, and 56% in the
case of APODOX-anti-PSMA. Only a negligible level of necrosis
was observed.

In the case of nonmalignant HUVEC cells, the level of
apoptosis showed a trend similar to that observed during the
proliferation, spreading, and cell attachment kinetics assay with
68% of apoptotic cells in the case of free DOX, 43% apoptosis in
the case of APODOX, and 27% apoptosis in the case of
APODOX-anti-PSMA. A negligible level of necrosis was
observed.

4. DISCUSSION

Various nanocarriers possess many different properties based on
their nature, size, encapsulation abilities, surface chemistry, and
targeting or releasing mechanisms. These properties influence
biodistribution, clearance, toxicity, efficiency, and specificity of
the nanocarrier therapeutic application.””™ Releasing mecha-
nisms can be based on pH triggering,”” exposure to ultrasound, ™
spontaneous leakage through pores in nanocarrier surface,”’

14438 DOL 1

temperatu.re,u light, *3 or contact with some specific substances,
such as endolysosomal enzymes,™ vitamins,* glutathione,™ or
matrix metalloprotease 2.7

The drug encapsulation/release in/from APO is based on the
apoferritin structure responsiveness to the changes in the
surrounding environment. Because of its non-chemical-based
encapsulation mechanism, APO can be used for delivery of
various drugs such as DOX,? da|.momycin,“4 or curcumin.”

APO can enter tumor cells via the specific interactions with
scavenger receptor class A member 5 (SCARAS) and TiR1
receptors overexpressed in the membranes of tumor cells™ but
also is found in the nonmalignant cell membranes.™ To enhance
the specificity of APO toward cancer cells, its surface can be
modified with a number of targeting molecules such as peptides,
aptamers, or antibodies. As a targeting peptide, an RGD
derivative is often used, which has high affinity toward integrin
a ff;, adhesion molecule expressed by platelets, activated
endothelial cells and is up-regulated in different tumor cells.*
This approach however requires genetic modification of APO,
and the prepared nanocarrier can be prematurely removed from
patient’s body via the renal clearance as a result of its small size.”

To avoid renal clearance and ensure the EPR effect, the size of
nanocarrier should be 20—100 nm;*' thus, it is preferable to
modify the surface of APO with larger antibodies. However,
simple interaction between nanocarrier surface and antibodies
leads to sterically ambiguous complexes with no guarantee of
site-directed orientation of antibodies. Therefore, a different
approach was used in this work. Proteins A and G are very
suitable for immunoglobulin binding because they interact with
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their Fc region"l"“ through histidine on the N-terminus followed

by aromatic tryptophan and positively cha.rge‘d arginine,*
ensuring site-directed orientation of antibodies.***° Previously, "
we have described HWR heptapeptide based on protein A with
cysteine on C-terminus exhibiting high affinity toward gold."’
Therefore, the surface of APO was modified with gold, to which
HWR heptapeptide and anti-PSMA antibodies were bound. Two
different approaches were used to introduce gold nanoparticles
on the surface of APODOX. The conjugation of APODOX
surface with presynthesized gold nanoparticles did not cause any
changes in the DOX properties; however, the reduction of HAu
on the surface of APODOX led to significant changes of DOX
absorbance and fluorescence, caused likely by the change of
DOX structure due to the reduction with NaBH, during the
modification. Although using the approach of reducing HAu on
the surface of APODOX led to higher amount of gold on the
APODOX surface as revealed by ICP-MS, as a result of the
significant changes in DOX optical properties while reducing
HAu on the APODOX surface, APODOX modified with
presynthesized gold nanoparticles was used for subsequent
experiments.

TEM and ATR FT-IR characterization of the presented
nanocarrier conclusively proved the presence of all individual
components. Because the encapsulation of DOX in APO is based
on physical entrapment,™ the spectrum for APODOX showed
only one slight change that could be explained by the binding of
these two compounds. Nevertheless, ATR FT-IR confirmed the
presence of both APO and DOX in APODOX. Compared with
APOQ or DOX, the concentration of gold nanoparticles, HWR,
and anti-PSMA antibodies that is applied to this nontargeted
nanocarrier during modification is too low for the ATR FT-IR
instrument to show significant changes, and only small
differences were observed.

The influence of each component on nanocarrier ability to
bind selectively to the target molecule was studied using a
method similar to direct ELISA. The influence of gold
nanoparticles, HWR peptide, targeting antibodies, and the
amount of target antibodies on the amount of bound nanocarrier
was studied. Without gold modification, the HWR peptide did
not always bind to APODOX by cysteine on C-terminus, but it
also adsorbed to APODOX by its N-terminus or other parts, thus
being unable to bind to the Fc region of targeting antibody and
subsequently to the target molecule. Modification with gold
favorably influenced the geometry of nanocarrier because other
components were able to bind properly. Similar results were
observed for HWR and the targeting antibodies. The specificity
of nanocarrier binding to the target molecules was also proven.
The layout of the nanocarrier was designed with consideration of
all its essential parts.

The HWR peptide, derived from protein A, is able to bind to
human,* bovine,” mouse,*’ goat,”” and rabbit™ immunoglo-
bulins. Because these animals are very often used to produce both
monoclonal™ and polyclonal® antibodies commercially and
because human antibodies can be produced in transgenic
animals,*® the utilization of HWR peptide offers an opportunity
to conveniently immobilize a wide variety of antibodies targeting
a number of biologically important antigens.

For the testing of the nanocarrier toxicity for malignant and
nonmalignant cells, mouse antibodies with high affinity toward
PSMA were chosen. PSMA is a unique membrane-bound
glycoprotein, overexpressed manifold in the membranes of many
prostate cancer cells including LNCaP” as well as neo-
vasculature of most solid tumors.” The encapsulation of DOX

in APQO and its modification with anti-PSMA antibodies does not
cause any decrease in DOX toxicity for targeted prostate cancer
cells. However, the encapsulation of DOX in APO and its
modification with prostate-cancer-targeting antibodies can
significantly spare nonmalignant cells from the toxic effects of
free DOX. The difference in APODOX toxicity for different cells
was likely due to the higher expression of TfR1 in cancer cells
compared to that in endothelial cells™ because APO can be
internalized into the intracellular space of cancer cells after
binding to TIRIL.'* The prostate cancer cells showed high
expression of PSMA in contrast to the lack of PSMA expression
in nonmalignant cells. Antibody-conjugated nanocarriers can
enter their target cells via receptor-mediated endocytosis and
release the drug in the cells.’” Hence, PSMA, which is present on
the surface of LNCaP cells, enables the targeted nanocarrier to
enter these prostate cancer cells and deliver the drug inside.
However, the entry of targeted nanocarrier to nonmalignant cells
expressing no PSMA antigens is hindered.

5. CONCLUSIONS

APO can be used for drug delivery with its releasing mechanism
suitable for delivery into cancer cells. In this work, we presented
an approach offering simple and convenient conjugation of
antibodies on a surface of nanocarrier, based on natural
interaction between a peptide derivative of immunoglobulin-
binding protein A and Fc region of antibodies. We tested the
prepared nanocarriers on prostate cancer and nonmalignant
endothelial cell lines. The encapsulation of DOX in APO and its
modification with targeting antibodies did not cause any decrease
in DOX toxicity for target prostate cancer cells. However, the
encapsulation of DOX in APO and its further modification with
targeting antibodies significantly spared nonmalignant cells from
the toxic effects of free DOX. Moreover, the presented
nanocarrier showed excellent hemocompatibility.
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Abstract: Due to many adverse effects of conventional chemotherapy, novel methods of targeting
drugs to cancer cells are being investigated. Nanosize carriers are a suitable platform for this
specific delivery. Herein, we evaluated the long-term stability of the naturally found protein nano-
carrier apoferritin (Apo) with encapsulated doxorubicin (Dox). The encapsulation was performed
using Apo’s ability to disassemble reversibly into its subunits at low pH (2.7) and reassemble in
neutral pH (7.2), physically entrapping drug molecules in its cavity (creating ApoDox). In this
study, ApoDox was prepared in water and phosphate-buffered saline and stored for 12 weeks
in various conditions (—20°C, 4°C, 20°C, and 37°C in dark, and 4°C and 20°C under ambient
light). During storage, a very low amount of prematurely released drug molecules were detected
(maximum of 7.5% for ApoDox prepared in PBS and 4.4% for ApoDox prepared in water).
Fourier-transform infrared spectra revealed no significant differences in any of the samples after
storage. Most of the ApoDox prepared in phosphate-buffered saline and ApoDox prepared in water
and stored at —20°C formed very large aggregates (up to 487% of original size). Only ApoDox
prepared in water and stored at 4°C showed no significant increase in size or shape. Although this
storage caused slower internalization to LN CaP prostate cancer cells, ApoDox (2.5 uM of Dox)
still retained its ability to inhibit completely the growth of 1.5x10* LNCaP cells after 72 hours.
ApoDox stored at 20°C and 37°C in water was not able to deliver Dox inside the nucleus, and
thus did not inhibit the growth of the LNCaP cells. Overall, our study demonstrates that ApoDox
has very good stability over the course of 12 weeks when stored properly (at 4°C), and is thus
suitable for use as a nanocarrier in the specific delivery of anticancer drugs to patients.
Keywords: anticancer therapy, doxorubicin-loaded apoferritin, encapsulation, long-term
stability, protein nanocarriers

Introduction
Doxorubicin (Dox), an anthracycline antibiotic discovered in 1969,' is a potent chemo-
therapeutic drug used in the treatment of various solid and hematological malignancies.
These include the most prevalent ones, such as breast,? lung,’ or bladder* cancer, but
also less common ones, such as soft-tissue sarcoma® or Hodgkin’s lymphoma.® There
are several mechanisms through which Dox achieves its high efficacy: intercalation
into DNA, inhibition of topoisomerase IL,® and free-radical formation.’ These lead to
apoptosis, necrosis, autophagy, or senescence. Which of these mechanisms will be the
cause of cell death or cell-growth arrest is highly influenced by the individual patient,
cell/cancer type, concentration of Dox, and the duration of treatment.!” Due to its high
efficacy, Dox has been included in the biannual World Health Organization’s Model
List of Essential Medicines since it was first published in 1977."!

The drawback of Dox usage, as well as any other conventional antitumor drugs, is its
nonselectivity for cancer cells, resulting in high toxicity for nonmalignant cells. Dox in
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clinical practice severely affects the heart (causing cumulative
dose-limiting cardiotoxicity), liver, and hematopoiesis.'* The
consequences of this toxicity can be apparent immediately
after administration of the drug, but they can also take many
years to manifest.” Dox causes the formation of reactive
oxygen species, and iron oxidation induces a release of
cytochrome C from mitochondria, leading to apoptosis.*
This is most prominent in the heart, where these mechanisms
lead to cardiac hypertrophy, but they are also prominent in
cells of brain and liver. Dox interference with mitochondrial
complexes I and TV, which leads to superoxide increase and
vitamin E and antioxidant decrease, has been shown to cause
damage to glomeruli in rabbits and mice."

Various approaches to mitigate these side effects have
been taken. One approach is the coadministration of Dox with
a cardioprotective agent.'® The most studied and clinically
used cardioprotective agent is dexrazoxane. This reduces
the reactive oxygen species formed by Dox activity, and
serves as a chelator of iron. By combining these effects, it
reduces the risk of heart failure by almost 80%.'” However,
previous research has shown that dexrazoxane administration
may increase the incidence of secondary malignancies.'

Another approach in mitigating the adverse effects is the
encapsulation of Dox inside a suitable nanocarrier,'” allow-
ing for targeted delivery to diseased tissue while avoiding
healthy cells. These nanosized carriers can target diseased
tissue and cells via passive targeting (due to their size)* or
active targeting (due to specific moieties on their surface).”
Various materials have been tested for targeted Dox delivery,
including inorganic,” polymeric,” lipid-based,* or proteins.”
The first US Food and Drug Administration-approved
nanoformulation was liposome-encapsulated Dox (Doxil®/
Caelyx® or Myocet®). This nanoformulation was proven to
increase the therapeutic index of Dox by significant lowering
its toxicity for normal cells.*®

The major drawback of liposomal Dox is its short shelf
life. While separated, Dox and liposomes can be stored for up
to 18 months. The shelf life of liposome-encapsulated Dox,
however, is only 5 days when stored at 2°C—8°C.> Morcover,
bare liposomes are often recognized by the mononuclear
phagocyte system and removed from the organism, lowering
their efficacy. Therefore, stealth coating with polyethylene
glycol (PEGylation) is often used.” However, PEGylated
nanocarriers cause other adverse effects, such as swelling of
palms and feet (palmar—plantar erythrodysesthesia).>®

Due to these reasons, the potential use of alternative
nanocarriers naturally present in the human body is being
investigated. Nanocarriers prepared using ubiquitous pro-
teins or protein cages appear to be a suitable alternative.”

We have previously employed an ubiquitous protein,
apoferritin (Apo), to be a potential carrier for Dox, with a
simple-to-use encapsulation protocol (creating ApoDox).”
Also, heavy-chain ferritin,* as well as other ferritins, have
been used for delivery of anticancer drugs,’' small nutrients,*
and imaging molecules.” Subsequently, we modified the
Apo surface with small molecules,™ as well as antibodies
for active targeting to cells of a chosen cancer type. We
proved that surface-modified ApoDox retained the high
toxicity of Dox for targeted cancer cells while sparing 50%
of nonmalignant cells.”!

In this work, we evaluated the long-term stability of Apo-
Dox. For 12 weeks, we continuously monitored changes in
undesirable premature Dox release during storage, its optical
properties, and the size and (-potential of the Apo nanocar-
rier, as well as its toxicity for prostate cell lines.

Materials and methods

Chemicals

All chemicals of American Chemical Society purity were
obtained from Sigma-Aldrich (St Louis, MO, USA), unless
otherwise stated. The pH was measured using an InoLab
(Xylem, Rye Brook, NY, USA).

Encapsulation of Dox into Apo and its
storage

9.600 uL of 1 mg-mL-' DOX was added to 960 uL of
50 mg-mL~" horse-spleen Apo and 4,800 uL of water, and
120 pL of 1 M hydrochloric acid was added to decrease the
pH of the solution and disintegrate the Apo. The solution was
mixed for 15 minutes, then 120 uL of 1 M sodium hydroxide
was added to increase the pH and encapsulate the Dox inside
Apo (creating ApoDox). The solution was mixed for |5 minutes
and divided into two equal parts. The parts were diafiltered three
times with water or phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7mM KCl, 1.8 mM KH,PO,, and 4.3 mM Na,HPO,,
pH 7.4), respectively, using an Amicon® Ultra (0.5 mL 3K;
Merck Millipore, Billerica, MA, USA) at 6,000 g for 15 minutes
and filled to 24,000 pL with the same solvent used for dia-
filtration. The samples were divided into 300 pL aliquots to
avoid repeated freeze-thaw cycles and stored for 12 weeks
at—20°C, 4°C, 20°C, and 37°C, and two of the samples stored
at4°C and 20°C were also stored under ambient light for evalu-
ation of light influence on the stability of the sample.

Characterization of nanocarrier changes

during storage
Every week of storage, aliquots from all storage conditions
were collected, and prematurely released drug molecules
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were removed by diafiltration with the respective solvent
using the Amicon Ultra at 6,000 g for 15 minutes. The amount
of released drug was determined by measurement of free
Dox fluorescence compared with fluorescence of the whole
sample. Fluorescence measurement was performed using
an Infinite 200 Pro (Tecan, Minnedorf, Switzerland) with
excitation wavelength of 480 nm and emission wavelengths
of 515-815 nm. The encapsulated drug was evaluated by
absorbance-scan measurement using the Infinite 200 Pro
with wavelengths in the range of 230-850 nm.

Visualization of nanocarriers prior to removal of released
drug molecules was performed using transmission electron
microscopy (TEM) with negative staining technique.
For this purpose, an organotungsten compound, Nano-W
(Nanoprobes, Yaphank, NY, USA) was utilized. Then, 4 L
of samples was deposited onto 400-mesh copper grids coated
with a continuous carbon layer. Dried grids were imaged by
TEM (Tecnai F20; FEI, Hillsboro, OR, USA) at 80,000
magnification.

The average size of nanocarriers was determined by
quasielastic dynamic light scattering with a Zetasizer Nano
ZS (Malvern Instruments, Malvern, UK). Prior to removal
of released drug, nanocarriers were diluted 100x with dis-
tilled water, placed into polystyrene latex cells, and mea-
sured at a detector angle of 173°, wavelength of 633 nm,
and temperature of 25°C, with refractive index of dispersive
phase 1.45 and 1.333 for dispersive environment. For each
measurement, Zen0040 disposable cuvettes (Brand GmbH,
Wertheim, Germany) were used, containing 50 uL of sample.
Equilibration time was 120 seconds. Measurements were
performed in hexaplicate.

The surface C-potential of the nanocarrier diluted 20x
was measured using the Zetasizer Nano ZS. For each mea-
surement, disposable cells (DTS1070) were employed. The
number of runs varied between 20 and 40, and calculations
considered the diminution of particle concentration based
on the Smoluchowski model, with an F(ka) of 1.5 and an
equilibration time of 120 seconds. Measurements were
performed in triplicate.

Fourier-transform infrared (FT-IR) spectra were collected
using a Nicolet iS10 with diamond attenuated total reflec-
tion (ATR) attachment (Thermo Fisher Scientific, Waltham,
MA, USA). The sample solution was supplied dropwise
(5 uL) on the diamond crystal of the ATR cell, and thin
film was measured after spontaneous evaporation of the
solvent. IR spectra were recorded from 650 to 4,000 cm™' at
aresolution of 2 cm™'. Each spectrum was acquired by adding
together 64 interferograms. Spectra were acquired at 22°C
for each sample. Omnic software was used for IR-spectra

recording, and JDXView version 0.2 software was used for
further spectra evaluation.

Influence of nanocarrier on prostate
cancer cell line

The human prostate adenocarcinoma-derived cell line LNCaP,
purchased from Public Health England (London, UK), was
maintained in Roswell Park Memorial Institute 1640 medium
supplemented with 10% fetal bovine serum. Cells were incu-
bated in 5% CO, in air at 37°C. Cells (10°) in 1 mL medium
were seeded in each of six wells in 12-well culture plates and
cultivated for 21 hours. After cultivation, the medium was
discarded and replaced with 90 uL of fresh medium contain-
ing 34 uM Dox/ApoDox, followed by incubation for 2 hours.
Live cells were washed with 200 uL of phosphate buffered
saline (PBS) and stained with Hoechst 33342 and CellRox
Green stains (Thermo Fisher Scientific) in dilutions of 1:2,000
and 1:500, respectively, and the cells were incubated for
30 minutes. Then cells were washed with 200 uL. PBS and
studied under inverted fluorescence microscopy (1X 71S8F-3;
Olympus, Tokyo, Japan). Cell morphology was recorded under
ambient light, the 4 ,6-diamidin-2-fenylindol (DAPI) filter was
used (excitation 360-370 nm, emission 420-460 nm, dichroic
mirror 400 nm) for visualization of nuclei, redox stress was
monitored using the fluorescein isothiocyanate filter (excitation
460-495 nm, emission 510-550 nm, dichroic mirror 505 nm),
and Dox fluorescence was monitored using the Texas Red filter
(excitation 545-580 nm, emission 610 nm, dichroic mirror
600 nm) at 200 magnification. Photographs were recorded,
merged, and processed using Stream Basic software.

An xCelligence real-time cell analysis dual purpose
instrument (Hoffman-La Roche Ltd, Basel, Switzerland) was
used to evaluate the in vitro cytotoxicity of ApoDox after
12 weeks of storage at various conditions through real-time
label-free monitoring of cell impedance. The background
impedance signal was measured using 100 uL cell-culture
media with ApoDox. Then, 1.5x10* LNCaP cells were seeded
in each well of 16-well plates (E-plates; Hoffman-La Roche),
followed by incubation at 37°C in atmosphere with 5% CO.,.
Final concentrations of ApoDox were 2.5 uM in 200 uL
total volume in each well. Proliferation, spreading, and cell-
attachment kinetics were monitored every 15 minutes for the
first 26 hours, then every hour for 72 hours. Experiments
were performed in two independent repetitions.

Descriptive statistics

Results are expressed as mean + standard deviation, unless
noted otherwise. Differences between groups were analyzed
using Student’s paired f-test and analysis of variance. Unless
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noted otherwise, the threshold for significance was P<<0.05.
Statistica 12 software (Statistica, Tulsa, OK, USA) was
employed for analyses.

Results and discussion
Experimental design
Ferritins are proteins that serve as one of the detoxifying
factors, preventing the formation of reactive oxygen spe-
cies by transforming ferrous ions into their insoluble ferric
form.* Subsequently, they reversibly store these ferric ions
and can transfer them to the site of action.*® Ferritins are
found in most organisms and bacteria, including humans,”
and there is very high (85%—90%) interspecies homology of
ferritin sequences from the same tissue with low (40%—-50%)
intraspecies homology of ferritins from different tissues.*
Without the iron content, ferritins self-assemble into hol-
low rhombic dodecahedral cage Apo, with outer diameter of
12-13 nm and inner diameter of 7-8 nm. The 450475 kDa
shell*” is composed of 24 heavy and light subunits. Horse-
spleen Apo (450 kDa), the best-studied Apo,“ can reversibly
dissociate and associate based on the surrounding pH.* It has
been shown that while disassembled, Apo can be mixed with

drug molecules, and these are encapsulated within the Apo
cavity once reassembled.?**4!

This easy-to-use encapsulation protocol was employed in
this work. Figure 1 shows the design of the whole experiment.
Horse-spleen Apo was mixed with Dox at a 1:155 molar
ratio. The pH was lowered from 6.7 to 2.7 to disassemble the
Apo structure, and the mixture was shaken for 15 minutes
to create a homogeneous solution. After mixing, the pH was
retumned back to neutral (7.2), and the mixture was incubated
for a further 15 minutes to enable the reassembly of the Apo
structure and encapsulation of Dox molecules within (creat-
ing ApoDox).

The aim of this study was to evaluate the long-term
stability of ApoDox in various conditions. For this pur-
pose, free Dox molecules were removed from ApoDox
by diafiltration and filled to 1 mg-mL~' of Apo with water
(final pH 5.6) or PBS (final pH 7.0), which was used as a
model of the physiological environment. Prepared samples
were aliquoted to avoid repeated freeze—thaw cycles and
excess protein loss caused by repeated diafiltration. These
aliquots were stored for 12 weeks in the dark and at various
temperatures: —20°C, 4°C, 20°C, and 37°C. Since free Dox

-
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Note: Dox-encapsulation protocol into Apo cavity by employing the responsiveness of the Apo structure to surrounding pH, as well as depiction of various measurements

performed to evaluate the long-term (|2-week) stability of ApoDox.

Abbreviations: Dox, doxorubicin; Apo, apoferritin; PBS, phosphate-buffered saline.
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molecules are degradable by light,* in addition to storage in
dark, aliquots stored at 4°C and 20°C were also under direct
ambient light to evaluate the influence of illumination during
storage on the stability of ApoDox.

Each week of storage, aliquots were collected from the
various storage conditions and subjected to multiple analyses.
Prematurely released Dox was removed by diafiltration,
and the amount of both encapsulated and released Dox was
measured using its unique optical properties. Changes in size
and surface C-potential of nanocarriers were also evaluated
each week, as well as their ability to enter cells and release
the Dox cargo within them for therapeutic activity.

Optical properties of encapsulated and
prematurely released Dox

Dox structure is mainly formed by anisole, quinone, and
hydroquinone, along with several residues, such as the amine
group, ketone groups, and hydroxyl groups.** The result-
ing conjugated system of bonds in Dox tetracene structure

>

Encapsulated drug

O

g

[N}
[=J
—_—#
—_—
—
bea K J

*

o o o ©o O o
a =
o O
il i
¥

Encapsulated drug
absorbance,,

0. ’
Fresh -20 4 20 a7

Storage temperature (°C)

with partially disrupted aromaticity causes typical Dox
absorbance, with a maximum at approximately 480 nm, as
well as its fluorescence, with emission maximum at approxi-
mately 600 nm.*

Changes in optical properties of an encapsulated drug,
both absorbance and fluorescence, can be caused by different
amounts of prematurely released drug, changes in the
molecular structure of the drug, or even the structure of the
nanocarrier. Absorbance (Figure 2A and C) and fluorescence
(Figure 2B and D) of the encapsulated drug in nanocarriers
prepared in water (Figure 2A and B) and PBS (Figure 2C
and D) were collected every week. The observed changes
were rapid, and did not significantly change on a week-to-
week basis. The results are thus presented as average change
throughout the 12-week period.

Significant (P<0.05) increases in encapsulated drug
absorbance were observed in samples stored at most storage
temperatures and solutions. No significant changes were
observed between samples stored in dark and under ambient
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Figure 2 Observed changes in optical properties of Dox encapsulated in Apo prepared in water (A, B) and PBS (C, D).
Notes: (A, C) Absorbance of encapsulated Dox (480 nm). (B, D) Fluorescence of encapsulated Dox (excitation at 480 nm, emission at 600 nm). Values expressed as means
of 12 measurements over |12 weeks (n=12). *P<<0.05 compared with start of experiment or between storage in dark and under direct ambient light.

Abbreviations: Dox, doxorubicin; Apo, apoferritin; PBS, phosphate-buffered saline.
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light. At the start of the experiment, absorbance of the encap-
sulated drug was 0.14 AU for ApoDox prepared in water and
0.11 AU for ApoDox prepared in PBS. The highest absorbance
change for nanocarriers prepared in water compared with the
state at the start of the experiment was observed for ApoDox
stored at 20°C (55% increase, both in dark and under ambi-
ent light) and 37°C (42% increase). ApoDox stored at 4°C
showed a 33% increase in encapsulated drug absorbance when
stored in dark and a nonsignificant 19% increase when stored
under ambient light. ApoDox stored at —20°C showed 15%
(insignificant) increase in encapsulated drug absorbance.
Absorbance changes for ApoDox prepared in PBS fol-
lowed the same trend as those prepared in water when com-
pared with freshly prepared ApoDox. The highest absorbance
change was again observed for ApoDox stored at 20°C (58%
increase for storage in dark and 75% increase for storage
under light) and 37°C (62% increase). ApoDox stored at 4°C
also showed high change with 42% increase when stored in
dark and 54% increase when stored under direct ambient
light. ApoDox stored at —20°C showed an insignificant 22%
increase in encapsulated drug absorbance. These changes
in drug absorbance could account for decreased amounts of
prematurely released drug or some structural changes.
Almost no significant (P<<0.05) changes were observed
in encapsulated drug fluorescence. At the start of the experi-
ment, the fluorescence of the encapsulated drug was 13,936
AU for ApoDox prepared in water and 22,333 AU for
ApoDox prepared in PBS. The only significant increases
(compared with freshly prepared samples) for ApoDox
prepared in water were observed for ApoDox stored at 4°C
(34% for storage in dark and nonsignificant 11% for stor-
age under light) and —20°C (25%). ApoDox stored at 37°C

>
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showed a nonsignificant 11% increase in encapsulated drug
fluorescence, and ApoDox stored at 20°C showed nonsig-
nificant changes, with 9% increase for storage in dark and
16% increase for storage under ambient light. The increased
fluorescence could also account for decreased amounts of
prematurely released drug or could indicate some structural
changes in the nanocarrier.

Encapsulated drug fluorescence for nanocarriers prepared
in PBS did not significantly increase in any of the tested
temperatures, contrary to the results from ApoDox prepared
in water. The highest fluorescence increase for nanocarriers
prepared in PBS was observed for ApoDox stored at —20°C
(12%). ApoDox stored at 20°C and 37°C showed a slight
decrease in fluorescence (18% for storage in dark and at 20°C
and 15% for storage at 37°C). These results did not corre-
spond to the results from encapsulated drug absorbance.

To help explain observed changes, the amount of prema-
turely released drug from nanocarriers stored under different
conditions was evaluated each week. For this evaluation,
only Dox fluorescence was employed, since the concentra-
tion of the released drug was too low for absorbance detec-
tion. The observed changes did not significantly change on
a week-to-week basis. The results are thus presented as an
average percentage of released drug molecules throughout the
12 week period. Figure 3 shows the percentage of released
drug from nanocarriers prepared in water (Figure 3A) and
PBS (Figure 3B). Premature release of cargo molecules,
whether in patient organism or during storage, is one of the
most undesirable properties of a nanocarrier, since it can lead
to increased toxicity for healthy cells. Lower premature drug
release decreases the nonspecific interactions of the drug
molecules with these healthy cells.*
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Figure 3 Changes in premature release of encapsulated Dox from Apo cavity as revealed by Dox fluorescence (excitation at 480 nm, emission at 600 nm).
Notes: Release was calculated as percentage of total drug molecules in sample. (A) ApoDox prepared in water. (B) ApoDox prepared in PBS. Values expressed as means of
12 measurements over the course of |2 weeks (n=12). *P<<0.05 compared with start of experiment or between storage in dark and under direct ambient light.

Abbreviations: Dox, doxorubicin; Apo, apoferritin; PBS, phosphate-buffered saline.
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All samples prepared in water and stored at all storage
temperatures showed significant (P<0.05) decreases in
the amount of prematurely released drug compared to
the freshly prepared sample, which is highly favorable.
No significant influence of light was detected at the start of
the experiment, the percentage of unencapsulated drug was
6.4% for ApoDox prepared in water. The lowest undesired
drug release after storage was observed for ApoDox stored
at 37°C (2.4%) and 20°C (2.8% for samples stored in dark
and 3% for samples stored under ambient light). ApoDox
stored at —20°C showed 4.2% release, and ApoDox stored
at4°C showed 4.4% release. The decrease in the prematurely
released drug correlated with the observed higher absorbance
and fluorescence values of encapsulated drug for samples
stored in water (Figure 2).

On the contrary, none of the samples prepared in PBS
showed any significant (P<<0.05) changes in the amount
of prematurely released drug, which is in contrast to the
results from encapsulated drug absorbance and correlates
with encapsulated drug fluorescence for samples stored
in PBS (Figure 2B and D). At the start of the experiment,
the percentage of unencapsulated drug was 6.1% for Apo-
Dox prepared in water. The only samples that showed slight
decrease in the amount of prematurely released drug were
ApoDox stored at 4°C and 20°C, both in dark (5.7%). The
highest increase in the amount of prematurely released drug
was observed for ApoDox stored at 37°C (7.5%). ApoDox
stored at —20°C showed 7.2% release, ApoDox stored under
ambient light at 20°C showed 7.1% release, and ApoDox
stored under ambient light at 4°C showed 6.6% release.
Overall, our premature-release results indicate that the encap-
sulation of Dox in Apo is stable, with very low premature
release over the course of 12 weeks.

Structural changes in ApoDox

Size, shape, and surface charge are among the most
important parameters influencing the in vivo biodistribu-
tion of nanoparticles.** With nanocarriers of suitable size
(20100 nm), it is possible to utilize fully the enhanced
permeability and retention (EPR) effect”” while avoiding
extravasation from normal blood vessels (for particles below
10 nm)* and removal from body through renal clearance (for
particles below 5 nm) or elimination by the reticuloendothelial
system (RES, for particles larger than 100 nm).** The EPR
effect is caused by ) tumor angiogenesis, where the newly
formed blood vessels are underdeveloped and contain large
pores, making them leaky, thus increasing accumulation of
nanoparticles in tumor tissue; and 2) lack of lymphatic vessels

in tumors, thus increasing retention of nanoparticles in the
tissue.* Moreover, there are various modes of entry to cells
with which nanoparticles can engage, ie, clathrin-or caveolae-
mediated endocytosis, phagocytosis, or macropinocytosis. The
size of these nanoparticles has a great impact on the mode of
utilized cellular internalization, and thus which microenviron-
ment the nanoparticles will face upon internalization.*

Nanoparticle shape can also greatly influence both inter-
nalization in cells and removal by the RES. Macrophages
rapidly internalize exogenous spherical nanoparticles, short-
ening their circulation time, and preventing their accumula-
tion in the site of action. In the case of elliptical nanoparticles,
the same internalization is observed only if the contact with
nanoparticles was along their major axis, whereas contact
along the minor axis meant prolonged circulation time and
thus higher chance of accumulation in tumors.* Cubic shape
favorably influences internalization to target cells, where
HelLa cells have been shown to be able to internalize 3 um
cubic nanoparticles, even though they are technically unable
to perform phagocytosis.™

Surface charge influences the internalization of nano-
particles in cells, but its neutralization (as well as increased
hydrophilicity) can also slow the opsonization process and
removal by the RES.* The higher the charge of nanocarriers
is (both cationic and anionic), the easier they are opsonized
and removed from the circulation.*? Also, positively charged
nanocarriers induce opsonization more than negatively
charged nanocarriers. In contrast, negatively charged nano-
carriers are unable to enter cells via micropinocytosis, and
have to be internalized using other forms of endocytosis.™

One of the reasons Apo was chosen in this experiment
was its ubiquitous presence in nature and natural property
to self-assemble into uniform icosahedral nanocages that
are highly stable and do not form aggregates in the physi-
ological environment.”* However, Dox was found to form
aggregates containing up to 40 molecules at 0.5 mg-mL~".
This aggregation is highly dependent on Dox concentration
(aggregates of more Dox molecules with higher concentra-
tion) and its charge (protonated Dox creates fewer aggregates
than neutral Dox).* The isoelectric point of Dox has been
found to be 8.8.%

Changes in shape and size of ApoDox nanocarriers were
observed using TEM, and weekly changes in surface {-potential
were investigated using dynamic light scattering. Figure 4
shows the average changes in shape and {-potential for nano-
carriers stored in water (Figure 4A) and PBS (Figure 4B).

At the start of the experiment, ApoDox stored in water
(Figure 4A, pH 5.6) showed individual Apo nanocarriers with
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Figure 4 TEM revealing the average changes in the shape for ApoDox prepared in water (A) and PBS (B).
Notes: Subparts present state at start of experiment (S) and average changes in {-potential during storage at —20°C (a), 4°C (storage in dark [b] and storage under direct
ambient light [b/]), 20°C (storage in dark [c] and storage under direct ambient light [c/1]), and 37°C (d). Values expressed as means of | 2 measurements over the course of

12 weeks (n=12). The length of scale bars is 20 nm.

Abbreviations: TEM, transmission electron microscopy; ApoDox, apoferritin—doxorubicin.

the cavity filled with Dox. Samples stored for 12 weeks at 4°C
and in dark (pH 5.7) still showed individual nanocarriers with
no change in shape or size, while samples stored at 4°C under
light (pH 5.4) showed aggregation of multiple nanocarriers,
changing both the size and shape of the nanocarrier, while
other nanocarriers remained individual. Most of the ApoDox
nanocarriers stored at—20°C (pH 6) formed large multinano-
carrier aggregates, changing shape from regular, icosahedral
particles to irregular particles. This was probably caused by
the higher amount of neutral Dox molecules. ApoDox stored at
20°C (both in dark [pH 5.5] and under light [pH 5.4]), as well
as ApoDox stored at 37°C (pH 5.6), also showed formation
of aggregates, while some nanocarriers remained individual.
These aggregates were probably caused by Dox instability at
increased temperatures.® The C-potential of samples stored
at most storage conditions remained similar to that measured
in freshly prepared samples, with the exception of samples
stored at 20°C, where negative C-potential was lowered
from—27.9mV to—20.6 mV (for storage in dark) and—22.1 mV
(for storage under light), showing lower stability.

ApoDox stored in PBS (Figure 4B, pH 7.0) formed
aggregates even at the start of the experiment, which could
again have been caused by a presence of neutral Dox on the
surface of nanocarriers, connecting multiple nanocarriers
together. These aggregates remained similar to those found
at the start of the experiment in the case of storage at —20°C
(pH 6.9). It can be seen that storage at other temperatures
(pH 7) caused formation of even larger aggregates of many
nanocarriers with a very low number of individual nanocarriers.
Such formation of large aggregates explains the increased
absorbance of encapsulated drug observed in the previous part
of the experiment. The C-potential of samples stored under most
storage conditions remained similar to that measured in freshly
prepared samples, with the exception of samples stored at 20°C,
where the negative {-potential was lowered from —29.5 mV
to —21.5 mV (for storage in dark) and —21.4 mV (for storage
under light), showing lower stability of the nanocarrier.

We further investigated changes in nanocarrier size. The
observed changes were again rapid, and did not significantly
change on a week-to-week basis. The results are thus
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presented as average change throughout the 12-week period
(Figure 5A and C). Also, ATR FT-IR spectra of the nanocar-
riers were collected (Figure 5B and D).

There was a significant (P<<0.05) increase in size of
ApoDox nanocarriers in samples stored at most storage
temperatures and solutions, as well as between most samples
stored in dark and under ambient light. The highest change in
average size for ApoDox prepared in water (Figure 5A) was
observed in ApoDox stored at —20°C (304% increase in size),
corresponding to the changes observed using TEM. ApoDox
stored at 4°C and in dark showed no significant increase
in size, while samples stored under ambient light showed
152% increase in size. ApoDox stored at 20°C showed 67%
increase in size while stored in dark and 123% increase in
size while stored under ambient light. ApoDox stored at 37°C
showed 68% increase in size. ATR FT-IR spectra showed
no changes in any of the ApoDox samples stored at various
conditions (Figure 5B).
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Figure 5 Changes in size and FT-IR spectra of nanocarrier.

Significant (P<<0.05) increase in size was observed in all
samples prepared in PBS (Figure 5C). The highest increase
was observed for ApoDox stored at 4°C (362% for storage
in dark and 487% for storage under ambient light). Apo-
Dox stored at —20°C showed 126% increase in size, while
ApoDox stored at 20°C showed 318% (stored in dark) and
244% (stored under light) increase in size. ApoDox stored
at 37°C showed 405% increase in size. ATR FT-IR spectra
showed no changes in any of the ApoDox samples stored
in various conditions (Figure 5D). The large differences
observed between samples stored in dark and under ambient
light could have been caused by photodegradation of Dox
molecules.” These molecules were shown to be encapsulated
not only within the Apo cavity (up to 28 Dox molecules per
Apo molecule)*! but also attached by Dox—-Apo n-T inter-
actions on the external surface of Apo.” The degraded Dox
products could have been one of the reasons for the formation
of the observed aggregates.
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MNotes: Changes in average size for ApoDox prepared in water (A) and PBS (C) revealed by quasielastic dynamic light scattering. Size was calculated as percentage increase
compared with size at start of experiment. Values expressed as means of |2 measurements over the course of |2 weeks (n=12). *P<20.05 compared with start of experiment
or between storage in dark and under direct ambient light. (B, D) Overlaid ATR Fourier-transform infrared spectra of freshly prepared ApoDox and ApoDox stored in
various conditions.

Abbreviations: FT-IR, Fourier-transform infrared; ApoDox, apoferritin—doxorubicin; PBS, phosphate-buffered saline; ATR, attenuated total reflection.
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In vitro assessment of differently stored
ApoDox influence on cancer cells

Probably the most important property of a nanocarrier is its
ability to internalize into target cells and the ability of its
cargo to reach the organelle where it can effectively inhibit
cell growth.* In our previous work, we proved that the encap-
sulation of Dox inside Apo has similar influence on cancer
cells as free Dox, whereas normal, noncancer cells are signifi-
cantly protected from Dox influence.? Therefore, in the pres-
ent experiment we tested the internalization of ApoDox stored
at various conditions using only the androgen-dependent
metastatic prostate cancer cell line LNCaP.

LNCaP cells were treated with Dox, either free or encap-
sulated in freshly prepared ApoDox, or ApoDox stored at
various conditions. After 2 hours of treatment, nuclei were
stained with Hoechst 33342 to help distinguish whether the
encapsulated Dox was able to get to its site of action properly.
Moreover, since one of the main mechanisms of Dox inhi-
bition is the formation of free oxygen radicals,' cell redox
stress was investigated by staining with CellRox Green stains.
Figure 6 shows the morphology, stained nuclei, and redox
stress of these cells for ApoDox prepared in water.

Ambient-light microscopy revealed that the treated cells

were more round as they started to detach from the surface

of the well and also at formation of first apoptotic bodies,
both of which are the first sign of onset of apoptosis. The
untreated cells (Figure 6 [Control]) showed blue nucleus
fluorescence with no red (Dox) fluorescence and very low
redox stress, almost always in the cytoplasm. Cells treated
with free Dox (Figure 6 [Dox]) showed red Dox fluorescence
and higher oxidative stress, both colocalized in nuclei. Cells
treated with freshly prepared ApoDox (Figure 6 [S]) showed
much higher intensity of Dox fluorescence than cells treated
with free Dox, which indicated that ApoDox internalized in
the cells more quickly than free Dox, probably through the
overexpressed transferrin receptors on the surface of LNCaP
cells.”” These cells also showed medium redox stress, mainly
in the cytoplasm. ApoDox stored at —20°C (Figure 6 [a])
showed very similar results as those obtained with freshly pre-
pared ApoDox: high Dox fluorescence in nuclei and medium
redox stress in cytoplasm. ApoDox stored at 4°C and in dark
(Figure 6 [b]) showed some fluorescence in both nuclei
and cytoplasm, indicating slower internalization, as well as
medium redox stress in both nuclei and cytoplasm. ApoDox
stored at 4°C under ambient light (Figure 6 [b/1]) showed
higher Dox fluorescence and redox stress, but mostly in cyto-
plasm, although there was also observable Dox fluorescence
in nuclei. ApoDox stored at 20°C and in dark (Figure 6 [c])

In dark

Control -
L]

s -
-

: -
==

Figure 6 Living cell fluorescence imaging.

Under light

-- :
—-

Notes: Nuclei (blue) localization (Hoechst 33258), Dox fluorescence (red) and formation of redox stress (green) in LNCaP cells exposed to 34 uM of free Dox, freshly prepared
ApoDox in water (5), and ApoDox prepared in water and stored at 20°C (a), 4°C (storage in dark [b] and storage under direct ambient light [b/l]), 20°C (storage in dark [c] and
storage under direct ambient light [c/]), and 37°C (d). Merged figures show the colocalization of blue, red, and green fluorescence. The length of scale bars is 100 um.

Abbreviations: Dox, doxorubicin; Apo, apoferritin.

B2% S

International Journal of Nanomedicine 2017:12

73



International Joumal of Nanomedicine downloaded from https://www.dovepress.com/ by 147.251.30.146 on 16-Nov-2017

For personal use only.

Dove

Apoferritin as an ubiquitous nanocarrier with excellent shelf life

showed higher Dox fluorescence than ApoDox stored at 4°C:
however, this was localized exclusively in cytoplasm, proving
that no or negligible Dox was able to get inside the nucleus.
This could have been caused by different internalization
mechanisms of large aggregates or slower release of drug
molecules from these aggregates in endosomes; however,
the precise mechanism needs to be further elucidated. These
cells also showed high levels of cytoplasmic redox stress.
ApoDox stored at 20°C under ambient light (Figure 6 [¢/1])
showed similar results, with slightly higher Dox fluorescence
and redox stress localized only in cytoplasm. ApoDox stored
at 37°C (Figure 6 [d]) showed very high Dox fluorescence,
but again almost always localized in the cytoplasm (only a
very small percentage was observed in nuclei).

Figure 7 shows the morphology, stained nuclei, and redox
stress of these cells for ApoDox prepared in PBS. Ambient-
light microscopy again revealed the starting apoptosis in
treated cells, which became more rounded as they started
to detach from the surface of the well and apoptotic bodies
became visible. Untreated cells (Figure 7 [Control]) showed
only blue nucleus fluorescence with negligible red (Dox)
fluorescence and very low redox stress, almost always in
the cytoplasm. Cells treated with free Dox (Figure 7 [Dox])
showed red Dox fluorescence only in nuclei. Also, higher
oxidative stress was observed in the nucleus. Cells treated
with freshly prepared ApoDox (Figure 7 [S]) showed much

higher intensity of Dox fluorescence than cells treated with
free Dox., which was probably again caused by faster inter-
nalization of ApoDox due to overexpressed transferrin recep-
tors. However, this Dox fluorescence was mostly localized
in the cytoplasm with smaller percentages in nuclei. Also,
redox stress was observed mainly in the cytoplasm. ApoDox
stored at —20°C (Figure 7 [a]) showed Dox fluorescence in
both cytoplasm and nuclei, where we also observed redox
stress. ApoDox stored at 4°C and in dark (Figure 7 [b])
showed only very low Dox fluorescence, as well as redox
stress in cytoplasm. ApoDox stored at 4°C under ambient
light (Figure 7 [b/1]) showed very high Dox fluorescence in
cytoplasm, as well as redox stress, with only low percentage
of Dox and redox-stress fluorescence in nuclei. ApoDox
stored at 20°C and in dark (Figure 7 [c]) showed medium
Dox fluorescence, localized only in the cytoplasm. However,
redox stress was observed in both nuclei and cytoplasm.
ApoDox stored at 20°C under ambient light (Figure 7 [c/1])
again showed very high Dox fluorescence and redox stress in
cytoplasm, with a small percentage in nuclei. ApoDox stored
at 37°C (Figure 7 [d]) showed Dox fluorescence and redox
stress mainly in cytoplasm (only a very small percentage
was observed in nuclei).

Next, real-time label-free monitoring of cell impedance
was used to evaluate the 72-hour in vitro toxicity of Apo-

Dox stored at various conditions for LNCaP cells. Since the

In dark

Figure 7 Living cell fluorescence imaging.

Under light

Notes: Nuclei (blue) localization (Hoechst 33258), Dox fluorescence (red) and formation of redox stress (green) in LNCaP cells exposed to 34 UM of free Dox, freshly
prepared ApoDox in PBS (S), and ApoDox prepared in PBS and stored at 20°C (a), 4°C (storage in dark [b] and storage under direct ambient light [b/]), 20°C (storage in dark [c]
and storage under direct ambient light [c/I]), and 37°C (d). Merged figures show the colocalization of blue, red, and green fluorescence. The length of scale bars is 100 pm.

Abbreviations: Dox, doxorubicin; Apo, apoferritin; PBS, phosphate-buffered saline.

International Journal of Nanomedicine 2017:12

SubMTIT your manusarpe 2275

Dove;

74



International Joumal of Nanomedicine downloaded from https./Awww dovepress.com/ by 147.251.30.146 on 16-Nov-2017
For personal use only.

Dostalova et al

Dovepress

experiment revealed that ApoDox prepared in PBS formed
very large aggregates and was mostly unable to deliver the
Dox cargo into nuclei, only ApoDox prepared in water was
used for the cytotoxicity assay.

Control cells still proliferating can be seen in Figure 8 asa
dark blue line. All cells treated with free Dox (Figure 8 [red])
were dead after 55 hours of treatment. After 72 hours of treat-
ment, freshly prepared ApoDox in water (Figure 8 [black])
showed inhibition of 95% of cells. ApoDox stored at 20°C
(Figure 8 [orange]) and 37°C (Figure 8 [light green]) were
mostly unable to retain their ability to kill cancer cells, showing
only 23% and 9% of dead cells, respectively. Storage under
light showed similar results between temperatures, with 76%
of dead cells for storage at 4°C (Figure 8 [gray]) and 58% of
dead cells for storage at 20°C (Figure 8 [pink]), respectively.

The highest cytotoxicity was obtained using ApoDox
stored at —20°C (Figure 8 [purple]). It was able to kill all cells
within 46 hours of treatment, even faster than in the case of
free Dox, corresponding to its fast internalization and induc-
tion of redox stress. However, this storage temperature is not
suitable for use in patients, since ApoDox stored at —20°C
creates very large aggregates that would be removed rapidly
from the body by the RES.* All cells had died after 68 hours
of treatment with ApoDox stored at 4°C and in dark (Figure 8
[cyan]), which was slightly better than in the case of freshly
prepared ApoDox. Moreover, storage at this temperature
showed the highest stability with regard to size, shape, and
surface charge. Storage at 4°C in water was thus evaluated
as the most stable condition.

Conclusion

In conclusion, Apo is a natural nanocarrier that has a suitable
cargo-release mechanism for delivery to cancer cells. In this
study, we performed a comprehensive investigation of the
long-term stability of the ApoDox nanocarrier stored at
various conditions. We prepared the ApoDox nanocarrier
in two different solvents (water and PBS), and stored it
for 12 weeks in various conditions (-20°C, 4°C, 20°C,
and 37°C in dark and 4°C and 20°C under ambient light).
We tested the optical properties of the encapsulated cargo;
the amount of prematurely released drug molecules; size,
shape, (-potential, and the FT-IR spectra of the whole
nanocarrier; and the ability to internalize into cancer cells
and deliver the drug to nuclei. Many of the tested storage
conditions caused formation of large aggregates of multiple
nanocarriers, which would be unsuitable for use in patients.
The optimal storage conditions seem to be 4°C in dark and
in water, where the ApoDox showed very good stability
over the course of 12 weeks. The obtained data are very
helpful for future use of Apo as a nanocarrier for antican-
cer therapy. Long-term stability of a suitable nanocarrier
can help overcome the higher cost of nanocarrier-based
treatment compared with conventional anticancer drugs.
The ApoDox nanocarrier will be tested further in in vivo
experiments.
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Abstract Doxorubicin (DOX) belongs to the group of
anthracycline antibiotics with very effective anticancer prop-
erties. On the other hand. the cardiotoxic effects limit its
application over the maximum cumulative dose. To over-
come this obstacle, encapsulation of this drug into the pro-
tective nanotransporter such as apoferritin is beneficial. In
this study, fluorescent behavior of DOX in various solvents
was determined by fluorescence spectrometry. demonstrat-
ing the fluorescence quenching effect of water, which is
often used as a solvent. It was found that by increasing the
amount of the organic phase in the DOX solvent the dynamic
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quenching is significantly suppressed. Ethanol, acetonitrile
and dimethyl sulfoxide were tested and the best linearity
of the calibration curve was obtained when above 50 % of
the solvent was present in the binary mixture with water.
Moreover. pH influence on the DOX fluorescence was also
observed within the range of 4-10. Two times higher fluo-
rescence intensity was observed at pH 4 compared to pH 10.
Further, the DOX behavior in capillary electrophoresis (CE)
was investigated. Electrophoretic mobilities (CE) in various
pH of the background electrolyte were determined within the
range from 16.3 to —13.3 x 10 * m>V~' s~ Finally, CE
was also used to monitor the encapsulation of DOX into the
cavity of apoferritin as well as the pH-triggered release.

Keywords Capillary electrophoresis - Fluorescence -
Drug delivery - Doxorubicin - Apoferritin

Introduction

Anthracyclines belong to the most effective anticancer
drugs, whereas doxorubicin (DOX) as one of their main
representatives is highly efficient and widely used. This
compound was firstly isolated from Streptomyces peuce-
tius in 1960s [1]. In spite of the high efficiency and dec-
ades of the using, the administration of the drug over the
cumulative dose 550 mg/m® of body surface area lead to
severe side effects including high risk of cardiomyopathy
[2, 3], which usually arises the first year after therapy. Nev-
ertheless, cardiac failures can be identified at smaller doses
too. This cardiotoxicity is the main force driving the pro-
gress towards less toxic formulations enabling also targeted
delivery of the drug [4-10].

Due to the optical properties of DOX as well as its bio-
logical activity, this molecule is still a target of numerous
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investigations [11-13]. The DOX fluorescence in relation
to the surrounding conditions such as its concentration,
nature of solvent and/or presence of quenchers has been
exploited [14]. It is thanks to these fluorescent properties
that it is possible to track DOX and its formulations includ-
ing apoferritin- or liposome-encapsulated forms designed
to diminish its toxicity by numerous bioanalytical methods
[15]. Besides capillary electrophoresis (CE) also HPLC
with fluorescence [16], electrochemical detection [17] and/
or mass spectrometric detection [18] has been used. Cap-
illary electrophoresis, in particular. has been utilized for
analysis of liposome-encapsulated DOX [19], daunorubicin
[20] and/or oxaliplatin [21]. Encapsulation of DOX to nan-
oparticles preserves the antitumor activity while reducing
to risk of cardiotoxicity and increasing distribution of drug
to the tumor site. Nowadays, only one commercially avail-
able encapsulated DOX is liposome-DOX, called Myocet.
The cumulative dose of DOX was increased to 750 mg/m’
to not reach above-mentioned side effects [22].

In our study. the fluorescent behavior of DOX in the
presence of various fluorescence quenchers was investi-
gated followed by capillary electrophoretic study of encap-
sulation of DOX into the cavity of protein based nanotrans-
porter called apoferritin. The behavior of DOX in CE using
various electrolytes differing in pH values was investigated
due to the requirement of exploration of DOX release from
the apoferritin cage by the pH change.

Experimental Section
Fluorescence Spectrometry

Doxorubicin (5, 10, 20, 30, 40 and 50 pg/mL) was dis-
solved in water to investigate the behavior depending on
concentration. Besides, to explore the influence of organic
solvent, DOX (5, 10, 20, 30, 40 and 50 pg/mL) was dis-
solved in 12.5, 25, 50, 75 and 100 % mixtures of organic
solvents (v/v, ethanol, acetonitrile, and dimethyl sulfoxide)
and water. Finally, DOX (5, 10, 20, 30, 40 and 50 pg/mL)
was dissolved in buffers of pH ranges 4-10 (acetate pH 4
and 5. phosphate pH 6, 7. 8, borate pH 9, 10). All chemi-
cals were purchased from Sigma Aldrich (USA). Fluores-
cence intensity was measured at 600 nm after excitation
by the light with emission wavelength of 480 nm using
the TECAN Infinite 200 PRO microtitration plate reader
(Switzerland).

Spectrophotometry
Apoferritin was dissolved in water in concentrations of

0.4, 0.8, 1.6 and 3.2 mg/mL. Absorbance spectra were
measured using the TECAN microtitration plate reader

@ Springer

Infinite 200 PRO (Switzerland) in the wavelength range
230-600 nm using 50 pL of the sample in the UV transpar-
ent 96-well plate. Each absorbance value is an average of 5
measurements.

Preparation of Apoferritin Encapsulated DOX (APODOX)

Various volumes of DOX (2 mg/mL) 25, 50, 75, 100 and
200 pL. were filled with water up to 300 pL. and mixed with
20 pL of apoferritin (50 mg/mL). The pH 2 was adjusted by
HCI to disassemble the apoferritin structure. Subsequently.
the pH was adjusted to 7 using NaOH to reassemble the
cage. To remove the excess of the DOX, the samples were
filtered using Amicon 3K centrifuge filter at 6,000g for
15 min.

Capillary Electrophoresis

Apoferritin characterization was performed using CE with
UV detection (CE 7100, Agilent Technologies, Germany)
and DOX and APODOX were analyzed by CE-LIF (PACE
MDQ, Beckman Coulter. USA). In both cases. fused silica
capillary with internal diameter of 75 um and with the total
length 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.

Results and Discussion
Study of DOX by Fluorescence Spectrometry

Because of the fact that the fluorescence behavior of
DOX (chemical structure shown in inset in Fig. 1a) is one
of the main advantages of application of this drug as a
model cytostatic drug, this behavior has to be well known
and characterized. In our study. solutions of DOX within
the concentration range of 5-50 pyg/mL were used. It was
found that above 50 pg/mL, a significant quenching effect
was determined. This quenching is caused by several syn-
ergic effects including (a) concentration quenching when
the concentration of 50 pg/mL is exceeded and (b) sol-
vent quenching caused by water molecules present in the
solution.

Taking into account the fact that solvent influences DOX
fluorescence, we studied also the effect of pH. The same
concentration range of DOX was prepared with three buff-
ers (acetate, phosphate, and/or borate) covering the pH
range 4-10. The fluorescence intensities of DOX in above-
mentioned buffers are shown in Fig. la. It was found that
the fluorescence of DOX was enhanced in acidic pH. The
fluorescence of DOX solution with concentration of 50 pg/
mL at pH 4 was 2.7-fold higher than at pH 10: however. the
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Fig. 1 Characterization of DOX fluorescence measured in various
solvents. a Dependence of DOX (50 pg/mL) fluorescence intensity
on pH of the solvent (blue acetate buffer pH 4 and 5, red phosphate
buffer pH 6. 7 and 8, green borate buffer pH 9 and 10). b—d Depend-

increase in the fluorescence was not linearly dependent on
pH. It follows from the results that the nature of the buffer
played a role and some proton-exchanging reaction should
be taken into the account.

Due to the polar character of water, significant dynamic
quenching occurs when water is used as a solvent. To char-
acterize the behavior of DOX in less polar environment,
three organic solvents with different physico-chemical
properties were used as ethanol, acetonitrile and dime-
thyl sulphoxide. Binary water mixtures of each solvent
were prepared containing 12.5, 25, 50, 75 and 100 % of
the organic phase (v/v). In these mixtures, DOX solutions
within concentration range of 5-50 pg/mL were prepared.
It follows from the obtained data that the increasing portion
of the organic solvent in the mixture leads to the enhance-
ment of the DOX fluorescence. In the other words, the
decreasing water portion caused lowering of the quenching
effect. If we take a look at the single non-water solvents,
the results of EtOH—water mixture used for DOX dissolu-
tion are shown in Fig. 1b. The DOX solutions prepared in
water exhibit a significant nonlinearity over the selected

ence of the fluorescence intensity of DOX dissolved in solution con-
taining different percentage of organic solvent 0, 12.5, 25, 50, 75
and 100 % b EtOH ¢ ACN d DMSO. Excitation 480 nm, emission
600 nm

concentration range (logarithmic trend): however, with
the increasing of the organic phase the linearity was sig-
nificantly improved. Therefore, linear trend line was used
for all the curves and the linearity of the calibration curve
(coefficient of determination, R?) was used as a parameter
characterizing the solvent effect (Table 1). The increasing
linearity of the calibration curve expresses the elimina-
tion of water quenching effect. Similarly, it was observed
that the slope of each curve increased depending on the
increasing organic part. This result highlights the fact
that the sensitivity of fluorimetric determination of DOX
increases according to the organic phase. Same investiga-
tion was carried out using ACN as a solvent (Fig. 1c). The
linearity increase depending on ACN percentage was simi-
lar to the results obtained in EtOH (Table 1), however, the
employment of 75 and 100 % ACN led to the significant
decrease in the slope. This fact is caused by diminishing of
the sensitivity caused by restricted solubility of DOX under
these conditions. Finally, the behavior of DOX in DMSO:
water mixtures exhibited the same trend as previous two
solvents (Fig. 1d). The linearity as well as the slope of the
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Table 1 Summary of regression equations and coefficients of determination for measuring of dependence of peak height on doxorubicin con-
centration in water mixtures containing various percentages of tested organic solvent

Percentage of
organic solvent
(viv)

EtOH

ACN

DMSO

y=362.03x + 7,338.5 R? = 0.9208
y=427.93x + 6,226.3 B> = 0.9390
y =694.42x + 5310.5 R* = 0.9692
v=1,049.2x + 4,240.3 R? = 0.9792
y= 11338y + 1.353.2 R* = 0.9726
y=1051.2x + 1,322.4 R? = 0.9999

y=1361.7Tlx + 5,956.3 R* = 0.9372
y=417.48x + 46762 R* = 0.9621
y = 548.99x + 3,836.8 R* = 0.9747
y = 952.64x + 3,822.2 R* = 0.9903
v =T746.4x + 369.64 R* = 0.9993

y=120.959x + 51.562 R® = 0.9886

v =374.94x + 6,382.3 R = 0.9424
v =603.83x + 5.784.1 R* = 0.9625
y = 81322x + 5.162.9 R* = 0.9798
y = 876.06x +2312.7 R* = 0.988

v =1,032.4x + 6,539.2 R* = 0.9902
v = 1,005.6x + 8,029.4 R? = 0.9989

calibration curve increased with the portion of the organic
phase. The results are summarized in Table 1. From the
obtained data it can be concluded that all three organic sol-
vents are able to diminish the dynamic quenching of DOX
fluorescence caused by the presence of water molecules.
In the case of ACN the determination is affected only by
the limited solubility of DOX. From the results it also fol-
lows that DMSO supports the DOX fluorescence the most
because the signal of 50 pg/mL DOX increased 2.2-fold in
EtOH and 2.4-fold in DMSO.

Capillary Electrophoretic Study of DOX

The behavior of the analyte in various environments is
one of the key aspects that have to be considered prior to
analysis by capillary electrophoresis. Compared with the
stationary fluorimetric measurements, analysis by separa-
tion methods such as capillary electrophoresis with laser-
induced fluorescence detection, may provide valuable
information on the presence of various components, con-
taminations or even analyte species in the studied solution.
Due to the complex structure of DOX and due to the pres-
ence of several functional groups. DOX may occur as a
cation, anion, zwitterion and/or neutral molecule depending
on the environment. Structure of anionic and cationic form
is shown in Fig. 2a. To determine the form of DOX, simple
method using CE can be utilized. As expected, the fluores-
cence signal of the obtained peaks is linearly proportional
to the concentration of DOX. The peak height plotted over
the concentration of DOX exhibits the linear tendency with
regression equation y = 6.9652x —0.31 and determination
coefficient R? = 0.9981.

To determine the ionic form of DOX and its pl, phos-
phate buffer with pH 3. 4, 6. 8, 10, or 11 was used as a
separation electrolyte and coumarin 334 was employed
as an EOF marker. The obtained electropherograms are
shown in Fig. 2b. pH as low as 3 caused very slow EOF
and therefore only DOX peak was obtained. however, the
increasing pH above this value. peaks of both DOX and
coumarin 334 were detected. DOX migrated as a cation

@ Springer

(before the EOF marker) in the pH up to 10. When the pH
was increased to 11, the peak of DOX occurred after the
EOF marker, which confirmed the anionic form of DOX.
As expected, based on previous fluorimetric experiments,
the peak height of DOX decreased with the increasing pH
(Fig. 2c left). From the migration times, the electropho-
retic mobilities were calculated (Fig. 2c right). It clearly
follows from the results obtained that the electrophoretic
mobilities change over the range from 16.3 x 107 to
=132:x 10 m? V=157,

For the following experiments, it was also necessary to
evaluate the behavior of DOX when the pH of the BGE and
sample (DOX) zone does not match. As it was expected,
the sample stacking occurred due to the dynamic pH junc-
tion phenomenon. To demonstrate this fact, the pH of BGE
was kept constant (6) and the pH of sample zone was 4, 6,
and/or 8. In the case of sample zone pH 4, 2-fold increase
in DOX peak height was observed. The signal of DOX
measured in the presence of solution of pH 8 was negligible
(when matching the BGE and sample zone pH): however,
using the described non-matching conditions, the detection
of DOX was possible (Fig. 2d left). Because the optimi-
zation of sample stacking was not the primary aim of this
study, no further improvement in this direction was carried
out. Calculating the electrophoretic mobility confirmed that
the behavior of the analyte under used condition is inde-
pendent on the pH of the sample zone and it migrated with
the mobility given by the BGE (13.3 x 107 m* V™' s7!)
(Fig. 2d right).

CE Characterization of Apoferritin

Apoferritin is a naturally occurring protein serving as a res-
ervoir of iron ions in the living organisms. This protein has
a ball-like structure with 12 nm in diameter containing a
hollow cavity of 8 nm in size. This protein is capable of
pH-dependent disassembling and reassembling allow-
ing encapsulation of desired molecules in the cavity. This
process is utilized for application of apoferritin as a nano-
carrier of targeted molecule [8, 10, 23]. In this study the
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Fig. 2 a Structure of DOX in anionic and cationic form. b CE-LIF
of DOX with pH matching to BGE pH, DOX concentration 0.5 jg/
mL. CE conditions: capillary 75 um, 64.5/54 cm; voltage +20 kV;
injection 3 psi, 10 s; BGE 10 mM sodium phosphate pH 3, 4, 6, 8,
10 or 11. ¢ Left DOX peak heights obtained when BGE pH matched
sample zone pH (BGE 10 mM phosphate buffer pH 4, 6 and 8), right

apoferritin was utilized to encapsulate DOX and the pro-
cess was monitored by CE.

At first, CE-UV analysis of apoferritin was carried out
determining the possibility of CE analysis using the phos-
phate buffer as it is shown in Fig. 3. The pl of apoferritin is
4.4 and therefore under used CE conditions, the protein was
in an anionic form and migrated after the EOF (Fig. 3a).
It was observed that the dependence of peak height on
concentration was linear with coefficient of determina-
tion R* = 0.9956 and the equation y = 1.405x + 1.7503.
The spectrophotometric analysis of apoferritin of different
concentration is shown in the inset in Fig. 3a Due to the
beneficial apoferritin properties enabling the pH-triggered
disassembling of its structure this protein has perfect quali-
ties for encapsulation of drug such as DOX. To exploit
these properties, it was necessary to observe the behavior

Migration time (min)

electrophoretic mobilities of DOX under conditions matching the pH
of BGE and DOX zone. d Left DOX peak heights obtained for BGE
pH mismatching the sample zone pH (BGE 10 mM phosphate buffer
pH 6, sample zone pH 4. 6 and 8), right electrophoretic mobilities of
DOX for pH of BGE mismatching the DOX zone

of apoferritin under various pH conditions by CE. As it is
shown in Fig. 3b the peak height of the protein decreased
with its pH. On the other hand, the influence of the pH on
the migration time was not so significant. The summary of
the peak heights as well as migration times depending on
the pH is shown in the inset in Fig. 3b.

APODOX

In this study, apoferritin was used as a transporter of doxo-
rubicin and CE-LIF was tested as a method of the monitor-
ing of the encapsulation. The pH-directed apoferritin disas-
sembling and reassembling as well as DOX encapsulation
is schematically shown in Fig. 4a. To determine the encap-
sulation of DOX into the apoferritin cavity, a set of APO-
DOX samples was prepared using a different amount of

@ Springer
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Fig. 5 a CE-LIF of apoferritin (1.6 mg/mL), inset schematics of apo-
ferritin structure. b CE-LIF of DOX (3 pg/mL) at pH 3, inset sche-
matics of DOX molecules. ¢ CE-LIF of APODOX at pH 6.8, inset
scheme of DOX encapsulated in apoferritin. d CE-LIF of APODOX
at pH 2, inset schematic APODOX disassembling by low pH; (BGE:
10 mM phosphate, pH 6, capillary 1D 7 5 pm, 64.5/54 cm, voltage
+20 kV, injection 3 psi, 10 s, detection ex 488 nm/em 600 nm)

applied DOX (50-250 jLg/mL). Subsequently, the samples
were analyzed by CE-LIF and typical electropherograms
are shown in Fig. 4b. The two major signals were identi-
fied. The first peak represents DOX molecule adsorbed on
the apoferritin surface and released by electric field. The
second peak labeled “APODOX"” is attributed to DOX
encapsulated into the cavity of apoferritin. As shown in the
inset in Fig. 4b, the increase in the applied DOX concen-
tration led to the increase in both signals. Similarly to gel

electrophoresis the highest intensities of two main peaks
were detected in the sample with applied 250 pg/mL of
DOX.

The pH-triggered release was demonstrated by electro-
phoretic analysis (Fig. 5). Due to the fact that apoferritin
does not exhibit any fluorescence, there is no signal pre-
sent in the CE-LIF analysis of apoferritin (Fig. 5a). Subse-
quently, DOX solution with pH adjusted to 3 was analyzed
providing a peak with migration time of 10 min. (Fig. 5b).
This was compared to the electropherogram of APODOX
(Fig. 5c) with pH of 6.8 as well as APODOX with pH
decreased to 3 (Fig. 5d). Comparing these three electro-
pherograms, it can be concluded that lowering the pH of
APODOX to 3 led to the occurring of a single peak match-
ing the migration time to the DOX at the same conditions.
Based on these results, the release of the DOX was proven.

Conclusion

The fluorescent properties of DOX are strongly dependent
on the environment and the increasing pH as well as the
presence of water causes the fluorescence quenching. Using
CE. the electrophoretic mobility of DOX as well as the pl
was calculated. Finally, CE-LIF has been proven to be an
effective tool for monitoring of the encapsulation into the
apoferritin cavity as well as controlled pH-triggered release.
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Electrophoretic study of peptide-mediated
quantum dot-human immunoglobulin
bioconjugation

The bioconjugation of quantum dots (QDs) is a key process in their application for bio-
analysis as well as imaging. The coupling of QDs with biologically active molecules such as
peptides, nucleic acids, and/or antibodies enables their fluorescent labeling, and therefore,
selective and sensitive tracking during the bioanalytical process, however, the efficiency
of the labeling and preservation of the biological activity of the bioconjugate have to be
considered. In this study, a new approach of the bioconjugation of CdTe-QDs and human
immunoglobulin employing a small peptide is described. The heptapeptide (HWRGWVC)
was synthesized and characterized by mass spectrometry, liquid chromatography, and
capillary electrophoresis. Moreover, the peptide was used as a capping agent for QDs syn-
thesis. The CdTe-QDs were synthesized by microwave synthesis (600 W, 20 min) using
3.2 mM CdCl, and 0.8 mM Na,TeO;. The bioconjugation of QDs capped by this peptide
with immunoglobulin was investigated by capillary electrophoresis and magnetic immu-
noextraction coupled with electrochemical detection by differential pulse voltammetry.
Furthermore, the applicability of prepared bioconjugates for fluorescent immunodetec-

tion was verified using immobilized goat antihuman IgG antibody.

Keywords:

Antibody / Bioconjugation / Gel electrophoresis / Immunoglobulin / Quantum

dot

1 Introduction

The development of biocompatible, highly fluorescent
nanoparticles including quantum dots (QDs) for chemical
and biochemical labeling, immunoanalysis, molecular imag-
ing, and/or targeted therapy is a field attracting an extensive
attention [1-15]. The main reason is that nanometer-sized
particles have functional and structural properties that are
not available from either discrete molecules or bulk materi-
als [16-19]. When conjugated with biomolecular affinity lig-
ands, such as antibodies, peptides, or small molecules, these
nanoparticles can be used to target specific molecules such as
DNA, proteins, and/or even cells [20-23]. Conjugation of QDs
and other biomolecules can be done by covalent coupling,
physical adsorption, and hydrophobic adsorption. One of the
most frequently used methods is the cross-linking through an
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochlo-
ride (EDC)/N-hydroxysuccinimide reaction [24-28]. In the
EDC coupling, there is a possibility that the antigen bind-
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ing sites of antibodies are blocked by the nonselective forma-
tion of amide bonds at the vicinity of Fab (fragment antigen-
binding) region of the antibody.

Another conjugation method is based on avidin and/or
streptavidin-biotin linkage [29], which provides high speci-
ficity and stability. However, due to the sizes of all compo-
nents (QD, streptavidin, antibody) the result of this method
is relatively large nanoparticle (more than 40 nm). Moreover,
the biotinylated antibody usually contains multiple biotiny-
lated sites, which leads to the multiple labeling and also the
orientation of antibody relative to the QD surface cannot be
controlled and may lead to the production of nanoprobes
without required functionality. To address these issues, nu-
merous other methods have been developed including high-
resolution hybrid gel system specially designed for fraction-
ation of nanoparticle bioconjugates [30]. The conjugation
strategy employing an engineered molecular adaptor pro-
tein, attached to the QDs via electrostatic/hydrophobic self-
assembly [31, 32] and/or protein A as an adaptor protein
for binding of antibody to QDs [33]. Protein A is a surface
protein found in the cell wall of the bacteria Staphylococcus
aureus. This protein has an ability to bind immunoglobu-
lins through interaction with their Fc region [34]. Protein-
A-mediated antibody conjugation has an advantage that the
orientation of antibody can be controlled to face the antigen

Colour Online: See the article online to view Figs. 1-5 in colour.

www.electrophoresis-journal.com

88



2726 L. Janu et al.

binding site outward. Moreover, it was found that a fam-
ily of linear hexapeptides composed of histidine on the N-
terminus followed by aromatic amino acids and positively
charged amino acids are able to recognize human Ig (HIgG)
through its Fc region, and their selectivity to Fc is comparable
to protein A [35]. One of such peptides, HWRGWV, binds all
HIgG subclasses and IgGs from bovine, mouse, goat, and
rabbit. Capillary electrophoresis provides a high separation
power, and therefore, it has a high application potential for
analysis and characterization of peptides, QDs, and their bio-
conjugates [36-39].

In this study, a novel self-assembling bioconjuga-
tion method of QDs and antibodies was developed em-
ploying the synthetic heptapeptide (HWRGWVC, abbrevi-
ated as HWR) and its selective affinity to Fc fragment
of IgG.

2 Materials and methods

2.1 Chemicals, pH measurements, and MiliQ water
preparation

Cadmium chloride, water, and other chemicals were pur-
chased from Sigma-Aldrich (USA) in ACS purity (chem-
icals meet the specifications of the American Chemical
Society) unless noted otherwise. The pH value and conduc-
tivity was measured using inoLab Level 3 (Wissenschaftlich-
Technische Werkstatten, Weilheim, Germany). Deionized
water underwent demineralization by reverse osmosis using
the instruments Aqua Osmotic 02 (Aqua Osmotic, Tisnov,
Czech Republic) and then it was subsequently purified using
Millipore RG (Millipore, USA, 18 M'Q)—MilliQ water.

2.2 Synthesis of HWR peptide

Peptide with the amino acid sequence HWR was prepared
on Prelude peptide synthesizer (Protein Technologies,
USA) by standard Fmoc solid-phase peptide synthesis.
We used fourfold excess of amino Fmoc-acid with re-
spect to the resin. Deblock of Fmoc protecting group was
performed with 20% piperidine v/v in DMF. Coupling
was achieved using 1:1:0.5:2 amino acids/O-benzotriazole-
N,N,N’,N'-tetramethyl-uronium-hexafluoro-phosphate/
N-hydroxybenzotriazole/N,N-diisopropylethylamine. Cleav-
age of side chain protecting groups was performed by
treating the peptidyl resin with 91.5% TFA v/v, 1.5% phenol
v/v, 5% H,0 v/v, and 2% triisopropylsilane v/v for 2 h.

Purity of the crude peptide was analyzed using HPLC
(Shimadzu, Japan) with standard mobile phases 0.1% TFA
(in water, v/v, A); 80% ACN (in water, v/v), and 0.08% TFA
(in water, v/v) (B). MALDI-TOF-MS (Ultraflex Il instrument,
Bruker Daltonik, Germany) was used to verify the identity of
the final product.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3 Synthesis of QD-HWR

Cadmium chloride solution (0.04 M, 2 mL) was diluted to
21 mL with ACS water. Then, 50 mg trisodium citrate dihy-
drate and 2 mL Na,;TeO; (0.01 mol/L) were added succes-
sively under magnetic stirring. After complete dissolution of
the precursors, 0.5 mL of the reaction mixture was transferred
to the glass reaction vessel. Two milligrams of peptide HWR
was dissolved in 50 pL. DMF and then added to the 0.5 mL
of reaction mixture. After that excess of NaBH, was added
immediately. Reaction vessels were loaded into Microwave
digestion system (Anton Paar, Germany) and irradiated with
600 W for 20 min. Temperature limit was 160°C. After mi-
crowave irradiation, the mixture was cooled down to 50°C and
removed from digestion system.

2.4 Conjugation of QDs with IgG

One hundred microliters of QDs was mixed with 13 pL IgG
from human serum (concentration of IgG was 10 mg/ml)
in a sealed vial and 100 pL of QDs was mixed with 5 pL
IgY (chicken immunoglobulins) from chicken yolk (concen-
tration was 26.2 mg/ml) in a sealed vial. The mixture was
vortex-mixed for 2 h at 20°C.

25 CE

Electrophoretic measurements were carried out using CE
system Beckman P/ACE MDQ with absorbance detection at
214 nm (CE-UV) and Beckman PACE/5500 with LIF detec-
tion with excitation at 488 nm (CE-LIF). Uncoated fused silica
capillary was used with total length of 60 cm and effective
length of 50 cm for CE-UV and 47 cm of total length and ef-
fective length of 40 cm for CE-LIF. In both cases, the internal
diameter of the capillary was 75 pm and the outer diameter
was 375 pm. A total of 20 mM sodium borate buffer prepared
from sodium tetraborate (the pH 9 was adjusted by 1 M NaOH
solution) was used as a background electrolyte and the separa-
tion was carried out using 20 kV with hydrodynamic injection
for 20 s at 3.4 kPa.

2.6 Fluorimetric measurement

Fluorescence spectra were acquired by multifunctional mi-
croplate reader Tecan Infinite 200 PRO (TECAN, Switzer-
land). An excitation wavelength of 480 nm was used and the
fluorescence scan was measured within the range from 510
to 850 nm per 5 nm steps. Each intensity value is an average
of five measurements. The detector gain was set to 100. The
sample (50 pL) was placed in transparent 96 well microplate
with flat bottom by Nunc.

www.electrophoresis-journal.com

89



Electrophoresis 2013, 34, 2725-2732
2.7 SDS-PAGE

Electrophoresis was performed using a Mini Protean Tetra
apparatus with gel dimensions of 8.3 x 7.3 x 0.1 cm (Bio-
Rad, USA). First 79 w/v running, then 5% w/v stacking gel
was poured. The gels were prepared from 30% w/vacrylamide
stock solution with 1% w/v bisacrylamide. The polymeriza-
tion of the running or stacking gels was carried out at room
temperature for 45 min. Prior to analysis, the samples were
mixed with reducing (3.3% B-mercaptoethanol, v/v) or nonre-
ducing sample buffer in a 1:1 ratio. “Precision plus protein
standards” protein ladder from Bio-Rad was used to deter-
mine molecular mass. The electrophoresis was run at 150 V
for 45 min at laboratory temperature (Power Basic, Bio-Rad)
in Tris-glycine buffer (0.025 M Trizma-base, 0.19 M glycine
and 3.5 mM SDS, pH 8.3). In order to confirm the conju-
gation of QDs and IgG, the pH of the running buffer was
adjusted to 9.0 with NaOH. After separation the gels were
stained with Coomassie-blue according to Wong et al. [40].

2.8 Agarose gel electrophoresis

One-centimeter-thick gels were prepared from 1.5% agarose
v/v in 0.5 x TAE buffer (20 mM Tris, 10 mM acetic acid,
0.5 mM EDTA, pH 8). The samples were loaded 5:1 in tris-
tricine sample buffer (Bio-Rad). The electrophoresis was run
at 100 V for 30 min at laboratory temperature (Biometra,
Germany) in 0.5 x TAE buffer.

2.9 Paramagnetic beads modification

IgG from human serum (#14506) were purchased from
Sigma-Aldrich. Chicken antibodies were prepared by HENA,
(Prague, Czech Republic) according to the following protocol.
Two hens were immunized with Zn-KLH (keyhole limpet
hemocyanin) complex. IgY fraction reactive to Zn-KLH was
obtained from egg yolk. The antibodies were stabilized with
0.196 NaNj v/v in PBS and protein concentration was 39.6
mg/mL in immunoglobulin fraction.

For covalent antibody immobilization,
p-toluenesulphonyl chloride - activated superparamag-
netic polystyrene beads coated with polyurethane layer
were used (Dynabeads®MyOne™ Tosylactivated, #655.01).
Antibody preparation and immobilization protocol was
adapted from the supplier's manual (Invitrogen, Norway).
For immobilization, 1000 pg of the antibodies per 25 mg of
beads was used. Prior to immobilization, NaN; was removed
and antibodies were acidified to pH 2.5 by addition of HCL
After 15 min, the antibodies were brought into physiological
pH 7.4. For all buffer exchanges, Amicon Ultra 0.5 columns
with membrane cutoff 50 K (Millipore) were used. Covalent
immobilization was carried out in total volume of 625 pL
in the presence of 0.1 M borate buffer of pH 9.5 with
0.1 M (NH,),S0, for 24 h under mild rotation. Particle-free
surfaces were then blocked with 0.5% BSA in PBS w/v and
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0.05% Tween-20 v/v for 10 h. After blocking, the beads were
washed three times with 1 mL of 0.1% BSA in PBS w/v with
0.05% Tween-20 v/v and resuspended in 625 pL of storage
buffer (washing buffer with 0.02% NaN; w/v).

2.10 Immunomagnetic isolation of CdTe-QDs

A 15 pLof Dynabeads®MyOne™ Tosylactivated with human
antibodies (Invitrogen) was washed three times with 15 pL of
0.1% BSAin PBS w/vwith 0.05% Tween-20v/vin 1.5 mL tube
(Eppendorf, Germany). The washed beads were dispensing
to 15 pL of borate buffer (0.1 M NaOH + Na;Bs0O; - 10
H,0; adjusted by HCl on pH 9.24). Finally, 15 pL CdTe-
QDs were added. Immunoextraction was performed for 2 h
at room temperature on a rotating programmable rotator-
mixer (Biosan, Latvia). The beads were then separated from
the solution and washed with 15 pL of borate buffer. Beads
were used for the mineralization. The same procedure was
carried out for bioconjugation with chicken antibodies.

2.11 Method for detection of cadmium in QDs

Prior to Cd determination, the samples were digested
using microwave heating. The mineralization of sam-
ples was carried out using a microwave system Multi-
wave3000 (Anton-Paar). The beads conjugated with QDs
(15 L) was placed into MG5 glass vials and 150 pL of hydro-
gen peroxide (30%, w/w) and 350 p.L of nitric acid (65%, w/w)
were added. Prepared samples were sealed and placed into a
64MGS5 rotor (Anton-Paar). The rotor with the samples was
inserted into the microwave system and the microwave diges-
tion was carried out under the following conditions: power 50
W for 10 min, power 100 W for 30 min, cooling (power 0 W)
for 10 min, maximum temperature 80°C. After mineraliza-
tion, 10 wL mineralized sample was pipetted into Eppendorf
tubes with 990 pL of 0.2 M sodium acetate buffer (pH 5.00
adjusted by mixing 0.2 M sodium acetate and 0.2 M acetic
acid) and electrochemically analyzed.

Electrochemical measurements were performed at
663 VA Stand, 800 Dosing and 846 Dosing Interface
(Metrohm, Switzerland) using a standard cell with three
electrodes. A hanging mercury drop electrode with a drop
area of 0.4 mm? was employed as the working electrode. An
Ag/AgCl/3 M KCl electrode served as the reference electrode
and auxiliary electrode was a glassy carbon electrode. All mea-
surements were performed in the presence of 0.2 M sodium
acetate buffer (0.2 M CH;COOH + 0.2 M CH;COONa,
pH 5.0) at 25°C. Samples were deoxygenated with argon
(99.99%, 60 s). For smoothing and baseline correction, the
software GPES 4.9 supplied by EcoChemie was employed. For
electrochemical detection of cadmium, differential pulse
voltammetry was used. The parameters of electrochemical
determination were as follows: initial potential —0.9 V; end
potential —0.1 V; deposition potential —0.9 V; duration 600 s;
equilibration time 5 s; modulation time 0.057; time
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interval 0.2 s; potential step 0.00195 V; modulation ampli-
tude 0.02505.

2.12 ELISA

Microtitration plate was coated either with of 1 pg/mL of goat
antihuman IgG antibody (Greiner Diagnostics, Germany) or
chicken IgY (HENA) diluted in 0.05 M carbonate buffer (0.032
M Na,COj; and 0.068 M NaHCO;, pH 9.6) in amount of 50
pL per well overnight at 4°C. Then, the wells were washed five
times with 350 pL of 0.005% PBS-T v/v (Hydroflex, TECAN)
and blocked for 30 min at 37°C with 50 pL of 1% BSA w/v
diluted in PBS. After washing with PBS-T, 50 pL of QDs
was pipetted in and the plate was incubated in 37°C for
60 min. After the removing of the solution and washing with
PBS-T, the fluorescence scan (510-850 nm) was measured
by multifunctional microplate reader Tecan Infinite 200 PRO
(TECAN) at excitation wavelength of 480 nm. The fluores-
cence measuring step was 5 nm. Each intensity value is an
average of five measurements and the detector gain was set
to 100.

2.13 Statistics

Data were processed using MICROSOFT EXCEL® (USA)and
STATISTICA.CZ Version 8.0 (Czech Republic). Results are
expressed as mean = SD unless noted otherwise (EXCEL®).

3 Results and discussion
3.1 Characterization of the peptide

A short amino acid sequence composed of aromatic and pos-
itively charged amino acids is mostly responsible for the spe-
cific interaction of HIgG and protein A. Based on this knowl-
edge, an artificial hexapeptidle HWRGWV was synthesized
with additional cysteine at the C end (HWR) ensuring the
ability to work as a capping agent for stabilization of colloidal
CdTe quantum dot solution. The synthetically prepared hep-
tapeptide was characterized by mass spectrometry (Fig. 1A),
HPLC (Fig. 1B) and capillary electrophoresis (Fig. 1C). Ac-
cording to the mass spectrometry, the molecular mass of the
heptapeptide is 942.452 Da. The other found in the spectrum
is caused by the presence of adduct of the heptapeptide with
tert-butyl, which serves as a protective agent during the pep-
tide synthesis. The characterization by liquid chromatography
confirmed the presence of the majority of product by the peak
with retention time of 22.5 min (and the contamination with
retention time of 23.7 min). The purity of the product was
70%. Finally, one major peak with migration time of 3.8 min
and number of un-resolved peaks of possible contaminants
were obtained by capillary electrophoresis with photometric
detection. Based on the characterization by above-mentioned
methods, the quality of the synthesized peptide was found
sufficient for further experiments.
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Figure 1. Characterization of synthetic HWR peptide. (A) Mass
spectrum of the peptide. (B) HPLC characterization of the pep-
tide. (C) CE characterization of the peptide. CE-UV, conditions—
detection: 214 nm; capillary: 75 um id, 60 cm/50 cm; BGE: 20 mM
sodium borate, pH 9.2; voltage: +20 kV; injection: 3.4 kPa, 20 s.
MS and HPLC conditions are described in Section 2.

3.2 CdTe-QDs covered with the synthesized peptide

This peptide was subsequently employed as a capping agent
for CdTe-QDs. These QDs were characterized by fluorescence
spectrometry (Fig. 2A) and capillary electrophoresis (Fig. 2B).
Scheme of ideal HWR-QDs structure is shown in the inset
of Fig. 2A. The excitation maximum of the HWR-QDs was
found to be 480 nm and the emission maximum was 525 nm.
These properties are suitable for CE-LIF with excitation wave-
length of 488 nm. Prepared QDs were conjugated with HIgGs
and because the heptapeptide HWR binds all HIgG sub-
classes and IgGs from bovine, mouse, goat, and rabbit [35],
IgY were used as a nonreactive control, as IgY lack Fc region
in their structure [41].

The conjugates were separated by capillary electrophore-
sis with both laser-induced fluorescence (Fig. 3A) and UV
absorbance detection (Fig. 3B). The signals obtained were
well developed and separated. QDs incubated with IgY exhib-
ited the same electromigration properties as nonconjugated
QDs (migration time of 4.1 min, Fig. 3A and B); however,
the migration time of IgG-conjugated QDs (scheme in the

www.electrophoresis-journal.com

91



Electrophoresis 2013, 34, 2725-2732

A
20000

15000

10000 4

Ig (a.u.)

5000 4

515 615 75
Wavelength (nm)

400 -

A (mAU)

0 2 4 6 8 10
Migration time (min)

Figure 2. Characterization of HWR-QDs. (A) Emission spectrum
of HWR-QDs (excitation 480 nm); inset: scheme of ideal structure
of HWR-QDs. (B) CE-UV of HWR-QDs. Experimental conditions—
detection wavelength: 214 nm; capillary: 75 um id, 60 cm/50 cm;
BGE: 20 mM sodium borate, pH 9.2; voltage: +20 kV; injection:
3.4 kPa, 20 s.

inset of Fig. 3B) was increased due to the conjugation. After
binding of IgG, migration time enhanced to 5 min.

It is known that pl of HIgG is within the range from
6.4 to 9.0 and therefore under the CE conditions used. The
IgG molecule is negatively charged so as HWR-QDs. The
electrophoretic mobility of HWR-QDs of —8.13 £+ 0.41 x
10 m? V-! s~! and —7.81 £ 0.38 x10~? m? V-! s~! was
determined by CE-UV and CE-LIF, respectively. After the
conjugation with IgG, the electrophoretic mobility changed
to —1491 £0.73 x 10 m? V"' s and —144 &+ 1.1 x
102 m? V' s! determined by CE-UV and CE-LIF. Moreover,
we analyzed the conjugate using differential pulse voltam-
metry after purification, because the dots contain cadmium,
which is highly electroactive. Using this, we verified the pres-
ence of the HWR-QDs because of detection of Cd(II) peak
(inset of Fig. 3B).
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Figure 3. CE of HWR-QD and their bioconjugates with im-
munoglobulins. (A) CE-LIF, conditions—excitation: 488 nm; emis-
sion: 520 nm; capillary: 75 um id, 47.5 cm/40 cm; BGE: 20 mM
sodium borate, pH 9.2; voltage: +20kV; injection: 3.4 kPa, 20 s.
(B) CE-UV, conditions—detection: 214 nm; capillary: 75 um id,
60 cm/50 cm; BGE: 20 mM sodium borate, pH 9.2; voltage:
+20 kV; injection: 3.4 kPa, 20 s; left inset: scheme of HWR-QD-IgG;
right inset: differential pulse voltammograms of Cd determination
extracted by magnetic particles coated with IgG and IgY. Exper-
imental conditions—dilution: 1:1000; electrolyte: 0.2 M acetate
buffer (0.2 M CH;COOH + 0.2 M CH3COONa, pH 5.0) at 25°C; ini-
tial potential: —0.9 V; end potential: —0.1 V; deposition potential:
—0.9 V; duration: 600 s; equilibration time: 5 s; modulation time:
0.057; time interval: 0.2 s; potential step: 0.00195 V; modulation
amplitude: 0.02505.

3.3 Gel electrophoretic analysis

To verify the conjugation of HWR-QD and IgG the gel elec-
trophoresis was employed. At first, the SDS-PAGE analysis of
HWR-QDs, IgG and IgY standards as well as HWR-QD-IgG
or HWR-QD-IgY conjugates under reducing and nonreduc-
ing conditions was carried out (Fig. 4A). After fluorescence
imaging it was not possible to detect any fluorescence (not
shown). IgG and IgY standards were resolved as expected.
Under nonreducing conditions at IgG, three bands in size
of approximately 150-170, 140, and 100 kDa correspond-
ing to whole and partially fragmented IgG molecules were
present and three bands in size of approximately 180, 170,
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Figure 5. Fluorescent immunodetection. (A) Scheme of the possible interaction between HWR-QD-IlgG and goat antihuman IgG.
(B) Fluorescence intensity determined in the wells coated with goat antihuman IgG and chicken IgY (excitation: 480 nm and emission:
525 nm).
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and 130 kDa corresponding whole and partially fragmented
IgY molecules were present at IgY. Under reducing condi-
tions at IgG two bands in size of approximately 50 and 25 kDa
corresponding to large and small IgG subunits were present
and two bands in size of approximately 65 and 20 kDa cor-
responding to large and small IgY subunits were present at
IgY. For HWR-QD-IgG conjugate or HWR-QDs alone, no
bands were detected, only a weak band of molecular size cor-
responding to partially reduced IgY molecule was observed
for HWR-QD-IgY.

Binding of QDs modified with HWR peptide to IgG
might affect migration of IgG conjugate, even though SDS
binding to the proteins surface unifies their charge. Reduced
SDS binding to HWR-QD-IgG conjugate is also possible.
Therefore, the samples were run under the same conditions,
but with switched poles. However, still no bands were ob-
served (not shown). After changing of running buffer pH to
9.0, bands of sizes corresponding to partially reduced whole
immunoglobulin molecules were observed after Coomassie-
blue staining for both HWR-QD-IgG and HWR-QD-IgY con-
jugates, but no fluorescence was detected even for HWR-QDs
alone. Different behavior of IgG and IgY mixtures dependent
on running buffer pH indicates that HWR-QDs bound to 1gG
molecules, and did not bind to IgY molecules, but the fluo-
rescence of HWR-QDs might be quenched during the elec-
trophoresis. Fluorescence of both HWR-QDs and HWR-QDs-
IgG conjugates was observed after agarose gel electrophoresis
(Fig. 4B). In running electrolyte of pH 8.0, both HWR-QDs
and HWR-QD-1gG conjugates migrated to negative pole and
at HWR-QD-IgY mixture only the band corresponding to un-
conjugated HWR-QDs was recorded. Only very weak fluores-
cence was detected for IgG and IgY standards. As it is shown
in Fig. 4C, after staining the agarose gel of immunoglobulin
standards with Coomassie-blue, the weak fluorescence sig-
nals might be caused by IgG themselves. To confirm it, we
incubated IgG and IgY resolved in agarose gel with HWR-
QDs in running electrolyte for 16 h. After incubation, the flu-
orescence was observed in IgG only. The same gel was stained
with Coomassie-blue and very weak band disproportional to
original signal was observed in 1gG only. This indicates that
IgG was stabilized in the gel by HWR-QDs binding, while
IgY was completely washed out.

The results of SDS-PAGE and agarose electrophoresis are
consistent and confirm binding of QDs modified with HWR
to IgG, but not to IgY. In addition, after HWR-QDs binding
to IgG, their charge is modified. Moreover, HWR-QDs are
applicable for IgG detection in agarose gels.

3.4 ELISA detection of HWR-QDs

To demonstrate the applicability of developed conjugates for
immunodetection, ELISA experiment was carried out. The
microtitration plate was coated with goat anti-human IgG

(or chicken IgY—as a nonbinding control) in concentration
of 1 pg/mL and subsequently incubated with HWR-QD-1gG
according to scheme shown in Fig. 5A. It was found out that
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the intensity of fluorescence in the wells coated with goat
antihuman IgG exhibited significantly higher fluorescence at
525 nm than the wells coated with chicken IgY (Fig. 5B). The
suggested procedure could be used for sensitive immuno-
based techniques [42], for imaging approaches [6] and for
microarrays technologies to determine Alzheimer’s disease
biomarkers [43], tumor markers [44], and C-reactive peptides
[45].

4 Concluding remarks

The surface modification and functionalization of QDs is ex-
tensively studied due to the possibility of fine-tuning of the
properties according to the requirements. Their functional-
ization by antibodies enables the fluorescent visualization
of interactions between the antigen and antibody as well as
biodistribution. However, the bond between the antibody and
QD has to exhibit correct sterical orientation to preserve the
biological activity of the antibody and to provide required eff-
ciency. It was demonstrated that small synthetic heptapeptide
(HWR) can serve as a QD capping agent providing suitable
surface properties for interaction with Fc fragment of human
IgG.
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Short Communication

Biotin-modified glutathione as a
functionalized coating for bioconjugation of
CdTe-based quantum dots

In this study, biotin-conjugated glutathione was synthesized using peptide bonding of
the biotin carboxy group and amino group of the y-glutamic acid to prepare an alternative
coating for CdTe quantum dots (QDs). This type of coating combines the functionality of
the biotin with the fluorescent properties of the QDs to create a specific, high-affinity
fluorescent probe able to react with avidin, streptavidin and/or neutravidin. Biotin-
functionalized glutathionecoated CdTe QDs were prepared by a simple one-step method
using Na,TeO; and CdCl,. Obtained QDs were separated from the excess of the biotin-
conjugated glutathione by CE employing 300 mM borate buffer with pH 7.8 as a back-
ground electrolyte. The detection of sample components was performed by the photo-
metric detection at 214 nm and LIF employing Ar* ion laser (488 nm).
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Keywords:

Biotin-conjugated glutathione / CE / Glutathione / Quantum dot / Streptavi-

din-biotin

Quantum dots (QDs) with the dimensions in the range of
2-10 nm belong to the family of nanomaterials having a
significant impact on chemical as well as on biological
research. QDs are semiconductor nanocrystals with unique
spectral properties featured mainly by the size-tunable
emissions due to quantum size effects and high resistance
toward photobleaching. The emission spectra of homoge-
nously sized QDs are narrower than typical fluorophores
and a variety of QDs types can be produced covering almost
the whole spectral range [1, 2. Since their first appearance
in the late 1980s [3-5],] the interest in QDs has increased
extremely; however, the application of QDs as fluorescent
probes has been triggered by their bioconjugation to the
target compounds enabling the specific fluorescent labeling
of biological samples. Currently, QDs play an important role
mainly in the imaging and as fluorescent probes for
biological sensing [2]. The most popular types of QDs
include CdTe, CdSe, ZnSe and ZnS; however, other
semiconductor metals such as In, Ga and many others also
can be used [6, 7]. Majority of sensing techniques employing
QDs in biological systems are applied in solution (colloidal
form) [8-10]. To date, two original approaches have been
reported for the synthesis of colloidal QDs. The organome-
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tallic way produces QDs, which are generally capped with
hydrophobic ligands (e.g. trioctylphosphine oxide (TOPO))
and hence cannot be directly employed in bioapplications.
The second way is the aqueous synthesis route, producing
QDs with excellent water solubility, biological compatibility
and stability. Thiol-capped QDs could be prepared directly in
aqueous solution with thiols as efficient stabilizers. Cysteine
[11, 12], mercaptopropionic acid [9, 13] and reduced
glutathione (GSH) [14-16] are the most popular coatings
among thiols; however, quantum yields only up to 10% were
typically obtained without any following treatment [17]. On
the other hand, GSH due to its key function in detoxification
of heavy metals in organisms [18] provides an additional
functionality to the QDs. The fluorescence is considerably
quenched at the presence of heavy metals and therefore
glutathionecoated QDs (GSH-QDs) were successfully
employed for determination of heavy metals [19, 20]. In
addition, GSH-QDs exhibit high sensitivity to H,0,
produced from the glucose oxidase catalyzing oxidation of
glucose and therefore glucose can be sensitively detected by
the quenching of the GSH-QDs fluorescence [21]. Beside the
application as simple sensors, QDs have much higher
impact as unique fluorescent labels. Various specific
labeling strategies are known and most of these approaches
are based on bioconjugation with other biomolecules
exhibiting some specific affinity to the target compound.
Summary of these approaches was recently presented in a
review article published by Algar et al. [2]. One of these
strategies utilizes the biotin-avidin (respectively, streptavi-
din and neutravidin) interaction, exhibiting very high
specificity. Modification of QDs by the streptavidin proved
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to be a very successful method evaluated in various
publications [22-24] and due to this success streptavidin-
QDs are nowadays also commercially available. Also, biotin-
functionalized QDs have been developed to exploit the same
interaction [25-28]. However, so-called multicolor QDs,
which means that particles modified by several different
molecules, are now of great interest.

Therefore, the aim of this study was to prepare QDs
applicable in organisms based on the biocompatible pro-
perties due to the presence of GSH and also with the
possibility to be employed in modem biotechnological
biotin—avidin (or its homologues) applications. The first aim
was to prepare biotinylated GSH, which would be subse-
quently used concurrently as a stabilizer of QDs and bio-
reactive layer.

Biotin and GSH were conjugated via standard peptide
bond using carboxy group of the biotin and amino group of
the y-glutamic acid. The biotinylation at the N-end of the
tripeptide was the last step of the peptide synthesis. The
purification of the product was carried out using high-
performance liquid chromatography and the purity of 99%
was reached. Final product (for structure, see Fig. 1) was
analyzed by mass spectrometry (MS). Matrix-assisted laser
desorption/ionization-time of flight-mass spectrometry
(MALDI-TOF-MS) was carried out using an Ultraflex 11
instrument (Bruker Daltonik, Germany). Samples (0.6 uL)
were pre-mixed with 2.4 uL of the matrix solution (saturated
solution of =z-cyano-4-hydroxycinnamic acid in a water/
acetonitrile mixture 1:1, v/v) and 0.6 pL of this mixture was
deposited on a stainless steel MALDI target. Measurements
were carried out in a reflectron positive ion detection
arrangement. The obtained MS spectrum is shown in Fig. 1.
The major peak in the spectrum has the molecular mass of
532.185, which is in good agreement with the theoretical
molecular mass of 532.2 Da calculated for the biotinylated
glutathione (B-GSH). Then, B-GSH was used as an alter-
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native coating for CdTe-based QDs (emission maximum at
504 nm). The procedure for synthesis of these dots was
adapted from the work of Duan et al. [29]. Sodium tellurite
was used as the Te source. Owing to the fact that sodium
tellurite is air stable, all of the operations were performed in
the air without requiring any inert atmosphere. The synth-
esis pathway is thus very simple using harmless aqueous
solutions. The synthesis of CdTe QDs and their subsequent
coating were as follows: 330uL of the CdCl, solution
(c = 0.04 mol/L) was diluted with 2.5 mL of water. During
constant stirring, 8 mg of sodium citrate, 330 uL of Na,TeOQ,
solution (c=0.01 mol/L), 15 mg of B-GSH and 3.3 mg of
NaBH, were added into water-cadmium(ll) solution. The
mixture was kept at 95°C under the reflux cooling for 2.5 h.
As a result, yellow solution of the QDs coated with B-GSH
(B-GSH-QDs) was obtained. An inset in Fig. 2 shows the
solution of the B-GSH-QDs under the ambient light (left)
and the fluorescence under the illumination by the UV lamp
is shown in the right.

Synthesized B-GSH-QDs were analyzed by CE (Beck-
man Coulter, PACE 5500) with absorbance detection at
214 nm and with the LIF detection (Ar", 7488 nm/i .-
530 nm). Separation of the excess of B-GSH and GSH was
carried out using uncoated fused-silica capillary with 50 m
internal diameter and 375 m b outer diameter. Total length
was 47 cm and the effective length was 40 cm. Borate buffer
(300 mmol/L, pH 7.8) was used as a background electrolyte
(BGE). The typical electropherogram of the B-GSH-QD
solution is shown in Fig 2A. Signals of GSH, B-GSH as well
as B-GSH-QDs were baseline separated with the resolutions
of 1.9 (GSH-B-GSH) and 4.2 (B-GSH-B-GSH-QDs). The
identification of GSH and B-GSH signals was done by the
standard addition method and identification of the B-GSH-
QDs signal was done by CE-LIF (Fig. 2B).

CE-LIF was also used for monitoring of the stability of
B-GSH-QDs during storage in the dark at 4°C. QDs were
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Figure 2. Electropherogram of the mixture of the B-GSH-QDs
and excess B-GSH and GSH; BGE: 300 mmol/L sodium borate
buffer, pH 7.8; U: +20kV; injection: 0.5psi for 20s; (A) UV
detection at 214 nm; (B) LIF detection (488 nm/530 nm); inset: B-
GHS-QDs under ambient light (left), B-GSH-QDs under UV light
illumination (right).
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Figure 3. Electropherogram of the mixture of the B-GSH-QDs
and avidin solution; BGE: 20 mmol/L sodium borate buffer, pH
9.5; U: +20kV; injection: 0.5 psi for 20s; LIF detection (488 nm/
530nm).

sampled per 6h and the signal height of B-GSH-QDs was
observed. The height of the signal steadily decreased with
increasing time of the storage. After 3 days, the height
decreased for more than 80%. Based on the results obtained,
it can be concluded that the B-GSH-QDs are less stable in
comparison with the QDs coated with unmodified GSH
(GSH-QDs) created according to the same procedure [29].
The functionality of B-GSH-QDs was tested by addition
of the avidin solution. The resulted mixture was analyzed by

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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CE-LIF and typical electropherogram is shown in Fig. 3. The
separation procedure was adapted from Huang et al. [30]
and sodium borate buffer (20 mmol/L, pH 9.5) was used as
a BGE. It was observed that the protein-QD complex was
well separated from the QDs and the signal intensity of the
avidin-B-GSH-QD complex was directly proportionate to
the concentration of the avidin added and the signal of B-
GSH-QDs decreased accordingly.

It follows from the results obtained that B-GSH is a
suitable alternative coating for the elegant single-step
synthesis of thiol-stabilized CdTe QDs. Obtained QDs are of
good properties for the fluorimetric detection with the
excitation by Ar' laser at the wavelength of 488 nm and
emission of 530 nm. Moreover, we show that CE is an effi-
cient method for the separation of the GSH and B-GSH
excess from the B-GSH-QDs and for stability control.
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Interactions between CdTe quantum
dots and DNA revealed by capillary
electrophoresis with laser-induced
fluorescence detection

Quantum dots (QDs) are one of the most promising nanomaterials, due to their size-
dependent characteristics as well as easily controllable size during the synthesis process.
They are promising label material and their interaction with biomolecules is of great
interest for science. In this study, CdTe QDs were synthesized under optimal conditions
for 2 nm size. Characterization and verification of QDs synthesis procedure were done
by fluorimetric method and with CE. Afterwards, QDs interaction with chicken genomic
DNA and 500 bpDNA fragment was observed employing CE-LIF and gel electrophoresis.
Performed interaction relies on possible matching between size of QDs and major groove
of the DNA, which is approximately 2.1 nm.

Keywords:
Bacteriophage / DNA / Interaction / Quantum dots

1 Introduction

Nanoscale materials with very good electronic, optical, mag-
netic, and catalytic properties have made nanotechnology one
of the most perspective scientific fields today. Quantum dots
(QDs) belong to a large family of nanoparticles attracting
enormous attention especially due to the small size and size-
dependent characteristics. With their size (1-20 nm) they
do not obey rules of classical physics and they belong to
unpredictable laws of quantum mechanics. Precisely, their
optical and electronic properties are caused by phenomena
called quantum confinement [1]. Wide absorbance band, nar-
row emission spectrum, and/or photostability are well-known
properties of QDs, which made them the most promising
substitute for organic dyes. Another advantage of these ma-
terials is their ability to be easily modified, which is primarily
done to decrease potential danger of inorganic core toxic-
ity, but these surface modification can be also done to target
some biomolecules and, thus, toimage biochemical pathways
in vivo. Beside their successful application in in vivo imag-
ing [2-5] and/or biology [6] in general, their applications into
proteomics gain more and more attention [7-10]. Moreover,
currently a great attention is paid to the targeted drug/gene
delivery and the combination of therapeutic and diagnostic
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properties of various bioconjugates is explored, QDs are an
excellent option for fluorescent labeling of numerous deliv-
ery systems. Not only a range of modern artificial nanoma-
terials but also traditionally utilized viral-based nanocarriers
such as bacteriophages belong among such nanocarriers em-
ployed for targeted delivery [11]. In the case of nucleic acids
delivery, revolutionary discovery of DNA structure done by
Watson and Crick in 1953 [12] opened numerous challenges
in this field of research. Rapid growth of nanomaterials
such as QDs induced their inevitable encounter with DNA.
Possible interaction between DNA and other molecules or
species is provided by electrostatic binding in major groove of
dsDNA and intercalation between base pairs [13]. Investiga-
tion of QDs and DNA have not been only directed to their
interaction [14], but QDs have been successfully functional-
ized by DNA and used for fluorescence monitoring in vivo or
in vitro [15, 16].

CE-LIF is a very powerful method for analysis of
different nanoparticles in size, shape, or due to their
charge [17-19]. QDs have been successfully characterized by
CE-LIF [17,20, 21], which have been also applied for separa-
tion and characterization of biomolecules labeled with QDs
as a fluorescent marker [5,22-25]. For biological application
of QDs, their conjugation to biomolecules is an ongoing prob-
lematic and research challenge. The overview of advances can
be found in various review articles [26-28].

Based on aforementioned knowledge, CE-LIF was chosen
as a suitable method for monitoring of interaction between
QDs and DNA depending on the concentration, time of in-
teraction, length of the DNA strand, and/or its form (ssDNA

Colour Online: See the article online to view Figs. 1-5 in colour.
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vs. dsDNA). This method can be used for a very simple DNA
labeling with QDs and/or observing possible toxic impact of
QDs to DNA and its biological function.

2 Materials and methods
2.1 Chemicals

All chemicals were purchased from Sigma Aldrich (St. Louis,
MA, USA) in ACS purity unless noted otherwise. Lyophilized
highly polymerized DNA (Reanal, Hungary) was isolated
from chicken erythrocytes (Mw = 400 000 g/mol). The stock
solution of DNA (1 mg/mlL) was prepared by dissolving in
ACS water.

2.2 DNA amplification and isolation

Tag PCR kit and DNA isolated from bacteriophage \
(48502 bp) were purchased from New England BioLabs
(USA). Primers for PCR were synthesized by Sigma-Aldrich.
The sequence of a forward primer was 5-CCTGCTCTGCCG
CTTCACGC-3 and the sequence of a reverse primer was 5'-
TCCGGATAAAAACGTCGATGACATTTGC-3'. Fifty micro-
liters reaction mixture was composed of 5 pL 10x standard
Taq reaction buffer, 1 pL of 10 puM dNTP solution mix,
1 L of each primer (10 uM), 0.25 pL of 5 U/pL Tag DNA
polymerase, 1 pL of 0.5 pg/pL A DNA, and 40.75 pL H,0
(sterile). The PCR tubes with mixture were placed into the
cycler (Eppendorf, Germany) and cycling conditions were as
follows: initial denaturation at 95°C for 120 s; 25 cycles of
denaturation at 95°C for 15 s, annealing at 64°C for 15 s,
extension at 72°C for 45 s and a final extension at 72°C
for 5 min. Hundred microliters of PCR product (500 bp)
was purified by MinElute PCR Purification Kit (Qiagen,
Germany) according to manufacturer’s instruction and DNA
was concentrated to 10 pL of water solution. DNA concen-
tration was determined by spectrophotometric analysis at
260 nm using spectrophotometer Specord 210 (Analytik]ena,
Germany).

2.3 CdTe quantum dots synthesis

The procedure for synthesis of these dots was adapted from
the work of Duan et al. [29]. Briefly, the synthesis of CdTe
QDs and their subsequent coating were as follows: 4 mL
of the CdCl, solution (0.04 M) was diluted with 42 mL of
water. During constant stirring, 100 mg of sodium citrate,
4 mL of Na,TeO; solution (0.01 M), 300 mg of reduced glu-
tathione (GSH), and 50 mg of NaBH4 were added into water—
cadmium(I1) solution. The mixture was kept at 95°C under
the reflux cooling for 4 h. As a result, yellow solution of the
GSH-QDs was obtained.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.4 Spectroscopic and size analysis

Fluorescence and absorbance spectra were measured by mul-
tifunctional microplate reader Tecan Infinite 200 PRO 132
(TECAN, Minnedorf, Switzerland). Excitation wavelength
was 230 nm and emission range was measured from 300
to 850 nm per 5 nm steps. The absorbance was acquired
within the range from 230 to 800 nm with 5 nm steps as an
average of five measurements per well. The detector gain was
set to 80. The sample volume of 50 pL was placed in UV-
transparent 96-well microplate with flat bottom by Costar
(Corning, New York, USA). Zetasizer 3000 HSa (Malvern
Instruments, Worcestershire, UK) was used for determina-
tion of size nanoparticles based on dynamic light scattering
technique.

2.5 Capillary electrophoresis

Backman P/ACE™ MDQ electrophoresis system (Brea, CA,
USA) with laser-induced detector was used for CE measure-
ments. Excitation wavelength was 488 nm (argon ion laser)
and emission wavelength was 520 nm. An uncoated fused
silica capillary was used with total length of 60.5 cm, effective
length of 50 cm, and internal diameter 75 pm. A 20 mM
borate (pH 9.2) was used as BGE. Separation was carried out
at 20 kV in positive polarity and sample was injected hydro-
dynamically for 20 s using 3.4 kPa.

2.6 Agarose gel electrophoresis

Agarose gel (29 v/v, high melt, medium fragments, Chemos
CZ, Prague, Czech Republic) was prepared with 1x TAE
buffer (40 mM Tris, 20 mM acetic acid, and 1 mM ethylene-
diaminetetraacetic acid). Five microliters of samples were
prepared with 5% v/v bromphenol blue and 3% v/v glyc-
erol and loaded into the gel. A 100 bp DNA ladder (New
England Biolabs, Ipswich, MA, USA) was used to monitor
the size of analyzed DNA. The electrophoresis was run at
60V and 6°C for 160 min. The gel was stained in 100 mL of
TAE buffer with 50 pL of ethidium bromide for 20 min and
visualized by UV transilluminator (312 nm). The intensity
of fluorescence was quantified using Carestream molecular
imaging software (Carestream, USA)

3 Results and discussion

3.1 Quantum dots characterization

QDs are known as size-dependent nanomaterials. The size is
controllable during the synthesis process, which can giveus a
desired absorbance and emission spectra important for their
further application. In this study of DNA interaction with

QDs, desired 2 nm sized QDs were synthesized according to
the method described elsewhere [29]. The size of the QDs and
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Figure 1. (A) Size determination of QDs by zeta-sizer, inset: photograph of QDs solution under UV light illumination. (B) Fluorescence
and absorbance characterization of QDs. (C) Absorbance characterization of DNA and 500 bp fragment (200 pg/mL). (D) Fluorescence
characterization of QDs diluted in water. All characterization was done by Tecan Infinite 200 PRO 132 under the following conditions:
excitation wavelength was 230 nm and emission range was measured from 300 to 850 nm per 5 nm steps. The absorbance was acquired
within the range from 230 to 1000 nm with 5 nm steps as an average of five measurements per well. Each intensity value is an average of
five measurements. The detector gain was set to 80. The sample volume of 50 pL was placed in UV-transparent 96-well microplate with
flat bottom by Costar. (E) CE characterization of QDs diluted in water. CE measurement is done by Beckman P/ACE™ MDQ electrophoresis
system with LIF detector. Excitation wavelength was 488 nm and emission wavelength was 520 nm. An uncoated fused silica capillary
was used with total length of 60.5 cm, effective length of 50 cm and internal diameter 75 pm. The 20 mM borate (pH 9.2) was used as BGE.
Separation was carried out at 20 kV in positive polarity and sample was injected hydrodynamically for 20 s using 3.4 kPa. Concentration

of QDs was recalculated to Cd concentration of 460 pg/mL according to [30].

their size-distribution is shown in Fig. 1A. The majority of
the nanoparticles were 2 nm in diameter. The photograph of
the solution of synthesized QDs under UV light illumination
is shown in the inset in Fig. 1A exhibiting significant green
light emission. Afterwards, their fluorescent properties were
examined and their absorption maximum in visible range
of spectra is 490 nm as indicated in Fig. 1B. The emission
maximum after excitation by 490 nm light is at 525 nm. The
absorption spectra of chicken genomic DNA and 498 bp frag-
ment of bacteriophage A used in the following experiments
are shown in Fig. 1C.

To verify the linearity of the fluorescence signal depend-
ing on the concentration, the emission spectra of QDs were
acquired (Fig. 1D). The concentration of QDs was expressed
as the concentration of cadmium (inset in Fig. 1D). The Cd
concentration in QDs was determined as described by So-
brova et al. [30]. The same characterization was performed
by CE-LIF as shown in Fig. 1E. The peak of QDs with mi-
gration time of 7.5 min was observed and its height is lin-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

early dependent on Cd concentration as shown in the inset in
Fig. 1E.

3.2 CE-LIF analysis of interaction between DNA
and quantum dots

After size and fluorescent characteristics of the QDs were
verified, the interaction of these nanomaterials with DNA
was studied. In the first experiment, the interaction between
QDs and chicken genomic DNA was observed and results are
shown in Fig. 2. The time dependence of complex formation
can be seen in Fig. 2A. The peak 1 represents the DNA-QD
complex and peak 2 represents the excess of the QDs. The
increasing of the interaction time led to the increase of the
peak 1 height. The dependence of the peak 1 height on time is
shown in the inset in Fig. 2A. The same experiment measured
by fluorescence spectroscopy exhibited only a very slight in-
crease of the fluorescence intensity with the increasing time
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Figure 2. CE-LIF and fluorimetric characterization of QDs-DNA interaction. {A) QDs and DNA (500 pg/mL) time interaction (15, 30, 45, 75,
and 90 min) monitored by CE-LIF, inset: the peak height dependence on time of interaction (peak 1 - QD-DNA complex, peak 2 — QDs).
(B) QDs and DNA time interaction (15, 30, 45, 75, and 90 min) monitored by fluorescence spectrometry, inset: fluorescence intensity
dependence on the interaction time. (C) QDs and DNA interaction with different concentrations of DNA (0, 0.25, 0.5, and 1 mg/mL)
measured by CE-LIF, inset: dependence of created complex peak height on DNA concentration (peak 1 - QD-DNA complex, peak 2 - QDs).
(D) QDs and DNA interaction with different concentrations of DNA (0, 0.25, 0.5, and 1 mg/mL) measured by fluorescence spectrometry,
inset: fluorescence intensity dependence on the DNA concentration. CE and measurement with fluorimetric conditions are the same as

in Fig. 1.

of interaction (Fig. 2B). The dependence of fluorescence in-
tensities at 520 nm on the interaction time is shown in the
inset in Fig. 2B. These results suggest that CE-LIF exhibits
higher sensitivity for investigation of complex formation.

Subsequently, the dependence on DNA concentration
was investigated. As it is shown in Fig. 2C, the increase in
DNA concentration (from 0.25 to 1 mg/ml) led to the in-
crease in peak height of the DNA-QD complex. Concentra-
tion dependence is shown in the inset in Fig. 2C. Using the
fluorescence spectroscopy to verify the interaction, significant
quenching effect of DNA on the QDs fluorescence was ob-
served, however only a very small change of fluorescence
was observed according to DNA concentration (Fig. 2D).
In addition, the dependence of fluorescence intensities at
520 nm on the DNA concentration is shown in the inset in
Fig. 2D.

The basic mechanism of interaction suggested in this
study is based on the QDs incorporation into the major groove
of DNA. The double-helical DNA structure creates major and

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

minor grooves with dimensions of 2.1 nm and 0.6 nm, re-
spectively. Due to the matching size of QD (2 nm) to the size
of major groove (2.1 nm) it can be suggested that the QD is
incorporated into the major groove of DNA. This conclusion
corresponds to previous work done by [31]. The scheme is
shown in the inset in Fig. 3. To confirm this hypothesis, the
interaction between QDs and ssDNA or dsDNA was moni-
tored (Fig. 3). Results showed that dsDNA is needed for the
complex (peak 1) to be created, while the complex is not ob-
served with ssDNA.

Further, the interaction of QDs with 500 bp-long DNA
fragment and as well as the influence of the DNA length was
investigated. The 500 bp-long fragment induced formation of
the QD-DNA complex in the same way as long DNA (Fig. 4).
The complex formation (peak 1) with the increasing tendency
depending on the interaction time was observed. The depen-
dence of the peak height on the interaction time is shown
in the inset in Fig. 4A. However, compared to the genomic
DNA, the interaction of the fragment with QDs monitored by
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Figure 3. CE-LIF study of interaction between QDs (blue trace)
and dsDNA (red trace, 500 pg/mL) or ssDNA (green trace,
500 pg/mL), (peak 1- QD-DNA complex, peak 2 — QDs), inset:
the suggested scheme of the interaction between QD and major
groove of dsDNA. Conditions of CE measurement are the same
as in Fig. 1D.

fluorescence spectrometry did not exhibit the same increas-
ing trend as observed by CE-LIF. Based on the comparison
of the genomic DNA interaction to the DNA fragment inter-
action it can be assumed that the length of the DNA plays a
key role especially due to the probability of the formation of
numerous secondary structures. This has to be investigated
in more details to reveal the impact of the DNA length on the
interaction.

3.3 Gel electrophoresis

Gel electrophoresis was employed for DNA-QDs interaction
verification. The gel after ethidium bromide staining is shown
in Fig. 5A. The lines 1 and 13 were injected by the DNA ladder.
The lines 2, 5, and 8 were injected with the QDs solution

CE and CEC 2591
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Figure 5. (A) Gel electrophoresis of the QD-DNA complex.
(1) DNA Ladder, (2) QDs (230 pg/mL), (3) QDs 460 pg/mL +
chicken DNA (400 pg/mL) (1:1 v/v), (4) QDs (460 pg/mL) + 500 bp
(50 pg/mL) (1:1 vAv); (5) QDs (23 pg/mL), (6) QDs 46 pg/mL +
DNA (400 pg/mL) (1:1 viv), (7) QDs diluted 46 pg/mL + 500 bp
(50 pg/mL) (1:1 v/v), (8) QDs 11.5 pg/mL, (9) QDs 23 pg/mL + DNA
(400 jug/mL) (1:1 v/v), (10) QDs 23 pg/mL + 500 bp (50 pg/mL) (1:1
viv), (11) DNA (200 pg/mL), (12) 500 bp (25 pg/mL), (13) DNA lad-
der. For measurements 2% agarose gel in TAE buffer was used
and run for 160 min at 60 V. Total amount of the samples was
10 pL. (B) Quenching of the signal dependent on the amount of
QDs (chicken DNA-yellow columns, 500 bp DNA fragment-purple

at concentration of 23, 46, and 460 pg/mL mixed 1:1 with columns).
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Figure 4. (A) CE-LIF and (B) fluorimetric characterization of the interaction between QDs (peak 2) and 500 bp long DNA fragment of
bacteriophage A (500 pg/mL). CE-LIF and fluorimetric measurement conditions are set as in the Fig. 1, inset: peak height dependence of

QDs-DNA fragment complex on the reaction time.
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water. In the lines 3, 6, and 9 there are the mixture samples
of chicken DNA and 23, 46, and 460 pg/mL of QDs in ratio
1:1, respectively. The same samples prepared using 500 bp
DNA fragment and QDs are shown in the lines 4, 7,and 10. In
lines 11 and 12, DNA and 500 bp fragment signal is observed.
After software analysis of the gel image, the quenching of the
signal dependent on the amount of QDs was observed for
both chicken DNA as well as 500 bp fragment (Fig. 5B). This
is probably due to the fact that QDs are preventing the DNA
to be stained by the ethidium bromide.

4 Concluding remarks

It clearly follows from the results obtained that the interaction
between DNA and QDs occurs. Monitoring and verification
was successfully done by combination of CE-LIF and gel elec-
trophoresis, whereas CE is analytical method with excellent
separation characteristics and in the combination with LIF
detector it provides very high selectivity needed for monitor-
ing of DNA-QDs interaction. The obtained data confirm the
hypothesis that the interaction mechanism is based on the
size of QDs, which matches the size of DNA major groove.
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Nanomaterials are, in analytical science, used for a broad range of purposes, covering the area of sample
pretreatment as well as separation, detection and identification of target molecules. This review covers
the application of nanomaterials for sample pretreatment in capillary electrophoresis. It targets the utili-
zation of nanomaterials for sample purification, preconcentration and/or extraction coupled both off-line
and on-line with capillary electrophoretic analysis. Especially due to their large surface area, nanoparticles
and nanomaterials are exceptionally helpful in making up for the limited concentration detection limits
provided by capillary electrophoresis. This method possesses excellent separation power; however, its
sensitivity may be problematic in some cases. Therefore, this review is focused on utilization of nano-
materials as a powerful tool for sample preconcentration, which is so often required prior to capillary
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1. Introduction

Nanotechnology has been defined as a technology in which
dimensions and tolerances within the range of 0.1-100 nm
play a critical role. At the nanoscale, gravity becomes less of an
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issue, the strength of materials becomes a more significant
influence, and the quantum size effect is also an important
factor. Due to their unique and size-dependent spectroscopic,
electronic, and thermal features as well as their chemical
properties and ability to be functionalized, which result from
their small sizes and high surface-tovolume ratios, nano-
materials (NMs) have found applications not only in physics,
electronics, and engineering but also in the life sciences,
including chemistry,'” biology,' and medicine.>® NMs have
greatly influenced numerous scientific fields, and these influ-
ences can be observed in different ways. In chemistry, the
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range of sizes has historically been associated with colloids,
micelles, polymer molecules, and similar structures (i.e., typi-
cally, notably large molecules or aggregates of many mole-
cules). More recently, structures such as carbon nanotubes,
silicon nanorods, and semiconductor quantum dots have
emerged as particularly interesting classes of nanostructures.
In physics and electrical engineering, nanoscience is most
often associated with quantum behavior and the behavior of
electrons and photons in nanoscale structures. Biology and
biochemistry are also fields in which this interest in nano-
structures runs deep. Nanostructures can act as cell com-
ponents, and indeed, the most interesting structures in
biology can be thought of as nanostructures, including DNA,
viruses and subcellular organelles.”

2. Nanomaterials as sample
pretreatment tools coupled with
capillary electrophoresis

The nano-phenomenon has clearly influenced the entire scien-
tific world, including instrumental analytical chemistry; there-
fore, scientists are not only developing new approaches and
assays using nanotechnologies, they are also upgrading stan-
dard techniques. One of the methods most influenced by this
phenomenon is capillary electrophoresis (CE). CE offers its
advantages as a method for characterization used during
nanomaterial synthesis and modification as well as the moni-
toring of properties and interactions with other molecules,®
however on the other hand, nanomaterials have been used
for enhancement of capillary electrophoresis performance
either in terms of increasing the separation resolution or for
improvement of the detection.’

Low sensitivity is one of the main drawbacks of CE con-
nected with the most common detection method - spectro-
photometric detection. It is associated with both the short
optical path-length of the capillary used as a detection cell
and the small sample volumes that are injected. A preconcen-
tration step is thus favored for analysis of rather dilute analyte
solutions. Additionally, one or more pretreatment steps are
needed to achieve the required selectivity and/or sensitivity
because complex biological matrices significantly interfere
with in the CE analysis. The resulting sample solution must
often be devoid of salts because a high ionic strength imparts
a low electrical resistance that can interfere with the sample
stacking process. Furthermore, the electro-osmotic flow can
be altered, and the detector baseline can also be perturbed by
differences in sample and background electrolyte pH values.™
Two approaches are mainly used in sample pretreatment and
preconcentration: (I) an electrophoretic approach and (II) a
chromatographic approach. Electrophoretic techniques are
based on differences in the electrophoretic mobilities of the
analytes or on differences in the interactions with the pseudo-
stationary phase (or electrolyte additives) in different zones.
Four main types of these techniques exist: transient iso-
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tachophoresis, stacking, sweeping, and dynamic
pH junction."”?° In contrast, chromatographic techniques are
based on analyte sorption in a solid-phase material. These
preconcentration techniques enable loading of multiple capil-
lary volumes because analytes from a large volume of sample
are concentrated on a sorbent and subsequently eluted in a
small amount of solvent, thus leading to lower detection
limits.>' In cases of small sample volumes, the losses are sig-
nificant. Solid-phase extraction (SPE) and solid-phase micro-
extraction (SPME) have been the most popular chromato-
graphy-based techniques. SPE can be combined with CE in
several ways, including off-line, at-line, on-line, and in-line.
This approach is especially beneficial if a large volume of
sample that contains an analyte at low concentration is avail-
able. The coupling of SPE to CE, particularly in in-line and
on-line modes, was reviewed by Ramautar et al.* The simplest
combination is the off-line mode in which there is no inte-
gration between the two techniques and the sample is trans-
ferred manually from the SPE sorbent to the CE system.
Because this approach is rather laborious and time-consum-
ing, the trend in recent years has been towards automation.
The hyphenation of sample pretreatment to numerous
analytical techniques has been overviewed by Ali et al.™ Due
to properties such as large surface-to-volume ratios and easy
modification, NMs have been studied as effective sorbents in
the field of separation science, and it has proven more
effective and efficient to use nanoparticles (NPs) as the
stationary phase in SPE separation due to their enormous
surface areas and adsorption properties.® The most com-
monly used NMs are most likely carbon nanotubes
(CNTs),5"2# although other structures have been used for SPE
purposes, including NPs,” ' nanofibers,** and nanorods.™"**
Therefore, the new term “solid-phase nanoextraction” has
been introduced.”

Further, liquid phase microextraction should be noticed,*””
however its application is not very frequent compared with
previously mentioned techniques.

2.1. Off-line sample pretreatment and/or preconcentration

In this section, we focus on applications that use NMs as
extraction tools coupled to CE in off-line mode. This arrange-
ment is instrumentally simpler than on-line (or in-line) coup-
ling, which is discussed later (Fig. 1). Off-line mode enables
the use of such separation techniques as centrifugation,
precipitation, solvent extraction, and liquid-liquid extraction.
Compared with bulk materials, the advantages of NMs in this
arrangement can be observed mainly in their significantly
higher surface-to-volume ratios, which provide for greater sorp-
tion abilities and therefore higher extraction efficiencies. The
difference in surface area between micro- and nanoparticles
can be demonstrated using the example of a carbon micro-
particle with a diameter of 60 pm, which has a surface area of
0.01 mm®. The same amount of carbon in nanoparticle form
with a diameter of 60 nm has a surface area of 11.3 mm’.
Similar to the increase in the surface area, the reactivity is
also increased by approximately three orders of magnitude.
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Fig. 1 Schematic representation of connections between sample pre-
treatment step and analytical step.

In addition, smaller particles result in lower binding energy
per atom in cases of atoms on the surface.

2.1.1 Gold particles. Gold nanoparticles (AuNPs) provide
excellent extraction power due to their high affinity for thiol-
containing compounds. Applications of AuNPs in SPE extrac-
tion have been covered in a review article by Sykora et al™
This paper presents promising uses of AuNPs for sample
preparation, preconcentration, and pre-separation of selected
analytes from complex matrices as well as their applications in
separation methods such as CE, chip CE, micellar electro-
kinetic chromatography (MEKC), capillary electrochromato-
graphy (CEC), high-performance liquid chromatography (HPLC),
and gas chromatography. Wu et al.*” provided an overview of
certain important applications of AuNPs as stationary phases
in open-tubular capillary electrochromatography, gas chrom-
atography, and HPLC as well as their use as running buffer
additives to enhance separation and for preconcentration in
chromatographic, electrophoretic, and chip-based systems.
This topic was also partially covered by Liu in an earlier,
exhaustive review article."” Because this topic has been deeply
studied and reviewed several times, we only highlight several
much-discussed applications. The combination of AuNPs and
CE has been successfully used to extract thiol-containing com-
pounds via AuNPs capped with Tween 20,""** melamine via
AuNPs capped with 11-mercaptoundecanoic acid,™ and ami-
nothiols 1ia AuNPs capped with nonionic surfactants.”
Additionally, neutral steroids,” indoleamines,"”” aromatic
hydrocarbon metabolites'® and C8-conjugated nucleosides
and oligonucleotides™ have been extracted using AuNPs prior
to CE. The work of Yeh and Tseng®” described the application
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of human serum albumin-coated AuNPs for the selective
extraction of lysozyme. Under optimal extraction conditions,
the detection limit for lysozyme reached as low as 8 nM. The
suggested methods are compatible with matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry.

2.1.2 Magnetic particles. Magnetic separation is a techno-
logy that uses magnetism for the efficient separation of para-
magnetic and superparamagnetic particles from chemical or
biological suspensions. The concept of using magnetic separ-
ation techniques to purify biologically active compounds (such
as nucleic acids®™ ™ and proteins™ %), cells, and cell orga-
nelles has received renewed interest over the past decade. This
approach takes advantage of the possibility of surface modifi-
cation of magnetic NPs to enable so-called immunoextraction.
Particles can be chemically modified using either antibodies
for specific capture of proteins and peptides or oligonucleotide
fragments with sequences complementary to the extracted
nucleic acid. Paramagnetic particles can be immobilized using
an external magnetic field if necessary and subsequently resus-
pended back into the solution when the magnetic field is
removed. The possible surface modifications used in connec-
tion with the magnetic particles are shown schematically in
Fig. 2A, and the two main principles of their utilization (off-
line and in-line) for sample pretreatment and preconcentration
are shown in Fig. 2B and C.

Magnetic particles are produced from various synthetic
polymers®” and biopolymers™ and also might be based on
such inorganic magnetic materials as surface-modified iron
oxides.” Coupling of magnetic particles and CE primarily
involves the enrichment of biomolecules followed by CE separ-
ation. Dong et al.®® reported magnetic NPs functionalized with
a guanidine group as a useful sorbent for isolating proteins
with pI values lower than 7. Those authors tested their
approach on highly abundant bovine serum albumin. Testing
such protein structure modifiers as sodium dodecyl sulfate
could enhance the applicability of this approach, and a tool
might be obtained for easy and rapid isolation of all proteins
from a sample. Due to the affinity of the magnetic particles for
proteins, such particles can also be used for removing these
substances from a sample. For example, Wu et al.®' success-
fully determined the immunoglobulin G (IgG) and analyzed it
by MEKC-UV after extraction of excessive human serum
albumin by magnetic particles. This method achieved a detec-
tion limit for IgG of 0.1 pg mL™".

Functionalization of magnetic particles appears to be prom-
ising for the isolation of more specific groups of biomolecules.
Dou et al® used boronate-functionalized magnetic NPs for
isolating cis-diols represented by riboflavin. The particles were
found to be useful not only from the viewpoint of their iso-
lation potential but also from that of establishing a pH junc-
tion as a bridge for coupling of the isolation assay with CE.
The specific functionalization of magnetic particles with
alumina created a tool for isolating glyphosate and its major
metabolite aminomethylphosphonic acid.*® Such isolated
molecules were detected using CE with electrochemilumine-
scence detection with good enrichment factors (460 and 64 for
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Fig. 2 Schematic expression of magnetic particle utilization in sample pretreatment: (A) magnetic particle surface modifications by (1) antibodies,
(2) streptavidin, and (3) DNA used for selective extraction prior to CE analysis. (B) Schematic representation of off-line sample extraction: (1) mixing
of the sample with appropriate NPs, (2) immobilization of interferents on the surfaces of NPs, and (3) immobilization of NPs via magnet and injection
of analyte into CE. (C) Schematic representation of in-line sample extraction: (1) injection of the sample into the capillary while magnetic particles
are immobilized by permanent magnets around the capillary, (2) interaction of sample components with magnetic NPs, (3) elution of first analyte
directly during CE separation, and (4) elution of second analyte directly during CE separation. Adapted from ref. 104.

glyphosate and aminomethylphosphonic acid, respectively). In
addition to assays for medical purposes, CE can also be
coupled with magnetic particles for use in addressing environ-
mental issues. Magnetic NPs coated with polydopamine or
polypyrrole and polymethacrylic  acid-co-ethylene  glycol
dimethacrylate submicron particles have been investigated for
their rapid binding kinetics with bisphenol A, proflavine,
naphthalene acetic acid, and Escherichia coli."' Researchers
developed a method for the rapid determination of the percen-
tage binding by sequential injection of particles followed by
injection of compounds (or E. coli) into a fused-silica capillary.
The binding during electrophoretic migration was influenced
by the applied voltage but not by the current flow. In addition,
Hong and Chen® successfully tested magnetic particles bound
to serum albumin as a low-cost alternative for the isolation of
ochratoxin A with subsequent CE mass spectrometric determi-
nation of this mycotoxin. Magnetic NPs functionalized with
carboxylic groups can also be used for preconcentration of
metals in juice samples prior to determination by CE,” and
Fe;0,@Al,0; magnetic particles are applicable for extraction
of bisphosphonate drugs.®”*® Although chemical functionali-
zation of NPs by organic or inorganic®® functionalities is the
technique most commonly used to ensure selectivity towards
the target analyte, the molecular imprinting strategy is also
gaining attention. Molecularly imprinted magnetic NPs rep-
resent an interesting approach to isolation in a preconcentra-
tion process.”

The isolation of nucleic acids using magnetic particles is
one of the areas in which magnetic NPs are most broadly uti-
lized as a pretreatment prior to any analytical method of
choice, not only CE. Various mechanisms are employed: (1)
the interaction between nucleic acids and the silica surfaces of
magnetic NPs is the main principle used for the extraction of
the total nucleic acid content or (2) immobilization of a
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specific sequence fto acid
sequence.” 7

2.1.3 Carbon nanomaterials. The use of carbon nanotubes
for SPE (or SPME) is based on their ability to establish n-x
interactions as well as excellent van der Waals interactions
with other molecules and particularly with hydrophobic mole-
cules. These materials also possess large surface areas,
especially on the outsides and in the interstitial spaces within
the nanotube bundles; their chemical, mechanical, and
thermal stabilities are also considerations.”®

The distortion of planar graphene into a cylinder greatly
complicates the orbital overlap and results in carbon atoms
becoming wound in a helical fashion. As a consequence, nano-
tubes readily undergo fluctuating and induced dipole
moments, and this property results in excellent van der Waals
adhesion to other molecules.”” As a rule, multi-wall carbon
nanotubes (MWCNTSs) possess higher sorption capacities than
singleewall carbon nanotubes (SWCNTs).” Therefore,
MWCNTs have been used as sorbents in packed mini-columns
for the extraction of a wide range of aromatic compounds.” **
CNTs also have shown strong adsorption affinity toward
organic and inorganic molecules. Carbon nanohorns, which
are structurally similar to nanotubes, have been used for
extracting 4-nitrophenol from water samples.*” The wide range
of applications that use CNTs as analytical tools was reviewed
by Valcarcel ef al.,”*®** and special attention has been devoted
to SPE using carbon nanotubes in a paper published by
Ravelo-Perez* and Socas-Rodriguez.®

The mentioned reviews indicate various types of carbon
materials that are of great interest to analytical chemists, and
their previously mentioned properties could be used for isolat-
ing such simple organic molecules as pesticides,® herbi-
cides,” antibiotics® ® and other drugs.”’ The detection
limits of the developed methods have been on the order of

isolate a targeted nucleic
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tens of ng L™'. CNT-modified filters for microextraction by
packed sorbent followed by nonaqueous CE have been used
for the extraction of ionic liquids from river water.”? The
absorption properties of fullerenes were summarized by
Valcarcel et al.”® Moreover, a section of a paper by Scida et al.**
covered fullerenes as an extraction tool, and even graphene
has been used for SPE.?>°

2.1.4 Others. Despite the great development of micro- and
nanomaterials, materials other than the previously mentioned
types are rare. Zhou et al’” preconcentrated paraquat and
diquat via SPE prior to CE determination using nitrogen-
doped TiO; nanotube cartridges. Considering the high recov-
eries of both compounds from environmental samples, one
might suggest using these materials in selected lab-on-chip
devices for on-line environmental monitoring. Another envir-
onmentally directed study in environmental water samples
demonstrated the use of nanometer-sized alumina packed
microcolumn SPE in combination with field-amplified sample
stacking-capillary electrophoresis for speciation analysis of in-
organic selenium.”® Recently, diamino functionalized silica
NPs were used for preconcentration of food colorants in bever-
age samples.”

2.2 In-line pretreatment and/or preconcentration

Biomolecules such as peptides and proteins are commonly
extracted from biological matrices using various sample-prepa-
ration techniques, including homogenization, centrifugation,
precipitation, solvent extraction, liquid-liquid extraction,
solid-phase extraction, (micro)dialysis, and ultrafiltration.'™
Compared with the off-line connection of extraction methods,
the in-line approach is more specific. Nevertheless, certain
obstacles exist that must be overcome, particularly with CE
and microchip CE.'"!

In-line preconcentration and/or pretreatment techniques
use either a surface-binding strategy or a porous material
approach. Surface-binding methods use the interaction of an
analyte with the surfaces of such fixed nanostructures as
monoliths, nanopillars, immobilized NPs, and other NMs. All
of these types have been used previously in combination with
cither capillary-based CE or microfluidic CE. Immobilized
NMs deposited either on the capillary wall as a thin coating
layer or packed within the capillary are commonly used as
stationary phases for CEC. Several review articles devoted to
SPE-CE have been published,”™'**'*® but nanomaterial appli-
cations are not their main focus. Because this article focuses
particularly on NMs, monolithic and porous membrane-based
devices for pretreatment and/or preconcentration have been
excluded from this paper.

2.2.1 Magnetic particles. Because they can be simply
manipulated using external magnets, magnetic particles are
well suited for immobilization inside a capillary to provide the
preconcentration step. Moreover, the possibility of surface
modification enables design of the interaction between nano-
particle and analyte. Magnetic particles immobilized by a mag-
netic field in a short region of a capillary and subsequently in
a microfluidic device have been demonstrated.'®™**°
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A method for capturing specific molecules separated by CE
has been explored in the work of Kaneta et al.'™ To demon-
strate on-column capture of migrating analytes, two detection
windows were fabricated on the capillary. Magnetic beads con-
taining immobilized molecules with an affinity to the target
molecules were placed between the detection windows in the
capillary using magnets. Molecules in a sample solution
injected into the capillary were separated and detected at the
first detection window. After passing through the first detec-
tion window, the separated molecules encountered the mag-
netic beads, where the specific analyte was captured. The dis-
advantage of this system consists of the necessity of correcting
for migration time between the first and second detection
windows because they are located 30 cm apart in the proposed
arrangement (Fig. 3). Chen et al'™ later described a CE
immunoassay using magnetic beads. To subsequently capture
anti-p-lactoglobulin (f-LG) from a sample, magnetic beads

4+
. 0.0.60.6. 5800
Sretet tatatetetet

ol Jejejeje]

Fig. 3 Principle of capturing specific molecules during CE separation:
(A) all solutes are detected in the first detection window, resulting in
negative peaks. (B) Solutes other than the target analyte are detected in
the second detection window. The target analyte has been captured on
magnetic beads. Reprinted with permission from ref. 109. Two detection
windows were fabricated on the capillary. Magnetic beads containing
immobilized molecules with an affinity to the target molecules were
placed between the detection windows in the capillary using magnets.
Molecules in a sample solution injected into the capillary were separated
and detected at the first detection window. After passing through the
first detection window, the separated molecules encountered the mag-
netic beads, where the specific analyte was captured.
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coated with protein A were immobilized in a capillary, and
B-LG antibodies were subsequently captured on the beads via
their strong affinity for protein A. Once the immunocomplexes
formed, a discontinuous buffer system was used to release the
partners and preconcentrate them by transient isotacho-
phoresis. The antigens and antibodies were finally separated
using CE. A limit of quantification at 55 nM was thereby
achieved. In contrast to the previous method, the work by
Chen et al. required intensive immobilization and washing
steps for analyte binding. The isolation step does not occur
during the CE run.

A magnetic bead-based immunoaffinity assay with laser-
induced fluorescence detection has been used for total serum
immunoglobulin E determination.'®™ The presented method
exhibited notably high sensitivity (low picomolar range) and
required only 1 pl of serum, and the analysis was completed in
less than 50 min. Yu et al.''' employed enzyme-immobilized
magnetic NPs for in-line CE and drug biotransformation
studies. As suggested by those authors, the proposed method
might be of interest for enzyme kinetics. In that study, horse-
radish peroxidase (HRP)-immobilized magnetic NPs were
injected and magnetically trapped in the capillary. The enzy-
matic reaction of the HRP with paracetamol (N-acetyl-p-amino-
phenol) was monitored, and the apparent Michaelis-Menten
constant between HRP and the drug was determined.

Affinity assays based on magnetic beads are applicable not
only for proteins but also for nucleic acids. In a work by
Adachi et al.,'° bacterial rRNAs from E. coli and Pseudomonas
putida were analyzed. In their method, RNA extracted from a
microbial community was modified with biotin and mixed
with streptavidin-modified paramagnetic beads. This mixture
was injected into a capillary and held using a magnet on the
capillary wall. Subsequently, a fluorescent-labeled probe for
detecting the target gene 165 rRNA was injected. The probe
conjugated to the RNA was subsequently dissociated by forma-
mide and detected via fluorescence detection. The main
advantage of on-line isolation of nucleic acids compared with
immunoaffinity isolation using antibodies is the simplicity of
tailoring the conditions responsible for coupling of the probe
with a targeted nucleic acid. Such an interaction is determined
primarily by temperature, which is easily adjusted in CE.

A completely different approach to magnetic bead-based
assays was used by Okamoto et al.’® In this work, the mag-
netic beads served as carriers of target analytes, and their
mobility in the capillary was selectively influenced by an exter-
nal magnetic field. The advantage of this method lies in the
fact that the analytes are detected indirectly using a fluo-
rescent label present on the surfaces of the beads, and no
release step is needed. A notably low limit of detection (4.3 x
10~ M) for low-density lipoproteins was thereby achieved.

The suitability of a magnetic particle-based assay for minia-
turization and microfluidic application was demonstrated by
Tennico and Remcho.”™ Magnets were used to immobilize the
beads inside a capillary or microchip. Analyte extraction,
elution, and detection were performed sequentially without
further intervention by the operator. The in-line extraction was
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performed using a disposable poly(methyl methacrylate)
microfluidic device with laser-induced fluorescence detection.
Electrophoretic separation of the fluorescent dyes rhodamine
110 and sulforhodamine B was completed in 60 s.

2,22 Carbon nanomaterials. Among the materials that are
able to serve as sorbents, CNTs play a prominent role. One of
the most important issues is the ability of CNTs to adsorb ana-
Iytes onto their surfaces due to the highly conjugated system
of double bonds, and for this reason, their applicability as
extraction agents is increasing. Manipulation with CNTs is not
as easy as with magnetic particles, and the arrangement often
uses a short column packed with CNTs prior to the CE separ-
ation capillary. In-line coupling of the flow system to the CE
equipment using CNTs''* has been used to preconcentrate
trace tetracyclines from environmental water samples. The
MWCNTs were packed in a mini-column (<1 mm long x 9 mm
internal diameter) connected to the CE via a six-port valve. The
MWCNTs showed higher capacity than two other SWCNTs.
Preconcentration of tetracyclines on MWCNTs followed by CE-
mass spectrometry enabled detection of 0.30-0.69 pg L™ of
tetracyclines using 10 mL of sample. A similarly simple and
rapid method was developed using MWCNTs for chlorsulfuron
and metsulfuron-methyl determination in water samples.®”

Determination of non-steroidal anti-inflammatory drugs in
urine by combining an immobilized carboxylated carbon nano-
tube mini-column for solid-phase extraction with CE-mass spec-
trometry was presented by Suarez et al''® This work demon-
strated that immobilized carboxylated single-walled carbon
nanotubes (¢-SWCNTs) offer clear advantages over CNTs, and
their higher adsorption capacity has been attributed to the
special orientation of c-SWCNT molecules on the glass surface.

3. Conclusions

The NM boom and their application in a broad range of areas
did not leave the field of separation analytical techniques
untouched. NMs have been employed not only for improve-
ment of separation resolution or detection sensitivity. They
have also been utilized in a variety of modifications for sample
pretreatment and preconcentration. The key properties respon-
sible for such a huge upswing are their immense surface area
as well as the flexibility they provide of tailoring the surface
functionalities according to the target analyte.

As mentioned several times in this article, the extremely
high surfacevolume ratio of NMs makes them an excellent
and powerful tool for sample pretreatment. Moreover, the
diversity of the family of NMs represents a great selection of
properties, functionalities and chemistries for almost any
analyte of interest.
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Capillary electrophoresis and nanomaterials
- Part I: Capillary electrophoresis of
nanomaterials

Nanomaterials are in analytical science used for a broad range of purposes, covering the
area of sample pretreatment as well as separation, detection, and identification of target
molecules. This part of the review covers capillary electrophoresis (CE) of nanomateri-
als and focuses on the application of CE as a method for characterization used during
nanomaterial synthesis and modification as well as the monitoring of their properties and
interactions with other molecules. The heterogeneity of the nanomaterial family is ex-
tremely large. Depending on different definitions of the term Nanomaterial/Nanoparticle,
the group may cover metal and polymeric nanoparticles, carbon nanomaterials, liposomes
and even dendrimers. Moreover, these nanomaterials are usually subjected to some kind
of surface modification or functionalization, which broadens the diversity even more.
Not only for purposes of verification of nanomaterial synthesis and batch-to-batch quality
check, but also for determination the polydispersity and for functionality characterization
on the nanoparticle surface, has CE offered very beneficial capabilities. Finally, the moni-
toring of interactions between nanomaterials and other (bio)molecules is easily performed
by some kind of capillary electromigration technique.

Keywords:
Capillary electrophoresis / Carbon nanotubes / Liposomes / Nanoparticles /

Quantum dots

1 Introduction

The nano phenomenon has clearly influenced the entire sci-
entific world, including instrumental analytical chemistry;
therefore, scientists are not only developing new approaches
and assays using nanotechnologies, they are also upgrad-
ing standard techniques. One of the methods most influ-
enced by this phenomenon is capillary electrophoresis (CE).
In 1937, moving boundary electrophoresis was developed by
Tiselius [1], and after approximately 30 years of development,
a CE method using 3-mm rotating capillaries was presented
by Hjertén [2]. Since 1981, when Jorgenson and Lukacs first
presented high-voltage CE separations in 75-pm capillar-
ies [3], this powerful analytical technique has advanced signif-
icantly not only in terms of instrumentation but also with re-
spect to methodology and data processing. The number of CE
applications has also increased markedly. Over the decades,
applications of CE have grown to encompass an enormous
range of analytes, from simple inorganic ions [4-8] and
small organic molecules [9-11] to such large biomolecules
as proteins [12-14] and DNA [15-17]. Out of numerous
fundamental contributions of many scientists, the contribu-
tions of Karger [18] and Dovichi [19] in the field of DNA
analysis and sequencing should be particularly highlighted.
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The golden age of CE occurred during the 1990s, when the
Human Genome Project promoted the widespread applica-
tion of automated 96-capillary array sequencers to achieve
rapid and reliable results [20]. The sequencing of the human
genome in its entirety was successfully completed in 2006
with the identification of approximately 20 000-25 000 genes
in human DNA and the determination of the sequences of
three billion chemical base pairs that make up human DNA.

Another boom period for CE began when the concept of
the micro total analysis system (wTAS) was suggested [21].
Even earlier, a miniaturized analysis system was developed by
Terry etal. in the form of a gas chromatograph fabricated on a
silicon wafer [22]. The relatively simple instrumentation and
ease of miniaturization of CE led to rapidly growing interest
in microfluidics and particularly in chip-based CE [23-26]. CE
delivers rapid results with high efficiency and resolution and
low sample consumption; however, the benefits provided by
the large number of theoretical plates can be overshadowed
by the low sensitivity of commonly employed UV detection
systems [27]. New methods are therefore needed to overcome
this weakness, and applications for nanomaterials are under
extensive study.

2 Nanomaterials

The name “nanomaterials” (NMs) is a general term that
covers an extremely large group of materials. A generally

Colour Online: See the article online to view Figs. 1, 3, 5 and 6 in colour.
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accepted definition is that a nanomaterial is “any material that
has an average particle size of between 1 and 100 nanome-
tres at least in one dimension.” The European Commission
defines a nanomaterial as “a natural, incidental or manufac-
tured material containing particles, in an unbound state or
as an aggregate or as an agglomerate and where, for 509 or
more of the particles in the number size distribution, one
or more external dimensions is in the size range 1 nm-
100 nm” [28].

Strict adherence to these definitions permits application
of the term “nanomaterials” to a wide range of biomolecules
including proteins or nucleic acids. For example, the size
of an albumin molecule is approximately 7 nm in diame-
ter [29], and this biomolecule fits the definition of a nano-
material perfectly; however, it is not usually included in
this group. Therefore, we have decided to also discuss den-
drimers in our paper even though these polymeric molecules
with sizes on the order of nanometers are not typical
nanomaterials.

At the same time, several types of materials with dimen-
sions that exceed 100 nm also might be included in the nano-
material group because they exhibit properties that differ sig-
nificantly from those of bulk materials. Due to the fine line
defining the nanomaterial family, we prefer the definition
given in the work by Buzea et al. [30]. These authors stated
that, despite certain exceptional examples, most of the excit-
ing properties of nanomaterials become apparent in systems
smaller than 1 wm. In both parts of our review, we are also
generous in terms of definitions, and in this paper, we in-
clude materials that might not be strictly defined as nano-
materials but are nevertheless interesting in the context of
the primary definition through the terms nanomaterial and
CE

Nanomaterials include materials with a wide variety of
natures and highly diverse properties. According to their
specific properties, we can classify materials as metal or
metal oxide nanoparticles (NPs), semiconductor nanocrystals
(quantum dots [31]), carbon NMs (nanodiamonds, fullerenes,
graphene, carbon nanotubes, nanohorns, and carbon dots)
[32, 33|, or polymer NMs (e.g., chitosan, polystyrene, and
dendrimers) [34, 35]. According to their shapes, we iden-
tify dots, rods, spindles, wires, tubes, ribbons, nanobelts,
nanoscales, nanosheets, and nanobuds. Moreover, we can
classify NMs according to various key characteristics, such as
their optical/fluorescent (e.g., quantum dots), electronic (e.g.,
fullerenes), magnetic (e.g., metallic NPs), and biological (e.g.,
liposomes) properties. An overview of the NMs that are the
main subjects of this paper is given in Fig. 1.

3 CE separations of nanomaterials

As mentioned previously, numerous types of nanoparticles
have been prepared and used in different applications re-
cently. Therefore, analytical methods for the efficient charac-
terization of nanoparticles are of current interest. Planar gel
electrophoresis can readily be used for separation of nanoma-

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Particle types Common Shapes Visualization

Carbon particles / &
* Carbon nanotubes

* Graphene
* Fullerenes
Figure 1. Overview of the main nanomaterial types discussed in
this review, including the principal members of each group and
main possible shapes as well as examples of their visualizations
via electron microscopy (scanning electron microscopy — SEM,
transmission electron microscopy — TEM).
Metal particles. TEM images of face-centered cubic
FePt nanoparticles with various shapes: (A) nanowires
{150+ 20 nm x 3 £ 0.5nm), (B) nanorods (20 £ 5nm x 3+ 0.5 nm),
(C) oval-shaped nanoparticles (8 = 1.5 nm), (D) spherical nanopar-
ticles (8 = 0.8 nm), (E) nanocubes (9 + 0.9 nm), and (F) nanosized
multipods (18 + 1.5 nm). Reprinted with permission from [255]
Polymer particles. SEM (A, D, G) and TEM (B, C, E, F, H, |) images
of fabricated hollow mesoporous silica nanoparticles (A-C) and
nanoparticles with hierarchical pores under an ethanol/ethyl ether
volume ratio of 0.5 (D-F) and 1 (G-l), respectively. Reprinted with
permission from [256]
Bioparticles . Electron microscopy micrographs for Dex-
xCA/liposome mixtures at Compc = 16.0 mM (DMPC:
1,2-dimyristoyl-sn-glycero-3-phosphocholine). Cryo-SEM micro-
graphs: (A) pure DMPC vesicles in water, and (B) for Dex-4CA-
liposomes, a mixture with R(nside group/nDMPC) = 0.0075 (Csg
= 0.12 mM). (C) TEM micrograph from the solution above the
sediment (supernatant) in the Dex-5CA-liposome mixture system
with R(nside group/nDMPC) = 0.075 (Csg = 1.2 mM). Reprinted
with permission from [257]
Carbon particles. Selected SEM micrographs of vertically aligned
carbon nanotube turfs for (A)-CNT 7, (B}-CNT 10, (C)-CNT 17, (D}-
CNT 18, (E}-CNT 19, and (F)-CNT 20 (specimens from six different
growth conditions). Densities were measured directly from these
and other similar images. Reprinted with permission from [258].

terials according to their size or shape [36]. However, CE is
suitable for separating nanoparticles according to their size,
surface properties, and conjugation with biomolecules [37].
Electrophoresis is applicable because colloidal particles pos-
sess surface charges, and fundamental electrophoretic laws
can be applied to separation of nanoparticles.

Determination of electrophoretic mobility yields infor-
mation on the electric potential at the shear plane (C-
potential) and/or the particle size. At the same time, these two
parameters present two main factors responsible for unsuc-
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cessful CE analysis of NMs. Due to the relatively small inter-
nal diameters of capillary or microfluidic chip channels, the
particle size, the polydispersity of the solution and the sta-
bility of the colloidal NM solution are crucial. It is generally
accepted that colloidal solutions are unstable, and particles
tend to aggregate when {-potential values are in the range
of —30 to +30 mV. Such aggregation might not only cause
poor repeatability of the separation but might also cause com-
plete clogging of the capillary or channel. If a rigid charged
sphere is placed in an electrolyte solution, it is surrounded
by a “cloud” composed of ions compensating for the charge
of the particle. The distribution of the space charge can be
calculated from the Poisson—Boltzmann equation. Use of a
Debye—Hiickel approximation of this equation results in the
well-known equation for the inverse thickness of the double-
layer k, which corresponds to the inverse thickness of the ion

cloud (1):

_ [N X 2
=V eeT o

where ¢ is the elementary electric charge, N, is Avogadro's
number, z is the charge number (valence) of the i com-
ponent, ¢ is the molar concentration of the ith component,
€, is the relative electric permittivity of the electrolyte, €, is the
electric permittivity of vacuum, k is the Boltzmann constant,
and T is the absolute temperature [38].

3.1 Size and surface characterization

Due to powerful, high-resolution separation, CE enables un-
derstanding of the complexity and diversity of nanomaterial
solutions that vary according to the NM size and surface char-
acteristics. Due to the high separation power and wide variety
of modalities, CE can be used to characterize the properties
of NMs.

The most important parameter in the nanoscale world is
size, although the surface chemistry and general characteriza-
tion of a nanomaterial also might be important for particular
purposes [39]. In this section, we focus on papers that describe
methods and protocols that use CE in various modes for the
separation and characterization of nanomaterials from nu-
merous points of view, including size and shape characteriza-
tion, surface characterization, and even for the investigation
of the interactions between NMs and other (biojmolecules.

Reviews devoted to CE analysis of nanoparticles were
published in 2004 by Rodriguez and Armstrong [40], in 2009
by Surugau and Urban [37], in 2010 by Pyell [38], in 2011 by
Lopez-Lorente et al. [41], in 2015 by Ban [42], and in 2016 by
Mebertetal. [43]. A more narrowly focused review of CE analy-
sis of poly(amidoamine) dendrimeric structures was prepared
by Shi et al. [44]. Other reviews devoted to the application of
CE and other separation techniques for AuNPs [45,46] and
QDs [47,48] analysis are also available.

The common methods for determining size distribu-
tion are transmission electron microscopy (TEM) and/or size

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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exclusion chromatography. However, these methods have
several disadvantages, including high costs for instrumenta-
tion, time-consuming and laborious sample preparation, and
high demands on operators for interpreting results. There-
fore, CE is a good alternative for characterizing colloids and
nanomaterials.

Two methods are available to calculate NM size from
electrophoretic mobility [49]. These methods use (1) a cali-
bration curve constructed by measuring the electrophoretic
mobilities of NMs with known sizes [50] (Fig. 2), and (2) anap-
proximate mathematical expression based on the { -potential
and characteristics of the electrolyte solution [51-54].

To calculate the { -potential of a spherical colloidal particle
from the measured electrophoretic mobility ., the relation-
ship between p and { is required. This relationship is most
widely defined as Smoluchowski's mobility (2):

e €L
M
where £, and nare the relative permittivity and the viscosity of
the electrolyte solution, respectively, and g, is the permittivity
of a vacuum.

This formula is applicable in the case of sufficiently large
ka (where k is the Debye—Hiickel parameter and a is the
particle radius). For notably small ka, Hiickel's formula is
used to express the mobility (3):

_ 2e&ol
prie 3)
In the case of low { ({ < 25-50 mV), the mobility is given
by Henry's formula (4):

2)
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Figure 2. Electropherograms of a mixture of four QDs. Samples
are water-soluble CdSe/ZnS core-shell QDs with emission wave-
lengths at 534, 580, 618, and 691 nm. Concentrations of QDs in
the mixture were all 2.038 x 10-° M. Polyethylene glycol (4%) was
used as a sieving medium, and the applied voltage was 14 kV.
Reprinted with permission from [50].
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In the case of nanoparticle dispersions that are stabilized
against coagulation by electrostatic repulsion, in general,
higher { potentials are reached, such that the Henry equation
does not model the electrophoretic behavior of nanoparticles
with adequate accuracy [38]. This equation can be further ex-
tended and improved, as shown by Ohshima [51], but it is
already obvious that the calculation of NM size from elec-
trophoretic data is a complex process involving a number of
theoretical considerations [38]. From an experimental point of
view, it should be emphasized that a single sample might fre-
quently contain a distribution of properties and therefore of
electrophoretic mobilities, which contribute to the total vari-
ance of the peak width, peak broadening, and irregularity of
the peak shape. Recently, a method for size distribution func-
tions calculated from electropherograms was presented using
silica nanoparticle separation [55]. The factors that complicate
CE analysis of colloids are discussed in a review by Rodriguez
and Armstrong [40], although numerous studies still use the
simplified approach that neglects the size and charge distri-
butions within the sample and correlates the electrophoretic
mobility directly with the size of the nanomaterial. System-
atic investigation in this area was also discussed in a work by
Pyell et al. [56,57]. Also Qu et al. realized that under certain
experimental conditions, neither Smoluchowski nor Hiickel
approximation was suitable for describing the nanoparticle
behavior [58]. Authors realized that even with the same core
size, the migration behaviors varied significantly among the
different coatings and relaxation effect of the potential gra-
dient was factor that can affect the electrophoretic mobility
(Fig. 3).

Most likely, due to the complexity and inaccuracy of
size determination based on CE data, the vast majority of
studies use CE mainly to demonstrate the ability to sepa-
rate a mixture of nanoparticles of different sizes. In these
works, size is determined mostly via TEM and size exclusion
chromatography.

Electrophoresis 2017, 38, 2389-2404

The first efforts into the application of CE for the sep-
aration of nanoparticles according to size were reported by
Vanorman and Mclntire in 1990 [59, 60]. Later, in 1991, Mc-
Cormick presented work on the successful separation of a
series of silica particle populations ranging in size from 5 to
500 nm [61]. Since that time, CE has been used for the sep-
aration of numerous types of colloids, such as gold nanopar-
ticles [62-65], silica sols [61, 66, 67], modified latex [68, 69],
metal oxide particles [70, 71], and polystyrene nanoparticles
[72-74]. An example of size-dependent separation is shown in
Fig. 4. In 1997, Schnabel et al. |75] separated gold nanoparti-
cles (core diameters of 5.2-14.6 nm) without any sieving ad-
ditive. The mobility of the particles with a given core diameter
were found to decrease with decreasing ionic strength as the
thickness of the electric double layer increased. A size-based
characterization of the nanoparticles was obtained due to the
good linear dependence of the mobility on the reciprocal of
the core radius.

Precise control of the surface chemistry and particle size
is crucial in nanomaterial applications. The large ratio of
surface area to volume in the case of nanomaterials versus
bulk materials is responsible for the increase in their overall
surface energy and thus their enhanced reactivity. Surface
chemistry is an important tool in preventing uncontrolled
nanoparticle aggregation in commonly used CE buffers in
the presence of target molecules, on the capillary wall, and/or
with other nanomaterials during separation. First, the degree
of nanoparticle-nanoparticle interactions is quantified using
the critical nanoparticle concentration (CNC), which is de-
fined as the lowest concentration of nanoparticles that in-
duces predominant nanoparticle aggregation under specific
buffer conditions. Exceeding the CNC value leads to irrepro-
ducible separation. Second, nanoparticle-analyte interactions
are determined by electrostatic interactions that depend on
the analyte pK(a) and on the surface charge of the nanopar-
ticle. Finally, nanoparticle-capillary interactions occur in a

5 1 Rt}
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Figure 3. (A), (B) Electropherogram of gold NPs

with different surface coatings. (Separation con-
ditions: SDBS, 70 mM; CHES, 10 mM; pH 10.0;
and voltage, 30 kV). Nanoparticles with differ-
ent surface coatings were individually injected
and analyzed by the CE-ICPMS method, and the
electropherograms of nanoparticles of different
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_ sizes with the same coating material were plot-
1% ted together in a graph. Reprinted with permis-
sion from [58].
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Figure 4. Representative electropherograms for mixtures of polystyrene latex microspheres with radii of 138, 189, 268, and 381 nm
subjected to CE. Conditions: Coated capillary with 150 pm inside diameter and 40 cm effective length, 25°C, detection at 340 nm.
(A) TBE/64 buffer (Tris/Borate/EDTA), 300 V/cm; (B) TBE/16 buffer, 100 V/cm; (C) TBE/16 buffer, 300 Vicm; (D) TBE/16 buffer, 500 V/cm; and

(E) TBE/4 buffer, 300 V/icm. Reprinted with permission from [69].

surface chemistry-dependent manner. The viscosity of the
separation buffer is influenced by the formation of a nanopar-
ticle steady-state pseudostationary phase along the capillary
wall [76].

3.1.1 CE of metal and metal oxide nanoparticles

The first and most likely the largest and most diverse group
discussed in this part of the review consists of metal and metal
oxide nanoparticles. They are attractive for a wide variety of
applications, i.e., in catalysis, as sensors, as (opto)electronic
materials, and for environmental remediation.

Gold and silver are the two metals that are used most
often to synthesize nanoparticles. The generation of spherical
gold nanoparticles (AuNPs) is commonly performed via the
citrate reduction method reported by Turkevitch in 1951 [77].
The size distribution of the gold nanospheres obtained in
this way is controlled by the temperature, the ratio of gold
to citrate, and the order in which the reagents are added.
Other methods of synthesis have been developed, such as the
seeding technique [78], the two-phase reaction method [79],
and approaches using inverse micelles [80] and dendrimers
[81].

Colloidal silver is of particular interest because of its
distinctive properties, such as good conductivity, chemical
stability, and catalytic activity. Chemical reduction is the
most frequently applied method for the preparation of sil-
ver nanoparticles (AgNPs) as stable colloidal dispersions in
water or organic solvents. Commonly used reductants in-
clude borohydride, citrate, ascorbate, and elemental hydrogen
82].

The noble metals platinum [83, 84], palladium [85-87],
rhodium [88, 89], ruthenium and osmium [90-92] have also
been described and exploited for use in nanoparticles, pri-
marily because of their catalytic properties.
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To achieve separation of nanoparticles with very small size
differences, the addition of surfactant to the background elec-
trolyte has proven to be beneficial. Separation of AuNPs with
diameter differences at the level of 1 nm with resolution
R = 1 was achieved via the addition of the cationic surfac-
tant tetradecyltrimethylammonium bromide [72]. However,
the anionic surfactant sodium dodecyl sulfate (SDS) is a pop-
ular buffer modifier that is also widely used for nanoparticle
separation.

Separation of AuNPs was achieved by Liu et al. under op-
timized separation conditions involving SDS (70 mM) [93].
The charged surfactants associated onto the surfaces of the
AuNPs and caused a change in the charge-to-size ratio of the
nanoparticles; this ratio is determined by the nanoparticle
surface area and the concentration of surfactant in the sepa-
ration electrolyte. When the surfaces of gold nanoparticles are
fully occupied with SDS, a linear relationship exists between
the electrophoretic mobility and nanoparticle diameters in
the range from 5.3 to 38 nm.

In the cases of silver nanoparticles and nanorods, meth-
ods for separation according to size and shape have been
developed, and the morphological properties of these nano-
materials have been investigated. The addition of SDS to the
running electrolyte prevented coalescence of the silver parti-
cles during the CE process, and limited their agglomeration
by electrostatic repulsion between the nanoparticles [94]. Sil-
ver nanocubes have also been analyzed by CE [95] using a
diode-array detector, thus demonstrating the ability to distin-
guish between different shapes of nanoparticles due to their
spectroscopic properties.

A CE method for separating Au/Ag core/shell nanoparti-
cles that enables the chemical characterization of NP species
was developed using 3-(cyclohexylamino)propanesulfonic
acid and SDS as a background electrolyte (BGE) [96, 97].
Modification of this protocol by implementation of reversed
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electrode polarity stacking mode led to dramatic 130-fold [98]
and 260-fold [99] improvements in the observed signal. Even
greater AuNP signal enhancement (500-fold) with the same
stacking method (reversed electrode polarity stacking mode)
was observed by Liu [100]. Based on the reported results, SDS
can be considered a good additive for size characterization
of gold and silver nanoparticles. However, SDS is not the
only one of many molecules with the same or even better
properties. In the case of metal nanoparticles, the use of cer-
tain organic acids with high affinities for metal ions, such as
sodium dodecyl benzenesulfonate, chitosan, cetyltrimethy-
lammonium bromide, sodium dodecylbenzenesulfonate and
hyaluronic acid, was suggested [58, 101, 102].

From a detection point of view, recent work by Matczuk
[103] compared UV detection, conductometric detection, and
inductively coupled plasma mass spectrometric (ICP-MS)
detection for AuNPs analysis, and under optimized condi-
tions, CE-ICP-MS achieved a limit of detection as low as
2 x 10" M. The ICP-MS has been proven to be effective
detection technique also for speciation analysis of gold and
silver NPs [104, 105].

3.1.1.2 Iron oxide nanoparticles

Ferrofluids, such as maghemite (gamma-Fe,03), which con-
sists of particles suspended in their stabilizing acidic or ba-
sic aqueous media, have been investigated using CE [106].
Particular attention has been devoted to the study of posi-
tively charged ferrofluids, although in such cases, the capillary
wall must be modified to prevent particle adsorption. Despite
the narrow particle size distribution, partial separation was
obtained with a selectivity that was dependent on the elec-
trolyte ionic strength [107, 108]. Additionally, the diffusion
coefficients of maghemite nanoparticles were determined via
Taylor dispersion analysis using CE [109]. The obtained val-
ues were compared with the z-average diffusion coefficients
derived from dynamic light scattering experiments, and the
measured diffusion coefficients were found to depend on the
particle volume fraction and electrolyte ionic strength. These
results show that iron nanoparticles behave differently than
gold and silver nanoparticles. As mentioned previously, an
acidic separation environment and selected modification of
the capillary wall (capillary inner walls semi-permanent or
positive coating with didodecyldimethylammonium bromide
or permanent and neutral modification with hydroxypropy-
Icellulose) [110, 111] appear to be highly beneficial for CE
characterization of these materials. This observation can be
associated with the acido-basic properties of iron and the in-
ertness of the mentioned noble metals.

3.1.1.3 Others

Characterization of nanoparticles by size and other physico-
chemical properties is particularly important for polymer par-
ticles because their properties are mutable depending on
the surrounding environment. In the case of chitosan par-
ticles, for example, highly labile behavior has been observed
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in which both aggregation and disintegration processes oc-
curred [112]. Although these results are discouraging, testing
metal ions such as silver could stabilize the complex[113,114]
and offer advantages for further CE characterization of this
polymeric material.

CE was also chosen for characterization of nanoparti-
cles of pentosan polysulfate (PPS). The protocol suggested
by Abdel-Haq et al. [115] was able to determine both the
profile of the NPs and the species of PPS entrapped within
them in addition to quantifying free and bound PPS with
high reproducibility, acceptable accuracy, and a good degree
of precision. Moreover, this approach allowed evaluation of
the sizes and charges of the NPs.

Extensive attention in terms of characterization also has
been focused on latex [116-121], silica [122] as well as other
polymeric nanoparticles [123], particularly due to the diver-
sity of this material. This type of nanoparticles was used for
detailed modeling of electrophoretic behavior and for the pre-
diction of the signs and magnitudes of the surface potentials
of the particles, which strongly correlate with their aggrega-
tion processes.

3.1.2 CE of semiconductor nanocrystals (quantum
dots)

The properties of semiconductor nanoparticles are also
strongly associated with the size and shape of the nanoparti-
cle, and these characteristics differ significantly from those of
macroscopic semiconductor materials. The shapes vary from
nanorods, nanowires, and nanotubes to the currently popular
quantum dots (QDs).

QDs are a special group of metal/metalloid particles
(more specifically, semiconductor nanocrystals) that have
gained enormous popularity in the past three decades
[124, 125]. Originating from the quantum confinement of
electrons and holes within the nanocrystal core material,
the fluorescence from QDs is unique compared with that
from traditional organic fluorophores. Compared with or-
ganic dyes and fluorescent proteins, QDs have unique optical
and chemical properties. QDs have molar extinction coef-
ficients that are 10-50 times greater than those of organic
dyes, which make them much brighter in photon-limited in
vivo conditions. Their long lifetimes (on the order of 10—
40 ns) increase the probability of absorption at shorter wave-
lengths and produce a broad absorption spectrum. Further-
more, QD emission wavelengths are size-tunable [49], and
researchers have shown enormous interest in and focus on
the synthesis [126, 127], photophysical property characteriza-
tion [128-131], and bioconjugation of QDs [126, 132, 133].

Because the properties of QDs are defined primarily by
their composition and size (more so than in the case of
other NMs), it is necessary to determine the size accurately
and quickly [54]. Commonly used methods for measuring
the size of QDs are relatively time consuming, require large
amounts of sample, and might not be suitable for environ-
mental or biological samples. In this case, CE provides the
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required separation efficiency, speed, and simplicity. Certain
applications, including environmental analyses, cannot rely
on such standard methods as photometry and/or fluorime-
try because the complex biological matrices affect or inter-
fere with the analyses. In such cases, a separation technique
such as CE is beneficial. A review summarizing the poten-
tial of CE for size characterization of QDs was published
in 2011 [49]. The reported methods used polymer solutions
such as polyvinylpyrrolidone (PVP), polyacrylamide (PAA),
and hydroxypropyl methylcellulose (HPMC) as sieving me-
dia [50, 134]. Although CE is used to evaluate the quality of
QDs produced in the lab in most cases [53, 135], commercial
QDs also have been characterized to lay the foundations for
CE-based immunoassays [136). A simple and rapid methodol-
ogy for the separation and characterization of free CdSe QDs
in aqueous medium was presented by Carrillo-Carrion et al.
[137]. The procedure required derivatization based on the for-
mation of a complex between the QDs and surfactants such as
trioctylphosphine oxide/trioctylphosphine (TOPO/TOP) and
SDS to enhance the hydrophilicity and stability of the QDs.
These free QDs were separated via CE based on differences
in the charge-to-mass ratios of the QDs—TOPO/TOP—-SDS
complexes. Under optimal conditions, the method was able
to separate QDs that differed by only 0.5 nm in diameter and
19 nm in fluorescence emission maximum. The application
of a micellar plug as a tool for the preconcentration of QD
samples has also been reported [138]. In the presented work,
the distribution of CdSe nanoparticles between two zones de-
pended on the affinity of nanocrystals for the micellar zone.
This approach relies on the type of surface ligands attached to
the CdSe nanoparticles and on the electrophoretic conditions
applied.

Investigation of the surface properties of quantum dots
is highly important, particularly for the determination of the
influence of capping agents or other modifiers. Fine-tuning
of the surface properties influences not only the spectral prop-
erties of these QDs but also their bioconjugation abilities and
might assure their use in numerous applications, including
fluorescent labeling of non-fluorescent molecules and optical
sensor signaling of the presence of a molecule of interest via
changes in fluorescence intensity. The variety of CE modes
(zone, micellar, microemulsion) is highly beneficial in this
particular case because it allows the analysis of QDs with var-
ious surface properties and even QDs with uncharged surface
coatings composed of bidentate ligands [139]. Verification of
the synthesis process and the functionality of the biotin or
streptavidin surface coating can also easily be performed by
CE [140, 141].

3.1.3 CE of carbon nanomaterials

Due to its covalent in-plane carbon bonds, the inherent strue-
tural strength of graphene is considered to be among the
sturdiest in nature. This attraction of this material lies in
the fact that it consists of a flat monolayer of carbon atoms
organized into a two-dimensional (2D) honeycomb structure
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that can be wrapped up into 0D fullerenes, rolled into 1D
nanotubes, or stacked into 3D graphite [142]. From the point
of view of this review article, it should be noted that CE anal-
ysis/characterization of graphene is not as common as in
case of other NMs. Graphene and its modifications (graphene
oxide or reduced graphene oxide) are more commonly em-
ployed either as stationary phases in capillary electrochro-
matography or solid phase extraction media for sample pre-
treatment. However, several publications may be mentioned
[143,144).

Fullerenes are closed-cage carbon molecules with three-
coordinate carbon atoms tiling their spherical or nearly spher-
ical surfaces. The smallest stable and most abundant fullerene
is the Th-symmetrical buckminsterfullerene C60. The next
stable homologue is C70, followed by higher fullerenes such
as C76, C78, C80, C82, and C84 [145]. Fullerenes exhibit an-
tiviral and antioxidant activity, and due to the hollow cavity in
their structure, they are used for gene and drug delivery [146].

Carbon nanotubes (CNTs) are well-ordered, hollow
graphitic nanomaterials consisting of cylinders of sp?-
hybridized carbon atoms [147]. Single-walled carbon nan-
otubes (SWCNTs) are formed from a single graphene sheet
that is seamlessly wrapped into a cylindrical tube. Mult-
walled carbon nanotubes (MWCNTSs) include arrays of nan-
otubes that are concentrically arranged. CNTs can range in
length from several hundred nanometers to several millime-
ters. Their diameters vary in the range of 0.4-2 nm in the
case of SWCNTs and 2-100 nm for MWCNTs. Moreover,
a number of morphologies can occur in MWCNTs. These
morphologies are known as “hollow tube,” “bamboo” and
“herringbone” [148].

The youngest member of carbon nanomaterial family is
the group of carbon dots (often called also carbon quantum
dots). They possess size-tunable luminescent properties sim-
ilarly as semiconductor quantum dots however; they are low
toxic, environmentally friendly and the preparation methods
are inexpensive and simple [149].

Size characterization of carbon nanotubes using CE in
combination with Raman spectroscopy has enabled differen-
tiation between various bundles of single-walled carbon nan-
otubes and individual nanotubes [150-152]. SDS has proven
to be beneficial as a buffer additive [150,153], as in the cases of
silver and gold nanoparticles. Improved separation of CNTs
has been achieved using ionic liquids in combination with
SDS [154]. In that case, the separation of solubilized CNTs
was accomplished using a 50 mM formic acid solution at pH
2.0 as a BGE, and two types of bundles subsequently exhib-
ited characteristic electrophoretic profiles that could be used
to control the purity of CNTs [154]. Adding SDS and also
a small amount (0.025%) of hydroxypropyl methyl cellulose
has been shown to improve the performance of the analytical
system [153]. Moreover, the methodology thereby developed
facilitated study of the interactions of different types of carbon
nanotubes with molecular probes such as pentachlorophenol.

Derivatization of nanotubes with fluorescein-based la-
bels has enabled the formation of fluorescently labeled car-
bon nanotube probes (CNTPs), the distribution of which
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was quantitatively determined in yeast using CE with laser-
induced fluorescence detection (CE-LIF) [155]. The detection
sensitivity for CNTP was greatly improved compared with that
of UV absorbance and Raman detection. Calculation of the
apparent permeability coefficient suggested that endocytosis
is the mechanism used to permeate into the yeast. This study
implies that CNTP could act as a fine drug transporter and
might find broad use in multidrug resistance research and
microorganism detection. A similar approach was used later
by a subset of the same authors to analyze CNTP in multidrug-
resistant cells (K562A) and parent cells (K5628) [156]. Anal-
ysis of CNTP in the two cell lines using both CE-LIF and
flow cytometry showed that CNTP could traverse the cellular
membrane without being pumped out by P-glycoprotein.

Although it is well known that the field of nanomedicine
might be greatly advanced by drugs carried on nanotrans-
porters [157-159], another approach might involve the trans-
port of therapeutic nucleic acids (gene therapy) [160, 161] To
achieve this goal, DNA sequences can be wrapped around
carbon nanotubes. Prior to the application of such an ar-
rangement, several questions must be answered: How much
DNA is wrapped around the nanotube? What is the charge of
such a hybrid? Is it just a single DNA strand or are several
strands wound around the nanotube? In the work of Khripin
et al. [162], the electrical charge on a DNA-CNT hybrid was
estimated based on electrophoretic mobilities, and a molecu-
lar model was developed for an ordered arrangement of DNA
around CNTs that was consistent with the measured charge
density.

Although fullerenes are not as widely characterized by
CE as CNTs, several papers focused on the electrophoretic
separation of fullerenes have nevertheless been published. A
relatively complex electrolyte systems have been used, such as
200 mM TFA /20 mM NaOAc in MeOH /acetonitrile (10:90,
v/v) [163], tetra-n-decylammonium bromide (200 mM), and
tetraethylammonium bromide (40 mM) in 6% MeOH and
10% CH;COOH in acetonitrile/chlorobenzene (50:50 v/v)
[164]. Thus, nonaqueous capillary electrophoresis has be-
come a rapid and useful alternative to high performance lig-
uid chromatography for the separation of fullerenes.

Recently discovered carbon quantum dots can be seen
not only as a less toxic alternative to semiconductor quantum
dots but also as a natural link between quantum dots and
carbon nanomaterials. Even though carbon dots are attracting
great attention, the number of publications focused on CE of
carbon dots is not very high, yet [165].

3.1.4 CE of dendrimers

Dendrimers are macromolecular compounds that make up
a series of branches surrounding an inner core. When the
core of a dendrimer is removed, a number of identical frag-
ments known as dendrons remain. The number of dendrons
depends on the multiplicity of the central core. Ideally, these
structures are perfectly monodisperse macromolecules with a
regular and highly branched three-dimensional architecture.
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Due to their structure, dendrimers are often used for drug
[166, 167] and gene [168, 169] delivery, but their range of
applications also encompasses catalysis [170, 171], imaging
[172,173], and tissue engineering [174].

Due to the polydispersity of dendrimers, the benefits of
CE are especially valuable for characterizing the overall qual-
ity of synthesis and the presence of side products. The first use
of CE for the analysis of dendrimers was presented in 1996,
when on-line coupling of CE with a sector mass spectrometer
via an electrospray ionization (ESI) source was used to sep-
arate and identify polydisperse dendrimeric diaminobutane-
based polynitriles [175]. A sample of the corresponding sec-
ond generation consisted of a complex mixture of the product
accompanied by several by-products.

Polyamidoamine (PAMAM) dendrimers can be sepa-
rated reasonably well at acidic pH but not at neutral pH. This
point was considered in a number of papers directed towards
the isolation and characterization of dendrimers [176-180].
To improve run-to-run reproducibility, a silanized capillary
was used [44], and monitoring of the removal of excess suc-
cinic anhydride/succinic acid enabled more detailed charac-
terization of PAMAM samples [181].

In addition to the analysis and characterization of com-
plex mixtures, CE can also be used to isolate one specific
dendrimer. The method is capable of separating the targeted
dendrimer from impurities with lower molecular weights.
The optimized BGE consisted of 15 mM sodium phosphate
at pH 6.3 containing 0.5 mM hexadecyltrimethylammonium
bromide [182].

The combination of polyacrylamide gel electrophoresis
(PAGE) and CE analysis provides an alternative and effective
method for characterizing this group of PAMAM-succinamic
acid dendrimers [183]. PAGE results showed that the relative
mobilities of dendrimers decrease with increasing number of
generations. The electrophoretic mobilities of individual gen-
erations of PAMAM polyanions as determined by CE were
similar, leading to the conclusion that their separation pri-
marily depends on their approximately identical charge /mass
ratio [183].

In addition to analytical characterization of den-
drimers, PAMAM dendrimer-based nanodevices provide
novel nanoplatforms for targeting, imaging, and treatment
of cancers in vitro and in vivo. The advances in the analysis
and characterization of a variety of PAMAM dendrimer-based
nanoparticles (polycationic and polyanionic PAMAM deriva-
tives, PAMAMs of different generations and defined sub-
stitutions, complex multifunctional PAMAM nanodevices
containing targeting ligands, dyes, and drugs) have been
reviewed [184].

3.1.5 CE of liposomes
Liposomes, or (phospho)lipid vesicles, are self-assembled col-
loidal particles that occur naturally and can be prepared artifi-

cially. These materials display spherical and self-closed struc-
tures formed by one or more concentric lipid bilayers with
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an aqueous phase inside and between the lipid bilayers. Sev-
eral practical applications emerged in the 1970s, most notably
in drug delivery. Today, these materials serve as very useful
models, reagents, and tools in various scientific disciplines,
including mathematics, theoretical physics, biophysics (prop-
erties of cell membranes and channels) [185], chemistry
(catalysis, energy conversion, photosynthesis) [186], colloid
science (stability, thermodynamics of finite systems), bio-
chemistry (function of membrane proteins) [187], and biology
(excretion, cell function, trafficking and signaling, gene de-
livery function) [188, 189].

Although liposomes are not typical members of the nano-
materials group, we decided to include this group of vesicles
in this paper despite their size (10-1000 nm) [190].

As early as 1996, a CE method was developed for char-
acterizing liposome behavior [191]. Automated delivery of
lysis agents by multiple electrokinetic injections was demon-
strated, and on-capillary reactions between liposomes and
other reagents were induced. In addition, on-line chemilu-
minescence detection using a peroxyoxalate system was used
for the analysis of eosin Y- or rhodamine B-containing lipo-
some solutions to provide information on size distribution,
stability, permeability, and surface charge [192, 193]. Indi-
vidual liposome measurement has been performed by CE
with post-column laser-induced fluorescence detection [194].
Furthermore, liposomes showed entrapped volumes of flu-
orescein solution that varied between 0.3 and 13 fL with an
apparent radius in the range of 370 nm to 1.8 pm.

In addition, CE has been demonstrated as a powerful
tool for investigating the compositional homogeneity of li-
posomal membranes composed of phospholipids and guest
molecules [195]. The ions distributed randomly within the
liposomal membrane were observed to be responsible for
formation of liposomal particles that differed in charge and
therefore in electrophoretic mobility. This observation led
to the presence of a number of peaks even though the so-
lution was monodisperse from the particle point of view.
When liposomes of identical surface charge density were sub-
jected to CE and size-dependent electrophoretic separation
was observed [196, 197], it was shown that size-dependent
migration is primarily a function of KR, where K~! is the
thickness of the electric double layer and R is the liposome
radius.

Due to the biological properties of liposomes, these struc-
tures are currently under extensive study as nanocarriers for
targeted drug delivery [198, 199]. It should come as no sur-
prise that CE is used in this research to verify the encap-
sulation and selective release of the cargo carried in these
nanovehicles [200-211]. An important aspect of many prepa-
rations in biological processesis the presence of a pH gradient
across the membrane. This gradient has a significant effect
on electrophoretic migration, which is induced principally by
a change in effective charge [212]. To further improve the
pharmacological application of liposomes, hybrids of these
NMs with protein via hexa-histidine-tag have been synthe-
sized, and the success of that synthesis was evaluated using
CE [213].
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3.2 CE monitoring of interactions of NMs with
(bio)molecules

CE is an analytical method with the ability to investigate in-
teractions between molecules, and therefore, an entire field
has become known as “affinity capillary electrophoresis”
(ACE) [214, 215]. Although many interactions are being in-
vestigated and employed, the term ACE appears to be more
or less reserved for stronger interactions with specific sto-
ichiometries. Therefore, micellar electrokinetic chromatog-
raphy or chiral separations are not commonly labeled ACE
methods [216].

The main aim of the ACE analysis is to determine
the binding and dissociation constants of two interacting
molecules, i.e., receptor (R) and ligand (L). The basic as-
sumption is that when two molecules R and L that differ in
electrophoretic mobilities form a complex, the complex could
have a mobility that is different from either of the components
due to a change in either charge or molecular mass [215,216].

ACE can be operated in three different modes: off-
capillary, on-capillary, or immobilized selection [216]. In off-
capillary analysis, binding partners are incubated, and the
mixture is injected into the CE system, which separates and
quantifies the formed complex. On-capillary analysis includes
one of the binding partners in the running buffer, and the
other binding agent is injected and electrophoresed. When
complex formation involves a change in the charge-to-size
ratio, the migration of the injected analyte is a function of
binding to the affinity agent in the running buffer. The mi-
gration shift in response to running buffer composition there-
fore reflects the degree of binding. In immobilized selection,
affinity selectors are immobilized to capture or rapidly screen
for affinity [217]. The high and reproducible separation effi-
ciencies typical for CE ensure that interactions leading to even
small changes in mobilities are sensitively detected [218].

The surfaces of NMs can be easily functionalized and
modified with numerous molecules that might subsequently
enter into interactions with other molecules of interest. In
this case, CE can function in several ways: (i) monitoring the
direct interaction between the NM and analyte (the signal
is provided by both the analyte and NM), (ii) monitoring
the interaction between two analytes mediated by the NM
(the signal is provided by the analytes themselves, not by
the NM), and (iii) monitoring the interaction between two
analytes reported by a change in the signal of the NM.

For instance, a CE-LIF method for monitoring conjuga-
tion of proteins to magnetic nanoparticles was presented by
Wang et al. in 2003 [219]. This method evaluated the inter-
actions among bovine serum albumin, streptavidin, or goat
anti-rabbit immunoglobulin G and magnetic nanoparticles
with carboxylic or aminopropyltrimethoxysilane groups at
their surface. Due to the fluorescent labeling of the conju-
gate, detection limits at the level of pg/nL were determined.
Subsequently, CE methods that investigate the interactions
of proteins with gold NPs [220], iron NPs [221], and silver
NPs [222] have been published as well. These reports include
measurements of binding constants and saturated binding

www.electrophoresis-journal.com

127



2398 V. Adam and M. Vaculovicova

capacities as well as calculations of dissociation constants and
cooperativity coefficients. The group of applications focused
on protein—protein interactions in the presence of nanomate-
rials also can include analyses via nanoparticle-immobilized
enzymes [223-225]. Interactions between nucleic acids and
NMs have been used for various techniques, such as geno-
typing of human c-K-ras using a DNA-modified polystyrene
nanoparticle suggested by Adachi et al. [226]. A microchip CE
method for DNA separation using a gold nanoparticle as a
tag also has been suggested [227]. Another example is deter-
mination of the encapsulation of an analyte (e.g., a drug) into
a nanoparticle [203-205, 228-230]. In such cases, CE is able
to quantify interactions, drug entrapment, and dissolution of
pharmaceutical nanoparticles. The results suggest that the
quantification of a drug located inside the nanoparticles is
possible. Furthermore, interactions of NMs with biomarkers
of serious diseases, including Alzheimer’s disease [231], have
been investigated using CE, as shown in a recent review by
Sobrova et al. [232]. In the area of medicine, potential uses
of CE for interactions between tumor-targeting nanoparti-
cles and proteins have been explored [233] as well as the
influence of heparin-functionalized poly(lactide-co-glycolide)
nanoparticles on bone marrow stromal cells [234] and inter-
action of iron-regulating hormone hepcidin with molecularly
imprinted nanoparticles [235].

An interesting group of studies that investigate interac-
tions and conformational arrangements of molecules reports
on a collection of methods based on fluorescence resonance
energy transfer (FRET).

FRET is a non-radiative process in which an excited-state
donor transfers energy to a proximal ground-state acceptor.
The acceptor must absorb energy emitted by the donor [236].
FRET usually occurs when the distance between donor and
acceptor is approximately 10-100 A. Because this distance
corresponds to the dimensions of most biological macro-
molecules, FRET could be used to measure such distances
at the molecular level. The energy transfer rate ky(r) between
a single donor-acceptor pair is dependent on the distance r be-
tween the donor and acceptor and can be expressed in terms
of the Forster distance Ro. Along this distance, 50% of the
excited donor molecules decay by energy transfer, whereas
the other half decay through other radiative or non-radiative
means [236].

Due to their exceptional optical properties, selected
nanoparticles constitute an excellent set of tools for FRET ap-
plications. QDs, in particular, can be used as tools for FRET-
based steric conformation studies of biomolecules [237-239].
The binding interactions among multivalent ligands, poly-
histidine peptide dendrimers (PHPD), and CdSe-ZnS QDs
have been probed using CE. Cy5-labeled PHPD assembled on
glutathione-capped QDs showed a higher FRET signal than
that of the assembly between Cy5-labeled hexahistidine pep-
tide and QDs. CE also revealed that PHPD outcompetes other
QD-binding small molecules, peptides, and proteins in cell
lysate [238]. The benefits of CE experiments lie in highly ef-
ficient separation of donor-acceptor immunocomplexes and
detailed monitoring of the FRET process.
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However, the direct effect of the analyte on the fluores-
cent properties of QDs in combination with changes in the
electrophoretic mobility can also provide valuable informa-
tion on their mutual interactions [240, 241] as well as the
efficiency of the bioconjugation [242-244] or self-assembly
characterization of QDs [245-249].

The interactions between QDs as fluorescent tags and
their target molecules require detailed investigation to eval-
uate the labeling efficiency and suitability of a particu-
lar QD surface modification for a given bioconjugation re-
action [47]. Traditionally, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysulfo-
succinimide (sulfo-NHS) are agents used to link QDs with
proteins, antibodies, and enzymes [250]. The linkers are
clearly important for bioconjugation. Liskova et al. [251] tested
zero-length cross-linkers and long-chain linkers for the cou-
pling of quantum dots with proteins using anti-ovalbumin,
anti-proliferating cell nuclear antigen, anti-hemagglutinin,
and anti-CD3 membrane protein as model antibodies and an-
nexin V as high-specificity selectors. The conjugation method
via carbonyldiimidazole cross-linkers was found to be a good
alternative to the commonly used EDC/sulfo-NHS method.
Further, the presented analysis of the protein conjugates with
luminescent CdTe QDs demonstrated that homogeneity of
the proteins and an unambiguous stoichiometry of the con-
jugates are essential prerequisites for highly efficient CE-LIF
immunoassays, although no-linkers could allow QDs inter-
act with proteins [252,253]. In this case, it is necessary to
determine the effect of such factors as the isoelectric points
(pl) of bio-macromolecules and buffer pH on the bioconju-
gation of QDs. Bioconjugation of QDs can also be performed
by simple electrostatic interaction, as reported in the work
of Stanisavljevic et al. [140], demonstrated the conjugation of
QDs to streptavidin and verified the functionality of such a
complex by CE-LIF and CE-UV. An example of bioconjuga-
tion of biotin-modified QDs with avidin presented in the work
of Ryvolova et al. [141] is illustrated in Fig. 5. Bioconjugation
using protein G as a link between QD and immunoglobulins
has also been suggested [254].

3.8 | ——mixture of avidin and B-GSH-QDs. B-GSH-QD

33 4 ——B-GSH-QDs

(K] Avidin-B-GSH - QD

Fluorescence (a.u.)

08

0.3 /\

0 2 4 6 8 0
Migration Time (min)

Figure 5. Electropherogram for a mixture of B-GSH-QDs and

avidin solution. BGE: 20 mmol/L sodium borate buffer, pH 9.5; U:

+20 kV; Injection: 0.5 psi for 20 s; LIF detection (488 nm/530 nm).
Reprinted with permission from [141].
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From a certain viewpoint, a large number of works fo-
cused on immune analysis using NMs should also be in-
cluded in this section due to the specific interactions between
antigens and antibodies that are monitored by CE. However,
most studies of this type use NMs as tools for enhancing
detection or for introducing such detectable properties as
fluorescence or electroactivity into the system. For this rea-
son, special attention is devoted to immunoanalyses in the
second part of this review focused on the enhancement of
electrophoretic performance.

4 Conclusion

The area of nanomaterials (e.g. nanoparticles, carbon nano-
materials, liposomes, and dendrimers) belongs to one of the
most attractive and rapidly developing, whereas these ma-
terials possess often advantageous properties for numerous
applications.

Their synthesis, however, presents problem especially in
terms of batch-to-batch repeatability and in some cases, tools
for characterization of nanomaterial composition and prop-
erties are missing. Even within a single batch, the polydisper-
sity of the particles and the variability of their properties may
present insurmountable problem for reliable application. We
believe that once these obstacles are overcome, nanomaterials
will reach completely new dimensions in terms of number of
their applications.

It is not surprising that many methods and procedures
how to synthetize and characterize the nanoparticles have
been developed. From the wide of group of methods, cap-
illary electrophoresis has its unreplaceable position due to
many advantages discussed above enabling us to use this
easy to use and low cost technique in various modes for
studying nanoparticles parameters, such as their size, sur-
face chemistry, and interaction abilities. Based on the pub-
lished results it can be concluded that electromigration
techniques, in general, represent a group of effective tech-
niques for nanomaterial characterization, evaluation, and
observation (Fig. 6). The future directions could be seen
in manufacturing of hand-held CE based analyzers for in
situ and immediate characterizing of the nanomaterial as
well as incorporating of CE into some industrial machines
for high throughput producing of nanomaterials as quality
control.

On the other hand, the nanoparticles and nanomaterials
of various kinds can also be used to improve significantly
the performance of CE in terms of both detection sensitivity
as well as separation efficiency. This field is covered in the
second part of this article
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CE and nanomaterials - Part ll:
Nanomaterials in CE

The scope of this two-part review is to summarize publications dealing with CE and nano-
materials together. This topic can be viewed from two broad perspectives, and this article
is trying to highlight these two approaches: (i) CE of nanomaterials, and (ii) nanomaterials
in CE. The second part aims at summarization of publications dealing with application
of nanomaterials for enhancement of CE performance either in terms of increasing the
separation resolution or for improvement of the detection. To increase the resolution,
nanomaterials are employed as either surface modification of the capillary wall forming
open tubular column or as additives to the separation electrolyte resulting in a pseudosta-
tionary phase. Moreover, nanomaterials have proven to be very beneficial for increasing
also the sensitivity of detection employed in CE or even they enable the detection (e.g.,
fluorescent tags of nonfluorescent molecules).

Keywords:
Carbon nanotubes / Graphene / Quantum dots

1 Introduction

In the majority of scientific areas including proteomics, phar-
maceutical, biological, biochemical, medical, forensic, and/or
environmental, the analytes are present in low amounts and
in complex biological matrixes and therefore a sample pu-
rification and pre-treatment is required. However, besides
the pre-treatment procedure a powerful separation technique
coupled to the effective detection method is often essen-
tial. Currently, capillary-based separation techniques includ-
ing capillary/nanoliquid chromatography (capillary/nano-
LC), capillary electrochromatography (CEC), and CE are key
analytical techniques providing sufficient separation power
combined with low consumption of valuable samples and
rapid analyses times especially in the microfluidic format [1].

Low sensitivity belongs to the main drawbacks of CE-
UV/Vis, which is the most common method in CE. It is
associated with both the short optical path-length of the cap-
illary used as a detection cell and the small sample volumes
injected. These limitations can be overcome either by increas-
ing amount of the analyte using preconcentration processes,
by selection of the more sensitive method (e.g. laser-induced
fluorescence, mass spectrometry, etc.), or by the enhancing
the signal by labeling with particular tag (optical or electro-
chemical).

This part of the paper is dedicated to employment of
nanomaterials (NMs) to improve the performance of CE in
terms of (i) increase of resolution by using nanoparticles as
electrolyte additives or capillary wall coatings and (ii) lowering
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the limit of detection by improving of both optical as well as
electrochemical detection.

Numerous reviews have been published dealing with ap-
plication of CE for analysis of nanomaterials as well as applica-
tion of nanomaterials for improvement of CE performance.
However, the present article is providing a comprehensive
summary highlighting the mutual benefits of these two areas
(CE and nanomaterials) to each other.

2 Improvement of CE separation

Several parameters are commonly used to evaluate separa-
tion performance, including resolution, number of theoreti-
cal plates, and migration time reproducibility.

The degree of separation of two analytes of interest is
defined as the resolution (Rs) and can be influenced by mod-
ifying the electrophoretic mobility of the analytes and the
electro-osmotic mobility induced in the capillary as well as by
increasing the efficiency for the band of each analyte accord-
ing to the equation

Mela — [elp
= JN——— 1
& V' 4{pa + peor) &

where N is the number of theoretical plates, p and p g are
the respective electrophoretic mobilities of the analytes, pg
is the mean electrophoretic mobility of analytes A and B, and
R zor is the mobility of the electro-osmotic flow.

It follows from the fundamentals of CE that each ana-
Iyte migrates through the capillary as an independent zone
according to its electrophoretic mobility. Under ideal con-
ditions, analyte zone broadening occurs only by molecular

Colour Online: See the article online to view Figs. 1, 3-5 and 7 in colour.

www.electrophoresis-journal.com

136



2406 V. Adam and M. Vaculovicova

diffusion of the solute along the capillary. In this ideal case,
the efficiency of the zone, which is expressed as the number
of theoretical plates (N), is given by

N = (pe — peor) Vi )
2DL

where p is the electrophoretic mobility of the analyte, pror

is the mobility of electro-osmotic flow, L is the total length

of the capillary, Vis the applied voltage, and [ is the effective

length of the capillary.

However, in reality, other phenomena can also contribute
significantly to band dispersion, including sample adsorption
onto the capillary wall, mismatched conductivity between the
sample and buffer, heat dissipation, detector cell size, un-
leveled buffer reservoirs, and length of the injection plug [2].

Significantly improved separation with higher efficiency
and selectivity and better reproducibility can be achieved by
influencing the factors listed above. Due to their large surface-
to-volume ratios and favorable surface chemistry, nanomate-
rials can be used advantageously in this application. Nanoma-
terials could be used either to create an inner surface coating
in permanent or dynamic mode for open-tubular capillary
electrochromatography (OT-CEC) or as a pseudostationary
phase added to the background electrolyte and used with
the partial filling or continuous filling method. A schematic
summary of approaches for the application of NMs in sep-
aration improvement is given in Fig. 1. The stationary and
pseudostationary phases can be created from a broad range
of nanomaterials, such as polymers, gold and silica nanopar-
ticles (NPs), fullerenes and carbon nanotubes. This topic has
been well discussed in reviews by Kist and Mandaji [3] and
Lin et al. [4] and the subject was later reviewed by Nilsson
et al. [5]. A review article published by Sebestik et al. [6] fo-
cused on biomedical applications of peptide dendrimers and
their analogs and summarizes a number of papers that ad-
dress various types of dendrimers, their characterization via
CE, and their application as a pseudostationary phase and
dynamic capillary coating. Carbon nanomaterials also play
a key role in this field, as shown in a review that addressed
applications of carbon nanotubes in CE, capillary electrochro-
matography, and microchip electrophoresis [7].

A review of applications that use nanomaterials as
stationary and pseudostationary phases was published in
2011 by Duan et al. [8] and this paper demonstrates the
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advantages of NMs for applications not only in CE but also
in gas and liquid chromatography. In addition, as shown
in the work of Nilsson et al. [9], NMs are beneficial for the
separation of small molecules and also macromolecules, in-
cluding proteins. Furthermore, nanomaterials can be applied
in the large field of electrochromatographic analysis referred
to as enantioseparation [10-21]. NMs are suited to modifica-
tion with chiral selectors and use as enantioselective agents
for pseudostationary phases. Enantioselective nanomaterials
are expected to interact with every enantiomer, forming lo-
cally chiral structures according to their different interaction
mechanisms (e.g., electrostatic, dipole-dipole, hydrophobic,
attractive and repulsive interactions, and hydrogen bonding).
Cyclodextrins are one of the most commonly used groups
of enantioselectors, and it is therefore not surprising that
a number of studies have used combinations of NMs and
cyclodextrins. The applications of chemically modified gold
nanoparticles (AuNPs) using cyclodextrins as chiral selectors
for enantioseparation based on pseudostationary phase-CEC
(PSP-CEC) are presented by Yang et al. [22]. Dinitrophenyl-
labeled amino acid enantiomers (DL-Val, Leu, Glu, and Asp)
and drug enantiomers (RS-chlorpheniramine, zopiclone, and
carvedilol) were analyzed using modified AuNPs as the chi-
ral selectors. The results were promising and reached a
theoretical plate number greater than 10° [22]. Cyclodex-
trin was further used as a modifier of multi-walled carbon
nanotubes (MWCNTs) in addition to polystyrene, TiO; and
Al,O5 nanoparticles to enhance the enantioseparation of clen-
buterol [21]. Successful clenbuterol enantioseparation was
also achieved using MWCNTs modified with cyclodextrin as
a chiral selector.

2.1 NMs as pseudostationary phases

Electrokinetic chromatography is a mode of CE that uses
a carrier to transport the analyte to the detector. Due to
the electro-osmotic flow (EOF), neutral molecules can also
reach the detection point, however no separation of such
molecules can be achieved. With the use of a particular car-
rier (pseudostationary phase), the analyte can be partitioned
between the aqueous phase of the BGE and the pseudosta-
tionary phase of the carrier. Such partitioning differs for

Physically Covalently
adsorbed bmsdfd s = =
phase " " phase opentubular phase sieving matrix
. . — ¥ —_—
canaa Yoy p= ‘;_‘—‘: ,} »r W “‘
- - ’: *_ I'H . ‘ - ‘
A L -
Ve S
- ] ﬁ) s p € o5
asss 9999 y = 9 . 4 s
- 4
r 4 Mobile Figure 1. Approaches for sep-
Immobilized stationary phase Pseudo-stationary  garation performance enhance-
phase ment by nms.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.electrophoresis-journal.com

137



Electrophoresis 2017, 38, 2405-2430

each analyte and is given by the distribution coefficient K,
defined as

K= 6
Cs

where cp; and ¢; are the molar concentrations of analyte in the

pseudostationary phase and in solution, respectively.

The variety of pseudostationary phases is wide and in-
cludes surfactants, polymers, dendrimers and (probably the
most widely used) micelles [23].

The main advantage of this type of CE lies in the fact that
the phase is being continuously replaced during the analy-
sis, and thus, repeatable conditions are maintained for each
analysis. As a result, carryover and cross-contamination ef-
fects are eliminated, which improves the analysis of samples
in complex biological matrices. Another benefit is that no
column packing or frits are required in these arrangements.
In contrast, the presence of the pseudostationary phase in
the entire volume of the capillary might negatively influence
detection, especially the optical one. Furthermore, highly re-
producible synthesis of the nanomaterials is needed and that
too could become an issue.

2.1.1 Nanoparticles

The simplicity of functionalizing silica nanoparticles ensures
their broad application in this area of analysis. Surface-
functionalized silica nanoparticles have been successfully
used for the separation of charged and neutral compounds
[24], glucose oligomer derivatives and nucleic acid bases [25],
and cyclodextrin functionalization has been used for chiral
separation [26-28].

Due to the advantageous behavior of silica nanoparticles,
these materials were used with biologically active amines for
CE with laser-induced fluorescent detection (CE-LIF) [29],
and these authors successfully tested formic acid enriched
by silica nanoparticles as a background electrolyte (BGE).
An increasing concentration of the particles resulted in in-
creased EOF, which accelerated the analysis. Decreasing elec-
trophoretic mobilities with increasing silica nanoparticles
concentration indicated interactions between the analytes and
the silica NPs. The method was sufficiently sensitive and ro-
bust for use in analyzing urine samples. All three tested ana-
lytes, i.e., tryptamine, 5-hydroxytryptamine, and tryptophan,
were found and determined [29]. The positive effect of silica
nanoparticles as a pseudostationary phase was additionally
proposed for simultaneous determination of the quinolone
family members lomefloxacin, sparfloxacin, fleroxacin, nor-
floxacin, ofloxacin, gatifloxacin, and pazufloxacin [30] as well
as organic acids [31]. Silica nanoparticles can be modified
as well, as shown by Yan et al. [32]. Those authors used
a silica-based nanoparticles with surface-bound octanoyl-
aminopropyl moieties and applied them for the separation
of aromatic acids. However, the concentration of the par-
ticles was relatively high (1.0 mg/mL), which could be an
issue in the use of the isolated fractions for further analysis.
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Aromatic acids are a popular analyte for testing of modified
silica nanoparticles used as pseudostationary phase [33]. A
laboratory-made instrument and aminopropyl-modified silica
nanoparticles were used in that work. In addition to achieving
good separation results, the authors calculated the average
theoretical plate number obtained, and this value exceeded
5.0 x 10* theoretical plates per meter.

A systematic comparison of diamine-modified and
amine-modified silica nanoparticles was published by Hui
and Ma [34] in 2011. The results indicated that even slight
structural changes in the functional groups of the nanopar-
ticles have pronounced effects on the interactions between
the pseudostationary phase and the analytes. Among other
analytes, protein separation also has been presented in this
mode [35]. The combination of poly(ethylene oxide) with sil-
ica NPs in a buffer at pH 2.37 enabled detection limits from
2 to 45 ppm with relative deviations of the migration times
ranging from 2.1 to 3.4%.

NPs made from metals and metal oxides such as tita-
nium, yttrium or ytterbium oxide, and gold have proven to be
highly effective buffer additives. Pharmaceutical application
of TiO, nanoparticle-enhanced CE separation was demon-
strated in a work by Zhou et al. [36], who presented determi-
nation of the frequently applied antihypertensive P-blocking
compounds atenolol, metoprolol, terbutaline, and propra-
nolol in pharmaceutical tablets. Detection limits at the level
of micrograms per milliliter were reported. Yttrium and ytter-
bium oxide nanoparticles (YNP and YbNP, respectively) were
later used to separate DNA fragments ranging in size from
100 to 9000 bp, [37] as shown in Fig. 2. Similar sieving power
was observed for both YNP and YbNP matrices, most likely
due to the similar sizes of the nanoparticles, and this resulted
in the formation of comparable sieving networks for DNA
separation. Separation of steroids was also improved by the
addition of metal nanoparticles in a work by Liu and Chang
[38]. Thiol-capped gold nanoparticles were used, and all of the
tested steroids were separated well. Limit-of-detection values
ranged from 11.8 to 16.4 pg/L. Gold nanoparticles can also
be used as an additive in the separation of DNA [39-42].
The authors of studies in this area used poly(ethylene ox-
ide) (PEO) for this purpose, and the capillary was dynami-
cally coated with polyvinylpyrrolidone to prevent interaction
of the capillary wall with DNA. Rapid and high-resolution
DNA separations were achieved using different PEO solu-
tions containing gold nanoparticles ranging in diameter from
3.5 to 56 nm. Separation of DNA fragments (from 8 to 2176
base pairs) was accomplished in 5 minutes. The potential of
high-throughput DNA analysis using the suggested method
is increased mainly due to the automatic replacement of the
sieving matrices given by the low viscosity. In 2011, a de-
tailed study of varying plug lengths of nanoparticle pseudo-
stationary phase during CE analysis was published by Sub-
ramaniam et al. [43]. Gold nanoparticles functionalized with
11-mercaptoundecanoic acid were used as an additive in the
pseudostationary phase plug, and dopamine, epinephrine,
pyrocatechol, L-3 4-dihydroxyphenylalanine, glutathione, and
uric acid were used as analytes due to their biological
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Figure 2. Separation of 100 bp DNA step

o

ladder using (A) 0.10% poly(ethylene ox-
ide) (PEO) only and (B) 0.02% yttrium ox-
ide nanoparticle (YNP) and 0.10% PEOQ; peak

assignment: 1 = 100 bp, 2 = 200 bp, 3 =
300 bp, 4 = 400 bp, 5 = 500 bp, 6 = 600 bp,
7 = 700 bp, 8 = 800 bp, 9 = 900 bp,
10 = 1000 bp, 11 = 1500 bp. Separation
of 500 bp DNA ladder using (C) 0.02%
PEO only and (D) 0.02% YNP and 0.02%
PEO. Separation of 1 kbp DNA ladder us-
ing (E) 0.02% PEO only and (F) 0.02%

11

YNP and 0.02% PEO; peak assignment: 1 =
1000 bp, 2 = 2000 bp, 3 = 3000 bp,

8 5 6

Time(min)

10

importance. Behavioral differences were observed in the an-
alytes that correlated with the charge of the analyte.

Hydrophobic interactions have been used for protein
analysis to take advantage of the benefits of lipid-based liquid
crystalline nanoparticles [44]. Latex NPs have also been em-
ployed as a pseudostationary phase, as shown in the works of
Palmer et al. [45,46] and Breadmore et al. [47].

In these articles, the authors show that the presence of
NPs in the separation has a minimal effect on subsequent UV
detection as well as on ESI-MS detection. This observation is
in agreement with earlier findings by Viberg et al. [48]. The
impact of the presence of NPs in mass spectrometry detection
was later investigated in greater detail by Malstrom et al. [49].
Parameters including background electrolyte, sheath liquid
ion strength, organic modifier content, nebulizer gas pres-
sure, and concentration of nanoparticles in the electrolyte
were examined. Even the lowest pressure investigated was
sufficient to guide the nanoparticle flow away from the mass
spectrometer inlet. Additionally, no significant effect of the
ion strength of either the BGE or the sheath liquid on the
separation of a series of dialkyl phthalates was observed,
and the presence of NPs had no impact on the ionization
efficiency.
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4 = 4000 bp, 5 = 5000 bp, 6 = 6000 bp, 7 =
7000 bp, 8 = 8000 bp, and 9 = 9000 bp.
Reprinted with permission from [37].

An interesting approach that should not be omitted is the
use of molecular imprinting technology to create multiple-
target predetermined nanoparticles, as shown in a work by
Spegel et al. [50]. (S)-ropivacaine and (S)-propranolol were
studied as templates, and the relative amounts of these two
templates strongly affected the affinity of the multiply tem-
plated nanoparticles for the predetermined targets.

2.1.2 Carbon nanomaterials

A summary of developments in capillary electrokinetic chro-
matography using carbon nanoparticles was published in
2009 by Moliner-Martinez et al. [51]. That paper summarized
the types of carbon NMs, the requirements for their appli-
cation as a pseudostationary phase, and the mechanisms of
their interactions with analytes. CNTs are probably the NMs
that are most commonly used as a pseudostationary phase.
However, in general, CNTs are insoluble in most common
solvents, and thus, functionalized CNTs must be used to en-
able the interaction and/or adsorption of analytes via the polar
groups and van der Waals forces of functionalized NPs. More-
over, although the combination of sodium dodecyl sulfate
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(SDS) micellar electrokinetic chromatography with the addi-
tion of C-60 fullerenes significantly improved the CE separa-
tion of polycyclic aromatic hydrocarbons [52], the application
of carbon nanotubes is generally far more widespread than
the use of fullerenes or graphenes [53].

In view of these facts, carbon nanotubes are preferred
when using nanomaterials as a pseudostationary phase. Car-
boxylic single-wall carbon nanotubes (c-SWCNTs) have been
used for separation of homologues of caffeine and theo-
bromine [54]. Reaching a critical concentration of -SWCNTs
was found to lead to significant changes during the sepa-
ration. The authors proposed that the network formed by
c-:SWCNTs provides a different mechanism of separation
compared with SDS micelles. Furthermore, Jimenez-Soto
et al. [55] described, for the first time, the use of single-walled
carbon nanohorns (SWNHs) as a pseudostationary phase.
The authors took advantage of such features of this material
as its conical-end termination, formation of spherical assem-
blies, dahlia flower-like superstructure, and easy function-
alization. The authors showed that carboxylation and sub-
sequent immobilization of carboxylated SWNHs in a fused
silica capillary was helpful for obtaining repeatable and stable
pseudostationary phases. The phase was successfully tested
to separate water-soluble vitamins.

MWCNTs — especially their functionalization — have also
attracted attention. Nitric, sulfuric, and hydrochloric acids
have been used to increase their hydrophilicity, and MWC-
NTs functionalized in this way have been used for the sep-
aration of non-steroidal anti-inflammatory drugs [56]. Sub-
units of functionalized MWCNTs and borate buffer at pH 10
were satisfactory for the separation of six non-steroidal anti-
inflammatory drugs and for the analysis of a spiked urine
sample [56]. Xiong et al. [57] showed enhanced separation
of purine and pyrimidine bases using carboxylic MWCNTs.
The authors directed their attention to adenine (A), hypoxan-
thine (HX), 8-azaadenine (8-AA), thymine (T), cytosine (C),
uracil (U) and guanine (G). The calibration curves were linear
within two orders of magnitude at the level of wg/mL for the
compounds of interest, with detection limits down to units of
pg/mL [57]. MWCNTs can also be used for separating alka-
loids [58], lipids [59] or DNA fragments[60]. As expected, the
concentration of MWCNTs must be varied according to the
size of the fragment of interest to achieve the required reso-
lution. As shown by the separation of the 2-Log DNA ladder,
even a concentration of MWCNTs below the threshold for
CNT-network formation was sufficient. However, for larger
DNA fragments, the concentration had to be increased above
the threshold value [60]. An example of the use of carbon
nanotubes as a buffer additive for separation improvement is
shown in Fig. 3.

2.1.3 Liposomes and dendrimers
Lipids appear to be good materials for such purposes. Nils-

son et al. [61] showed how anionic and cationic lipid-based
liquid crystalline nanoparticles can be used for protein
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Figure 3. Influence of surfactant-coated single-walled carbon
nanotube (SC-SWCNT) concentrations on the separation of eight
analytes using microemulsion electrokinetic chromatography:
(A) without SC-SWCNTs, (B) 1.5 mg/L SC-SWCNTs, (C) 3.0 mg/L
SC-SWCNTs, (D) 4.5 mg/L SC-SWCNTs, and (E) 6.0 mg/L SC-
SWCNTs. Microemulsion buffers: 0.5% (57 mM) wiv ethyl ac-
etate, 0.6% (30 mM) w/v lauric acid, 4.0% (666 mM) w/v propanol,
50 mM Tris solution of pH 9.0, and 0-6.0 mg/L SC-SWCNTs
additives. Other operating conditions: Analyte concentration,
0.07 mg/mL; capillary length, 40 cm total (31.5 cm effective
length); 50 pm inside diameter; temperature, 30°C; voltage,
23 kV; injection, 50 mbar, 3 s; detection, 200 nm; analytes: (1) epi-
catechin, (2) epigallocatechin gallate, (3) epicatechin gallate, (4)
caffeic acid, (5) gallic acid, (6) protocatechuic acid, (7) quercetin,
and (8) kaempferol. Reprinted with permission from [204].

separation. Porous liquid crystalline lipid-based nanoparti-
cles have also been used in the miniaturized electrosep-
aration of green fluorescent protein [62]. In contrast to
conventional liquid chromatography, a lipid-based phase
minimizes the carryover effect and time-consuming column
regeneration. Protein and peptide separation using liposome-
based pseudostationary phases was at the center of inter-
est for Corradini et al. [63, 64]. who studied the application
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and its
properties in this area with modification of the separation
procedure.

Carbosilane dendrimers with interior carbon-silicon
bonds and negative charges on the dendrimer surface with
carboxylic acid as functional groups have been used as nano-
additives to separate soybean and olive-seed proteins [65]. Dif-
ferent dendrimer generations (G1, G2, and G3) and concen-
trations (0.01-1.09% m/v) were tested. The highest dendrimer
generation G3 at 0.1% (m/v) allowed for the observation of
the best protein profiles of soybean and olive seeds. This re-
sult can be considered a new but not yet fully understood
approach for protein profiling [65].

2.2 NMs in open-tubular capillary
electrochromatography

Capillary electrochromatography (CEC) is a valuable member
of the family of capillary electromigration techniques that use
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electrophoretic migration to significantly improve chromato-
graphic performance. As early as 1952, Moulde and Synge [66]
applied an electrical field to achieve thin layer chromatog-
raphy separations, but the first application of an electrical
field to column chromatography was reported by Pretorious
et al. [67] in 1974. Renewed interest in the technique arose
during the 1990s [68-72].

CEC takes significant advantage of a flow profile that ap-
proximately corresponds to plug flow for an electrically driven
system compared with the parabolic profile for pressure-
driven flow. This property results in a significant reduction of
the A term in the van Deemter equation and provides a large
increase in chromatographic efficiency [72].

The apparent mobility for a charged analyte in OT-CEC
is influenced not only by its electrophoretic mobility but also
by its partitioning interaction and the EOF [73]. Similar to
pressure-driven techniques, in CEC, the behavior of analyte
in the column also can be expressed as a capacity factor that
incorporates both the electrophoretic and chromatographic
separation mechanisms. In CEC, K'cgc can be expressed as

k" — pe
P VEEOF 4)
CEC
155 Weelf
KEOF

where k’is the capacity factor of the analyte and the column
operated in a pressure-driven mode. The parameters pg and
peor are the electrophoretic mobility of the analyte and EOF,
respectively.

Selectivity is controlled by tailoring the immobilized sta-
tionary phase, and in combination with benefits from the
electrophoretically driven migration, the power of CEC is
increased. As summarized recently in the review by Hu
etal. [74], nanoparticles might be employed in CEC in an open
tubular arrangement and also as a modification of mono-
lithic columns. The use of open tubular columns that offer
easy preparation procedures, a variety of surface chemistries,
and compatibility with smaller diameter capillaries increases
the benefits of this method even further. Examples of scan-
ning electron micrographs of capillaries with immobilized
nanomaterial on the inner wall are shown in Fig. 4. Smaller
internal diameters compared with those commeonly used in
CE are required in OT-CEC to enable efficient solute diffu-
sion to the surface of the stationary phase. Since the first
OT-CEC column reported by Tsuda et al. [75] and the first use
of a monolayer silica surface functionalized by octadecylsi-
lane, numerous innovative approaches have been presented
to increase the stationary phase area of OT-CEC columns [76].

OT-CEC often suffers from problems of low sample ca-
pacity and high phase ratio. Several options appear to be
useful in improving this situation, such as etching the capil-
lary and coating the capillary with porous layers and mono-
liths. Selected attempts to use nanoparticle-driven filling of
capillaries have been made, but these also have certain limita-
tions [77,78]. Additionally, deposition of nanoparticle phases
has been used to overcome the previously mentioned prob-
lems. One essential drawback is the often tedious coating
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procedure that is required to achieve a stable nanoparticle
coating [5], but a great development in this field (as described
below) could overcome this obstacle.

2.2.1 Nanoparticles as OT columns

AuNPs constitute one of the largest groups of nanomaterial-
based stationary phases in OT-CEC [11, 14, 79-94]. Coating
of the inner surface with gold nanoparticles has been shown
to improve the resolution and plate numbers of the solutes,
although other types of nanoparticles such as polystyrene
[95, 96], titanium oxide [97-99], zirconium oxide [100], and
silica [29,101, 102] have been used to improve CE separation
as well.

Another important group of nanoparticles that has
proven to be highly effective as a stationary phase in cap-
illary electrochromatography is the group of latex nanopar-
ticles [103-107]. These materials were used either as
a preconcentration segment with an in-line connection
to an uncoated capillary or as a separation enhancing
element.

In cases of protein separation, polystyrene NPs coated
with such alpha,omega-diamines as ethylenediamine and
1,10-diaminodecane have been used for capillary coating,
and in less than 7 minutes, separation was achieved with
efficiencies of up to 1 900 000 theoretical plates per me-
ter [95]. Later, TiO; nanoparticles were demonstrated for
protein separation (conalbumin, apotransferrin ovalbumin,
and bovine serum albumin) [97, 98] using phosphate buffer
(40 mM) and an applied voltage of 15 kV, although a sepa-
ration efficiency of only 10 000 plates/m was achieved. Be-
cause the relevance of post-translation modifications is in-
creasing, the analysis of glycosylated proteins is also gaining
importance. Up to 14 peaks for glycoisoforms of ovalbumin
were observed using borate buffer (40 mM, pH 9.0) and a
capillary coated with ZrO; nanoparticles [100]. Cinchonidine
nanocrystals also appear to show promise for the field of
OT-CEC [108].

Even if not necessarily apparent from the number of
published papers, from the viewpoint of their potential, mag-
netic particles appear to be of great importance for OT-CEC.
A coating of magnetic nanoparticles as a stationary phase
is introduced using an external magnetic force to fix the
magnetic nanoparticles. An advantage of this coating is the
simplicity of regeneration by application of the magnetic
field. Magnetic field intensity together with the concentra-
tion and flow rate of a nanoparticle suspension were inves-
tigated by Zhu et al. [109] to achieve a simple and stable
preparation. Compared with conventional open-tubular cap-
illary column, this new system based on magnetic particles
showed faster separation speed and higher column efficiency
due to the larger surface area of the nanoparticles. This ap-
proach offers great potential for development of methods
for analysis of complex samples because the magnetic coat-
ing can effectively prolong the column life by expediently
replacing the stationary phase to eliminate column contami-
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Figure 4. Scanning electron micrographs of various nanomaterials immobilized on the capillary wall. (1) Scanning electron micrograph
images of prepared CNT-polymer composites. (A) Mono-(2-(methacryloyloxy)ethyl) succinate carbon nanotubes (MES-CNTs) coated on
the capillary wall; (B) five-fold magnification of (A); (C) MES-CNTs formed on aluminum foil; (D) butyl methacrylate carbon nanotubes
(BMA-CNTSs) coated on capillary wall. Reprinted with permission from ref.205 (2) SEM images of (A) BMA-CNTs composite at 20 000x
magnification, and (B) as a coating on a capillary wall at 10 000x magnification. The voltage used was 3.0 kV. Reprinted with permis-
sion from [114] (3) Scanning electron micrographs of (A) bare fused-silica capillary column, and (B) capillary column modified with
octadecylamine-capped AuNPs. Reprinted with permission from [84] (4) Scanning electron micrographs of a TiO, NP-coated column.
(A) Cross-section of the column prepared by two-cycle coating procedures. (B) Edge of the column prepared using two coating procedures.

(C) Edge of the column prepared using a single coating procedure. Reprinted with permission from [99].

nation or irreversible adsorption. A model mixture of organic
acids was used to evaluate the OT-CEC system. The relative
column efficiency determined for anthranilic acid reached
220 000 plates/m. These authors also noted good repeata-
bility of migration times, which was confirmed by another
paper in which core/shell magnetic nanoparticles modified
with amino and C-18 functional groups were used [110]. The
results showed that the EOF gradually decreased with the in-
creasing amount of core/shell magnetic nanoparticles mod-
ified by amino and C-18 functional groups in the mixed sta-
tionary phases and that the direction of EOF was eventually
reversed. These results encouraged the authors to analyze a
complex sample of Rhizoma gastrodiae extract. Another group
of researchers also developed a chip-based platform using
B-cyclodextrin (B-CD) conjugated graphene oxide magnetic
nanocomposites (GO/Fe;04 NCs) as a stationary phase. [17]
Not only do the resultant GO/Fe;04/B-CD NCs have the
magnetism of Fe;O4 NPs that make them easily manipu-
lated by an external magnetic field, they also have a larger
surface area that can incorporate many more chiral selector
molecules. To prove the concept, successful baseline separa-
tion of tryptophan enantiomers was achieved in less than 50 s
with a resolution factor of 1.65 using a separation length of
37 mm coupled with in-column amperometric detection [17].
In proteomic research, the potential of magnetic particle OT
columns could also be exploited, as shown in a work by Wang
etal.[111].

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.2.2 Carbon nanomaterials as OT columns

CNTs can be coupled to an inner capillary surface either by
covalent or non-covalent bonding. In general, non-covalent
methods are simpler, whereas covalent methods provide
stronger and more stable coatings. Non-covalent methods
are based on the physical adsorption of CNTs in a pretreated
capillary. Polymers such as poly(diallyldimethylammonium)
chloride and vinylbenzyl chloride combined with ethylene
dimethacrylate or proteins such as albumin have been used
for the precoating step [112].

Covalent bonding of ¢-MWCNTs is possible after
silanization and coupling with glutaraldehyde on the inner
surface of the capillary [112]. In addition, copolymerization
of MWCNTs on the surface of the capillary with methacrylate
can also be used for covalent bonding [113, 114). Chen [115]
took an approach involving hydrosilylation of nonacidic or
acid-treated MWNT's with a silica-hydride capillary.

A combination of single-drop microextraction (SDME)
and open tubular capillary electrochromatography with car-
bon nanotubes as the stationary phase has been used for
the detection of illicit drugs in horse urine at low concen-
trations [116]. Although coating of the capillary allowed for
separation of the analytes with high resolution, less band
broadening, and without distortion of the baseline, the inter-
actions between the analytes and the MWCTs resulted in an
increased migration time and likely the front tailing effect.
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The behavior of CNTs also depends greatly on the orien-
tation of discrete fibers. A randomly arranged CNT structure
is the most widely used, but stationary phases that use aligned
carbon nanotubes offer several benefits to separation. Such
phases have been used for electrochromatographic chip sep-
arations [117]. Patterned growth of nanotubes in a specific
location of the channel has been performed using a solid
phase Fe-Al catalyst as well as a vapor-deposited ferrocene cat-
alyst. The chip was successfully tested to isolate a glycosylated
protein using concanavalin A immobilized onto the nanotube
bed. Moreover, immobilization of the CNTs enabled the ap-
plication of a notably high electrical field strength, thereby
eliminating bubble formation [118].

In addition, relatively new members of the family of
carbon nanomaterials, i.e., graphene and graphene oxide
(GO), are becoming possible options for OT-CEC station-
ary phase [119]. GO nanosheets can be immobilized onto the
capillary wall using 3-aminopropyldiethoxymethyl silane as a
coupling agent [120]. Graphene-coated columns can also be
fabricated via hydrazine reduction of a GO-modified column.
[t was shown that graphene-coated columns exhibited a pH-
dependent EOF from anode to cathode in the pH range of 3-9,
whereas graphene oxide-coated columns provided a constant
EOF. From the viewpoint of separation properties, good sep-
aration of the tested neutral analytes on the graphene oxide
column was achieved based on a typical reversed-phase be-
havior. In contrast, the graphene column showed poor separa-
tion performance because of the strong m—w stacking and hy-
drophobic interactions between graphene and polyaromatic
hydrocarbons [120]. Despite the fact that graphene was con-
sidered a less suitable stationary phase in the previously cited
paper, Liu et al. [121] applied graphene as a novel stationary
phase in OT-CEC, and their results showed a greatly improved
separation due to the greatly enhanced surface area. The pro-
posed OT column exhibited good run-to-run repeatability and
excellent stability for at least 2 weeks of usage totaling approx-
imately 200 runs.

2.2.3 Liposomes and dendrimers as OT columns

Applications of liposomes as pseudostationary phases or car-
riers in electrokinetic chromatography have been reviewed
[122], and the review includes chromatographic use of lipo-
somal bilayers as stationary phases attached to the capillary
wall.

The immobilization procedure has changed over time
from coating with a positively charged polymer followed by
negatively charged liposomes [123] through a simple flush-
ing liposome suspension [124-126] to even more complicated
procedures [127,128]. The coating steps can include (i) epoxy-
diol coating, (ii) activation with 2,2 2-trifluoroethanesulfonyl
chloride, and (iii) liposome coupling. The effectiveness of this
coating was demonstrated by investigating the effect of the pH
of BGE on the EOF and the separation of neutral compounds.
The intra- and inter-capillary variations in EOF were 4.02%
RSD (n = 30) and 6.729% RSD (n = 4), respectively [127].
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The presence of certain ions might also affect the coating,
as shown in the case of calcium [129]. In addition, immobi-
lized dendrimers could diminish the interaction of positively
charged analytes with the capillary wall [130], which subse-
quently also displays enantioselective properties, as shown in
work of Shou et al. [131].

The approaches to development of stationary phases that
use nms as well as the number of theoretical plates and the-
oretical plate heights are summarized in Table 1.

3 Detection enhancement
3.1 Optical detection using nms

Among the optical detection modes, laser-induced fluores-
cence detection remains (and most likely will remain) the
most sensitive of detection techniques following chemical
separation, and its most valuable benefits include outstand-
ingly low detection limits (10~ M) [137] with good detection
selectivity in cases of sample analysis with rather complex
matrices. At the same time, this selectivity could be viewed
as a disadvantage because the vast majority of analytes lacks
the required fluorescent properties, and therefore, a type of
derivatization via Aluorescent label is needed.

In discussing optical detection in connection with NMs,
quantum dots (QDs) should be especially highlighted due to
their application as a fluorescent label in laser-induced flu-
orescence (LIF) detection [138-141]. An indirect method of
laser-induced fluorescence detection using CdTe QDs has
been demonstrated and enabled determination of propyl-
paraben, sodium dehydroacetate, sorbic acid, benzoic acid,
and sodium propionate in food with detection limits in the
range of tenths of mg/L [142]. Additionally, determination of
pesticide residues in vegetables [143, 144] and quinolone an-
tibiotic residues in foods [145] by indirect QDs-LIF has been
described. An alternative approach was applied by Chen and
Fung, [146], who presented LIF detection using immobilized
QDs to determine such organophosphate pesticides as mev-
inphos, phosalone, methidathion, and diazinon in vegetable
samples. The method was shown to have detection limits in
the range of tens of pg/kg.

Forster/fluorescence resonance energy transfer (FRET)
is an effective method to investigate intramolecular struc-
tural changes [147] and intermolecular interactions [148] of
molecules using fluorescent properties of particular fluo-
rescent tags while taking advantage of the energy transfer
between acceptor and emitter or emitter and quencher, re-
spectively. In this case, using the tunable properties of QDs
provides broad flexibility for experimental procedures. The
energy transfer often occurs between QD and organic dye or
between QD and QD, although a QD and another nanoparti-
cle, such as an AuNP also can be used [149].

Besides photoluminescence detection, chemilumines-
cence (CL) and electrochemiluminescence (ECL) detection
are also areas in which NMs are offering their abilities.
CL detection is based on the production of electromagnetic
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radiation when a chemical reaction excites an electron that ei-
ther luminesces or transfers the energy to another molecule
that subsequently emits the light. The attractiveness of the
CL method can be seen in the absence of undesired back-
ground signals, better sensitivity, and wide linear dynamic
range. Furthermore, because no excitation sources and opti-
cal filters are required, the entire instrumentation is simple,
robust, inexpensive, and amenable to automation. In these
systems, metal NPs can participate as catalysts, reductants,
fluorophores, or acceptors of energy. Metal nanoparticles, in-
cluding gold, silver, platinum, semiconductors, and magnetic
types, provide beneficial properties for CL detection [150]. A
luminol-H,0; system catalyzed by gold nanoparticles has
been proven to enhance the detection signal due to the catal-
ysis of gold nanoparticles, which facilitated the radical gen-
eration and electron-transfer processes taking place on the
surface of the gold nanoparticles [151, 152], and moreover,
the inhibition of signal caused by OH, NH; and SH groups
made it applicable for the determination of such compounds.
Later, an application for determining uric acid in human
serum samples was demonstrated for diagnostics of various
diseases (including diabetes) associated with alterations in
production of uric acid [153]. In addition to gold nanopar-
ticles, zirconia nanoparticles have also been utilized to en-
hance the copper (11)-catalyzed signal of a luminol-H;0; sys-
tem [154], and the determination of heme proteins in complex
matrices was described using this method. The detection lim-
its were improved by 10- to 22-fold compared with the conven-
tional method. Quantum dot-enhanced chemiluminescence
detection for simultaneous determination of dopamine and
epinephrine was presented by Zhao et al. [155]. CdTe QDs
were added to the running buffer of CE to catalyze the post-
column CL reaction between luminol and hydrogen peroxide.
The analytes were detected indirectly in terms of the decrease
in the CL signal. The detection limits achieved for dopamine
and epinephrine were 2.3 x 10°*M and 93 x 107 M,
respectively.

ECL is a special case of chemiluminescence that involves
excitation of electrons by a reaction occurring at the electrode
surface. Therefore, ECL is a combination of chemilumines-
cence and electrochemistry and thus leverages the advantages
of both methods, such as sensitivity, wide dynamic range, sta-
bility, and simplicity. However, the geometrical arrangement
is more instrumentally challenging due to the end-capillary
type of detection. Although a luminol-based ECL system was
first used in CE-ECL, current CE-ECL applications are al-
most exclusively based on the ECL system of Ru(bpy);*
and its derivatives [156]. General review articles dedicated
to the application of nanomaterials in ECL detection have
been published [157-159]. Applications of gold nanoparticles
have been shown to lead to a 100-fold decrease in the detec-
tion limit when used for the detection of pentoxyverine [160],
roxithromycin [161], propranolol and acebutolol [162], thus
achieving detection limits in the nanomolar range. In addi-
tion to gold NPs, the use of carbon nanotubes also has been
described in the form of an electrically heated Ru(bpy):**/
multiwall carbon-nanotube paste electrode [163]. This system
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was applied to separate and detect acephate and dimethoate,
and the results indicated that this system coupled with a
heated modified electrode could provide high sensitivity, a
wide linear range, a satisfactory linear relationship, and ex-
cellent reproducibility.

It should be noted that possibilities also exist for the use
of certain less traditional systems involving NPs, including
Raman spectrometry. Prikryl et al. [164] developed a photode-
position method for silver nanoparticles induced by a laser
inside a fused-silica capillary. Good properties for surface-
enhanced Raman scattering were achieved, which was bene-
ficial for both separation and detection. The entire system was
successfully tested in an analysis of rhodamines, although
certain specific applications and testing of possible interfer-
ences are still waiting to be explored.

3.2 Electrochemical detection using NMs

Electrochemical detection in CE can be performed in three
modes: potentiometric, conductometric and amperometric.
Conductometric and potentiometric detectors provide a bulk
property response with good sensitivity. By contrast, ampero-
metric detection is selective and can be tuned to the analyte of
interest. One of the main differences of this approach versus
the optical detection modes is the fact that electrochemical
detection is mostly performed by off-column, end-capillary,
destructive means. To overcome these limitations, interest
in contactless conductometric detection has been growing
steadily over the past decade [165-168].

The application of nanomaterials for electrochemical
detection encompasses a notably broad area. Due to their
electrochemical properties, nanomaterials have been applied
for electrochemical analysis of numerous analytes, includ-
ing nucleic acids [169-171], proteins [172, 173], secondary
metabolites [174,175], and metals [176]. The important func-
tions provided by nanoparticles include the immobilization
of biomolecules, catalysis of electrochemical reactions, en-
hancement of electron transfer between electrode surfaces
and proteins, labeling of biomolecules, and even participation
as areactant[177]. In addition to the relatively low costs of elec-
trochemical detection compared with those of optical instru-
mentation, other advantages such as the possibility of minia-
turization and in-field applications are important. Due to the
great breadth of this area, it is not surprising that reviews
have been published. Pumera and Escarpa [178] summarized
the different approaches for constructing nanomaterial-based
detectors for conventional CE and microchip electrophoresis
and mostly focused on three main types of nanomaterials,
L.e., carbon nanotubes, nanoparticles, and nanorods, in vari-
ous designs. Examples of scanning electron micrographs of
electrodes modified by various nanomaterials are shown in
Fig. 5. The advantages and disadvantages of the selected de-
tectors have been discussed. From the materials viewpoint,
reviews by Chen [179] and Martin [180] were focused on car-
bon. That review was directed at CNTs and boron-doped di-
amond and covered CNT-based electrochemical detectors in
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Figure 5. Scanning electron micrographs of various nanomaterial-modified electrode surfaces used for electrochemical detection in
CE. (1) SEM micrographs of bare SPE electrode (A) and CNTs dispersed on the SPE electrode surface (B). Reprinted with permission
from [185] (2) SEM images of the surfaces of (A) pure PMMA sheet, (B) pure CNTs and cross sections of (C) graphite/PMMA and (D)
CNT/PMMA composites. Conditions: Acceleration voltage, 20 kV; magnification, 5000x (A, C), 10 000x (B, D). Reprinted with permission
from [188] (3) SEM images of carbon nanotube paste electrodes prepared with (A) short and (B) long carbon nanotubes. Composition:
55.0% (w/w) carbon nanotubes and 45.0% (w/w) mineral oil. Magnification: 5000 x . Reprinted with permission from [181] (4) (A) SEM
image and (B) energy dispersive spectroscopy results for the CNT-alginate composite on a carbon disk electrode. Conditions for SEM:
acceleration voltage: 20 kV; magnification: 20 000x . Reprinted with permission from [187] 5) SEM images of (A) pristine graphene
and (B) a graphene/poly(urea-formaldehyde) composite. Conditions: Acceleration voltage, 20 kV; magnification, 5000 x . Reprinted with

permission from [193].

microchip CE, CNT-based electrochemical detectors in con-
ventional CE, boron-doped diamond electrochemical detec-
tors in microchip CE, and boron-doped diamond electro-
chemical detectors in conventional CE.

Based on the previously mentioned facts, it is clear that
various carbon modifications play the main role in this field of
CE detector development. Carbon paste electrodes modified
with carbon nanotubes are at one of the foci of these devel-
opments. Chicharro et al. [181] have shown carbon nanotube
paste electrodes prepared with short (1-5 wm) and long car-
bon nanotubes (5-20 pm) of 20-50 nm diameter to be highly
useful as detectors in flow injection analysis and CE. Those
authors found that electrodes prepared with long carbon nan-
otubes provided less noisy and more reproducible signals

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for 3,4-dihydroxyphenylacetic acid, ascorbic acid, dopamine,
norepinephrine, and epinephrine and also achieved lower
detection limits. Xu et al. [182] confirmed these promis-
ing results using a carbon nanofiber paste electrode that
exhibited good repeatability and long-term stability, and
under optimized conditions, the beta blockers sotalol, al-
prenolol, and atenolol could be detected at tens of nm. The
suggested method was also applied to determine the three
beta blockers in spiked urine samples and achieved satis-
factory assay results. The carbon paste electrode can also
be modified with a metal oxide, as demonstrated by Cheng
et al. [183], who used a nanonickel oxide-modified carbon
paste electrode for the determination of carbohydrates. Un-
der the selected optimum conditions, the three carbohydrates
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Figure 6. Electropherograms for (A} hydrazines; (B) dopamine, catechol, and ascorbic acid; (C) phenols; and (D) purines on (a) bare and
(b) CNT-modified screen-printed carbon electrodes. Sample A: (1) 100 um hydrazine, and (2) 200 um dimethylhydrazine. Sample B: (1)
100 pm dopamine, (2) 100 wm catechol, and (3) 100 um ascorbic acid. Sample C: (1) 100 pm phenol, (2) 100 um 2-chlorophenol, (3)
200 pm 2,4-dichlorophenol, and (4) 200 um 2,3-dichlorophenol. Sample D: (1) 200 pm guanine and (2) 200 um xanthine. Conditions:
(A) Run buffer, phosphate buffer (20 mM, pH 7.5), (B) 20 mM MES(2-(N-morpholino)ethanesulfonic acid, pH 6.5), (C) 10 mM borate/20
mM phosphate buffer (pH 8.0), and (D) 5 mM borate/10 mM phosphate buffer (pH 8.0). Separation voltage: (A) +1000 V and (B-D) +
1500 V; injection voltage: (A) +1000 V, (B, C) +1500 V, and (D) +2000 V; detection potential: (A) +0.6 V, (B) +0.7 V, (C) +0.9 V, and (D)
+0.8 V (versus Ag/AgCl wire). Reprinted with permission from [184] Copyright 2004 American Chemical Society.

of glucose, sucrose and fructose could be perfectly separated
within 20 min.

MWCNTs were mixed with epoxy to fabricate a mi-
crodisk electrode used as a detector in a specially designed
miniaturized CE-amperometric detection system for the sep-
aration and detection of several bioactive thiols [184]. The
great advantage of this approach was its rapidity, which can
be appreciated via the fact that the thiols of interest (homo-
cysteine, cysteine, glutathione, and N-acetylcysteine) were
detected within 130 s using phosphate buffer as a BGE.
The end-channel CNT amperometric detector offers favor-
able signal-to-noise characteristics at a relatively low potential
(0.8 V) for detection of thiol compounds.

The potential of MWCNTs was confirmed by Crevillen
et al. [185], who reported the development of carbon nan-
otube disposable detectors in microchip CE for determina-
tion of water-soluble vitamins. The authors tested a glassy
carbon electrode and screen-printed electrode modified with
MWCNTs. The screen-printed electrode provided better an-
alytical performance for vitamin analysis (detecting pyridox-
ine, ascorbic acid, and folic acid).

Another type of electrode, ie., a gold one, was
modified with SWCNTs [186]. The modified gold elec-
trode displayed greatly improved sensitivity and separa-
tion resolution compared with the bare gold electrode,
thus reflecting the electrocatalytic activity of SWCNTs. The
SWCNT/Au electrode exhibits low background noise levels
and was found suitable for determining aminophenols and
neurotransmitters.

Wei et al. [187] published a paper describing the devel-
opment and application of a novel carbon-nanotube-alginate
composite-modified electrode as a sensitive amperometric de-
tector for CE. The performance of this CNT-based detector
was demonstrated by separation and detection of five caf-
feic acid derivatives. Carbon nanotubes also can be modi-
fied by poly(methyl methacrylate) to create a CNT/PMMA
electrode as a sensitive amperometric detector for microchip
CE, and this design was applied for detection of phenolic

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pollutants and purities [188]. The preparation of CNT/copper
composite electrodes based on co-mixing CNT and Cu pow-
ders within mineral oil has been described as well [189].
The published results suggest that the CNT/Cu composite
electrode detector displays enhanced sensitivity compared
with detectors based on copper or CNTs alone. This result
could be related to specific properties of copper on the sur-
faces of the various types of electrodes [190-192]. One can
conclude that significant improvements in the performance
of a CE microchip with an electrochemical detector are ob-
served using a CNT-modified working electrode. The CNT-
modified electrode allows CE amperometric detection at sig-
nificantly lower operating potentials and yields substantially
enhanced signal-to-noise characteristics [184], as shown in
Fig. 6.

Another published report describes the fabrication and
application of a novel graphene/poly(urea-formaldehyde)
composite-modified platinum disk electrode as a sensitive
amperometric detector for CE. To demonstrate its feasibility
and performance, this disk electrode was coupled with CE for
separation and detection of salidroside and tyrosol in Rhodiola
rosea, a traditional Chinese medicinal plant [193]. A summary
of detection approaches based on application of nms is given
in Table 2.

4 Conclusion and future perspective

Since its discovery, electrophoresis has benefited from the
presence of various types of media, such as paper or gel,
which offer additional means of separation. In addition, since
the separations were transferred to capillary and microfluidic
formats, the addition of a “stationary phase”, sieving me-
dia or pseudostationary phase has broadened the portfolio of
applications. This advance enabled the development of sev-
eral members of the family of electrophoretic methods, in-
cluding capillary electrochromatography or capillary micellar
electrokinetic chromatography.
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Especially in these electrophoretic techniques, the appli-
cation of nanomaterials provides additional interactions with
the sample components and therefore improves the separa-
tion performance.

Despite the great advantages provided by the family
of electromigration techniques, these methods also display
weaknesses that include robustness and repeatability of mea-
surements, which, with the sole exception of the case of
DNA sequencers, constitute obstacles to the use of capil-
lary electrophoretic techniques in clinical practice. The use of
nanomaterials in electromigration methods offers new per-
spectives in the field of clinical use because these advanced
materials can lower detection limits while simultaneously
enhancing separation effectiveness. The combination of the
miniaturization potential of CE with the abilities of NMs to
improve the overall performance might increase the possibil-
ity of development and practical application of a portable and
cost-effective device that is applicable in point-of-care areas
suitable for personalized diagnostics.

From the viewpoint of CE, we have shown that NMs
such as liposomes and dendrimers are able to improve the
separation step of CE analysis, and QDs can significantly im-
prove the detection step. Even though, several members of
the nanomaterial family, in particular carbon nanotubes and
metal nanoparticles, can improve both of these steps (Fig. 7).
At the same time, CE represents a group of effective tech-
niques for nm characterization, evaluation, and observation.
In this paper, we have demonstrated that nanoparticles have
various natures and that nanoparticles, carbon nanomateri-
als, liposomes, and dendrimers can be characterized by CE
in terms of one or more parameters, such as their size, sur-
face chemistry, and interaction abilities. Such symbiosis of
CE and nms is beneficial for analytical chemists and material
scientists as well as biochemists and molecular biologists be-
cause it leads to the development of new, more effective and
more sensitive methods.

In our opinion, it is highly improbable that nanomaterials
will completely replace such well-established approaches as
organic dyes for fluorescent labeling. Nevertheless, nanoma-
terials offer new possibilities and options for a wide range of

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Schematic classification of nano-
materials according to their application
in improving a particular CE performance
parameter.

applications. The electrochemical detection modes especially
benefit from applications of nms that enable increasingly
sensitive detection. Moreover, in combination with advances
in microfluidics, the separation power of electrophoretic
analysis, which is further enhanced by nanomaterial-based
stationary and pseudostationary phases, promises increas-
ingly effective analyses of complex biological samples.

Financial support was provided by Grant agency of Czech Re-
public (GACR 16-23647Y) and project CEITEC 2020 (LQ1601)
with financial support from the Ministry of Education, Youth and
Sports of the Czech Republic under the National Sustainability
Programme I1.

The authors have declared no conflict of interest.

5 References

[1] Pumera, M., Chem. Commun. 2011, 47, 567 1-5680.

[2] Huang, X. H., Coleman, W. F, Zare, R. N., 1989, 480,
95-110.

[3] Kist, T B. L., Mandaji, M., Electrophoresis 2004, 25,
3492-3497.

[4] Lin, Y. W., Huang, M. E, Chang, H. T., Electrophoresis
2005, 26, 320-330.

[6] Nilsson, C., Birnbaum, S., Nilsson, S., J. Chromatogr.
A 2007, 1168, 212-224.

[6] Sebestik, J., Niederhafner, P, Jezek, J., Amino Acids
2011, 40, 301-370.

[7] Pauwels, J., Van Schepdael, A., Cent. Eur. J. Chem.
2012, 10, 785-801.

[8] Duan, A. H., Xie, S. M., Yuan, L. M., Trac-Trends Anal.
Chem. 2011, 30, 484-491.

[9] Nilsson, C., Birnbaum, S., Nilsson, S., Electrophoresis
2011, 32, 1141-1147.

[10] Chang, C. L., Wang, X., Bai, Y., Liu, H. W., Trac-Trends
Anal. Chem. 2012, 39, 195-206.

[11] Li, H.E, Zeng, H. L., Chen, Z. F, Lin, J. M., Electrophore-
sis 2009, 30, 1022-1029.

www.electrophoresis-journal.com

157



Electrophoresis 2017, 38, 2405-2430

[12] Moliner-Martinez, Y., Cardenas, S., Valcarcel, M., Elec-
trophoresis 2007, 28, 2573-2579.

[13] Geng, L., Bo, T, Liu, H. W,, Li, N., Liu, F, Li, K., Gu, J. L.,
Fu, R. N., Chromatographia 2004, 59, 65-70.

[14] Li, M., Liu, X., Jiang, E Y., Guo, L. P, Yang, L., J. Chro-
matogr. A 2011, 1218, 3725-3729.

[15] Chen, X., Rao, J. A., Wang, J., Gooding, J. J., Zou, G.,
Zhang, Q. J., Chem. Commun. 2011, 47, 10317-10319.

[16] Lu, J. Y, Ye, FE G., Zhang, A. Z., Wei, Z., Peng, Y., Zhao,
S. L., J. Sep. Sci. 2011, 34, 2329-2336.

[17] Liang, R. P, Liu, C. M., Meng, X. Y., Wang, J. W., Qiu,
J. D. J Chromatogr A 2012, 1266, 95
102.

[18] Stefan-van Staden, R. |., Bokretsion, R. G., Anal. Meth-
ods 2012, 4, 1492-1497.

[19] Su, H. Y., Zheng, Q. L., Li, H. B., J. Mater. Chem. 2012,
22, 6546-6548.

[20] Na, N., Hu, Y. P, Ouyang, J., Baeyens, W. R. G., De-
langhe, J. R., De Beer, T, Anal. Chim. Acta 2004, 527,
139-147.

[21] Na, N., Hu, Y. P, Jin, 0. Y., Baeyens, W.R. G., Delanghe,
J. R., Taes, Y. E. C., Xie, M. X., Chen, H. Y,, Yang, Y. P,
Talanta 2006, 69, 866-872.

[22] Yang, L., Chen, C. J., Liu, X., Shi, J., Wang, G. A., Zhu,
L. D., Guo, L. R, Glennon, J. D., Scully, N. M., Doherty,
B. E., Electrophoresis 2010, 31, 1697-1705.

[23] Quirino, J. P, Terabe, S., J. Chromatogr. A 1999, 856,
465-482.

[24] Li, H., Ding, G. S., Chen, J., Tang, A. N., J. Chromatogr.
A 2010, 1217, 7448-7454.

[25] Takeda, Y., Hayashi, Y., Utamura, N., Takamoto, C., Ki-
noshita, M., Yamamoto, S., Hayakawa, T., Suzuki, S.,
J. Chromatogr. A 2016, 1427, 170-176.

[26] Guo, Y., Qin, W., 2014, 35, 35649-3555.

[27] Sun, W., Dong, Y., Cui, H., Zhao, H., He, Y., Ding, Y., Li,
X., Yuan, Z., 2014, 77, 821-828.

[28] Gong, Z.-S., Duan, L.-P, Tang, A-N., 2015, 182
1297-1304.

[29] Kuo, I. T, Huang, Y. F, Chang, H. T., Electrophoresis
2005, 26, 2643-2651.

[30] Wang, Y. Q., Baeyens, W.R. G, Huang, C. G., Fei, G. T,
He, L., Ouyang, J., Talanta 2009, 77, 1667-1674.

[31] Liu, E J,, Ding, G.S., Tang, A. N., Food Chem. 2014, 145,
109-114.

[32] Yan, X. H., Ding, G. S., Li, H., Tang, A. N., Electrophore-
sis 2011, 32, 1357-1363.

[33] Liu, D. N., Wang, J., Guo, Y. G., Yuan, R. J., Wang, H. F,
Bao, J. J., Electrophoresis 2008, 29, 863-870.

[34] Hui, L. J., Ma, Y., Chromatographia 2011, 73, 507-515.

[35] Qin, W. D., Electrophoresis 2007, 28, 3017-3023.

[36] Zhou, S. S., Wang, Y. Q., De Beer, T., Baeyens, W. R.
G., Fei, G. T, Dilinuer, M., Ouyang, J., Electrophoresis
2008, 29, 2321-2329.

[37] Kwon, H., Kim, Y., Bull. Korean Chem. Soc. 2009, 30,
297-301.

[38] Liu, F K., Chang, Y. C., Chromatographia 2010, 72,
1129-1135.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CE and CEC 2427

[39] Chiou, S. H., Huang, M. E, Chang, H. T, Electrophoresis
2004, 25, 2186-2192.

[40] Huang, M. F, Huang, C. C., Chang, H. T, Electrophoresis
2003, 24, 2896-2902.

[41] Chen, Y. L., Shih, C. J., Ferrance, J., Chang, Y. S.,
Chang, J. G., Wu, S. M., J. Chromatogr. A 2009, 1216,
1206-1212.

[42] Huang, M. E, Kuo, Y. C., Huang, C. C., Chang, H. T., Anal.
Chem. 2004, 76, 192-196.

[43] Subramaniam, V., Griffith, L., Haes, A. J., Analyst 2011,
136, 3469-3477.

Nilsson, C., Becker, K., Harwigsson, I., Bulow, L., Birn-
baum, S., Nilsson, S., Anal. Chem. 2009, 81, 315-321.

[45] Palmer, C. P, Hilder, E. E, Quirino, J. P, Haddad, P R.,
Anal. Chem. 2010, 82, 4046-4054.

[46] Palmer, C. P, Keeffer, A., Hilder, E. E, Haddad, P R.,
Electrophoresis 2011, 32, 588-594.

[47] Breadmore, M. C., Macka, M., Haddad, P. R., 1999, 20,
1987-1992.

[48] Viberg, P, Jornten-Karlsson, M., Petersson, P, Spegel,
P, Nilsson, S., Anal. Chem. 2002, 74, 4595-4601.

[49] Malmstrom, D., Axen, J., Bergquist, J., Viberg, P,
Spegel, P, Electrophoresis 2011, 32, 261-267.

[50] Spegel, P, Schweitz, L., Nilsson, S., Anal. Chem. 2003,
75, 6608-6613.

[61] Moliner-Martinez, Y., Cardenas, S., Simonet, B. M., Val-
carcel, M., Electrophoresis 2009, 30, 169-175.

[52] Treubig, J. M., Brown, P.R., J. Chromatogr. A 2000, 873,
257-267.

[63] Sun, Y. M., Bi, Q., Zhang, X. L., Wang, L. T, Zhang, X.,
Dong, S. Q., Zhao, L., Anal. Biochem. 2016, 500, 38-
44,

[64] Wang, Z. H., Luo, G. A., Chen, J. F, Xiao, S. F, Wang,
Y. M., Electrophoresis 2003, 24, 4181-4188.

[65] Jimenez-Soto, J. M., Moliner-Martinez, Y., Cardenas,
S., Valcarcel, M., Electrophoresis 2010, 31, 1681-
1688.

[66] Huang, Y. J., Wang, G. R., Huang, K. P, Hsieh, Y. F, Liu,
C. Y., Electrophoresis 2009, 30, 3964-3970.

[57] Xiong, X., Ouyang, J., Baeyens, W. R. G., Delanghe,
J.R., Shen, X. M., Yang, Y. P, Electrophoresis 2006, 27,
3243-3253.

[58] Hou, J. Y., Li, G., Wei, Y. Q., Lu, H., Jiang, C., Zhou, X.
T.Meng, E Y., Cao, J., Liu, J. X., J. Chromatogr. A 2014,
1343, 174-181.

[69] Su, M.-Y, Chen, Y.-Y, Yang, J.-Y, Lin, Y.-S., Lin, Y.-W,,
Liu, M.-Y., 2014, 35, 978-985.

[60] Xu, Y., Li, S.EY., Electrophoresis 2006, 27, 4025-4028.

[61] Nilsson, C., Harwigsson, I., Birnbaum, S., Nilsson, S.,
Electrophoresis 2010, 31, 1773-1779.

[62] Ohlsson, P, Ordeig, O., Nilsson, C., Harwigsson, |.,
Kutter, J. P, Nilsson, S., Electrophoresis 2010, 31,
3696-3702.

[63] Corradini, D., Mancini, G., Bello, C., Chromatographia
2004, 60, S125-5132.

[64] Corradini, D., Mancinia, G., Bello, C., J. Chromatogr. A
2004, 1051, 103-110.

[44]

www.electrophoresis-journal.com

158



2428 V. Adam and M. Vaculovicova

[65] Montealegre, C., Rasines, B., Gomez, R., de la Mata,
F J., Garcia-Ruiz, C., Marina, M. L., J. Chromatogr. A
2012, 1234, 16-21.

[66] Mould, D. L., Synge, R. L. M., 1952, 77, 964-969.

[67] Pretorius, V., Hopkins, B. J., Schieke, J. D., 1974, 99,
23-30.

[68] Altria, K. D., J. Chromatogr. A 1999, 856, 443-463.

[69] Cikalo, M. G., Bartle, K. D., Robson, M. M., Myers, P,
Euerby, M. R., Analyst 1998, 123, 87R-102R.

[70] Colon, L. A., Reynolds, K. J., Alicea-Maldonado,
R., Fermier, A. M., Electrophoresis 1997, 18, 2162-
2174,

[71] Dermaux, A., Sandra, P, Electrophoresis 1999, 20,
3027-3065.

[72] Robson, M. M., Cikalo, M. G., Myers, P, Euerby, M. R.,
Bartle, K. D., J. Microcolumn Sep. 1997, 9, 367-372.

[73] Kapnissi-Christodoulou, C. P, Zhu, X. E, Warner, I. M.,
Electrophoresis 2003, 24, 3917-3934.

[74] Hu, W, Hong, T, Gao, X., Ji, Y., 2014, 61, 29-39.

[75] Tsuda, T, Nomura, K. Nakagawa, G., 1982, 248,
241-247.

[76] Guihen, E., Glennon, J. D., J. Chromatogr. A 2004, 1044,
67-81.

[77] Nilsson, C., Viberg, P, Spegel, P, Jornten-Karlsson,
M., Petersson, P, Nilsson, S., Anal. Chem. 20086, 78,
6088—-6095.

[78] Spegel, P, Viberg, P, Carlstedt, J., Petersson, P,
Jornten-Karlsson, M., J. Chromatogr. A 2007, 1154,

379-385.

[79] Hamer, M., Yone, A., Rezzano, |., Electrophoresis 2012,
33, 334-339.

[80] Liu, F K., Hsu, Y. T, Wu, C. H., J. Chromatogr. A 2005,
1083, 205-214.

[81] Miksik, I., Lacinova, K., Zmatlikova, Z., Sedlakova, P,
Kral, V., Sykora, D., Rezanka, P, Kasicka, V., J. Sep. Sci.
2012, 35, 994-1002.

[82] O'Mahony, T, Owens, V. P, Murrihy, J. P, Guihen, E.,
Holmes, J. D., Glennon, J. D., J. Chromatogr. A 2003,
1004, 181-193.

[83] Qu, Q. S, Liu, D. P, Mangelings, D., Yang, C., Hu, X. Y.,
J. Chromatogr. A 2010, 1217, 6588-6594.

[84] Qu, Q.S.,Zhang, X. X., Shen, M., Liu, Y., Hu, X. Y., Yang,
G. J.,Wang, C. Y., Zhang, Y. K., Yan, C., Electrophoresis
2008, 29, 901-909.

[85] Rezanka, P, Navratilova, K. Zvatora, P,
Sykora, D., Matejka, P, Miksik, I, Kasicka, V.,

Kral, V., J. Nanopart. Res. 2011, 13, 5947-
5957.

[86] Yang, L., Guihen, E., Glennon, J. D., J. Sep. Sci. 2005,
28, 767-766.

[87] Yang, L., Guihen, E., Holmes, J. D., Loughran, M.,
O'Sullivan, G. P, Glennon, J. D., Anal. Chem. 2005, 77,
1840-1846.

[88] Neiman, B., Grushka, E., Lev, 0., Anal. Chem. 2001, 73,
5220-5227.

[89] Zheng, J. W., Zhu, Z. H., Chen, H. F, Liu, Z. F, Langmuir
2000, 16, 4409-4412.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2017, 38, 24052430

[90] Wang, H. Y., Knobel, G., Wilson, W. B., Calimag-
Williams, K., Campiglia, A. D., Electrophoresis 2011,
32,720-727.

[91] Pumera, M., Wang, J., Grushka, E., Polsky, R., Anal.
Chem. 2001, 73, 5625-5628.

[92] Yu, C.J., Su, C. L., Tseng, W. L., Anal. Chem. 2006, 78,
8004-8010.

[93] Liu, Q., Yao, L. H., Shen, Q. P, Nie, Z., Guo, M. L., Yao,
S.Z., Chem.-Eur. J. 2009, 15, 12828-12836.

[94] Yan, H. T, Li, T., Guo, Y. L., Chin. J. Chem. 2009, 27,
759-762.

[95] Kleindienst, G., Huber, C. G., Gjerde, D. T, Yengoyan,
L., Bonn, G. K., Electrophoresis 1998, 19, 262-269.

[96] Wang, D. M., Song, X. J., Duan, Y., Xu, L., Zhou, J.,
Duan, H. Q., Electrophoresis 2013, 34, 1339-1342.

[97] Hsieh, Y. L., Chen, T. H., Liu, C. Y., Electrophoresis 2006,
27,4288-4294.

[98] Li, T, Xu, Y., Feng, Y. Q., J. Liq. Chromatogr. Relat. Tech-
nol. 2009, 32, 2484-2498.

[99] Hsieh,Y.L.,Chen, T.H., Liu, C. P, Liu, C. Y., Electrophore-
sis 2005, 26, 4089-4097.

[100] Lee, C. H., Huang, B. Y., Chen, Y. C., Liu, C. P, Liu, C. Y,,
Analyst 2011, 136, 1481-1487.

[101] Ohno, T., Matsuda, T., Suzuki, H., Fujimoto, M., Adv.
Powder Technol. 2006, 17, 167-179.

[102] Dong, X. L., Wu,R. A, Dong, J., Wu, M. H., Zhu, Y., Zou,
H. E, Electrophoresis 2008, 29, 3933-3940.

[103] Diao, X. E, Zhang, F F, Yang, B. C., Liang, X. M., Ke, Y.
X., Chu, X. G., J. Chromatogr. A 2012, 1267, 127-130.
[104] Liu, Z., Wu, R., Zou, H. F, 2002, 23, 3954-3972.

[105] Zhang, S. S., Macka, M., Haddad, P R., 2006, 27,
1069-1077.

[106] Guo, Y., Meng, L., Zhang, Y., Tang, W., Zhang, W., Xia,
Y., Ban, E, Wu, N., Zhang, S., 2013, 942, 151-157.

[107] Zhang, Y., Yang, L., Tian, X., Guo, Y, Tang, W,, Yu, A,,
Zhang, W., Sun, B., Zhang, S., 2015, 70, 885-891.

[108] Kitagawa, F, Sudaki, H., Sueyoshi, K., Otsuka, K., Anal.
Sci. 2013, 29, 107-112.

[109] Zhu, Y. X., Zhou, C. R., Qin, S. S, Ren, Z. Y., Zhang, L.
Y., Fu, H. G., Zhang, W. B., 2012, 33, 340-347.

[110] Zhang, L. Y., Zhu, Y. X., Zhang, W. B., Acta Chim. Sin.
2013, 71, 62-68.

[111] Wang, W., Xiao, X., Chen, J., Jia, L., 2015, 1411, 92-100.

[112] Sombra, L., Moliner-Martinez, Y., Cardenas, S., Valcar-
cel, M., Electrophoresis 2008, 29, 3850-3857.

[113] Chen, J. L., Hsieh, K. H., Electrophoresis 2010, 31,
3937-3948.

[114] Chen, J. L., Lu, T. L., Lin, Y. C., Electrophoresis 2010, 31,
3217-3226.

[115] Chen, J. L., J. Chromatogr. A 2010, 1217, 715-721.

[116] Stege, P W., Lapierre, A. V., Martinez, L. D., Messina, G.
A., Sombra, L. L., Talanta 2011, 86, 278-283.

[117] Goswami, S., Bajwa, N., Asuri, P, Ci, L. J., Ajayan, P M.,
Cramer, S. M., Chromatographia 2009, 69, 473-480.

[118] Mogensen, K. B., Chen, M., Molhave, K., Boggild, P,
Kutter, J. P, Lab Chip 2011, 11, 2116-2118.

www.electrophoresis-journal.com

159



Electrophoresis 2017, 38, 2405-2430

[119] Yu, B., Shu, X., Cong, H. L., Chen, X., Liu, H. W,, Yuan,
H., Chi, M., J. Chromatogr. A 2016, 1437, 226-233.

[120] Qu, Q. S., Gu, C. H., Hu, X. Y., Anal. Chem. 2012, 84,
8880-8890.

[121] Liu, X., Liu, X. L., Li, M., Guo, L. P, Yang, L., J. Chro-
matogr. A 2013, 1277, 93-97.

[122] Bilek, G., Kremser, L., Blaas, D., Kenndler, E., J. Chro-
matogr. B 2006, 841, 38-51.

[123] Ornskov, E., Ullsten, S., Soderberg, L., Markides,
K. E., Folestad, S., Electrophoresis 2002, 23, 3381-
3384.

[124] Manetto, G., Bellini, M. S., Deyl, Z., J. Chromatogr. A
2003, 990, 281-289.

[125] Hautala, J. T, Linden, M. V., Wiedmer, S. K., Ryhanen,
S. J., Saily, M. J., Kinnunen, P. K. J., Riekkola, M. L., J.
Chromatogr. A 2003, 1004, 81-90.

[126] Wiedmer, S. K., Jussila, M., Hakala, R. M. S., Pysty-
nen, K. H., Riekkola, M. L., Electrophoresis 2005, 26,
1920-1927.

[127] Mei, J., Xu, J. R., Xiao, Y. X., Liao, X. Y., Qiu, G. F, Feng,
Y. Q., Electrophoresis 2008, 29, 3825-3833.

[128] Mei, J., Tian, Y. P, He, W., Xiao, Y. X., Wei, J. A., Feng,
Y. Q., J. Chromatogr. A 2010, 1217, 6979-6986.

[129] Hautala, J. T., Wiedmer, S. K., Riekkola, M. L., Anal.
Bioanal. Chem. 2004, 378, 1769-1776.

[130] Shou, C. Q., Xing, X. X., Kang, J. F, Zhang, Z. L., Song,
N. J., Pan, S., Chin. J. Anal. Chem. 2008, 36, 167-
171.

[131] Shou, C.Q.,Kang, J. E, Song, N. J., Chin. J. Anal. Chem.
2008, 36, 297-300.

[132] Stage, P W., Sombra, L. L., Messina, G., Martinez, L. D.,
Silya, M. E, Electrophoresis 2010, 31, 2242-2248.

[133] Lin, Y. W., Huang, M. J., Chang, H. T, J. Chromatogr. A
2003, 1014, 47-55.

[134] You, J., Zhao, L. G., Wang, G. W., Zhou, H. T, Zhou, J.
P, Zhang, L. N., J. Chromatogr. A 2014, 1343, 160-166.

[135] Li, X. J., Fu, Q. F, Zhang, Q. H., Jiang, X. M., Yang, FE Q.,
Wei, W. L., Xia, Z. N., Anal. Methods 2015, 7,8227-8234.

[136] Back, S. K., Kang, C., Kim, Y., Bull. Korean Chem. Soc.
20086, 27, 133-136.

[137] Swinney, K., Bornhop, D. J., Electrophoresis 2000, 21,
1239-1250.

[138] Chen, Q. D., Zhao, W. E, Fung, Y. S., Electrophoresis
2011, 32, 1252-1257.

[139] Bai, Y., Du, EY., Yang, Y. Y, Liu, H. W., J. Sep. Sci. 2011,
34, 2893-2900.

[140] Guo, D.S.,Chen, G.H., Tong, M. Z., Wu, C. Q., Fang, R.,
Yi, L. X., Chin. J. Anal. Chem. 2012, 40, 1379-1384.

[141] Qiu, L., Bi, Y. H., Wang, C. L., Li, J. Y., Guo, P L., Li, J. C.,
He, W. J., Wang, J. H., Jiang, P. J., Int. J. Mol. Sci. 2014,
15, 1804-1811.

[142] Guo, D.-S., Chen, G.-H., Tong, M.-Z., Wu, C.-Q., Fang,
R., Yi, L.-X., 2012, 40, 1379-1384.

[143] Chen, G.H., Sun, J., Dai, Y. J., Dong, M., Electrophoresis
2012, 33, 2192-2196.

[144] Tang, T. T, Deng, J. J., Zhang, M., Shi, G. Y., Zhou, T S.,
Talanta 2016, 146, 55-61.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CE and CEC 2429

[145] Meng, H. L., Chen, G. H., Guo, X., Chen, P, Cai, Q. H.,
Tian, Y. E, Anal. Bioanal. Chem. 2014, 406, 3201-3208.

[146] Chen, Q. D., Fung, Y. S., Electrophoresis 2010, 31,
3107-3114.

[147] Zhang, C. Y., Johnson, L. W., Anal. Chem. 2006, 78,
5532-5537.

[148] Li, Y. Q., Wang, J. H., Zhang, H. L., Yang, J., Guan, L. Y,,
Chen, H., Luo, Q. M., Zhao, Y. D., Biosens. Bioelectron.
2010, 25, 1283-1289.

[149] Li, Y. Q., Guan, L. Y., Zhang, H. L., Chen, J., Lin, S., Ma,
Z.Y., Zhao, Y. D., Anal. Chem. 2011, 83, 4103-4109.

[160] Giokas, D. L., Vlessidis, A. G., Tsogas, G. Z., Evmiridis,
N. P, Trac-Trends Anal. Chem. 2010, 29, 1113-1126.

[161] Zhang, Z. F, Cui, H., Lai, C. Z., Liu, L. J., Anal. Chem.
2005, 77, 3324-3329.

[1562] Jiang, J., Zhao, S. L., Huang, Y, Qin, G. X., Ye, E G., J.
Chromatogr. A 2013, 1282, 161-166.

[1583] Zhao, S. L., Lan, X. H., Liu, Y. M., Electrophoresis 2009,
30, 2676-2680.

[154] Liu, Q. C., Wu, J. Q., Tian, J., Zhang, C. L., Gao, J. J.,
Latep, N., Ge, Y., Qin, W. D., Talanta 2012, 97, 193-198.

[165] Zhao, Y., Zhao, S., Huang, J., Ye, F, 2011, 85, 2650-2654.

[166] Guo, L. H., Fu, F, Chen, G. N., Anal. Bioanal. Chem.
2011, 399, 3323-3343.

[157] Qi, H. L., Peng, Y., Gao, Q., Zhang, C. X., Sensors 2009,
9, 674-695.

[158] Huang, H. P, Li, J. J., Zhu, J. J., Anal. Methods 2011, 3,
33-42.

[159] Bertoncello, P, Forster, R. J., Biosens. Bioelectron.
2009, 24, 3191-3200.

[160] Liu,Y.J.,Pan, W, Liu, Q., Yao, S. Z., 2005, 26, 4468-4477.

[161] Wang, J. W., Yang, Z. M., Wang, X. X., Yang, N. J.,
Talanta 2008, 76, 85-90.

[162] Duan, H. B., Cao, J. T, Wang, H., Liu, Y. M., RSC Adv.
2016, 6, 45533-45539.

[163] Chen, Y, Lin, Z., Chen, J., Sun, J., Zhang, L., Chen, G.,
J. Chromatogr. A 2007, 1172, 84-91.

[164] Prikryl, J_, Kleparnik, K., Foret, E, J. Chromatogr. A2012,
1226, 43-47.

[165] Elbashir, A. A., Aboul-Enein, H. Y., 2010, 24, 1038-1044.
[166] Elbashir, A. A., Aboul-Enein, H. Y., 2012, 26, 990-1000.
[167] Kuban, P, Hauser, P. C., 2004, 16, 2009-2021.

[168] Zemann, A. J., 2003, 24, 2125-2137.

[169] Erdem, A., Talanta 2007, 74, 318-325.

[170] Liu, X. G., Cheng, Z. Q., Fan, H., Ai, S. Y., Han, R. X.,
Electrochim. Acta 2011, 56, 6266-6270.

[171] Mao, X., Liu, G. D., J. Biomed. Nanotechnol. 2008, 4,
419-431.

[172] Rusling, J. F, Chem. Rec. 2012, 12, 164-176.

[173] Rusling, J. E, Sotzing, G., Papadimitrakopoulosa, F, Bio-
electrochemistry 2009, 76, 189-194.

[174] de Andres, F, Zougagh, M., Castaneda, G., Rios, A., J.
Chromatogr. A 2008, 1212, 54-60.

[175] Songa, E. A., Waryo, T, Jahed, N., Baker, P G. L.,
Kgarebe, B. V., lwuoha, E. |., Electroanalysis 2009, 21,
671-674.

www.electrophoresis-journal.com

160



2430 V. Adam and M. Vaculovicova

[176] Aragay, G., Merkoci, A., Electrochim. Acta 2012, 84,
49-61.

[177] Luo, X. L., Morrin, A, Killard, A. J., Smyth, M. R., Elec-
troanalysis 2006, 18, 319-326.

[178] Pumera, M., Escarpa, A., Electrophoresis 2009, 30,
3315-3323.

[179] Chen, G., Talanta 2007, 74, 326-332.

[180] Martin, A., Lopez, M. A., Gonzalez, M. C., Escarpa, A.,
Electrophoresis 2015, 36, 179-194.

[181] Chicharro, M., Sanchez, A., Bermejo, E., Zapardiel, A.,
Rubianes, M. D., Rivas, G. A., Anal. Chim. Acta 2005,
543, 84-91.

[182] Xu,L., Guo, Q. H., Yu, H., Huang, J. S., You, T Y., Talanta
2012, 97, 462-467.

[183] Cheng, X., Zhang, S., Zhang, H. Y., Wang, Q. J., He, P
G., Fang, Y. Z., Food Chem. 2008, 106, 830-835.

[184] Chen, G., Zhang, L. Y., Wang, J., Talanta 2004, 64,
1018-1023.

[185] Crevillen, A. G., Pumera, M., Gonzalez, M. C., Escarpa,
A., Electrophoresis 2008, 29, 2997-3004.

[186] Pumera, M., Llopis, X., Merkoci, A., Alegret, S., Mi-
crochim. Acta 2006, 152, 261-265.

[187] Wei, B. G., Wang, J., Chen, Z., Chen, G., Chem.-Eur. J.
2008, 74, 9779-9785.

[188] Yao, X., Wu, H. X., Wang, J., Qu, S., Chen, G., Chem.-
Eur. J. 2007, 13, 846-853.

[189] Wang, J., Chen, G., Wang, M., Chatrathi, M. P, Analyst
2004, 129, 512-515.

[190] Chomoucka, J., Drbohlavova, J., Masarik, M., Ryvolova,
M., Huska, D., Prasek, J., Horna, A., Trnkova, L.,
Provaznik, I., Adam, V., Hubalek, J., Kizek, R., 2012, 9,
746-783.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2017, 38, 2405-2430

[191] Jelen, E, Yosypchuk, B., Kourilova, A., Novotny, L., Pale-
cek, E., Anal. Chem. 2002, 74, 4788-4793.

[192] Navratil, R., Pilarova, l., Jelen, E, Trnkova, L., Int. J.
Electrochem. Sci. 2013, 8, 4397-4408.

[193] Chen, B., Zhang, L. Y., Chen, G., Electrophoresis 2011,
32, 870-876.

[194] Sheng, S. J., Zhang, L. Y., Chen, G., Food Chem. 2014,
145, 555-561.

[195] Chua, C. K., Ambrosi, A., Pumera, M., Electrochem.
Commun. 2011, 13, 517-519.

[196] Feng, H.T., Law, W.S., Yu, L., Li, S. E Y., J. Chromatogr.
A 2007, 1156, 75-79.

[197] Kleparnik, K., Voracova, 1., Liskova, M., Prikryi, J., Hezi-
nova, V., Foret, E, Electrophoresis 2011, 32, 1217-1223.

[198] Liu, J. M., Li, Y., Jiang, Y., Yan, X. P, J. Proteome Res.
2010, 9, 3645-3550.

[199] Cao, W., Chen, L., Fu, Y. J., Tan, Z. Y., Qu, B., J. Sep. Sci.
2011, 34, 939-946.

[200] Liu, Y. M., Mei, L., Liu, L. J., Peng, L. F, Chen, Y. H., Rei,
S.W., Anal. Chem. 2011, 83, 1137-1143.

[201] Liu, Y. M., Liu, Y. Y., Zhou, M., Huang, K. J., Cao, J. T,
Wang, H., Chen, Y. H., J. Chromatogr. A 2014, 1340,
128-133.

[202] Shi, M., Zhao, S. L., Huang, Y., Zhao, L. M., Liu, Y. M.,
Talanta 2014, 124, 14-20.

[203] Wang, X. L., L, L. J., Li, Z. Y., Wang, J., Fu, H. Y,
Chen, Z. Z., J. Electroanal. Chem. 2014, 712, 139-
145.

[204] Cao, J., Dun, W. L., Qu, H. B., Electrophoresis 2011, 32,
408-413.

[2056] Chen, J. L., Lin, Y. C., Electrophoresis 2010, 31,
3949-3958.

www.electrophoresis-journal.com

161



Article 11
Nejdl L, Zitka J, Mravec F, Milosavljevic V, Zitka O, Kopel P, Adam V, Vaculovicova M.

Real-time monitoring of the UV-induced formation of quantum dots on a milliliter,

microliter, and nanoliter scale. Microchim Acta 2017;184(5):1489-1497.

162



Microchim Acta (2017) 184:1489-1497
DOI 10.1007/s00604-017-2149-8

@(J’mslﬂaﬁ:

ORIGINAL PAPER

Real-time monitoring of the UV-induced formation of quantum
dots on a milliliter, microliter, and nanoliter scale

Lukas Nejdl ' « Jan Zitka'? « Filip Mravee® « Vedran Milosavljevic ' « Ondrej Zitka ' «

Pavel Kopel'? « Vojtech Adam ' « Marketa Vaculovicova

Received: 28 November 2016 / Accepted: 19 February 2017 /Published online: 3 March 2017

© Springer-Verlag Wien 2017

Abstract The authors report on a systematic study on the
low-cost, low-temperature, and fast synthesis of water soluble
quantum dots (QDs) stabilized by mercaptosuccinic acid by
UV irradiation. The effects of UV imradiation (at 254 nm and
250 nm) and temperature on the precursors (Cd:Se, Cd:Te,
Cd, Zn:S, Zn:Se and Zn) are described. Best results are
achieved with a mixture of precursors containing cadmium,
selenium and MSA where a 10-min irradiation with 254-nm
light gives CdSe QDs with a quantum yield of 13.5%. The
authors also describe the preparation and monitoring of the
formation of QDs in sub-mg, sub-ug and sub-ng quantities,
the smallest concentration being 258 pg in volume of 4 nL.
The growth of the QDs can be monitored in real time by
absorption, fluorescence and dynamic light scattering. The
solutions of the particles also are characterized by fluores-
cence correlation spectroscopy and detected by LED-
induced fluorescence. The preparation of such QDs by UV
radiation is simple, easily controllable, and inexpensive.
Conceivably, it can be integrated with lab-on-chip, micro total
analysis systems or other instrumentation.
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Introduction

Fluorescent nanoparticles with a size range of units or tens of
nanometers, better known as quantum dots (QDs), possess
unique properties [1]. Their optical and semiconductor prop-
erties are tunable by changing the size, shape, spatial arrange-
ment, conductivity, and surface modification (i.e. conjugation
with ligands) [2] QDs have been applied in (bio)sensors, in
biosciences such as in vivo imaging, drug delivery and diag-
nostic, or in vitro labeling of molecules, cells and tissues [3,
4]. Due to their small size they not only retain properties of the
material from which they originate, but also adopt new fea-
tures related to their size [5]. For biological applications,
nanocrystals of CdSe, CdSe/ZnS, CdTe, CdTe/CdS are the
most widely used [6]. However, potential toxicity of heavy
metals attracted a great attention to safety concems for health
and environment [7]. For this reason, QDs made from less
toxic materials, such as zinc [8] and carbon [9] were devel-
oped. The photo-physical properties, which make QDs inter-
esting compared to classic organic dyes include very narrow
emission spectra, broad absorption spectra, long fluorescence
lifetime, high quantum yield, high molar extinction coeffi-
cient, large effective Stokes shift, and high stability against
photobleaching [10]. Generally, the techniques for synthesis
of different nanoparticle types are categorized either as a top-
down or bottom-up approach [11, 12]. Top-down (physical)
methods includes different types of lithographic techniques
(laser, ion and X-ray) or etching and grinding [13—18].
Among the more popular methods belongs bottom-up
(chemical) approach. Usually it is a synthesis of the nanopar-
ticles in non-aqueous solvents (organometallic synthesis)
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along with toxic instable precursors at high temperatures [19,
20]. Due to the complexity of these procedures, alternative
method using aqueous solvents were developed [21, 22].
Both variants (non-aqueous or aqueous solvents) lead to for-
mation of nanocrystals in the presence of stabilizing ligands,
which prevent aggregation of QDs in the reaction medium.
The bottom-up processes include a variety of methods such as
microwave-assisted technique, ultrasonic-assisted technique
[23], photochemicals-assisted technique [24], high tempera-
ture technique and biosynthesis (in microorganisms [25], an-
imals [26], plant [27], fungi and actinomycete [28, 29]).
Another option is the interaction with UV light. Earlier, num-
ber of nanoparticles able to interact with UV radiation was
described including TiO, nanorods [30], ZnO nanoparticles
[31] and others [32]. The processes of photoactivation,
photoenhancement or photobrightening ware intensively stud-
ied, e.g. Guo-Yu Lan et al. in his work described a photo-
assisted synthesis of highly fluorescent ZnSe QDs in aqueous
solution stabilized with mercaptosuccinic acid (MSA) [33].
Uematsu et al. dealt with photoetching of CdTe nanocrystals
[34], Shang Yazhuo et al. synthesized gold nanoparticles by
reduction of HAuCl, under UV irradiation [35], Kao
Mahalieo et al. presented the synthesis of indium nitride
nano- and microstructures by UV-assisted procedure [36].
The study is focused primarily on investigation of low cost,
low temperature, and fast synthesis of water soluble QDs sta-
bilized by MSA by UV irradiation, where the optimal condi-
tions are found. Moreover, the use three methods for synthesis
of QDs were compared and their pros and cons are discussed.

Experimental section
Chemicals

Working solutions (buffers and standard solutions) were pre-
pared daily by diluting the stock solutions. Standards and
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) in ACS purity unless noted otherwise.

Synthesis of quantum dots by UV

3 mL of prepared solution (precursors) was taken in a 4 mL
quartz cuvette (Hellma GmbH & Co. KG, Miillheim,
Germany) and irradiated by UV (A.y, = 254 nm) transillumi-
nator (Vilber Lourmat, Marne-la-Vallee Cedex, France). The
sample area of 20 x 20 cm was illuminated by 6 UV emitting
tubes with power of 15 W each. The intensity of UV radiation
incoming to the quartz cuvette was recorded by optical power
meter (PM100D, sensor SVI120VC, Thorlabs Inc., Newton,
NJ, USA). Based on these measurements the intensity of in-
coming UV energy into the sample was determined as
E=0.14mW-mm .

@ Springer

Fluorescence and absorbance analysis

Fluorescence was acquired by multifunctional microplate
reader Tecan Infinite 200 M PRO (TECAN, Switzerland).
Wavelength of 250 nm was used for excitation and the fluo-
rescence scan was measured within the range from 300 to
700 nm using 2-nm steps. The detector gain was set to 80.
The samples (50 uL) were placed in UV-transparent 96 well
microplate with flat bottom by CoStar (Corning, USA).
Absorption spectra were recorded under the same conditions
in the range 240-600 nm. All measurements were performed
at 25 °C controlled by Tecan Infinite 200 PRO (TECAN,
Switzerand).

Particle size and zeta-potential analysis

Zetasizer MALVERN, Malvern Instruments Ltd.
Worcestershire WR14 1XZ, United Kingdom was used.

Farticle size assessment (dynamic light scattering)

The particle size measurements were performed considering a
refraction index of the dispersive phase of 3.00 and 1.33 for
the dispersive environment. The absorption coefficient in both
cases was 10>, The measuring temperature was set at a con-
stant value of 25 °C, while the viscosity was 0.8872 cP. For
each measurement, disposable cuvettes type ZEN 0040, were
used, containing 40 uL of sample. The equilibration time was
120 s, at a measurement angle of 173° backscatter and pH of
solution was 9. All measurements were triplicate and the data
was expressed as the average value.

Zeta potential assessment

The particle size measurements were performed considering
the same refraction index, pH and absorption coefficient as
described in particle size measurements. Furthermore, the pa-
rameters such as, temperature and viscosity were the same as
in particle size measurements. Calculations considered the
diminishing of particles concentration based Smoluchowsky
model, with a F(xa) of 1.50 and an equilibrating time of 120 s.
For the measurements, a disposable cell DTS1070 was
employed. In each case, the number of runs varied between
20 and 40. The measurements were carried out in triplicates
and were performed under the automatic setting of attenuation
and voltage selection.

Determination of quantum yields (QY)
The quantum yields were determined by analysis of emission
maxima with the excitation at 250 (ZnS, ZnSe and Zn) or

380 nm (CdSe, CdTe and Cd). The absorbance was analyzed
using the same excitation wavelength. The quantum yields
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were calculated on the basis of integration of absorption and
emission value. Absolute values were calculated using the
standard samples (quinine sulfate), with known fluorescence
QY value, according to the following Eq. [37]:

_ Gradx 7
0x =0 (G () L

where the subscripts ST and X denote standard and test,
respectively, @ is the fluorescence quantum yield (&
ST = 0.54), Grad the gradient from the plot of integrated
fluorescence intensity vs. absorbance
(GradST = 80,000,000, and 7 the refractive index of the sol-
vent (1.33).

Capillary electrophoresis with LED-induced fluorescence
(CE-LED-IF) detection

CdSe QDs were analyzed by CE (PACE MDQ, Beckman
Coulter, USA) with blue LED (A.,, = 380 nm) as an excitation
source. Unmodified fused silica capillary with internal diam-
eter of 75 um and with the total length of 64.5 cm (14 cmtoa
special window for optical fiber and 54 cm to detector win-
dow) was used. Optical fiber (diameter 910 pm Core
Multimode, High-OH for 250-1200 nm, Thorlabs Inc.,
USA) was focused to a capillary in the special window and
connected with the UV LED with ball lens, A.,, = 250 nm,
1 mW (Thorlabs Inc., USA). Hydrodynamic injection by 5 psi
for 5 s was employed. As pretreatment the separation voltage
20 kVand waiting time of 0, 5, 10, 15, 20, 25 and 30 min (for
synthesis of QDs in special window) was used and after that
30 kV separation voltage was applied. 20 mM sodium borate
buffer pH 9 was used as a separation electrolyte.

Results and discussion
Temperature testing of precursors

For biological applications, nanocrystals of CdSe, CdTe, ZnS,
ZnSe are usually used [6, 38, 39]. For these reasons these
common precursors (Cd:Se, Cd:Te, Zn:S, Zn:Se, Zn, Cd in
combination with and without reducing agent, Note: utiliza-
tion of the reduction agent is noticed by a label “red”) with
MSA as a capping agent were tested. First, the temperature
dependent behavior was monitored (25, 35, 45, 55, 65. 75, 85
and 95 °C, samples were incubated at each temperature for
30 min). In this experiment, twelve aliquots of precursors
were prepared. These aliquots contained various combinations
of precursors, as described in Supplementary material.
Samples (1 mL) were heated and afterwards cooled to the
temperature of 25 °C, the samples were immediately ana-
lyzed. Absorption spectra in range 230-600 nm and emission

spectra (A = 250 nm and Ay, = 380 to 800 nm) were record-
ed (data not shown). If the fluorescence was observed. the QY
was calculated (Table S1). For most studied precursors, QY
below 1% was observed. An exception was the sample la-
belled as CdTe red, which exhibited a significant increase in
QY, increasing with temperature. Increasing the temperature
caused a bathochromic shift of the emission spectrum (A,
max = 494 nm (35 °C), 498 nm (45 °C), 506 nm (55 °C),
516 nm (65 °C), 520 nm (75 °C), 528 nm (85 °C), and
534 nm (95 °C)). The highest QY was achieved at 95 °C
(Aeyy max = 534 nm, QY = 20.1%).

UV (Aem = 254 nm) synthesis of QDs from precursors
by transilluminator

In the next step, the influence of UV irradiation (A = 254 nm)
on formation of QDs from precursors was tested. The samples
(3 mL) were pipetted in to the quartz cuvette and placed to the
canter of the illumination area of the UV transilluminator and
irradiated in time (0, 10, 20 and 30 min). The temperature
inside transilluminator increased from 25 to 35 °C (depending
on the time of iradiation). For all investigated samples, inter-
action with UV light was observed. The values of A, maxima
and QY are summarized in Table S2. The lowest QY (< 1) was
recorded after 10-min irradiation in case of ZnS, ZnS red
(Note: utilization of the reduction agent is noticed by a label
“red”) and ZnSe. Longer intervals of irradiation (20 and
30 min) caused a fluorescence loss in ZnS and ZnS red. For
ZnSe, QY < 1% was observed for all times of irradiation. On
the other hand, the best result was achieved in case of CdSe.
Atall times of irradiation, QY of 13.4% was observed. For all
investigated samples, a bathochromic shift of the emission
maxima was observed depending on the duration of
illumination.

Formation of CdSe - QDs from precursors monitored
by spectroscopic techniques

Based on previous experiments, precursor solution composed
of Cd and Se was chosen for fluorescence and spectrophoto-
metric analysis. Precursors (3 mL) were pipetted into the
quartz cuvette and placed in the center of UV transilluminator
(emission spectrum of UV lamps, Fig. 1a) and irradiated for
0-60 min. In five-minute intervals, 50 uL aliquots were taken
and absorption spectra were measured (240-600 nm), Fig. 1b.
It is shown that increasing the illumination time caused an
increase in the intensity and a shift ofthe absorption maximum
of CdSe QDs, Fig. lc. Absorption maximum of CdSe QDs
after 5 min irradiation was Ay. = 324 nm. After another
55 min was shifted for about 54 nm (A5 = 378 nm).
Subsequently, the emission maxima of these samples
were measured (A,, = 250 nm a A_, = 330-700 nm),
Fig. 1d. An increase in the emission intensity was
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Fig. 1 Spectral analysis of UV-formed QDs a Emission spectrum of UV
tubes in the transilluminator, b Absorption spectra of CdSe QDs (240
600 nm) obtained afier illumination of precursors (0-60 min) by UV light
(spectrum shown in la), ¢ Absorbance maximum shift dependent on
illumination time, d Fluorescence emission spectra (330-700 nm)

observed during first 30 min of illumination, however in
the time interval 35-60 min of illumination, the fluores-
cence intensity decreased. In addition, the emission
spectrum exhibited a bathochromic shift as shown in
Fig. le. After 5 min of illumination, the emission max-
imum was A;, max = 420 nm, but after 60 min, the
maximum increased for 158 nm to 578 nm. The pre-
sented results confirm that the UV illumination causes
formation of the fluorescent nanocrystals
([Cd(CH3CO,), + NasSe — CdSe| + 2Na(CH;CO»)]).
stabilized by the MSA via the thiol group, demonstrated by the
red shift of the absorption and emission spectra. The chemical
principle of this observation was explained elsewhere [40], stat-
ing that the thiol groups are photo-oxidized by the application of
the UV light forming disulfide bridges in the molecules of the
capping agents. These molecules are afterwards dissolved by
the surrounding aqueous solution and released from the particle

@ Springer

dependent on illumination time (0-60 min), e Emission maximum shift
dependent on illumination time, f Particle size distribution and zeta
potentials of the UV-formed QDs, g Photographs of the UV-formed
QDs under UV illumination, h Photographs of the UV-formed QDs
under ambient light

surface. The exposed hydrophobic surface of the particle causes
subsequent aggregation of the crystals resulting in the increased
particle size and therefore the red shift in the spectra.

Using the dynamic light scattering technique the increasing
particle size dependent on the time of illumination was confirmed
(Fig. 11). It was observed that afier 5-min illumination, QDs with
the size of 2.3 (+0.4) nm and zeta potential of —48 (£6) mV were
formed and after 15-min illumination, the size and increased to
3.1 (£0.3) nm. Finally, the illumination for 30 min caused the
formation of nanoparticles with the size 0of4.1 (+0.4) nm and zeta
potential of —45 (£5) mV. From the values of zeta potential, the
stability of the colloidal solution is commonly evaluated. The
results suggested that the solution resulting by the UV light illu-
mination was stable, because the solution with zeta potential of
value above 30 mV or —30 mV is generally considered non-
aggregating and stable [41]. The photographs of the QD solutions
in UV and ambient light are shown in Fig. 1g, h, respectively.
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Fluorescence lifetime and concentration of CdTe — QDs
as a function of the duration of UV exposure

In this experiment, conventional fluorescence correlation
spectroscopy (fluorescence correlation spectroscopy measure-
ment is described in Supplementary material.) was modified
as shown in Fig. 2a. The solution of Cd:Se precursors (15 pL)
was pipetted on quartz glass (Fig. 2a— @) and on the top of'this
sample UV LED (A;, = 250 nm, 1 mW), Fig. 2a — b was
placed. After tuming on the UV LED, the QDs started to be
formed and observed in the confocal volume (Fig. 2a - ¢) as
schematically shown in Fig. 2a —d. This process was recorded
in real time by microscope objective with water immersion
(Fig. 2a — ¢) and excitation laser (A, = 367 nm and 1 MHz
repetition). Finally, beam continued through the optical ele-
ments (50 pm pinhole and longpass emission filter, Fig. 2a—f.
£) in to the detector, Fig. 2a— h.

FCS is based on monitoring of the variations in the inten-
sity of fluorescence of substances diffusing through a very
small volume (1 fL) observed. Temporal fluctuations of the
intensity of fluorescence are recorded and analyzed using the
autocorrelation function G (1). The correlation curves were

fitted to the equation, see in supplementary material. In this
manner, CdSe QDs synthesis from precursors was recorded in
real time, as evidenced in Fig. 2b. According to the time of
occurrence of individual CdSe - QDs the genesis of QDs may
be subdivided into five parts QDs 1-5. Each part is character-
ized by the length of interval (QDs 1 =270 s, QDs 2 =269 s,
QDs3=207s,QDs4 =101 saQDs 5 =39 s). Thanks to the
deconvolution of the temporal waveform can be the intervals
studied in separately. The measured decay curves are found
best represented by a tetraexponential diffusion analysis func-
tion of the form I(t) = a; exp.(—x/T;) + a, exp.(—X/T>) + a,
exp.(—x/T3) + a4 exp.(—x/14), where T, T», T3 and T4 are the
lifetime components and a,, a,, a3 and a, are the correspond-
ing amplitudes. The lifetime components T, - T4, average life-
time of components T, average amplitudes a and approxi-
mated concentration ¢, estimated using T = (T, + T, + T3+

T4)/4, a = (a; + ay + as+ a4)/4 and approx. ¢ = ‘n;\ are in

detail collected in Table S3. From the values in the table is
clear that the longer the time of UV irradiation the new quan-
tum dots are detected, which resulted in increasing average
length lifetime 1. From the initial 40 ns (interval QDs 1)
the time decay was growing upto 112.2 ns (2.8 times), interval

a B i ™ 70
‘ y b 3000
g Cc
0] = 2500 -
% 2000 -
5
01 & 1500
g
= ¥ 1000 -
E a0 - i
é < 500 .
2
§ 30 - 0
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QDs 1 (270 5) e ke
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Fig. 2 a Schematic representation of the UV LED modified FCS a)
15 pL drop of precursors (Cd:Se) on quartz glass, b) UV LED
(Aem = 250 nm), c) idealized confocal volume, d) schematic
representation of the QDs formation in a confocal volume, e) lens with
water immersion, f, g) laser (A, = 367 nm, 1 MHz repetition), optical

elements (50 um pinhole and longpass emission filter) and h) detector. b
Formation of CdSe QDs from precursors (Cd:Se) recorded in real time
(0-15 min). ¢ Approximated concentration of CdSe QDs generated
during the UV irradiation
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QDs 5. With increasing time, decay is directly proportional to
increasing average lifetime amplitude a . Besides increasing
T and a there were also noted increasing concentrations of
CdSe QDs, Fig. 2¢. The sharp increase in the concentration of
CdSe QDs was mainly reflected in the tenth minute after UV
irradiation. The fluorescent intensity depends on the concen-
tration of the fluorophore; however, the lifetime of the
fluorophore is independent of concentration.

In-capillary formation of CdSe QDs

Finally, the work was focused on the direct synthesis of CdSe
QDs in nanoliter scale (in capillary). For these purposes, the
standard CE instrument was used with a little modification as
shown in the schematic drawing, Fig. 3a. For the synthesis of
CdSe QDs, the UV LED was used. It was connected to the
capillary by optical fiber, Fig. 3a — a. The capillary pathway
was partially modified by its local direction out of the cooling
tube, Fig. 3a — b. An optical fiber was focused into the ex-
posed capillary, where a special window was made (Fig. 3a —
¢). The QDs precursors were hydrodynamically injected (5 psi
for 5 s) into the capillary and the procedure was stopped for 0,
5.10, 15,20, 25 and 30 min (to ensure the formation of QDs in
special window, Fig. 3a —d). Subsequently, separation voltage
of 30 kV was applied and formed CdSe QDs (Fig. 3a - e)
migrated to the detection window, Fig. 3a—f.

First, CdSe QDs prepared by UV synthesis in a milliliter
scale (using the transilluminator) were analyzed by CE-LIF.
As shown in the electropherograms in Fig. 3b, Bright fluores-
cent signals were observed and their intensity was increasing
with increasing time of UV illumination. Moreover, this effec-
tive separation technique showed that the solution was a mix-
ture of different nanoparticles (various particle sizes) formed
during the illumination process. For demonstration, four most
distinct signals were labelled (QDs1 — QDs 4). There were
probably more components present in the mixture; however,
it was not the aim of the study to separate the mixture
completely. The dependence of the peak heights on the illu-
mination time is summarized in Fig. 3c and it is shown that the
peak with migration time of 7 min is exhibiting the highest
fluorescence intensity, reaching even fluorescence intensity
over the detector range. However, it is shown that with in-
creasing the illumination time, also other fluorescent signal
started to be observed, which, as it is believed, belong to the
QDs with higher particle sizes or to the QD aggregates.

Finally, the in-capillary formation of QDs by UV light was
tested, which can be applied in microfluidic devices to signif-
icantly decrease the amount of chemicals used and meeting
the requirements of green chemistry/analysis.

As describe above, the optical fiber guiding the UV light
from the UV LED was focused into the special window made
at the injection end of the capillary (14 cm from the start).

a ______zom —— - —
L ice | EOF EOF EOF
- f \ ! A e
(B AL = (= +1] e
5 e N = -
T T T
a b d £
b QDs1 A Qnslwo 1 [
30 s e 3 3 le
! & 80 1 —e—QDs1 Saturation £,
25 | 60 of detector| ;
3 ' 4}
S} § g‘“’ 3 g2
v P : e | . S, 2 3
g Sy 2 g 3t Eo —+—QDs
$1s | % ol - —
g Silll\on0 s 10 15 20 25 3 g 0 U; lo :n:;j:)’ 30
10 } L UV exposure (min) g - expo:
H NQDs4 s
i =
s | ! .
: " 30, 20
0 020 { 0 e apa— 0 ‘:y@."\
00 s 6 7 8 9 10 10 11 & 0 3 4 5 6 L &
Migration time (min) S8 Migration time (min)

Fig. 3 a Scheme of modified capillary pathway and special window
position, a) conventional capillary cartridge with the capillary inside the
cooling tube, b) capillary directed out of the cooling tube, ¢) UV LED
(Aem = 250 nm) connected to the optical fiber focusing the light into the
capillary, d) zone of QD precursors injected into the capillary UV
LED off, e) formation of QDs using UV LED on, f) CE
separation of formed QDs and LED-IF detection by 380 nm LED
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excitation. b Electropherograms of CdSe QDs formed by UV
illumination in transilluminator (0-30 min) ¢ Dependence of UV light
illumination time on peak heights of four main fluorescent signals
(QDs1- QDs4). d Electropherograms of CdSe QDs formed after in-
capillary UV LED illumination (0-30 min). ¢ Dependence of UV light
illumination time on peak heights — in-capillary QD formation
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Subsequently, the solution of precursors was hydrodynamical-
ly injected into the capillary and illuminated for 5, 10, 15 or
20 min. After the illumination time, the CE separation started
and the formed QDs were conventionally detected. The elec-
tropherograms are shown in Fig. 3d. The fluorescent signals
were observed with maximum in migration time of 4.3 min.
The lower migration time compared to Fig. 3b is given by the
shortened effective capillary length. In addition, the fluores-
cence intensity was lower due to the lower optical power of
the UV LED. However, the signal-to-noise ratio was satisfac-
tory. It has to be noted that the maximum fluorescence inten-
sity in this arrangement was reached after 20 min of illumina-
tion and with increasing time, the intensity decreased signifi-
cantly. On the other hand, only one signal is observed sug-
gesting lower polydispersity of the QDs prepared by this
technique.

In general, it can be stated that in situ (or flow through)
synthesis of QDs by elevated temperature [42, 43] is conve-
nient and effective; however for some, mostly biological, ap-
plications, the excessive heating may interfere the process in
the fluidic device (e.g. protein denaturation, cell damage etc.).
For these purposes, the in-line formation of QDs for automat-
ed, low-volume synthesis by UV light irradiation is advanta-
geous. The UV light may be focused in the extremely low
volume and the powerful lasers may be used, which increases
the effectivity of the proposed method. Afierwards, the in-
capillary interactions may take place without the need of in-
teraction by the operator.

Quantification of CdSe QDs formed by UV light

Using three different optical arrangements, QDs formed by
UV light illumination in three different volumes (3 mL,

15 uL, 4 nL) were observed and the amount of QDs formed
was investigated. To quantify this amount, a sufficient amount
of QDs powder was prepared by UV illumination (irradiation
of the 21 mL of precursor’s solution (CdSe)). The solution
was filtered through Amicons Ultra 0.5 mL 3 K Centrifugal
Filters and dried overnight at 50 °C. The powder was resus-
pended in 5 mM borate buffer pH 9 to create the calibration
curve.

The concentration of QDs formed during large-volume
(3 mL), middle-volume (15 pL) and low-volume (4 nL) syn-
thesis was determined as 88 pugmL ', 31.6 ug-mL ' and
64.5 pg'mL ', respectively. The higher concentration of
QDs formed in capillary format (4 nL) was caused by higher
radiation power because maximum of the light from the UV
LED was focused into the capillary volume by optical fiber
while in case of 15 pL drop, the light was distributed in a much
larger area.

The absolute amount in the given volume (Fig. 4) calculat-
ed for each method demonstrates the possibility of the
capillary-based methods to monitor the formation of very
low amounts of QDs, which can be further transferred by
electric field.

Conclusion

Even though the quantum dots will not probably replace con-
ventional fluorescent labels based on organic fluorophores,
they have several significant benefits (e.g. tuneability of opti-
cal properties and simplicity of synthesis compared to organic
dyes) and therefore they will find their place in the family of
fluorescent tracers.

Fig. 4 Schematic representation
of UV synthesis of CdSe QDs by
a large-volume (3 mL) b middle-
volume (15 pL), ¢ low-volume
(4nL)

a Quartz cuvette ! Concentration total amount of
‘ of QDs in 3 ml QDs
5 min UV 88 264
g 3 lTlL — pg.mL-l pg
Concentration total t of
b Confoca;l volume . oQDs in 15 4 o a&!;m o
: 3 5 min UV
;ﬁ 5Ly 316 476 ng
N ¥ et
i Concentration total amount of
c Capillary F—- of QDs in 4 nL QDs

5 min UV 64.5

258 pg

- s po.ml!
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Based on a systematic study formation of QDs by UV light
illumination from the most commonly used precursors, CdSe
nanoparticles exhibited the best optical properties such as QY
(13.4%). The formation of QDs was observed in milliliter
(quartz cuvette), microliter (solution drop), and nanoliter (in-
capillary) scale by spectrophotometry, fluorescence correla-
tion spectroscopy and capillary electrophoresis with LED-IF
detection, respectively.

The biggest advantage of formation of QDs by UV light is
in the possibility of synthesis of QDs in very small volumes
(nanoliters), which meets not only the requirements on green
chemistry (low consumption of chemicals) but also can be
easily integrated into the lab-on-chip, micro-total-analysis
microfluidic devices or other methods.

For some applications, the QY of the UV-synthesized QDs
may be insufficient. However, the flow-through method of
synthesis requiring extremely low amount of precursors in
combination with sensitive detection (i.e. laser-induced fluo-
rescence or electrochemical detection) may be beneficial for
certain analytical purposes.
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