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ABSTRACT  

Liposomes are versatile biocompatible and biodegradable carriers for a variety of medical 
applications. As the first nanoparticles, they have been approved for pharmaceutical use so far, 
and many liposome-based preparations are in clinical trials. Classical methods of liposome 
preparation represent potential limitations in technology transfer from laboratory to industrial 
scale. New, microfluidic techniques overcome these limitations and offer new possibilities for 
controlled, continuous preparation of liposomal particles in a laboratory and industrial scale. 
An important element in the development of new nanoparticle systems is their complex 
characterization and purification. In addition to the established chromatographic techniques, the 
Field flow fractionation technique, in particular the Asymmetrical flow Field-flow 
fractionation, is described. This relatively new technique in conjunction with the 
MALS/DLS/DAD-UV/dRI online detectors enables the purification and characterization of 
complex samples. The main advantage of this technique lies in the possibility of separation 
under native conditions, which plays an important role in the separation of biopolymers in 
particular. Separation in the “empty” channel then eliminates sample degradation due to 

unwanted interactions at the stationary phase-sample interface. The theoretical part of this thesis 
describes the possibilities of preparation, modification, and characterization of liposomal 
nanoparticles. For this purpose, optical methods based on dynamic light scattering, multi-angle 
dynamic light scattering and nanoparticle tracking analysis techniques are described, as well as 
a non-optical method using "particle by the particle" analysis, tunable resistive pulse sensing 
method. A separate chapter of the theoretical part is dedicated to the technique Asymmetrical 
flow Field-flow fractionation in connection with the above-mentioned detectors. Important 
results associated with this work are summarized in the attached scientific paper, together with 
the result summaries and the author's contributions. 

ABSTRAKT 

Liposomy představují univerzální biokompatibilní a biodegradabilní nosiče pro celou řadu 

medicínských aplikací. Jako jediné z nanočástic byly doposud schváleny pro farmaceutické 
použití a celá řada přípravků na bázi liposomů je v klinickém testování. Klasické metody 

přípravy liposomů představují potenciální omezení v převádění technologie z laboratorního do 

průmyslového měřítka. Nové, mikrofluidní techniky tyto omezení do jisté míry překonávají a 

nabízejí nové možnosti kontrolované, kontinuální přípravy liposomálních částic. Důležitým 
prvkem při vývoji nových, nanočásticových systémů je jejich komplexní charakterizace a 

purifikace. Kromě ustálených chromatografických technik se dostátá do popření technika 

Frakcionace v tokovém v poli, a to zejména Frakcionace tokem v asymetrickém tokovém poli 
(Asymmetrical flow Field-flow fractionation). Tato relativně nová technika ve spojení z online 
detektory MALS/DLS/DAD-UV/dRI umožnuje purifikaci a charakterizaci komplexních 

vzorků. Hlavní výhoda této techniky spočívá v možnosti separace za nativních podmínek, což 

hraje důležitou roli při separaci zejména biopolymerů. Separace v „prázdném“ kanále poté 

eliminuje degradaci vzorku v důsledku nechtěných interakcí na rozhraní stacionární fáze. 
Teoretická část teto práce popisuje jednak možnosti přípravy, modifikace zejména 

liposomálních nanočástic. Sumarizuje jejich možnosti využití a charakterizaci. K tomu účelu 

jsou zde popsány optické metody na bázi dynamického rozptylu světla, Multi-angle dynamic 
light scattering a Nanoparticle tracking analysis a také neoptická metoda využívající průchodu 
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částic membránou tzv. „particle by particle” metoda Tunable resistive pulse sensing. 
Samostatnou kapitolou teoretické části je technika Frakcionace tokem v asymetrickém tokovém 

poli ve spojení z výše uvedenými detektory. Důležité výsledky spojené s touto prací jsou 

sumarizovány v přiložených vědeckých publikacích. V této práci jsou poté uvedeny krátké 

přehledy a autorovy přínosy k těmto přiloženým publikacím. 
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1 INTRODUCTION 

The PhD thesis is consisting of two main topics; the first topic is focusing on preparation, 
modification, and characterization of nanoparticles, especially nanoliposomes. The second 
topic deals with the Asymmetrical flow Field-flow fractionation technique coupled with 
multiple detectors, such as Multi-angled light scattering detector, Dynamic light scattering 
detector, UV absorption, and Different refractive index detector. 

Liposomes, the name of these vesicular particles, comes from the two Greek words Lipos, 
meaning Fat and Soma, the Body. Liposomes were first described by Dr Alec D. Bangham in 
1965 and have since become a versatile, modular biodegradable and biocompatible platform 
for a variety of applications. The first liposome-based pharmaceutical products were launched 
in the late 1980s (for example, Ambisome-liposomal amphotericin). Not only liposomes but 
other nanoparticles as well are subject of the development of modern vaccines, drug carriers, 
contrast agents or in general theranostics. A prerequisite for successful clinical applications is 
the production of nanoparticles on an industrial scale. The introduction of new techniques, 
especially in the field of microfluidics, allows the transition from laboratory to industrial scale, 
leading to extensive research in this field. The development of microfluidics is directing 
towards the design of integrated microfluidic chips enabling complex, controlled preparation 
of nanoparticle carriers. 

Modularity/surface modification of nanoparticles is another prerequisite for their successful 
clinical application. The surface modification affects their biodistribution and biocompatibility. 
The new bioconjugation reactions have been developed, including the so-called click chemistry 
and orthogonal bioconjugation reactions. Novel characterization and separation methods are 
associated with the development of the new nanoparticles. The most commonly used 
characterization techniques include light scattering techniques. In addition to established 
chromatographic techniques, a new Field-flow fractionation technique finds its place and 
application in various fields. 

The beginning of the Field-flow fractionation technique is dated back to the year 1966 when 
professor Giddings first introduced the concept. Since then, multiple sub-techniques have been 
developed, including the most robust and hence the most used Asymmetrical flow Field-flow 
fractionation technique (AF4). Modern, versatility AF4 technology makes it possible to 
characterize a wide range of pharmaceutical substances, polymers, nanoparticles and recently 
found a place as a technique for quality control departments besides Size-exclusion 
chromatography. As a well-described theoretical technique, AF4 allows calculating the size of 
eluting particles based on retention time. Often, however, the AF4 is connected with light 
scattering detectors, both static and dynamic, concentration detectors such as UV absorption 
and different refractive index detector. The platform AF4-MALS/DLS/DAD-UV/dRI allow the 
determination of the molecular weight, concentration, conformation, and size of the individual 
eluting fractions. 

Results within the PhD thesis had been published in a total of five published, and three 
prepared/submitted scientific papers. These scientific papers are presented together with a brief 
commentary and evaluation of the author's contribution. 
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The thesis Preparation and characterization of complex nanoparticles by Field-flow 
fractionation and advanced spectroscopic methods is constructed as a „thematically arranged 

set of published works and works accepted for publication according to article 42 of paragraph 
1b, of The study and examination rules of Brno University of Technology. 
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2 THEORETICAL BACKGROUND 

The theoretical background in this thesis describes the physical and chemical properties of, 
especially liposomes. Liposomes, as universal particles, find various applications as described 
in chapter 2.1.3. Besides, other types of nanoparticles, such as virus-like particles, bacterial 
ghost, and nanodiamonds, are briefly described in the same chapter. Chapter 2.3 describes the 
offline/batch methods of nanoparticle characterization, especially with the use of light 
scattering techniques. Furthermore, the thesis describes the characterization and separation 
method, Asymmetrical flow Field-flow fractionation in chapter 2.2.  

2.1 Liposomes 

Liposomes are typically closed bilayer vesicles composed of amphiphilic substances, most 
commonly phospholipids, ranging in size from about 20 nm to micrometre particles. Their self-
assembly in the aquatic environment is controlled mainly by the hydrophobic effect. 
Phospholipid acyl chains are minimizing the interaction (the entropic disadvantage) with the 
surrounding aqueous phase by the organization into the bilayers and subsequent vesiculation 
resulting in the formation of liposomes. The structure is influenced by the geometry of 
individual molecules. If the polar head is larger than the non-polar acyl chain, the molecules 
forming structures with a large radius of curvature, micelles. If the polar and non-polar parts 
are comparatively large, the molecules tend to form into bilayers. Invert structures (invert 
hexagonal structure) are forming in the case of a smaller polar head than the acyl chain [1].  

 

Fig. 1 – The schematic representation of different liposomes morphologies [2]. 

The lipid composition and the method of preparation determine the physicochemical properties 
of the liposomes (rigidity, structure, and size). By the size, liposomes can be categorized as 
SUV (small unilamellar vesicles), LUV (large unilamellar vesicles) and GUV (giant 
unilamellar vesicles). Another criterium is the number of lamellas. Liposomes can be 
categorized as multilamellar, multivesicular or multivesicular-multicentric particles. The 
lamellas arrangement can be concentrically or non-concentrically (see Fig. 1). And according 
to the phospholipid charge to neutral, anionic or cationic. According to their function, liposomes 
are conventional, stealth, ligand-targeted, long-term-release, triggered-release or as a 
combination of these listed properties, multi-functional (more in chapter 2.1.3) [3]. 
An important factor, especially in the preparation of liposomes, is the transition temperature 
(Tm) of the phospholipid (temperature of the transition from an ordered, rigid state to a fluid 
membrane). The transition temperature depends on the degree of saturation and the length of 
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the acyl chain. The typical range is from −20 °C for unsaturated dioleoyl to about 55 °C for 

saturated chains of the distearoylphosphatidylcholine [1]. 

2.1.1 Methods of preparation of the liposomes 

There are several liposome preparation methods. They can be divided into the bulk method 
(where liposomes are formed during the transfer of the lipids from dissolved organic/detergent 
phase into aqueous phase), and the film method (where the formation of the liposomes is 
preceded by the formation of a lipid film on a substrate and its subsequent hydration) [3]. 

The Hydration of phospholipid film is the oldest, and the most commonly used method. The 
phospholipid composition is dissolved in an organic solvent, for example, chloroform or 
chloroform/methanol mixture. The solvent is then evaporated under vacuum in a rotary 
evaporator. By the evaporation, a thin film/stacks of phospholipid bilayers on the glass bulb 
wall is formed. The film is then hydrated with a suitable buffer with stirring at a given 
temperature, according to the highest transition temperature of the given phospholipid. If the 
film "peeling" is relatively slow, the bilayer edges are allowed to merge into the multilamellar 
(MLV) liposomes. By increasing the rate of the film separation by application of electric field, 
large unilamellar vesicles are formed. This method is called Electro-formation, in which the 
lipid film is deposited on a planar electrode to which direct current is applied during subsequent 
hydration. Lipids interact with the aqueous buffer solution and the electric field, "peeling" the 
film from the electrode surface in layers to form large vesicles (GUVs) [4]. This technique 
requires the use of a low salt buffer, which complicates the encapsulation of active proteins, 
and the application of an electric field can lead to a disruption of the structure of particularly 
charged proteins [2]. The lipid film can by deposited into solid particles substrate, proliposomes 
are formed. By the Hydration of the proliposomes, the substrate is dissolved, and MLVs are 
formed [3].  

Additionally, secondary methods are often needed for targeted size and homogeneity of the 
resulting vesicles [1,5,6]. The secondary method includes Freezing and thawing of the 
suspension to form unilamellar liposomes with a larger volume of the encapsulated aqueous 
phase. Extrusion: The liposome suspension is repeatedly pushed through the uniform 
cylindrical pores of the polycarbonate membrane, thereby reducing the vesicle size according 
to the pore size [1,7]. Sonication: Disruption of the MLV suspension by sonication (using 
sonication bath or sonication titanium probe) leads to the formation of SUVs of various sizes. 
For sonication baths, the suspension should be kept above the phase transition temperature. 
Titanium probes are capable of delivering the necessary amount of energy, but there is a risk of 
phospholipids degradation. Also, there is a possible sample contamination risk due to the 
released titanium particles [1]. High-pressure homogenization: During homogenization, the 
liposome suspension is continuously driven through the homogenizer. The suspension is 
divided into two streams, which then collide with the wall at high pressure (up to 138 MPa), 
thereby reducing the size of the vesicles. The disadvantages of this method are the above-
mentioned high pressure and the necessity of relatively large volumes, depending on the design 
of the homogenizer [1]. 

Detergent Removal method is an example of bulk liposomes preparation. At first, mixed 
micelles of phospholipid and a suitable detergent (octyl glucoside or deoxycholate) are formed. 
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The detergent is then removed by dialysis, ultrafiltration, sorbents or gel chromatography. 
Removal converts small mixed phospholipid micelles into disc-like micelles which are fusing 
and finally vesiculate to form the liposomes. This process is driven by decreasing the detergent 
concentration and creates homogeneous SUV-LUV [6,8]. The Evaporation of the reverse 
phase: this method involves hydrating the phospholipids dissolved in an organic solvent by 
adding water with rapid stirring, creating a water-in-oil emulsion. The organic solvent is then 
evaporated, and LUV and MLV are formed [9]. The Alcohol injection: Lipids are dissolved in 
a water-miscible solvent, most commonly ethanol, then they are rapidly diluted with the 
aqueous phase. Rapid dilution causes precipitation and formation of the lipid bilayer fragments. 
The fragments subsequently vesiculate, as a result of the efforts to minimize contact of the 
hydrophobic chain with the hydrophilic environment. The resulting vesicle size is, in addition 
to the lipid composition and concentration, also determined by process parameters such as the 
rate of injection of the alcohol solution, the temperature of both the alcoholic and aqueous 
phases, and the stirring rate [10,11].  

 

Fig. 2 – Schematic representation of microfluidic chip with detail of mixing profile herringbone 
structure [12]. 

The Microfluidic mixing method is an adaptation of the alcohol injection method. Rapid 
mixing of the lipid organic phase with the aqueous phase results in a step change of the polarity. 
The example of microfluidic technology is staggered herringbone micromixer (Fig. 2). 
Technology enables better control of the process parameters, which are responsible for 
reproducibility and quality of resulting vesicles. The process parameters are Total Flow Rate 
(TFR) and Flow Rate Ratio (FRR). The Total Flow Rate (TFR) represents the flow rate of the 
solution in the microfluidic channel, and the Flow Rate Ratio (FRR) represents the aqueous and 
organic phases mixing ratio. The TFR and FRR, together with the lipid concentration and lipid 
composition, enables the precise control of the liposomal properties such as size, and 
polydispersity. The principle of the liposome formation inside the microfluidic mixers, 
regardless of their geometry, is to reduce diffusion length and accelerate diffusion so that the 
mixing time (tmix) is shorter than the time required to form the liposomal vesicles (tagg). If the 
tmix is smaller than the tagg, liposome self-organization proceeds homogeneously [3,13,14]. 
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2.1.2 Surface modification of the liposomes 

The surface modification allows improving the functionality of the liposomes. As further 
described in chapter 2.1.3, rapid uptake of the plain liposomes by phagocytic cells of the 
reticuloendothelial system (RES) upon intravenous administration limits their clinical 
application. Surface modifications allow the tunning of the physicochemical properties of the 
liposomes for potentially more extensive therapeutic use by minimizing the fast clearance and 
enables specific targeting to the point of interest. These modifications are performed using 
various techniques such as physical adsorption, electrostatic or covalent bonding. The so-called 
click-chemistry represents a set of orthogonal biocompatible reactions with relatively high 
reaction rates and minimal by-products. As a concept was first introduced in 1998 by Dr Barry 
Sharpless: “Click chemistry is a group of chemical reactions that must be stereospecific, 
modular, have a wide range with large yields and relatively harmless by-products that can be 
removed by non-chromatographic methods. The products of these reactions must be stable 
under physiological conditions“ [15].  

In particular, there are four significant click reactions types: 

Azide-alkyne cycloadditions (Huisgen cycloaddition): reactions involving primarily 1,3-
dipolar cycloaddition of azides and terminal alkynes to form 1,2,3-triazoles. The reaction 
requires a copper CuI catalyst, usually prepared in situ by reduction of CuII (CuSO4·5H2O) with 
sodium ascorbate. The reaction proceeds under standard laboratory conditions (without the need 
for temperature elevation due to the CuI catalyst) and over a wide pH range of 4 to 12 [15]. 

 

Fig. 3 – Husigen 1,3-dipolar cycloaddition of azides and terminal alkynes. 

Nucleophilic ring-openings: a group of reactions including heterocyclic electrophiles such as 
aziridines, epoxides or cyclic sulfates. 

 

Fig. 4 – Nucleophilic ring-opening reaction, X=O, NR, +SR,+NR2. 

Carbonyl reactions (Non-aldol reactions): include urea, thiourea, hydrazones, oxime ethers, 
amides, aromatic heterocycles. 
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Fig. 5 – Hydrazone/oxime ether formation, X= O, NR (top), Amine/isourea formation (bottom). 

Double or triple bond addition: reactions including for example epoxidation, aziridation, or 
Michael reactions. 

 

Fig. 6 – The top reaction represents certain Michael additions where EWG stands for Electron 
Withdrawing Group such as halogens (F, Cl), carbonyl group (RCOR) or nitro group (NO2). 
The bottom reaction leads to the formation of various by-products, X=O, NR, +SR,+NR2. 

2.1.3 Use of lipid nanoparticles and other nanoparticles of medical interest 

As was mentioned above, liposomes are biodegradable, and biocompatible vesicles that have 
been firstly described in 1965 by Alec Bangham [16]. Since then, liposomes found various 
applications in the field of drug delivery systems, gene therapy and diagnostic. The first 
pharmaceutical preparations based on liposome technology were launched in the late 1980s 
(Ambisome-liposomal amphotericin) and several other liposomal cytostatic, antibiotics and 
dermatological products were commercially available or in clinical trials (Doxil®/Caelyx® 

(doxorubicin) and DaunoXome® (daunorubicin)) [17,18]. 

Their unique structure enables the encapsulation of both hydrophobic compounds (located into 
the lipid bilayers), and hydrophilic compounds (entrapped in the aqueous centre) [18]. 
Encapsulation has several advantages such as increased of efficacy and increased of the 
therapeutic index (the comparison of the amount of a drug that causes the therapeutic effect to 
the amount that causes toxicity [19]). Further, encapsulation reducing potential obstacles with 
cellular uptake, increased stability and solubility of the drug and last but not least, with surface 
modification, active drug targeting can be achieved [20,21]. The design and surface 
functionalization of the liposomes can be generalized into several groups/generations (Fig. 7). 
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The 1st generation or Conventional liposomes are plain liposomes made from phospholipid 
bilayers. Such liposomes, as shown in Fig. 7 A serve as basic carriers, but their use in vivo 
encounters several obstacles. One of them is the insufficient retention of the substances inside 
the vesicles [22]. Incorporation of cholesterol into the bilayer, the fluidity of the membrane can 
be tuned. The lower fluid of the bilayers reducing the potential leakage of an encapsulate 
compound from the vesicles [23]. Also, it has been demonstrated that the liposomes formed 
from phospholipids with a higher transition temperature (in general with saturated acyl chains 
phospholipid) are more stable upon the intravenous administration compares to the liposomes 
formed from unsaturated phospholipids [24]. Another obstacle is relative short circulation time 
upon intravenous administration. The reason is the uptake of vesicles by phagocytic cells of the 
reticuloendothelial system (RES), which reduces their distribution potential. Long-term 
circulation is required for Passive targeting. One of the driving elements of passive targeting is 
the size and charge of the liposomes. Charged and relatively large liposomal particles are more 
captured by the RES than small neutral liposomes (especially positively charged liposomes due 
to the toxicity, are removed with priority) [25,26]. Nanoparticles with a diameter below 100 nm 
will passively target liver tissue [27]. Nanoparticles in the range of 40 to 200 nm will 
accumulate in tumour tissue due to the so-called EPR effect (Enhanced permeability and 
retention) [28,29]. Larger particles then accumulate more frequently in the lung tissue [30]. Fast 
clearance is desirable if the target site is especially the liver and spleen. There are commercially 
available or in clinical trials, some formulation categorized as the Conventional liposomes such 
as Ambisome® (antifungal amphotericin B), Myocet® (anticancer agent doxorubicin), and 

Daunoxome® (anticancer agent daunorubicin) [31]. For the increasing of the circulation time, 
liposomes can be coated with a polymer, i.e., polyethene glycol (PEG), which increasing 
repulsive forces between liposomes and serum components (which promotes opsonization). 
Such surface-modified liposomes have been termed as PEGylated or in general Stealth 
liposomes Fig. 7 B. The presence of the polymer on the surface, improving the colloidal stability 
of the vesicles. The modification of the surface can be performed by absorption of the polymer, 
by the covalent bond of the polymer with a reactive group on phospholipid molecule after the 
liposome formulation or by incorporation of the PEG-lipid conjugate into the lipid bilayer (for 
example DSPE-PEG (1,2-distearoylphosphatidylethanolamine(polyethene glycol)) [31]. The 
first product with the concept of PEG-liposomes was Doxil®/Caelyx® [32]. There are other 
polymers which can be used as potential protective layers such as polyvinyl pyrrolidone (PVP), 
synthetic poly-amino acid (PAA) polymers, poly(2-ethyl-2- oxazoline) and poly(2-methyl-2-
oxazoline) polymers [31,33]. 
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Fig. 7 – Schema of individual types of liposomes based on surface modification: A) 
Conventional, plain liposomes; B) PEGylated, Stealth liposomes; C) Ligant targeted 
liposomes; D) Theranostic liposomes [34]. 

Another functionalization of the surface of the liposomes promotes Active targeting. Active 
targeting involves the introduction of functional elements such as antigens or fragments, 
peptides or proteins. The introduction of a given ligand on a liposomal particle allows specific 
binding to the respective receptors on the surface of target cells [35]. Such modified liposomes 
are collectively referred to as Ligand targeted liposomes (Fig. 7 C). Liposomes combining both 
a suitable surface modification, an active compound, and a suitable imaging contrast agent are 
collectively referred to as Theranostic liposomes (Fig. 7 D) [34]. Besides nanoliposomes, there 
are additional nanoparticles with the potential clinical application such as: 

Virus-like particles (VLP) are a group of particles that includes a variety of structures from 
empty viral particles without nucleic acids, non-infectious viruses or recombinant, structural 
viral proteins resulting from expression in host systems self-assembled into particles. By their 
structure, VLP can stimulate both non-specific and an adaptive immune response [36]. 
According to their structure, they can be distinguished into non-enveloped VLP, which are 
further distinguished according to the layers of the protein envelope - capsids, into one or more 
capsid VLP. Another type of particles is VLP with lipid membrane expression cells (Enveloped 
VLPs). Single-capsid VLP can be produced from both prokaryotic and eukaryotic cells or only 
by self-assembly of the synthesized proteins. Multiple capsids VLP already require higher 
eukaryotic host cells that allow co-expression of various capsid proteins and complex VLP 
assembly in the cell. Yeast, plant cells or insect cells are used as expression organisms. Novel 
antigens are located on the surface of VLP either by molecular fusion or by chemical 
conjugation [36–38].  

Nanodiamonds with polyhedra geometry are belonging to a group of carbon-based particles 
(in addition to nanodiamonds, fullerenes, carbon nanotubes or graphene particles) [39]. They 
can be divided base on size into nanocrystalline (up to 100 nm) and ultrananocrystalline (below 
10 nm). Their fluorescence properties, especially in the near-infrared (NIR) region, arising from 
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defects in the crystal grid, nitrogen-vacancy (NV). The intensity of the fluorescence depends 
on the number of NVs and hence the size of nanodiamonds [40]. Nanodiamonds show relatively 
low toxicity [41–43]. There are several possibilities for preparing fluorescent nanodiamonds. 
DNDs (detonation NDs): Nanodiamonds are prepared by controlled detonation (for example 
detonation of hexogen). The resulting soot contains clusters of nanoparticles about 4 nm in 
diameter, which is then released by milling and disintegration by ultrasound. CVD (chemical 
vapour deposition): Nanodiamonds are produced by gas-phase deposition in the form of 
nanocrystalline films. HPHT (high-pressure, high temperature): Nanodiamonds are formed 
from larger crystals growing at high pressure (up to 5 GPa) and temperature (above 1400 °C), 

the crystals are then crushed. Fluorescence properties are induced by irradiating the particles 
with a high energy beam at high temperatures, thereby migrating vacancies in the crystalline 
grids to the nitrogen atom and forming a stable NV conjugate [40,42]. Colloidal stability is 
required for biological application. Especially esters, amides, hydroxyls and silane groups are 
introduced by the surface treatment of ND, allowing further modification, for example, with 
polymers [44] or proteins [45]. Such modified NDs are sterically stable. 

Bacterial ghosts represent an empty, non-living envelope of Gram-negative bacteria. The 
morphology of the inner and outer membrane is similar to the native cell. The envelope contains 
membrane proteins, lipopolysaccharides and peptidoglycans. The preparation of bacterial 
ghosts can be performed by both genetic and chemical way. The genetic approach involves a 
control expression of the gene E, which causes the fusion of outer and inner cell membrane. 
The fusion creates a gap which causes cytoplasmic secretion. The limitation of the genetic 
approach is with the use only of the Gram-negative bacteria [46]. The chemical approach 
involves the use of suitable chemicals (for example sodium hydroxide or surfactants like 
sodium dodecyl sulfate or tween 80), optimization of the concentration, and physical parameters 
(such as temperature or stirring) but maintaining the same preparation concept. The chemical 
approach enables preparation of bacterial ghost from Gram-positive bacterial [47]. The particles 
themselves serve as self-adjuvants, the native cell membrane structure is recognized and taken 
up by immune cells and induce a humoral and cellular immune response. Besides self adjuvants 
properties, the bacterial ghost can serve as delivery vehicles for anti-cancer drugs, pesticides 
and additional foreign antigens [48]. 

2.2 Field-flow fractionation 

The Field-flow fractionation (FFF) is the separation one phase chromatography technique; the 
concept of Field-flow fractionation was first introduced in 1966 by prof. Giddings [49]. Since 
then, the technique has evolved into several sub-techniques like Thermal (ThFFF), Gravitation 
or Sedimentation (GrFFF), Magnetic (MgFFF), Electric (EFF) and Flow-field (FIFFF) [50]. 
The instrumentally most developed and universal is the FIFFF sub-technique called Asymmetric 
flow Field-flow fractionation (AF4) [51–53]. In general, the separation is carried in the narrow, 
empty channel in which the carrier liquid is pumped with an established laminar, parabolic flow 
profile, called a channel or detector flow. Detector flow carries the analyte from inlet to outlet 
with different velocity base on the different displacement of the sample due to an external force. 
The velocity of the detector flow, v(x), is a function of the distance from the accumulation wall 
of the channel x [54]: 
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𝑣(𝑥) = 6〈𝑣〉 (
𝑥

𝑤
−

𝑥2

𝑤2
) (1)  

where the w is a thickens of the channel and 〈𝑣〉 is the average liquid velocity in the cross-
section along the channel axis (cm/s). Equation (1) assuming zero velocity at the bottom of the 
accumulation wall (in the distance x = 0) and that the flow profile is constant along the channel 
separation axis. The external force, based on different sub-techniques, is applied 
perpendicularly to the detector flow and forcing the analyte against the accumulation wall. The 
separation force in the Asymmetric flow Field-flow fractionation is a perpendicular 
hydrodynamic field called cross-flow. Perpendicular cross-flow is formed by the passage of the 
carried liquid through a semipermeable bottom channel wall. The accumulation wall allows 
only carrier liquid to pass, which created the grading pushing the sample towards the 
accumulation wall. The cross-flow velocity is given by equation as a function of the distance 
from the accumulation wall [54]: 

𝑢(𝑥) = 𝑢0 (1 −
3𝑥2

𝑤2
+

2𝑥3

𝑤3
) (2)  

where 𝑢0 (cm/s) is the cross-flow velocity at the accumulation wall (equal to zero at the upper 
channel wall and increasing towards the bottom wall of the channel). The diffusion drives the 
sample away from the accumulation wall until the equilibrium between the external force, 
cross-flow, and diffusion is reached. Equilibrium results in a different displacement of the 
sample according to the hydrodynamic differences. The higher the sample's coefficient is, the 
greater is a distance from the accumulation wall resulting in higher velocity along the channel 
axis when the detector flow is applied. The concentration profile of the sample in equilibrium 
is given by equation (3): 

𝑐(𝑥) = 𝑐0𝑒(−
𝑥
𝑙

) (3)  

where c0 is the concentration at the accumulation wall, and l is the distance of the centre of the 
sample layer from the accumulation wall and is given by the equation: 

𝑙 =
𝐷

𝑢0
 (4)  

where D is the diffusion coefficient of the sample. The parameter l is dependent on the channel 
thickness w. The retention parameter λ expresses the distance of the sample layer relative to the 
channel thickness: 

𝜆 =
𝑙

𝑤
 (5)  

The velocity is given in the volumetric flow (ml/min) [54]: 

𝑢0 =
𝑉𝑐

𝑏𝐿
 (6)  

〈𝑣〉 =
𝑉𝑖𝑛

𝑏𝑤
 (7)  

𝑉0 = 𝑏𝐿𝑤 (8)  
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where Vc and Vin are the volumes of the cross and inlet flow, respectively, L and b are the length 
and width of the channel and w is a thickness of the channel [53]. The equation (5) can be 
extended to: 

𝜆 =
𝐷𝑏𝐿

𝑤𝑉𝑐
 (9)  

A distance of the sample from the accumulation wall depends on the diffusion coefficient, the 
dimension of the channel and the cross-flow rate. The parameter describing the elution velocity 
v of the sample with a given diffusion coefficient in the average detector flow velocity 〈𝑣〉 is 
called the Retention ratio [53]: 

𝑅 =
𝑣

〈𝑣〉
 (10)  

The simplified relation between the Retention factor and Retention ratio is given by equation 
(11): 

𝑅 = 6𝜆 (11)  

The elution of the sample in order of increasing hydrodynamic radius it's normal elution mode, 
and it's valid for equation (11). Normal elution mode is applied to a size of approximately 1 μm. 

Separation up to 1 μm is a steric elution and its carried in a reverse elution order [55]. For the 
steric elution, the equation (11) is extended by the dimensionless steric correction parameter γ 
and by the diameter of the particles d [53,56]: 

𝑅 = 6𝜆 + 3
𝛾𝑑

𝑤
 (12)  

Retention ratio can also be expressed as the equation (13): 

𝑅 =
𝑡0

𝑡𝑅
 (13)  

there the t0 is the void time (time of the imaginary sample which is not retained in the channel), 
and tR is the time of the separated sample, called retention time. By the AF4 theory, the retention 
time can be expressed as: 

𝑡𝑅 =
𝑤2

6𝐷
ln (1 +

𝑉𝑐

𝑉
) (14)  

where w is the channel thickness, D is the diffusion coefficient of the sample, Vc and V are the 
cross-flow and detector flow rates, respectively. From equation (14), the diffusion coefficient 
of the sample can be calculated, knowing the channel parameter and retention time. The 
diffusion coefficient is related to the hydrodynamic size Rh of the sample by the Stokes-Einstein 
equations (24), the equation (14) can be then extended as [53,56]:  

𝑡𝑅 =
𝑤2𝜋𝜂𝑅ℎ

𝑘𝑇
ln (1 +

𝑉𝑐

𝑉
) (15)  

where T is the thermodynamic temperature, η is the viscosity of the mobile phase, and k is the 
Boltzmann’s constant. 
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Fig. 8 – The scheme of the AF4 channel with the parabolic longitudinal flow, analyte 
distribution is given by equilibrium between the cross-flow and the diffusion (© Wyatt 

Technology Corporation). 

As mentioned above, the AF4 separation is carried in an empty channel. The channel is usually 
formed by an upper and a lower part, between which a trapezoidal moulding and membrane are 
placed (Fig. 9). The moulding is called spacer with a given thickness (typically between 190 to 
490 μm) which gives the channel thickness. The membrane (polyethene sulfonate or cellulose) 
with the specific cut of (5 to 30 kDa) together with the bottom support frit is responsible for the 
semi-permeability of the channel. 

 

Fig. 9 – Different parts of the AF4 standard channel:1) represents the upper part; 2) is the 
spacer; 3) is the sealing O-ring; 4) is the porous frit and 5) is the bottom part of the channel 
(© Wyatt Technology Corporation). 

The separation by AF4 in the standard channel involves primarily three phases. Injection of the 
sample followed by the focusing and relaxation and the elution itself. During focusing, the 
mobile phase is pumped through the inlet and outlet port at the same time in a given ratio. The 
ratio is adjusted in a way that enables the sample to be focused on a specific focus distance from 
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the original sample injection site. The focusing position is given by the channel and can be 
adjusted by the ratio of input and output flow according to equation [53]: 

𝑧𝑓 = 𝐿
𝑉𝑖𝑛,𝑓

𝑉𝑖𝑛,𝑓 + 𝑉𝑜𝑢𝑡,𝑓
 (16)  

where the zf is a focus position, L is the length of the channel, 𝑉𝑖𝑛,𝑓 and 𝑉𝑜𝑢𝑡,𝑓 are flow rates of 

the inlet and outlet ports. Equation (15), which applies when the elution starts directly from the 
channel inlet, can be then extended as: 

𝑡𝑅 =
𝑤2𝜋𝜂𝑅ℎ

𝑘𝑇
ln (

𝑧𝑓

𝐿 −
𝑉𝑖𝑛

𝑉𝑐

1 −
𝑉𝑖𝑛

𝑉𝑐

) (17)  

Beside the “standard” AF4 channel, there are other types of Flow filed Filed-flow fractionation 
channels that differ in the geometry of the separation channel and the configuration of the 
channel flow and cross-flow. In this thesis, the Frit Inlet channel (FIAF4) and the Hollow fibre 
channel (HF5) are mentioned. 

The Frit-Inlet AF4 channel (Fig. 10): The separation itself is preceded by the focusing phase, 
where the sample is focused near the accumulation wall of the channel to establish equilibrium 
between the cross-flow and diffusion of the analyte. Insufficient focusing will result in high 
band broadening. Although one of the advantages of the FFF technique is the absence of a 
stationary phase, the analyte may interact with the membrane at the bottom of the accumulation 
wall [57]. It has also been reported that the focusing phase can cause sample aggregation 
[58,59]. The separation process in FIAF4 is carried out without interruption of the longitudinal 
flow (detector flow) and the need for a focusing phase. Hydrodynamic relaxation is achieved 
by injecting the sample at a relatively low flow rate. At the same time, the mobile phase is 
driven through the inlet frit, whereby the analyte components are carried into the channel. The 
result is a continuous relaxation of the sample in the region of the inlet frit. After the sample 
injection, the equilibrium is established, and the analyte is eluting according to the standard 
AF4 principle. The absence of the focusing phase can be particularly useful for samples 
susceptible to aggregation [57,60], Another advantage is a relative reduction in the analyte 
separation time and a reduction in sudden pressure increase caused by the change of the 
focusing phase to the elution phase [60]. 

 

Fig. 10 – The schematic representation of the Frit-Inlet AF4 channel [60]. 
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Another alternative to the classical separation channel is the use of the Hollow Fibre channel. 
The HF5 uses an entirely different, cylindrical, geometry (Fig. 11) based on a polymer or 
ceramic hollow fibres with porous walls. The permeability of the walls forms the radial flow 
(cross-flow); the remaining volume creates the detector flow. The separation is carried by the 
same mechanism as the classical AF4 elution, according to the hydrodynamic differences. The 
HF5 has smaller void volume compared to the conventional channel; less analyte is needed for 
sufficient separation due to a relatively low dilution. The channel is designed to be disposable, 
sterile and applicable to one sample type, reducing the risk of cross-contamination [61]. 

 

Fig. 11 – The schematic representation of the HF4 channel, Vin is the total flow that is divided 
into Vrad forming cross-flow and Vout forming flow detector (© Wyatt Technology Corporation). 

2.2.1 Detectors 

The separation is followed by the detection of individual fractions eluting from the separation 
channel. Several detectors are used to monitor the eluting analyte in the mobile phase. The most 
common detectors in conjunction with FFF (or with SEC) are concentration sensitive detectors, 
the UV-VIS and RI (refractive index) detectors, whose signal is proportional to the 
concentration in the elution volume. Fluorescence detector, measuring emission and excitation 
properties of the analyte. Next in line is the light-scattering detector. Where the signal is 
proportional to the molecular weight and eluate concentration. The UV-VIS detector can be 
used for the detection of the compounds with, for example, double bond, conjugated double 
bond, aromatic ring or carbonyl function group. The detector measures the absorbance A which 
is defined by Lambert-Beer law as [53]: 

𝐴 = log (
𝐼0

𝐼
) = 𝜀𝑐𝐿 (18)  

where the I0 and I represent the intensities of primary and transmitted light, respectively. The 
absorbance is related to the length of the measuring cell L, the concentration c and the 
absorption/extinction coefficient ε [53,62]. The RI detector is a universal detector for analyte 
with a non-zero increment of the refractive index dn/dc. In general, the sensitivity of the RI 
detector can be lower, compared to the UV detector, especially for highly absorbing analytes. 
But can be used for the detection of non-absorbing compounds. The measurement itself takes 
place in a cell that is divided into two compartments, sample, and referent (Fig. 12). 



23 

 

Fig. 12 – Diagram of the Optilab T-rEX ™ Flow Cell Flow (© Wyatt Technology Corporation). 

If the refractive index ns (sample) and nr (reference liquids) are identical, then the light beam 
emits from the cell in a direction parallel to the incoming beam. If ns differs from nr, the light 
beam emits from the cell at an angle θ. The angle is proportional to the difference in refractive 
index between ns and nr, i.e. the differential refractive index (dRI). With the known value of the 
dn/dc, eluate concentration can be determined. The reference cell has one chamfered edge. The 
chamfer additionally deforms the light beam at an angle φ. The angle φ depends on the skew 
angle and the difference between the refractive index between the reference fluid and the quartz 
cell. If the sample is present in both the reference cell and the sample cell, the refractive index 
difference is zero, and any angular distortion of the light beam is only due to the absolute 
refractive index (aRI) [53,63]. 

2.2.1.1 Light scattering detectors 
Light scattering can be divided in particular into two types: Dynamic light scattering (or 
Quasi-Elastic Light Scattering, i.e. QELS) discussed in Chapter 2.3.1, and Static light 
scattering. Type of the static light scattering detector is a Multi-angle light scattering detector 
(MALS) where the intensity of scattered light is detected from several detection angles. The 
information from scattering analyte in angular or concentration dependence can be used for the 
determination of molar mass; size expressed as the radius of gyration and second virial 
coefficient [53,64]. The dependence of the intensity of scattered light on the characteristics of 
the sample is shown as: 

𝐾∗𝑐

𝑅(𝜃)
=

1

𝑀𝑃(𝜃)
+ 2𝐴2𝑐 (19)  

where c is the analyte concentration, M the molecular weight A2 the second virial coefficient, 
K* is the optical constant, P(θ) the scattering function of the particles and R(θ) is the excess 
Rayleigh ratio. The excess Rayleigh ratio expresses the scattered light intensity of the analyte 
(by subtracting the scattered light intensity of the solvent, Iθ,solvent from the scattered light 
intensity of the eluate Iθ) [53]: 

𝑅𝜃 =
(𝐼𝜃 − 𝐼𝜃,𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑟2

𝐼0𝑉
 (20)  

where I0 is the intensity of the primary light, V is the scattering volume, r is the distance between 
scattering volume and detector. The Rayleigh ratio is independent of the intensity of the primary 
light and on the geometry of the measuring cell. The optical constant in equation (19) is defined 
as: 
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𝐾 =
4𝜋2𝑛0

2

𝜆0
4𝑁𝐴

(
𝑑𝑛

𝑑𝑐
)

2

 (21)  

where n0 is the refractive index of the solvent at a given laser wavelength λ0, NA is the Avogadro 
constant, and dn/dc represents the refractive index change with the concentration of the so-
called refractive index increment [53]. The particle scattering function describes the decrease 
of the intensity of the scattered light with increasing detection angle due to the interference of 
the light coming from different parts of the same particle. Scattered light from different parts 
will destructively interfere, and intensity will be lower compared to the individual light beams. 
Approximation for small angles is given as: 

lim
𝜃→0

𝑃(𝜃) = 1 −
16𝜋2𝑛0

2

3𝜆0
2 sin (

𝜃

2
) 〈𝑅𝑔

2〉 (22)  

where λ0 is a wavelength of the incident light in a solvent with a refractive index of n0. The 

√𝐾𝑐 𝑅(𝜃)⁄  can be plotted against sin2(𝜃 2⁄ ), the abscissa is constructed, and from the slope, 
the Rg can be determined [53,65]. 

2.2.2 Application of Asymmetric flow Field-flow fractionation 

How was mentioned in chapter 2.2, Asymmetric flow Field-flow fractionation is one of the 
universal separation techniques, which has recently found application in a wide range of sectors 
including nano/biotechnology, pharmacy, and medicine [66,67]. The recent application shows 
the AF4 as a reliable technique for the quantitation and characterisation of viruses during the 
process of vaccine development [68–70]. Another application of AF4 is in the field of the 
development and scale-up of the gene delivery vehicles based on virus-like particles (VLP) 
[71,72]. The AF4 technique enables whole lysate purification. In the study of Lampi M. et al. 
(2018) the infection enveloped virus (bacteriophage Φ6) were purified with 2–3-fold higher 
purity compared to the common purification method such as precipitation and 
ultracentrifugation. The study also shows that the membrane (at the bottom of the AF4 channel) 
cut-off enables the flow-through of small components which reduced the impurities content 
with high recoveries of infectious viruses [73]. There are previous studies that indicated that 
the regenerated cellulose membrane could be applied for different viruses with different 
biophysical properties with high mass recovery [73–75].  

In addition to the above studies, the AF4 technique is used for the characterization of liposomal 
nanoparticles. Separation conditions and their effect on liposomal retention characteristics are 
elaborated by S. Hupfeld et al. (2009). The change in analyte retention time with an increased 
amount of injected sample is described as an over-loading effect. At high concentrations, the 
analyte is not sufficiently equilibrated at the bottom of the accumulation wall during the 
focusing phase, and a part of the sample is in the higher layer, which, due to the parabolic 
profile, elutes at a higher rate. The over-loading effect is particularly evident in monodisperse 
analytes both for liposomes [59] and for standards polystyrene particles as well [76]. Another 
parameter affecting retention characteristics is the nature of the mobile phase. In S. Hupfeld's 
study, the effect of the ionic strength of NaNO3 on neutral liposomal particles (1,2-dioleoyl-sn-
glycero-3-ethylphosphocholine, EPC) was assessed. At low ionic strengths, repulsive 
interactions between particles and the channel's accumulation wall predominate. The liposome 
particles do not reach equilibrium at the correct height above the accumulation wall and elute 
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earlier than might be expected according to the FFF theory [59]. Similarly, negatively charged 
liposomes in Tris buffer or PBS (phosphate buffer saline) with different ionic strength, where 
studied. The retention times in the mobile phase of low and high ionic strength (8–160 mM) 
both deviated from FFF theory. The optimal concentration is about 16 mM salt [77,78]. The 
AF4 separation technique is most often followed by a MALS detector (2.2.1). The light 
scattering detector record is then a series of individual points, for each point the Rayleigh ratio, 
relative to each angle is recorded. Since the sample is diluted during fractionation, the second 
virial coefficient A2 can be neglected in equation (19). For the molecular weight and particle 
size, the resulting angular dependence is interleaved by different models according to the 
character of the analysed sample. The Zimm model is generally used for small particles below 
100 nm. The Zimm model is also linear for high molecular weights, with the ratio 
(𝐾 ∙ 𝑐 ∙ 𝑅(𝜃)−1) plotted on the y-axis. The Berry model (𝐾0.5 ∙ 𝑐0.5 ∙ 𝑅(𝜃)−0.5) is generally 
applicable for particles above 100 nm and is universal for diverse conformations of polymers 
of different molecular weights, unlike Zimm model it is also suitable to determine the 
conformation of the polymer. The Debye model (𝐾−1 ∙ 𝑐−1 ∙ 𝑅(𝜃) ) generally requires a higher 
polynomial degree with increasing molecular weight and is more suitable for larger particles 
(size above 100 nm) [53]. An alternative to the above-mentioned models is a “shape-dependent 
model” that uses a theoretical model of the angular dependence of light scattering according to 

particle shape, random coil, sphere, coated sphere, or rod structure. In his work, S. Hupfeld 
assessed, among other things, the influence of individual models on the resulting characteristics 
of liposomes of different sizes. By comparing the results of DLS measurements and electron 
microscopy, the coated sphere appears to be a suitable model for liposomal particles [79]. 

Although the AF4 is one phase separation technique with no packing material and thus no 
sample-stationary phase interaction, possibly leading to the degradation and losses of the 
sample. On the bottom of the separation channel polyethersulfone (PES) or regenerated 
cellulose (RC), the membrane is present. The membrane can be responsible for lower sample 
mass recovery. Study of Jochem A. et al. describes the mechanism of sample-membrane 
interaction on gold nanoparticles with different PEG polymer coating. In general, the polymer 
coating preventing degradation of the nanoparticles, also electrostatic repulsion prevents 
adsorption of the charged PEGylated particles on the membrane at the low ionic strength. With 
increasing ionic strength, the repulsion is weaker, and the particles are in closer distance from 
the accumulation wall. Increased ionic strength has an additional effect; the PEG chain length 
is increased as well. At sufficient ionic strength, the particles are in the close distance, and the 
polymer can bridge the remaining gap between particle and membrane, resulting in so-called 
bridging adsorption. The bridge adsorption also explains why the longer PEG does not increase 
the mass recoveries. Adsorption was particularly evident in the case of 5 and 10 kDa PEG at an 
ionic strength of 5 mM [80]. Interaction of the gold nanoparticles (AuNP) with the membrane 
is investigated in the work of Saenmuangchin R. et al. In the study, the strong, attractive 
interaction between the particle and hydrophobic PES membrane where observe with the 
surfactant mobile phase modification (0.05% sodium dodecyl sulphate, SDS). Based on the 
results, the author evaluates the ideal mobile phase of de-ionized water (in case of PEGylated 
AuNP) [81]. The selection of the molecular weight of the PEG has an impact on the separation 
behaviour. The effect was presented in the study of Hansen M. et al., where the four types of 



26 

PEG (2, 5, 10 and 20 kDa) were investigated under ideal separation conditions without the 
stabilizing surfactants in the mobile phase. The study shows that the PEG orientation is not 
responsible for the differences in retention time, which were observed in the 10 and 20 kDa 
PEGylated AuNP but the coating density is. With higher molecular weight, the PEG density is 
lower; thus, the particle behaves as smaller and eluting earlier compared to the 2 and 5 kDa 
PEGylated AuNP under define separation conditions [82]. 

Other types of particles that can be effectively separate and characterized using AF4 are 
exosomes. These small extracellular vesicles participate in the process of the cancer metastasis. 
In the work of Petersen K. et al., exosomes from aggressive melanoma cells were fractionated 
using AF4 coupled with MALS/DLS/UV detectors under native condition using PBS as a 
mobile phase. The study proves that the AF4 can separate exosomes by different subtypes 
without using specific affinity tags. Their study suggests the possibility of AF4 for the 
separation of large quantities of exosomes for diagnostic and therapeutic applications in the 
field of cancer treatment [83]. The Field-flow fractionation is capable of the separation of whole 
bacteria cells. Lee H. et al. used the FFF technique as a precursor to MALDI-MS analysis of 
the intact bacteria cell (P. putida and E. coli). The submicrometric-sized cells are separate 
according to the so-called hyperlayer mechanism, in addition to the elution modes described 
in chapter 2.2 (normal and steric elution mode). During the hyperlayer elution mode, the high 
channel flow generates a hydrodynamic lift force that drifts the sample from the bottom 
accumulation wall. The established equilibrium between lift forces and the cross-flow is then 
decisive for the distance of the sample from the accumulation wall of the channel. Larger 
particles with greater lift forces elute earlier than the smaller ones. The separation, according to 
the hyperlayer elution mode, provides high-resolution in relatively short elution times. 
Fractions in different elution times contained non-degraded bacteria of different sizes due to 
the different growth stages [84]. The A4F technique enables separation of proteins or in general, 
biopolymers under native conditions while the original conformation remains unchanged. In 
the study of Dou H. et al., the usage of AF4 coupled with MALS/DLS and UV detector on the 
characterization of the egg yolk plasma under the native condition were demonstrated. The use 
of programmed separation force, cross-flow enables separation of a sample with broad size 
distribution in reducing separation time. The combination of MALS and DLS online detector 
can be used for conformation determination of the low-density lipoprotein (LDL) and 
aggregates base on the ratio of the radius of gyration to the hydrodynamic radius (Rg/Rh) [85]. 
In general, the Rg/Rh ratios provide information about the conformations of the sample (see 
Table 1). 
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Table 1 – Rg/Rh ratios values and resulting conformations. 

Rg/Rh Conformation 

< 0.7 A highly expanded macromolecule or swollen microgel structure [86] 

0.778 Hard sphere [87] 

0.998 Soft sphere [88] 

1.0–1.5 Branched molecule [89] 

1.5–2.1 Random coil [90] 

> 2 Rod like structure [91] 

 

With the increasing use of proteins in clinical applications, the need to control qualitative and 
quantitative properties is needed. Well established Size Extrusion Chromatography (SEC) 
technique us commonly used for the separation of proteins. But the loading of SEC columns 
and thus the shear force generated during separation can easily lead to disruption of the complex 
protein structure, especially proteins with higher molecular weight. Besides, limited size range 
does not enable high resolutions of large soluble aggregates A4F is a complementary technique 
to SEC for analysis of biopolymers, proteins, nanoparticles and whole cells [92]. 

2.3 Offline physicochemical methods of nanoparticle characterization 

2.3.1 Dynamic light scattering 

The dynamic light scattering correlates Brown's motion with the hydrodynamic size of the 
particles. Brownian motion is a random particle motion caused by the thermal movement of a 
solvent that collides with the particles of the analyte. The scattered radiation at a certain time 
by different particles shows a phase shift, and the individual rays interact with each other. The 
interaction can be positive or negative, depending on the relative position of the particles. Over 
a given time, the particle changes its position precisely due to Brown's motion, small particles 
being more affected by this motion than the large particles. As the relative position of the 
particles changing, the phase shift and thus the total intensity of the scattered light fluctuates. 
The intensity fluctuation correlates with particle velocity. For the small particles moving fast, 
there will be a higher fluctuation of the intensity of the scattered light than in a case of large, 
slower-moving particles [93]. Measurement of such an intensity changes-fluctuation is 
expressed by the autocorrelation function. The device, the correlator, assesses the degree of 
similarity between two signals over short period (Fig. 13). 
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Fig. 13 – The fluctuation of the intensity of the scattered light as a function of time [94]. 

The initial intensity of the scattered light is compared with the intensity over time t + dt, t + 2dt, 
t + 3dt, and t = ∞. Time slots (dt) are in the order of nanoseconds/microseconds. The individual 
intensities deviate in time; time t = ∞ mean time in the order of tens of milliseconds, when the 

correlation no longer occurs and the correlation factor equals zero (for the ideal correlation, the 
correlation factor equals one). The graph of correlation function versus time is called 
correlogram. The time at which the correlation function begins to decrease sharply is an 
expression of the average particle size of the sample. The slope of the curve is then characteristic 
of the polydispersity of the sample. A steeper slope indicates greater homogeneity of the sample 
(Fig. 14) [93,94].  

 

Fig. 14 – Example of the correlation function (© Malvern Panalytical Ltd.). 

For monodisperse particles, the correlation function G has an exponential form and is expressed 
by the equation: 
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𝐺(𝜏) = [1 + B ∙ exp(−2𝐷𝜇2𝜏)] 

𝜇 =
4𝜋𝑛

𝜆0
sin (

𝜃

2
) 

(23)  

where τ is the time lag between individual measurements, B is the amplitude of the function; 
the velocity of particle caused by the Brown's motion is expressed by the diffusion coefficient 
D, n is the refractive index of the dispersion medium, λ0 is the wavelength of the laser, and θ is 
the angle of observation with respect to the initial laser beam. For the heterogeneous sample, 
the sum of all exponential decreases is involved in the correlation function equation. The 
particle size, hydrodynamic radius, is calculated from the translational diffusion coefficient 
using the Stokes-Einstein equation: 

𝑅ℎ =
𝑘𝑇

6𝜋𝜂𝐷
 (24)  

where Rh is the hydrodynamic radius, D is the diffusion coefficient, k is the Boltzmann constant, 
T is the thermodynamic temperature, and η is the viscosity of the medium. The hydrodynamic 
radius is an approximation whose value refers to a spherical particle of a given diameter having 
the same diffusion coefficient as the measured analyte. The diffusion coefficient is dependent 
on the particle core, structure and ionic strength of the dispersion medium. The total 
concentration of ions in the solution affects the rate of diffuse movement of the particle by 
changing the thickness of the electric bilayer - Debye length [93]. By evaluation of the 
correlation function using the Cumulants analysis, both the mean particle size (z-average 
diameter) and the polydispersity index (width of the distribution) are obtained. Or by fitting a 
multiple exponential to the correlation function to obtain the distribution of particle sizes. The 
size distribution can be expressed as the Intensity distribution, where the relative intensity of 
light scattered by particles is plotted in various size classes. The intensity distribution is given: 

%𝐼𝑎 =
100 𝑁𝑎𝑎6

𝑁𝑎𝑎6 + 𝑁𝑏𝑏6
 (25)  

where Na is the number of particles of the fraction, %Ia expresses the relative intensity of 
particles of size a, similarly the number of particles Nb for size b. The ratio of the intensity of 
the scattered light of between population a and b will be 1:1 000 000 (assuming the same 
concentration and varying in size by one order). The ratio results from the Rayleigh 
approximation: the intensity of the scattered light is proportional to the particle diameter d6 [94]. 
In addition to intensity distribution, the distribution by volume and number are listed as well. 
For the two populations of the same concentration and size differences by one order, the volume 
distribution, the relative volume of the particle %Va is given [94]: 

%𝑉𝑎 =
100 𝑁𝑎𝑎3

𝑁𝑎𝑎3 + 𝑁𝑏𝑏3
 (26)   

The individual populations will differ by the ratio 1:1000 due to the sphere volume 
proportionality to the particle diameter, d3. The last type is the number distribution where the 
individual populations will be in ratio 1:1 due to the same concentration of the population a and 
b. The relative number is given:  

%𝑁𝑎 =
100 𝑁𝑎 

𝑁𝑎 + 𝑁𝑏
 (27)   
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The graphical representation of the distributions described above is shown in Fig. 15 [94]. 

 

Fig. 15 – Example of theoretical distribution of two particles of size 5 and 50 nm according to 
number (red), volume (green) and intensity (yellow) distribution [94]. 

2.3.1.1 Multi-angle dynamic light scattering 
The Multi-angle dynamic light scattering technique (MADLS®) is based on the dynamic light 
scattering principle; the measurement is a series of single-angle measurements: backscatter 
173°, side scatter 90° and forward scatter 12°, that are combined. Particle size distribution is 
evaluated from multiple autocorrelation functions. Limitations resulting from the use of one 
specific angle are shown in the Mie diagram (Fig. 16). Fractions of the sample may be weakly 
scattering at one detection angle but are revealed in the other detection angles, and then included 
in the combined distributions [95,96]. 

 

Fig. 16 – Mie diagram with the intensity minima and maxima. Particles that fall within the 
minima area will exhibit the low scattered light intensity and the low resolution at the given 
angle [96]. 

The MADLS increase the sensitivity to particles with sizes in the regions of the single angle 
Mie minima. The MADLS also introduces the so-called adaptive correlation, which compares 
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individual correlograms and isolates those that exhibit events that do not reflect the overall 
nature of the sample, such as the appearance of a dust particle or random aggregates. Adaptive 
correlation isolates (but it doesn't delete them) these random events, which is reflected in the 
quality of the resulting correlation curve. In comparison to single angle DLS algorithms, the 
MADLS provides better resolution using the algorithm which utilizes more size histogram bins. 
The increase in the number of bins is possible due to the noise reduction (by using adaptive 
correlation and multi-angle correlograms). By combining the scattered light intensity from all 
three angles together with the particle size and from the refractive index and absorption 
information of the particles and the environment, the MADLS technique also allows calculating 
the particle concentration in volume [96]. 

2.3.2 Electrophoretic light scattering 

The Electrophoretic light scattering (ELS) technique (or Laser Doppler Electrophoresis) is 
based on the dynamic light scattering technique. It is primarily used for measuring the 
electrophoretic mobility of particles in suspension by measuring the small frequency shifts in 
the intensity of the scattered light. The frequency shifts (Equation (30)) resulting from the 
movement of the particles in an applied electric field. The electrophoretic mobility can be 
evaluated as the zeta potential. The electrophoretic mobility Ue is given by the equation: 

𝑈𝑒 =
𝑣𝑒

𝐸
 (28)  

where v is the velocity of the particle movement, and E represents the intensity of the electric 
field. The influence of zeta potential on particle velocity describes Henry's equation: 

𝑣𝑒 =
2𝜀𝜁𝑓(𝜅𝑎)

3𝜂
 (29)  

where ε is the dielectric constant, η is the viscosity of the medium, ζ represents the zeta potential, 
and f(κa) denotes Henry's function. The parameter κ represents the Debye length whose 
reciprocal value, κ−1, is the thickness of the electric bilayer. The parameter refers to the radius 
of the particle a. Thus, Henry's function correlates the radius of the particle to the thickness of 
the electric bilayer. For aqueous electrolytes, the value is 1.5 (Fig. 11) [97,98]. 

 

Fig. 17 – The scheme of Henry's function for aqueous media, where a represents the radius of 
the particle and κ−1the layer of the electric bilayer [98]. 
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The frequency shift Δf can be determinate as: 

∆𝑓 =
2𝑣𝑒

𝜆
sin

𝜃

2
 (30)   

where λ is the laser wavelength and θ the scattering angle [98]. The Phase Analysis Light 
Scattering (PALS) technique is a modification of the ELS, where the phase shift of the scattered 
light is determined instead of frequency changes. The phase shift is proportional to the change 
in particle position. The use of phase shift increases the sensitivity of the measurement. It allows 
the characterization of samples with high ionic strength/conductivity or reduced mobility with 
a low applied voltage to minimalize negative effect as Joule heating [99]. The measurement 
itself uses a Mixed Mode Measurement; PALS-M3 technique. The Mixed mode is referring to 
the use of the Slow Field Reversal (SFR) and Fast Field Reversal (FFR) measurements. In 
general, the electrophoretic analyses are performed by measuring the particles at the cell wall, 
in the stationary layer. The cell wall has a charge itself that is responsible for liquid stream 
along the wall when the potential is applied, called electroosmosis. The stationary layer is 
point/distance where the flow is cancelled due to the reverse fluid flow. The colloidal particles 
can respond faster to the applied electric field compared to the fluid. Using the alternating, high-
frequency electric field, the electroosmosis effect is cancelled. The high-frequency alternation 
of the electric field is called the Fast Field Reversal technique and its use for determination of 
the mean zeta potential value at any position in the measuring cell [100]. Compared to that, the 
Slow Field Reversal technique gives zeta potential distribution, but the mobility is shifted due 
to the electroosmosis. By measuring FFR and SFR values, the electroosmotic flow can be 
determined and used for normalization of the slow field reversal distribution. The M3-PALS 
enables measurement of the zeta potential of high and low mobility samples and determination 
of the mean zeta potential and distribution [101]. 

2.3.2.1 Zeta potential 
Most colloidal dispersions in an aqueous solution contain an electrical charge, resulting, for 
example, from ionization of functional groups on the surface or by adsorption of ions. Counter 
ions from the solution are then attracted to the charged surface to form an electric bilayer. The 
electric bilayer can be divided into an inner region, the Stern layer where the ions strongly 
bound to the surface of the particle are predominantly adsorption forces and the Diffusing layer 
consisting of ion bound electrostatic forces, neutralizing the remainder of the charge of the inner 
layer. There is a theoretical boundary within the diffusion layer within which ions and particles 
form a stable entity. This boundary is called the Slip plane. The potential that exists at this 
boundary is called the electrokinetic potential or ζ (zeta) potential (Fig. 18) [98,102]. 



33 

 

Fig. 18 – Schematic representation of the Zeta potential [98]. 

The zeta potential determines the stability of the colloidal particles in solution. The particles 
may be stabilized by two primary mechanisms: The Steric stabilization (adsorption of the for-
example polymer to the particle surface to prevent particle adhesion) or the Electrostatic 
stabilization which preventing the particle interaction due to surface repulsiveness. The theory 
of electrostatic stability of particles in solution is called the DLVO theory (Derjaguin, Landau, 
Verwey, and Overbeek). The DLVO theory describes the balance between the electrostatic 
repulsive force and attractive interaction due to the van der Waals forces (mainly by the London 
dispersion interaction). The assumption is that the stability of the system is given by the sum of 
the attractive van der Waals forces and the repulsive electrostatic forces that penetrate between 
the particles at a sufficient approximation (Fig. 19) [98]. 

 

Fig. 19 – The diagram of the interaction energy dependence on the distance of the particles 
[98]. 
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If the system exhibits a sufficiently large repulsion due to the high surface charge, the system 
can be considered as colloidally stable. If the zeta potential is reduced, for example, by changing 
the pH (Fig. 20) or by increasing the ionic strength of the solution, the repulsive forces are 
reduced. In general, for a zeta potential outside the range of ±30 mV, the system is considered 
as colloidally stable [98]. 

 

Fig. 20 – The zeta potential dependence on the pH with a marked isoelectric point (isoelectric 
point depends on the nature of the analyte) [98]. 

2.3.3 NTA (Nanoparticle tracking analysis) 

The NTA technique, like DLS, utilizes laser light beam scattering on colloidal particles under 
the Brownian motion. The laser beam is entering into the measuring cell at a minimum angle 
so that the scattered light is observed at an angle close to 90° (Fig. 21). Light scattering is 
recorded near the point of entry of the laser beam into the measuring cell so that the resulting 
light scattering records are not affected by secondary light scattering [103]. 

 

Fig. 21 – Schema of the configuration of the NTA optical elements [103]. 
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The particles, respectively, the light they scatter are visualized using a microscope and a CCD 
(Charged-coupled device) camera. The recording of the particle motion is then evaluated by the 
"frame-by-frame" technique, with the software marking the centre of one of each particle, and 
then determining the mean square shift. The mean square shift is proportional to the square root 
of the interval τ between defined frames, whose proportionality constant is the diffusion 
coefficient D in Einstein-Smoluchowski equation [103]: 

∆𝑥̅̅̅̅ = √2𝐷𝜏 (31)  

by modification of the Stokes-Einstein equation for the x-axis is given as: 

(𝑥)̅̅ ̅̅ 2 =
2𝑇𝐾𝐵𝑡

3𝜋𝜂𝑑
 

(𝑥, 𝑦)̅̅ ̅̅ ̅̅ ̅2 =
4𝑇𝐾𝐵𝑡

3𝜋𝜂𝑑
 

(32)  

The movement of particles in the x, the y-axis is then expressed as: 

(𝑥, 𝑦)̅̅ ̅̅ ̅̅ ̅2

4
=

𝑡𝑇𝐾𝐵

3𝜋𝜂𝑑
= 𝐷 (33)  

With the known temperature and viscosity of the solvent, the hydrodynamic radius of the 
particle can be calculated from the diffusion coefficient using the Stokes-Einstein equation (24). 
The motion of individual particles is monitored in a fixed specific volume, which allows the 
calculation of the particle concentration [103]. 

2.3.4 Tunable Resistive Pulse Sensing 

The Tunable resistive pulse sensing (TRPS) is a technique for measuring the size and the 
concentration of individual particles (particle by particle analysis) in an electrolyte solution. It 
is a modification of the "Coulter counter" method, where suspended particles pass through a 
defined pore located between two electrodes. When particles pass through the pore, a change 
in the flow of electric current is recorded, which results in a so-called resistance pulse. The size 
of the resistive pulse is proportional to the volume of the passing particle; the pulse frequency 
is then proportional to the number of particles, concentration. The use of an elastic polyurethane 
membrane enables the tuning of the size of the conical nanopore by axial stretching for optimal 
analyte characterization [104,105]. The total current is dependent on the applied voltage, the 
ionic strength, on the size and the resistance of the pore. The conical profile (Fig. 22 A) gives 
rise to an asymmetric resistance pulse. The resistance is highest at the top of the pore resulting 
in a sharp drop in current as the particle passes through the pore. The drop is followed by the 
gradual return of the initial current value [102]. 
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Fig. 22 – A) Schematic representation of the nanopore; B) Recording of current changes, 
resistive pulse, due to the passage of the particle. Resistance pulse is characterized by FWHM 
(Full Width Half Maximum), i.e. width at half peak and also by a total change of passing current 
ΔI; C) qNano (Izon Science) instrument with polyurethane membrane placed between two 

Ag/AgCl electrodes [104]. 

For conical pore, the resistance R is given by the equation: 

𝑅 =
4𝐿𝜌

𝜋𝐷L𝐷S
 (34)  

where ρ is the electrolyte resistance, L the pore length, DL is the largest diameter and DS the 
smallest diameter of the pore. The passage of particle results in an increase of the resistance 
and a decrease in the total current (see Fig. 22 B), the difference in the resistance is then given 
by the equation: 

Δ𝑅 =
4𝜌𝑑3

𝜋𝐷𝑝
4

 (35)  

where Dp is the mean pore diameter and d is the particle diameter. Since the pore size can be 
tuned by stretching/contracting of the polyurethane membrane, the analyte size calculation is 
evaluated based on the calibration with the particles of known diameter and concentration, 
measured under the same conditions [102,104,106]. The external pressure can be applied to 
optimize particle flow. The pressure is proportional to the frequency at which the particles are 
pushed through the nanopore. The ratio of P1 to P2 determines the optimum particle velocity. 
In general, the P1> P2 is applied for the low concentrations of the sample. For concentrated 
suspensions, the pressure is reversed, P1 <P2 [104]. In addition to the pore size and pressure, 
the membrane voltage can also be tuned. The voltage is adjusted to achieve an optimum signal-
to-noise ratio or to pass particles with different surface charges through the pore [107]. The rate 
at which the particles pass through a pore is influenced by several factors, electric field, 
nanopore geometry, pressure, and by the behaviour of the particles in the electrolyte. The 
particle flow J is defined by the Nernst-Planck theory. The theory describes electrophoretic 
forces, electroosmotic flow, and fluid flow. The flow of the particles is proportional to the 
particle concentration Cs and velocity of the passing particles vp [104]: 
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𝐽 = 𝐶s × 𝑣p (36)  

Electrophoretic mobility is the movement of charged particles in a solution due to the external 
electric field. This movement may be inhibited by the interference of counter ions moving in 
the opposite direction in a solution. The ions were forming a diffuse bilayer around the particle, 
the Stern bilayer (2.3.2.1), which will move in the electric field in the opposite direction than 
the particle itself, this phenomenon is called electrophoretic retardation. The electrophoretic 
mobility is then expressed by the Helmholtz–Smoluchowski equation: 

𝑣E =
𝜀𝜀0𝜁𝑝𝑎𝑟𝑖𝑐𝑙𝑒

𝜂
𝐸 (37)  

where ε is the relative permittivity of the electrolyte, ε0 is the relative permittivity of the vacuum, 
η is the dynamic viscosity, ζ is the zeta potential of the particle and E represents the intensity 
of the electric field. Electro-osmosis is an electric field-induced movement of an electrolyte 
relative to a stationary surface, so-called electroosmotic flow. 

𝑣O =
𝜀𝜀0𝜁𝑝𝑜𝑟𝑒

𝜂
𝐸 (38)  

If the diffusion is neglected, the particle velocity vP is given by (23), where Q represents the 
volume of flow: 

𝑣P = 𝑣F + 𝑣E + 𝑣O 

𝑣P =
𝑄

𝜋 (
𝐷𝑆

2 )
2 +

𝜀𝜁𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝜂
𝐸 −

𝜁𝑝𝑜𝑟𝑒

𝜂
𝐸 

𝑄 =
3𝜋𝐷𝑆

3Δ𝑃

128𝜂 (
𝐿

𝐷𝐿 − 𝐷𝑆
)
 

(39)  

The particle velocity is mainly controlled by pressure differences. The resistive pulses 
frequency is proportional particles flow. As in the case of the size determination, the 
concentration analysis is based on the standard, polystyrene particles, of known concentration, 
measured under the same conditions as the analyte [104,107]. 
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3 GOALS OF THE THESIS 

1. Preparation and characterization of nanoparticles with the use of advance 
spectrophotometric methods. 

• The thesis is mainly focused on the preparation of liposomal nanoparticles using 
microfluidic mixing technique, lipid film hydration, detergent dilution, and 
high-pressure extrusion. Other nanoparticles are be obtained by biotechnological 
procedures within the department or are be obtained from cooperating 
laboratories within the OPVVV projects. 

• The characterization of nanoparticles is performed using advanced 
physicochemical and spectrophotometric methods. Especially dynamic light 
scattering/multi-angled dynamic light scattering, Nanoparticle tracking analysis 
for measurement of size distribution, concentration and their ζ-potential. And 
technique Tunable resistive pulse sensing for particle by particle analysis to 
obtain particle size and number distributions. 

2. Surface modification on the nanoparticles with the use of bioconjugation orthogonal 
reactions. 

3. Optimization and implementation of the separation techniques for nanoparticles and 
biopolymers. 

• The thesis deals mainly with the Asymmetrical flow Field-flow fractionation for 
separation various types of nanoparticles and biopolymers coupled with multiple 
detectors. 

• Furthermore, the thesis deals with additional online analytical techniques such 
as online dynamic light scattering/multiangled light scattering, UV-VIS 
absorption detector and different refractive index detector.  
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7 COMMENTS AND AUTHOR CONTRIBUTION TO THE ENCLOSED 
PUBLICATIONS 

The data measured within the author's dissertation thesis were published in the bellow 
mentioned scientific papers. Manuscripts [M1] and [M2] are in preparation and will be 
submitted in 2020. The results include the implementation of nanoparticle characterization 
techniques, where the author participated in the optimization of measurements and data 
evaluation. The techniques used by the author are given in the theoretical part of this thesis. 
The results further include the development of the nanoparticle itself. Here, the author focused 
on liposomes and their preparation using mainly microfluidic mixing technique. 
The preparation of the liposomes using microfluidic mixing technique is dealt with within the 
author's first article [P1]. In the following scientific papers, the author also deals with the 
characterization of carbon-based materials and bacterial ghost particles. Other publications 
focus on the preparation of liposomes and their post-modification and subsequent application. 
The author's second first article [S1] deals exclusively with the A4F technique. Here, the author 
focus on the development of purification and characterization methods of pentameric protein 
particles. With his work, the author contributed to the broader topic of the development of 
recombinant, mRNA vaccines, targeted cytostatic, and theragnostic. 

7.1 [P1] Preparation of nanoliposomes by microfluidic mixing in herring-bone 
channel and the role of membrane fluidity in liposomes formation 

This work aimed to clarify the mechanism of liposomes formulation, by microfluidic mixing 
technique, via the vesiculation of the phospholipid bilayer fragment. The liposomes were 
formulated using “herring bone” mixing channel. The liposome composition included 

unsaturated 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) or saturated 1,2-dioleoyl-sn-
glycero-3-ethylphosphocholine (EPC) phospholipids with the different cholesterol content. 
After the formulation, fluorescence membrane probe DPH-TMA (N,N,N-Trimethyl-4-(6-
phenyl-1,3,5-hexatrien-1-yl)) was incorporated into the phospholipid bilayer, and the steady-
state fluorescence anisotropy was measured. Liposomes prepared under the same process 
parameters such as the Flow Rate ratio and Total Flow rate ratio exhibits various sizes based 
on the cholesterol content and saturation or unsaturation of the acyl chain. In the case of the 
liposomes with unsaturated phospholipid (EPC) with the increasing cholesterol contend (from 
0 mol% to 50 mol%) the size of the resulting liposomes increased as well. The effect of the 
cholesterol lies in the decrease in the fluidity of the bilayer. During the liposomal formulation 
by microfluidic mixing the phospholipid bilayer fragment is formed as a metastable structure. 
The instability cause bending, resulting in vesiculation and liposome formulation. The critical 
parameter for bending is the fluidity of the phospholipid bilayer fragment expressed as the 
steady-state fluorescence anisotropy of the DPH-TMA. With the decrease of the fluidity, the 
lipid bilayer fragment can form larger structures and vesiculation results in larger liposomes. 
An opposite effect is observed, when the fluidity is larger, due to the composition. The flexible 
fragment may vesiculate faster, and the resulting liposomes are smaller. In the study, the 
measured fluidity is in a good correlation with the size of the liposomes and composition. For 
unsaturated phospholipid (EPC) the cholesterol decreases the fluidity of the membrane, for the 
saturated phospholipid (DSPC) the effect for the opposite. Also, the experimental data and 
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theoretical calculations are in good accordance with the theory of lipid disc micelle vesiculation. 
Clarification of the mechanism of liposome formation by microfluidic mixing is important for 
optimising the process of formulating liposomes of different sizes for specific applications. 
Microfluidic mixing also minimizing potential problems with chemical and morphological 
stability and enables in situ preparation of therapeutics and contrast agents (as is shown in the 
study on the Ga-liposomal contrast formulation).  

The author participated in the design of the study and experiments, was responsible for the 
preparation of liposomal samples with different cholesterol content using the NanoAssemblr 
Benchtop (Precision NanoSystems, Canada). The author characterized the size, polydispersity 
and distributions of the resulting liposomes using Multi-angle DLS technique, Zetasizer Ultra 
(Malvern Panalytical, UK). The author also characterized the steady-state anisotropy of the 
incorporated membrane probe using a fluorescence spectrometer Chronos DFD Fluorescence 
spectrometer (ISS, USA). The author evaluated the measured data and participated in 
manuscript writing and editing during the review process. 

7.2 [P2] Proinflammatory Effect of Carbon-Based Nanomaterials: In Vitro Study 
on Stimulation of Inflammasome NLRP3 via Destabilisation of Lysosomes 

This work is a follow-up of the previous work [P5]. In the publication, the disruption of the 
lysosome membrane due to the accumulation of nanodiamonds was observed. The disruption 
leads to the induction of inflammation via the inflammasome pathway. In this study, the same 
cell model (THP1) was exposed to the different carbon-based nanomaterials such as multi-
walled carbon nanotubes (MWCNT) and two types of graphene platelets (GP1 and GP2). Both 
of the GP types formed aggregates with different morphology, GP2 aggregates were larger with 
sharp edges indicates potential more substantial cellular damage. The study shows an extensive 
accumulation of carbon-based nanomaterials in the cytoplasm but also demonstrates that the 
increased dose does not lead to cell death. The carbon-based nanomaterial particles did not exert 
actuate toxicity. But they are not degradable, and the accumulation in different tissues may lead 
to chronic inflammation. The possible proinflammatory and immunomodulatory effects of 
above mention particles were confirmed in in vitro models. The bio-resistance and 
proinflammatory effect of the carbon-based materials are limiting for their medicinal 
applications. 

The author was responsible for the characterization of carbon-based nanomaterials by 
application of the DLS method for measuring the size distribution and zeta potential, and for 
evaluating partial results using Zetasizer Ultra (Malvern Panalytical, UK). The author 
participated in the writing and editing of the manuscript during the review process. 

7.3 [P3] Targeting Human Thrombus by Liposomes Modified with Anti-Fibrin 
Protein Binders 

The publication presents the platform for surface modification of the liposomes by the selective 
fibrin binders for direct thrombus imaging and therapy. Liposomes were prepared using DOGS 
NTA-Ni (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic 
acid)succinyl] (nickel salt)). DOGS NTA-Ni creates an anchor in the phospholipid bilayer 
which enables functionalization of the liposomes with the anti-insoluble fibrin protein binder 
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(D7) via the metallochelating bond. Protein binder attachment was reflected as an increase of 
the hydrodynamic radius. The modification was also visualized using immunogold staining and 
direct TEM analysis. The ability of the resulting proteo-liposomal platform to bind to the fibrin 
fibres of the thrombus was tested and proven in vitro on the coronary artery flow model. The 
proteo-liposomal platform is a first step for developing of the theranostic for thrombus imaging. 
The liposomes with protein binders surface modification represent a potential platform for MRI 
imaging of the thrombus and delivery of the specific thrombolytic drugs. 

The author was responsible for data evaluation, and characterization of various liposomal 
preparations. The characterisation includes measurement of the size, size distributions and zeta 
potential using Multi-angle DLS technique Zetasizer Ultra (Malvern Panalytical, UK). The 
author also participated in the manuscript writing and editing in the review process. 

7.4 [P4] N-Oxy lipid-based click chemistry for orthogonal coupling of mannan 
onto nanoliposomes prepared by microfluidic mixing: Synthesis of lipids, 
characterisation of mannan-coated nanoliposomes and in vitro stimulation of 
dendritic cells. 

The study describes a new drug delivery platform based on the mannan coated monodisperse 
liposomes prepared by microfluidic mixing technique. Liposomes were prepared using custom 
synthesized aminooxy lipid. The aminooxy-group on the surface of the liposomes and reducing 
termini of mannan molecule enables an orthogonal bond by aminooxy ligation. The one-step 
orthogonal reaction forms well-orientated patterns of the mannan molecules imitating of the 
native structures which can be found of various microorganisms. The structure was confirmed 
with the DLS, NTA and TRPS measurements. Increase of the hydrodynamic size and reduction 
of the zeta potential after the reaction were observed. Mannan bound on the liposomal surface 
retained its affinity for the recombinant mannan receptor, as was demonstrated by immunogold 
TEM. Also, the functionality of the whole platform was tested in vitro on human and mouse 
dendritic cells. The results show a positive interaction between mannan coating liposomes and 
dendritic cells compare to the plain liposomes or lipopolysaccharides. Described liposomes can 
be potential self-adjuvant drug delivery platform, targeting on the mannan receptor. The 
aminooxy reaction seems optimal for post-forming modification of liposomes with 
polysaccharides (containing the reducing hemiacetal group in the terminal end). 

The author was responsible for the design of methods for characterization of the size 
distribution and zeta potential of the plain and modified liposomes using batch DLS Zetasizer 
ZSP (Malvern Panalytical, UK) and TRPS technique qNano instrument (iZON Science, UK). 
The author participated in the liposome preparation using NanoAssemblr Benchtop (Precision 
NanoSystems, Canada). The author also participated in the manuscript writing and editing in 
the review process. 
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7.5 [P5] Application of Advanced Microscopic Methods to Study the Interaction 
of Carboxylated Fluorescent Nanodiamonds with Membrane Structures in 
THP-1 Cells: Activation of Inflammasome NLRP3 as the Result of Lysosome 
Destabilization. 

The publication is focused on the study of the physical-chemical properties of the fluorescence 
nanodiamonds and their potential application as the drug carrier and in vitro and in vivo imaging 
agents. Furthermore, the work deals with the intracellular distribution of nanodiamonds, the 
effect on cell membranes and cell immunity activation of the inflammasome of the THP-1 cell 
line model. The measured pH dependence on zeta potential shows that the acidification of the 
aqueous medium reduces the zeta potential of the carboxylated ND, resulting in aggregation, 
which occurs near pH 6. The NTA analysis further shows that even due to the relatively high 
negative zeta potential at neutral pH, the suspension contains an aggregate fraction. The 
specific, irregular shape of the NB is responsible for mechanical penetration of the cell 
membrane, and NDs are further accumulated in lysosomes in immune cells. The lysosome’s 

destabilization leads to the activation of inflammasome NLRP3. The lysosome destabilization 
is induced by aggregation od ND due to the different pH values in the lysosome environment. 
The study is filling the lack of publications dealing with toxicological aspects of ND. In 
particular, their mechanical disruption of membranes resulting from their biodistribution must 
be considered for further application as in vitro and in vivo imaging agents. 

The author developed and performed methods for characterization of ND by measuring the size 
distribution, zeta potential and the effect of the pH on zeta potential using batch DLS Zetasizer 
Nano ZSP (Malvern Panalytical, UK) and NTA, NanoSight NS500 (Malvern Panalytical, UK) 
techniques. The author also participated in data evaluation, and on the manuscript writing and 
editing in the review process 

7.6 [S1] Characterization and purification of the pentameric chimeric protein 
particles using Asymmetrical Flow Field-Flow Fractionation coupled with 
MALS/DLS/UV detector 

This manuscript deals with the influence of AF4 separation conditions on the separation of cell 
lysate with recombinant vaccination protein particles assembled from identical subunits into 
pentamer structure. The chimeric fusion proteins were derived from circovirus capsid antigen 
Cap and the multimerizing subunit of mouse polyomavirus capsid protein VP1 (VP1-
PCV2bCap protein). Different elution profiles (constant, linear, and exponential cross-flow) 
were tested. A combination of the exponential decrease, followed by the constant cross-flow 
profile reduced separation time with good separation efficiency. The results show that the AF4 
separation process doesn't promote the aggregation of the individual pentameric particles and 
preserves their native state. The Rg/Rh ration obtain from online MALS/DLS shows a soft sphere 
structure on the individual pentameric particles, which can be separated from larger, super unit 
pentameric clusters with a branched structure. The theoretical hydrodynamic radius obtained 
from the FFF theory using the full retention equation is in correlation with the measured radius 
showing minimal sample to membrane interaction. Individual fractions were collected and 
subjected to offline DLS, TEM, and SDS-PAGE analysis. The results show maintaining the 
native structure of the pentameric antigen during the AF4 separation. 
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The author designed the experiments and performed the analysis of the lysate sample using 
AF4-MALS/DLS/UV (Wyatt Technology Europe GmbH, GE). The author developed the FFF 
analytical method, confirmed the theoretical model, measured the size distribution and 
denaturation temperature using batch Multi-angle DLS technique using Zetasizer Ultra 
(Malvern Panalytical, UK). The contribution of the author is in the writing of the manuscript 
and additional editing during the review process. 

7.7 [M1] Expression, purification and characterization of chimeric VP1-
PCV2bCap protein as antigen for construction of recombinant vaccine 
against porcine circovirus 

This work describes the expression, purification, and immunity testing of the chimeric VP1-
PCV2bCap protein sequences based on the mouse polyomavirus (MPyV). The chimeric protein 
based on the mouse polyomavirus was expressed in a baculovirus expression system. The 
circovirus is a small non-enveloped DNA virus, PCV2 is one of the four types representing the 
pathogenic form causing the post-weaning multi-systemic wasting syndrome. The chimeric 
protein forms super-unit structures, pentamers which have been characterized elsewhere [S1]. 

The aggregates and residual proteins were separated from the lysate using A4F. Fractions 
containing pentamers of VP1-PCV2bCap protein were collected. The humoral immune 
response of the mice immunized by purified pentameric protein was tested. The strong 
immunity response was detected upon first mice vaccination. The response gradually increased 
with the second and third immunization. 

The author was responsible for the design and purification of the lysate sample using the AF4-
MALS/DLS/UV (Wyatt Technology Europe GmbH, GE) system. The author also participated 
in the writing of the manuscript. 

7.8 [M2] Sublingual allergen-specific immunotherapy delivered by nanofibre-
based mucoadhesive film in a pig model 

This study proves the concept of sublingual anti-allergic vaccination using non-invasive 
mucoadhesive films with bacteria ghost as adjuvants. The vaccination was performed in vivo 
on piglet animal model of allergy against egg albumin. Results showed rapid penetration of 
antigens into animal model submucosa. Prior to the vaccination, release test from the reservoir 
layer of the mucoadhesive film were performed in-vitro. An almost complete release of the 
particles was measured in 15 minutes. With the know concentration of the particles and area of 
the film, the results show sufficient adjacent mucosal surface covering with bacterial ghosts. 

The author performed DLS (Malvern Panalytical, UK), NTA, NanoSight NS500 (Malvern 
Panalytical, UK) analysis and TRPS analysis using qNano instrument (iZON Science, UK) of 
different bacterial ghosts samples. The author evaluates the data and participates in manuscript 
writing and editing. 
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8 CONCLUSION 

In my PhD thesis "Preparation and characterization of complex nanoparticles by Field-flow 
fractionation and advanced spectroscopic methods" I summarize modern methodological 
approaches and instrumentation for the preparation and characterization of nanoparticles. My 
work is part of wider research aiming at the development of modern recombinant, and mRNA 
vaccines, targeted cytostatics, and theranostics. 

The first section of the PhD thesis is dedicated to the liposomes. The novel method of 
preparation is presented. The results describe the mechanism of liposomal formulation via the 
vesiculation of the lipid bilayer fragment. The size of the resulting vesicle is given by the 
fluidity of the fragment, which can be tuned using cholesterol with respect to the saturated/ 
unsaturated nature of the phospholipid acyl chains. The application of liposomal nanoparticles 
with different surface modification are presented as well. The application, including orthogonal 
binding of the mannan on the surface of the liposome. The mannan coated liposomes 
stimulating the murine dendritic cells represent the self-adjuvants platform for targeting the 
mannan receptor. Another application includes nanoliposomes with surface binder domain for 
targeting the fibrin fibres. The second part of the thesis describes different characterization 
techniques. By determination of size, size distribution, polydispersity, zeta potential and 
concentration, this thesis contributes to the characterization of the different carbon-based 
nanoparticles in the study of proinflammatory effects. Another participation is described in the 
study of the anti-allergic vaccination using bacterial ghosts. The last part is focused on the 
Asymmetrical flow Field-flow fractionation technique coupled with multiple detectors. The 
results show the possible application in the field of vaccine development, especially for 
purification and characterization of the pentameric chimeric protein particles VP1-PCV2bCap. 
Maintaining the native state of the protein particles is crucial for the purification process. The 
series of additional post purification analysis show maintaining the native structure of the 
pentameric antigen during the AF4 purification. In another study, the immunity response of 
purified pentameric protein was tested in vivo on mice animal models. 
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9.1 LIST OF ABBREVIATIONS AND SYMBOLS 

A Absorption of light 

%Ia Relative intensity of particle of the size a 

𝑉in,f Input and output flow 

𝑉𝑜𝑢𝑡,𝑓 Output flow 

𝑢0 Transverse flow velocity at the accumulation wall 

〈𝑣〉 Average liquid velocity in cross-section along the channel axis 

𝛼𝑈𝑉 Calibration constant of UV detector 

A2 Second virial coefficient 

AF4 Asymmetrical flow Field-flow fractionation 

aRI Absolute refractive index 

B Amplitude of correlation function 

b Separation channel width 

c0 Analyte concentration at the accumulation wall 

CCD Charged-coupled device 

Cs Particles concentration 

CVD Chemical vapour deposition 

d Diameter of the particle 

D Diffusion coefficient 

DL The largest pore diameter 

DLS Dynamic light scattering 

DLVO Derjaguin, Landau, Verwey, and Overbeek 

DND Detonation nanodiamonds 

DOGS NTA-Ni 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) 

Dp Mean pore diameter 

DPH-TMA (1-(4-Trimethylammoniumphenyl)-6-Phenyl-1,3,5-Hexatriene 
p-Toluenesulfonate) 

dRI Differential refractive index 

DS The smallest pore diameter 

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine 

DSPE Distearoylphosphatidylethanolamine 

E Electric field intensity 

EFF Electric Field-flow fractionation 

ELS Electrophoretic light scattering 

EPC 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine 

EPR Enhanced permeability and retention 

EWG Electron withdrawing group 

f(ka) Henry's function 
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FFR Fast field reversal 

FIAF4 Frit-Inlet Asymmetrical flow Field-flow fractionation 

FIFFF Flow field Field-flow fractionation 

FRR Flow rate ratio  

G Correlation functions 

GP Graphene platelets 

GrFFF Gravitation/Sedimentation Field-flow fractionation 

GUV Giant unilamellar vesicles 

HF5 Hollow fiber Field-flow fractionation 

HPHT High-pressure, high temperature 

I Intensity of transmitted light 

I0  Primary beam intensity 

Iθ Sample scattered light intensity 

Iθ,solvent Solvent scattered light intensity 

J Particle flow 

K Optical constant 

k, KB Boltzmann constant 

l Distance of the centre of the sample from the accumulation wall 

L Optical path of the flow cell, pore length, and separation channel length 

LDL Low-density lipoprotein 

LUV Large unilamellar vesicles 

M Molecular weight 

MADLS Multi-angle dynamic light scattering 

MALDI Matrix-assisted laser desorption ionization 

MALS Multi-angle light scattering 

MgFFF Magnetic Field-flow fractionation 

MLV Multilamellar 

MS Mass spectrometry 

MWCNT Multi-walled carbon nanotubes 

Na Avogadro constant 

Na; Nb Number of particles of size a; b 

ND  Nanodiamond 

NIR Near-infrared 

nr; η0 Refractive index of the reference liquid 

ns Refractive index of the sample 

NTA Nanoparticle tracking analysis 

Nu Nucleophile 

NV Nitrogen-vacancy 

P Pressure 
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P(θ) Particle scattering factor 

PAA Poly-amino acid 

PALS  Phase analysis light scattering 

PBS Phosphate buffer saline 

PEG Polyethene glycol 

PES Polyethersulfone 

PVP Polyvinyl pyrrolidone 

Q Volume flow 

QELS Quasi-elastic light scattering 

r Detector distance from the source of the scattering light, and radius 

R Rayleigh ratio, and pore resistance 

RC Regenerated cellulose 

RES Reticuloendothelial system 

Rg Radius of gyration  

Rh Hydrodynamic radius 

RI  Refractive index 

RMS Root mean square 

SDS Sodium dodecyl sulphate 

SEC Size extrusion chromatography 

SFR Slow Field Reversal 

SUV  Small unilamellar vesicles 

T Thermodynamic temperature 

t, t0 Time, and void time 

tagg Aggregation time 

TFR Total flow rate 

ThFFF Thermal Field-flow fractionation 

tmix Mixing time 

tR Retention time 

TRPS Tunable resistive pulse sensing 

u(x) Transverse flow velocity at a distance x 

Ue Electrophoretic mobility 

UV Ultraviolet 

v Analyte migration rate, and scattering volume 

v(x) Flow rate 

V0 Volume of the entire channel 

Va Relative volume of the particle a  

Vc Cross-flow 

ve Particle movement speed 

Vin Inlet flow 
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VLP Virus-likee particles 

vp Particle velocity 

w Channel thickness 

x Distance from the accumulation wall of the channel 

zf Focusing position 

γ Spherical correlation parameter 

ε Dielectric constant 

ε0 Relative permittivity of vacuum 

ζ  Zeta potential 

η Dynamic viscosity 

θ Detection angle 

κ  Debye length 

λ Retention parameter 

λ0 Laser wavelength 

ρ Electrolyte resistance 

τ Interval between defined frames in NTA analysis 

𝑑𝑛/𝑑𝑐 Refractive index increment 
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preparation of nanoliposomes by 
microfluidic mixing in herring-bone 
channel and the role of membrane 
fluidity in liposomes formation
Jan Kotouček1,8, František Hubatka1,8, Josef Mašek1, Pavel Kulich1, Kamila Velínská1, 
Jaroslava Bezděková1,2, Martina Fojtíková1, Eliška Bartheldyová1, Andrea Tomečková1, 
Jana Stráská3, Dominik Hrebík4, Stuart Macaulay5, Irena Kratochvílová  6*, Milan Raška  1,7* 
& Jaroslav Turánek1*

Introduction of microfluidic mixing technique opens a new door for preparation of the liposomes and 
lipid-based nanoparticles by on-chip technologies that are applicable in a laboratory and industrial 
scale. This study demonstrates the role of phospholipid bilayer fragment as the key intermediate in the 
mechanism of liposome formation by microfluidic mixing in the channel with “herring-bone” geometry 
used with the instrument NanoAssemblr. The fluidity of the lipid bilayer expressed as fluorescence 
anisotropy of the probe N,N,N-Trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl) was found to be the basic 
parameter affecting the final size of formed liposomes prepared by microfluidic mixing of an ethanol 
solution of lipids and water phase. Both saturated and unsaturated lipids together with various content 
of cholesterol were used for liposome preparation and it was demonstrated, that an increase in fluidity 
results in a decrease of liposome size as analyzed by DLS. Gadolinium chelating lipids were used to 
visualize the fine structure of liposomes and bilayer fragments by CryoTEM. Experimental data and 
theoretical calculations are in good accordance with the theory of lipid disc micelle vesiculation.

Liposomes, self-assembled nanoparticles based on lipid bilayers are widely employed for biomedical and bio-
technological purposes1. Liposomes are composed of one or more lamellae, consisting of a phospholipid bilayer 
and enclosing a small volume of aqueous liquid. The diameter of liposomes can vary from tens of nanometers up 
to hundreds of micrometers depending on the method used for their preparation. Unilamellar or oligolamellar 
liposomes with an average size of about 80 nm are typically produced and used in medical applications as anti-
cancer drug delivery systems2.

Phospholipids and lipids, the main components of liposomal membranes, are well soluble in various organic 
solvents, therefore most present methods use organic solvents (e.g. methanol, ethanol, terc-butanol, chloroform, 
ethers) to solubilize lipids as a first step in the whole procedure. If the organic solvent is miscible with water, lipos-
omes can be prepared by mixing an alcoholic solution of lipids with aqueous phase. Ethanol injection method2 
and proliposome-liposome method2,3 represent well-established techniques used in the laboratory as well as on 
an industrial scale4–6.

The advent of microfluidics opens a new door for the on-chip preparation of liposomes and other lipid-based 
nanoparticles7. Microfluidic methods have demonstrated their ability to control the process of mixing the organic 
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and water phases, therefore the required parameters of final liposomal products like size, polydispersity, morphol-
ogy, and lamellarity are achieved in a more reproducible way.

Various systems were designed and constructed for laboratory use and also for the application of this tech-
nology on an industrial scale. Microfluidic approaches to liposome production are based on the application of 
various geometries of mixing channel as well as the application of shear forces, electric field or various microflu-
idics effects taking place in the channel. A comprehensive review was published recently by Carugo et al.8, Wang 
et al.9 and Maeki10,11. Theoretical models describing kinetic and thermodynamic parameters that determine the 
formation of liposomes from lipid bilayer disc were described12–15. The process of microfluidic mixing can help 
in optimizing the method, especially for the production in industrial scale using complex on-chip technology as 
recently demonstrated16,17.

Here we used the microfluidic mixing channel with “herring bone” geometry to perform nanoprecipitation 
within milliseconds and nanoliter reaction volumes. “Herring bone” geometry of mixing channel differentiates 
this process from microfluidic mixing based on microfluidic hydrodynamic flow focusing of an alcohol stream 
with two aqueous buffer streams18.

“Herring bone” geometry mixing channels are now available as commercial products together with 
computer-controlled instruments for laboratory and industrial scale preparation of lipid and polymeric nanopar-
ticles. Therefore, the method is available for wide use to prepare nanoliposomes. The schematic illustration of the 
preparation of liposomes by microfluidic mixing in herring bone chamber is presented in Fig. 1.

In this study, we applied gadolinium-chelating lipids and cryo-electron transmission microscopy to visualize 
in detail the structure of liposomes, liposomal membrane, and intermediates formed within the whole process. 
We tested the effect of lipid membrane fluidity on the final morphology of liposomes expressed as the size dis-
tribution, polydispersity, and lamellarity. Based on exact measurements of lipid membrane fluidity (polarization 
of fluorescence) we predicted the effect of this parameter on the critical size of disc micelle intermediates and 
therefore their tendency to vesiculate and form liposomes3,19,20. Experimental data were compared with theoret-
ical prediction following from the model based on Helfrich bending energy and analyses of the energetics and 
thermodynamics of vesicle formation15.

Figure 1. Principle of microfluidic mixing in herring bone channel and formation of liposomes. Organic 
water miscible solvent (ethanol) contains lipids forming liposomes while water phase contains water soluble 
components that are to be encapsulated. The mixing process is finished within millisecond and liposomes are 
formed by the self-assembled mechanism. Various linear injector syringe pumps controlled by computer are 
used to drive the mixing process.
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Results
The size distribution of liposomes composed saturated and unsaturated lipids. In the first 
experiment, the prediction based on the theoretical model describing the critical size of liposomes composed of 
various lipids was verified15. The sizes of liposomes composed of EPC, SOPC, and DMPC were compared to pub-
lished theoretical and experimental data21,22. The size distribution of liposomes prepared by microfluidic mixing 
were in a good accordance with the theoretical prediction. The results are summarized in Table 1. We were not 
able to prepare liposomes composed only form DSPC without the addition of cholesterol. Therefore, the data on 
pure DSPC were not included in Table 1 and also in distribution analyses.

Effect of cholesterol on the size distribution of liposomes prepared by microfluidic mixing.  
Liposomes prepared by microfluidic mixing exhibit various size properties based on the saturated/unsaturated 
chains of lipids and on the cholesterol content while maintaining the same preparation conditions as the Flow 
Rate Ratios (3:1) and Total Flow Rate (7 ml/min).

By Flow Rate Ratios (FRR) is meant the volumetric ratio of the organic and aqueous medium mixed through 
the microfluidic channel and Total Flow Rate is defined as a sum of the volumetric ratio of organic and aqueous 
medium pumped through the two inlets.

Preparation of liposomes composed of unsaturated lipids. For unsaturated lipids as EPC, the 
increase of cholesterol content resulted in an increase in the size of the liposomes (Fig. 2). Increased cholesterol 
content in the lipid bilayer composed of unsaturated phospholipids resulted in a decrease in the fluidity/elasticity 
of liposomal lipid bilayer. This effect was demonstrated by both complementary physical-chemical parameters 
as an increase of anisotropy and a decrease of fluidity which is directly related to the elasticity of the phospho-
lipid bilayer. Fluidity was expressed as anisotropy of steady state fluorescence of molecular probe DPH-TMA. 
Steady-state anisotropy of the probe in non-organized systems such as in n-heptane reached values 0.001. In 
organized systems such as liposomes, DPH-TMA is oriented along the hydrocarbon chains20 in which rotation is 
reduced and anisotropy is increased. With decreasing fluidity of the bilayer structure, anisotropy values increased 
from 0.195 (without cholesterol) to 0.265 (50 mol% of cholesterol) (Fig. 2). PDI of prepared liposomes was not 
substantially changed by cholesterol content and the PDI values were within the range 0.17–0.23.

Preparation of liposomes composed of saturated lipids. Saturated lipids such as DSPC exhibit differ-
ent properties. Cholesterol in bilayer structure is increasing the fluidity of the fragment which allows the forma-
tion of smaller vesicles (Fig. 3). Steady state anisotropy is gradually decreasing with increasing cholesterol content 
from 0.288 to 0.187 for 10 mol% and 50 mol% respectively. In comparison to unsaturated phospholipids, PDIs 

Lipid 
type

Dmin, calculated 
# (nm)

Dsonication # 
(nm)

Dmin, calculated 

* (nm)
Dmicrofluidic 
(nm)

EPC 17.3 21.8 ND 22.0

DMPC 13.4 16.8 14.1 14.3

SOPC ND ND 17.1 22.3

Table 1. Comparison of liposomal theoretical diameter with sonicated vesicles and vesicles prepared by 
microfluidic mixing. From the number distribution (Dmicrofluidic) the minimal size of the vesicles was compared 
with theoretical values (Dmin, calculated), vesicles base on the sonication method (Dsonication). #Data from citation15. 
*Dmin calculation based on d0 and d published in Handbook of lipid bilayers, second edition, Derek Marsh33.

Figure 2. Effect of cholesterol on size, polydispersity, and anisotropy of liposomes prepared from unsaturated 
phospholipids (EPC). (A) The plot of cholesterol concentration (mol %) versus Z-average diameter (nm) on 
the major axis and steady state fluorescence anisotropy of the DPH-TMA on the minor axis. (B) The plot of 
cholesterol concentration (mol%) versus Z-average diameter (nm) on the major axis and polydispersity index 
(PdI) and on the minor axis.
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of liposomes composed of saturated phospholipids were slightly higher, but again they were not substantially 
changed by cholesterol content and were within the range 0.20–0.28.

Size distribution by number reflects the most numerous population of liposomes. The effect of cholesterol on 
the size distribution of liposomes composed of unsaturated and saturated phospholipids is presented in Fig. 4. 
The example of liposomes (DSPC:Chol 70:30) prepared by microfluidic mixing and visualized by cryoTEM and 
AFM is in Fig. 5. Unilamellarity of liposomes and homogeneity in the size distribution is in correlation with DLS 
data.

Electron microscopy of Gd-labelled liposomes. Phosphorus atoms in phospholipids are responsible 
for contrast in cryo-electron microscopy enabling visualization of the phospholipid bilayer. Atoms of gadolinium 

Figure 3. Effect of cholesterol on size, polydispersity, and anisotropy of liposomes prepared from saturated 
phospholipids (DSPC). (A) The plot of cholesterol concentration (mol %) versus Z-average diameter (nm) on 
the major axis and steady state fluorescence anisotropy of the DPH-TMA on the minor axis. (B) The plot of 
cholesterol concentration (mol %) versus Z-average diameter (nm) on the major axis and polydispersity index 
(PdI) and on the minor axis.

Figure 4. Size distribution by the number of (A) EPC/Cholesterol and (B) DSPC/Cholesterol liposomes with 
increasing cholesterol concentration from 10 mol% to 50 mol%.

Figure 5. Structure of liposomes revealed by cryoelectron transmission microscopy and atomic force 
microscopy. Liposomes were prepared by the microfluidic mixing method. The composition was DSPC:Chol 
70:30 Cryo-TEM picture (left) and AFM picture (right).
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chelated in Ga-lipids represent much more dense material for electrons, therefore sharp and strong visualization 
of the lipid bilayer in liposomes can be achieved.

The resolution of the outer and inner lipid layers of the liposomal bilayer can be clearly observed because of 
the larger distance of Gd in the bilayer when compared to phosphorus atoms (Fig. 6A,B). Therefore, the bilayer 
character of fragments of bilayers (Fig. 6D), as well as a bilayer partition separating two conjugated liposomes 
(Fig. 6C), were demonstrated by cryo-electron transmission microscopy. The presence of Gd in liposomes was 
confirmed by TEM-EDX (Supporting data Fig. S1A,B) and three Gd peaks were identified when liposome was 
scanned (Supporting data Fig. S1B).

Discussion
Microfluidic mixing represents a promising technology for the production of complex liposomal preparations15 
and the application of on-chip technology as demonstrated recently3,10. Gadolinium complexes are used as MRI 
contrast agents and liposomes represents a versatile platform for the application of gadolinium in vivo imaging 
and development of theranostics23–25. Gadolinium lipid complexes represent also a useful tool for visualization of 
lipid structures by cryoTEM as we demonstrated in this article.

Knowledge of mechanisms of liposome formation during microfluidic mixing is of importance to optimize 
the process on both laboratory and industrial scale. Various forms of bilayer phospholipid fragments (BPF) were 
supposed as intermediates during the process of liposome formation26. For example, disc-like bilayer micelles 
(DBM) are intermediates formed during the process of the detergent removal method and vesiculation of these 
disc micelles creates liposomes very homogeneous in their size distribution27,28. On the other hand, stacked 
bilayer fragments are the main intermediates formed in the proliposome-liposome method12,13. Because the 
liposome preparation by application of microfluidic mixing method is based on similar principles, such as the 
proliposome-liposome method or ethanol injection method, it is reasonable to assume that BPF in the form of 
DBM is also an intermediate in the process of liposome formation.

Vesiculation of bilayer disc micelles in aqueous milieu is a spontaneous process driven by the minimization of 
the line tension energy originated in the exposure of the nonpolar hydrophobic tails of lipid molecules, which are 
presented along the edge of the disc membrane micelles, to polar water molecules. Vesiculation, as the process of 
transformation of a planar bilayer membrane into a sphere, is hindered by the resistance of the lipid membrane 
towards bending. Therefore, it becomes possible only when the driving force is sufficiently high to overcome the 
corresponding resistance towards bending.

The formation of vesicles starts within milliseconds from small aggregates of individual amphiphilic lipid 
molecules to disk-like bilayer structures formed in the rapid process of self-assembly. (Fig. 7A). Growing bilayer 
structures generally tend to maintain a circular disc configuration to keep the overall line tension energy at a min-
imum. After reaching a certain critical size the bilayer structure tends to curve to further reduce the line energy. 
(Fig. 7B,C). Finally, the cup-like structure closes to form a spherical vesicle, as shown in Fig. 7D. This mechanism 
implies the formation of a vesicle of minimal size related to the minimal size of disc micelle.

The reduction in line energy during the transition from a planar DBM to a closed vesicle is countered by an 
increase in the membrane bending energy. The size of vesicles depends on membrane size growth kinetics, but 
there is a critical membrane size below which vesiculation is energetically unfavorable. It means that below the 
critical diameter of DMB vesicles are not formed and it implies also a critical diameter of vesicles, which depends 
on lipid composition determining the fluidity/flexibility of lipid bilayer.

Basic equations describing the energy of various intermediates in the process of liposome formation was 
recently described by Huang et al.15. Planar disc bilayer micelle with a diameter of D = 2 l, as shown in Fig. 7, was 
considered by the authors and they described the system energy by the equation:

Figure 6. Cryo-TEM images of a liposomes: (A) control sample (Table 1, composition 3), width of phospholipid 
bilayer ≈ 4.3 nm, (B) liposomes containing 5% of Gd-lipid (Table 1, composition 3), width of phospholipid 
bilayer ≈ 5.8 nm, (C) liposomes (Table 1, composition 1) with a lipid membrane fragment and (D) conjugated 
liposomes (Table 1, composition 3).
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where h ∈ [0, l] is the height of the spherical cap that effectively indicates vesicle shape evolution (h = 0) cor-
responds to a planar patch; h = l corresponds to a spherical vesicle, B = κ1 + κ2 + κ3, where κ1, κ2, and κ3 are 
fourth-order moduli; γ is line tension; κG is Gaussian bending stiffness, κb is the bending stiffness, and co is the 
spontaneous curvature. The last term in Eq. (1) is the line energy along the free edge, where γ is the line tension.

Based on assumption that the number of lipid molecules in the micelle and formed liposome remains con-
stant (it implies the same surface of micelle and vesicle formed from it), during the process of vesiculation, the 
membrane is assumed to maintain a uniform curvature. For an initially flat disc-liker membrane micelle h = 0 
and the system energy in Eq. (1) reduces to E1 = 2πlγ. For a fully vesiculated sphere h = l and Eq. (1) is reduced 
to E2 = 8πκb + 4πκG + 16πB/l2, which can be further reduced to E2 = 4πκb for the case of linear elasticity B = 0 
and κG ≈ −κb

29
.

For the transition from the DBM configuration into a spherical vesicle, it must stand that E2 ≤ E1. Based on above 
assumption the lower diameter of the circular DBM that can possibly form a spherical vesicle is given by l* = 2κb/γ, 
l = al*, where the scaling parameter a ≥ 115.

The lower outer diameter of spontaneously self-assembled vesicles can be expressed as:

D a l d a k d2
(2)c c

b
min γ
= + = +⁎

where d is the thickness of the membrane bilayer and a critical membrane size l = acl*, where ac is the critical 
scaling parameter. Because differences in the thickness of the membrane formed from different phospholipids 
are relatively small, the main factor effecting Dmin is the value of κb. While κb is related to the elasticity of the 
membrane reflected also by its fluidity, parameter γ depends presumably on the character of hydrocarbon chain 
(e.g. content of saturated and unsaturated acyls in phospholipid molecule) and its length. Therefore, the critical 
diameter of the disc micelle l* is strongly dependent of κb as demonstrated by the effect of cholesterol on the size 
of liposomes (Figs. 1–3). Bending energy determines the critical size of DBM and is the crucial thermodynamic 
parameter ruling the process of vesiculation of DBM. Lipid composition of DBM and temperature are the main 
factors effecting bending energy and therefore the final size of formed vesicles. Direct mathematical relation of 
bending stiffness (generally obtained from measurements on giant liposomes), linear tension and anisotropy are 
not described by theoretical models. We used fluorescence anisotropy data as a parameter reflecting the relative 
fluidity of phospholipid bilayers with the different cholesterol content. Parameters like fluidity/elasticity of the 
lipid bilayer reflect bending energy can be obtained experimentally by independent methods e.g. measurement of 
anisotropy of fluorescence, as we applied in this study.

During the process of microfluidic mixing of water and alcohol-lipid phases, the edges of DBM are not stabi-
lized and any formed DBMs are short lived metastable structures. The thermodynamic instability at the edges of 
the DBM causes bending and when the DBM closes upon itself, a vesicle is formed. Therefore, the vesiculation of 
DBM is driven by minimizing their edge energy. As the bilayer rearranges from a flat disc into a sphere, the total 
energy of the system first increases due to contributions from the bending energy of the bilayer. Subsequently, the 
total energy decreases as the edges disappear during the process of closing of DBM and finally disappear when 
vesicles are formed.

Fluidity (reflected by the value of anisotropy) correlated well with the final size of liposomes (Figs. 1–3) and 
their lipid composition. The solidification effect of cholesterol on lipid membranes composed of unsaturated 
phospholipids lipids (in our study we used EPC) was reflected by a decrease of the fluidity of the membrane. The 
size of the liposomes was increased as predicted by the model based on DBM. An opposite effect of cholesterol 
was observed on membranes formed by saturated phospholipids (in our study we use DPPC). The softening 
of the phospholipid membrane was reflected by an increase of fluidity. The final size distribution of liposomes 
increased with increasing cholesterol content in the membrane. The role of fluidity as the crucial parameter ruling 

Figure 7. A schematic illustration of vesicle formation in the process of self-assembly. A planar disc-like micelle  
(A) curves into a spherical cap (B and C) and finally closes to form a vesicle (D). Equations are described in the text.
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the vesiculation of DBM is supported by the comparison of the values of anisotropy and the size of liposomes 
prepared from unsaturated or saturated lipids mixed with cholesterol (compare Figs. 1 and 2).

Nevertheless, present models of liposome formation are static while the formation of disc micelles and their 
vesiculation are highly dynamic processes. Therefore, kinetic aspects of vesicle formation are responsible for an 
increase of the final size of liposomes above theoretical values, predicted from static models. Moreover, static 
models do not involve the important factors such as shearing forces occurring during rapid flow mixing in the 
herring-bone like channel.

Formation of larger vesicles can be eliminated by shearing forces and septum in coalescent liposomes can 
be forced apart of the bilayer to form disc micelles encapsulated inside the liposomes (Fig. 6C,D), as discussed 
below. One has to keep in mind, that the DLS method gives an average size of liposomes, while the critical size of 
liposomes (smallest liposomes) can be measured only by cryoTEM.

Jahn and colleagues used cryo-SEM methods to visualize lipid structures formed during the process based 
on microfluidic hydrodynamic flow focusing on an alcohol stream with two aqueous buffers streams19. In this 
study, the authors used cryo-SEM imaging to demonstrate a mixture of spherical vesicles as well as disc-like 
lipid structures, fractured or incomplete vesicles, and flat aggregate structures. The disc-like bilayer fragments 
were presented in rapidly frozen samples observed by cryo-SEM. Application of the above-mentioned method 
is technically difficult if impossible for a herring bone like channel in the compact cartridge. Therefore, we used 
the approach based on cryo-TEM and Gd-chelating lipids to search for residual traces of various intermediates 
and to visualize a detailed structure of the lipid double layer in liposomal membranes. Firstly, we confirmed the 
presence of Gd in the liposomal bilayer by TEM with EDX to rule out possible misinterpretations. The spatial 
co-localization of Gd with liposomes was proved by this method. Therefore, the clear resolution of both lipid 
layers forming a liposomal bilayer can be attributed to Gd providing strong electron contrast (Fig. 4). Among 
many perfectly formed liposomes, we were able to find several liposomes preserving imperfections pointing to 
intermediates formed during the process of liposome formation. In Fig. 6C we can see conjugated liposomes 
with a bilayer septum dividing their internal space. One liposome with a disc-like bilayer fragment inside the 
internal volume is presented (Fig. 6D). These two morphological structures point to the mechanism of liposome 
formation based on the assembly of DBMs and their vesiculation when their critical size is reached. The proposed 
mechanism is described in Fig. 8.

The Fig. 8 indicates that morphological and size distribution uniformity of liposomal preparations produced 
by the microfluidic mixing method is ruled by the physical-chemical character of DBM, which can be expressed 
in well-defined and quantifiable terms as the fluidity of the lipid double-layer membrane.

Application of Gd-lipids and cryoTEM revealed some residual “witness” of bilayer structures formed in the 
process of microfluidic mixing. BPF is first formed in the early stages of mixing. This was also supposed by Maeki 
and colleagues who studied the effect of flow rate on the size of POPC liposomes prepared by microfluidic mixing 
in herring-bone channel11.

The mechanism of vesiculation is the reason for the high uniformity of liposomal preparations obtained by 
the method of microfluidic mixing. Of course, at higher concentration of lipids the rapid growth of DBM can lead 
to the formation of imperfection in DBMs like forks on their rims and finally coalescent liposomes are formed. 
These rare liposomal structures can be stabilized by various morphological transformations to decrease tension 
in the lipid bilayer. In principle, fusion and splitting are processes taking place in this case. The formation of two 
smaller liposomes (splitting) or one larger liposome (fusion) is the result of this transformation. The presence of 
a small amount of larger and smaller liposomes is demonstrated in Fig. 3. The incomplete fusion process can also 
lead to larger liposomes with fragments of the bilayer inside entrapped (Fig. 6C,D).

It is known that various sterols, especially cholesterol, affect structure and fluidity of phospholipid mem-
branes. The influence of sterols like cholesterol or β-sitosterol at various concentrations up to 50 mol% on lipos-
omal membrane fluidity, liposome size and thermal transition was tested on small unilamellar liposomes (SUV) 
prepared by lipid hydration methods and sonication30,31. The authors confirmed concentration dependent impact 
of sterols on membrane fluidity, but only small effect was observed with respect to the final size of SUV liposomes 
prepared by ultrasonication. In comparison to ultrasonication characterised by the application of high energy for 
disruption of large liposomes to form smaller ones, during microfluidic mixing different mechanisms are acting 
in liposome formation. Moreover, lower energy is used for running the process.

Microfluidic mixing as the method using low dispersive energy represents a promising technology to pro-
duce complex liposomal preparations10 and the application of on-chip technology as demonstrated recently2,11. 
Gadolinium complexes are used as MRI contrast agents and liposomes represents a versatile platform for the 
application of gadolinium in vivo imaging and development of theranostics18–20. Our manuscript describes the 
application of microfluidic mixing for the preparation of Ga-liposomal contrast for MRI. In vitro toxicological 
study proved potential biocompatibility as documented by Simeckova at al Gadolinium labelled nanoliposomes 
as the platform for MRI theranostics: in vitro safety study in liver cells and macrophages, in press, Scientific 
Reports.

Conclusions
Lipid composition affects fluidity and elasticity of the bilayer and represents an important factor for the prepara-
tion of liposomes by microfluidic mixing. The right setting of the fluidity of lipid composition allows the prepa-
ration of liposomes with desired physical properties like size distribution, morphology. Microfluidic mixing can 
also be used for in situ preparation of therapeutics and contrast agents for diagnostics, minimizing problems 
with chemical (e.g. lipid oxidation and hydrolysis) and morphological instability (e.g. aggregation, fusion). These 
future perspectives are of interest as point-of-care personalized liposome therapeutic treatments.
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A proper understanding of the physical-chemical factors and processes leading to the formation of lipos-
omes by microfluidic techniques to which this work contribute is very important for the development of a new  
technological process.

In this work, the way of liposome formation by microfluidic mixing in a “herring bone” channel is presented. 
The fluidity of the lipid bilayer expressed as fluorescence anisotropy of the probe N,N,N-Trimethyl-4-(6-phenyl-
1,3,5-hexatrien-1-yl) was found to be the basic parameter affecting the final size of formed liposomes prepared 
by microfluidic mixing of an ethanol solution of lipids and water phase. Both saturated and unsaturated lipids 
together with various content of cholesterol were used for liposome preparation and it was demonstrated, that an 
increase in fluidity results in a decrease of liposome size as analyzed by DLS.

We were the first who showed the impact of fluidity on the size of liposomes produced by microfluidic mixing 
in herring-bone like channel and who confronted experimental results with theory (Huang et al.)15. The models of 
liposome formation are static while the formation of disc micelles and their vesiculation is a highly dynamic pro-
cess. Static models of liposomes formation do not involve the important factors such as shearing forces occurring 
during rapid flow mixing in the herring-bone like channel. In our case, kinetic aspects of vesicle formation were 
responsible for an increase of the final size of liposomes above theoretical values.

Experimental Section
Chemicals. Fluorescence probes: N,N,N-Trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl) (DPH-TMA) was pur-
chased from Sigma-Aldrich, USA.

Lipids: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic acid (18:0 PE 
DTPA (Gd)), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-stearoyl-2-linoleoyl-sn-glycero-3- 
phosphocholine (SOPC) 1,2-dioleoyl-sn-glycero-3-ethylphosphocholin (EPC 95%), 1,2-distearoyl-sn-glycero-3-p
hosphocholine (DSPC) and cholesterol were purchased from Avanti lipids USA, with purity of 99%. All other 
chemicals were purchased from Sigma-Aldrich, USA.

Microfluidic mixing. The required amount of individual lipids according to the desired composition (Table 2) 
were dissolved in anhydrous ethanol and in a mixture of EtOH:DMSO (1:1) for composition 2,3,4 and 1, respec-
tively at 4 mg/ml. The organic and aqueous phase (Milli-Q water) were rapidly mixed using the NanoAssemblr 
Benchtop instrument (Precision NanoSystems, Canada) at defined Flow Rate Ratios (FRR) 1:3 and Total Flow 
Rate (TFR) 7 ml/min to form unilamellar liposomes 1 mg/ml of lipid. During the mixing process, the temper-
ature was controlled using NanoAssemblr Benchtop Heating Controller accessory (Precision NanoSystems, 
Canada). For preparation of liposomes containing DSPC, the temperature was set to 65 °C, respectively.  
NanoAssemblr instrument setting is presented at Fig. 9.

Characterization of liposomes by dynamic light scattering (DLS). Samples of liposomes suspension 
(1 mg/ml and 2 mg/ml) were diluted 1:10 using Milli-Q water. The diluted suspension was placed in a disposable, 

lipid

composition (molar % of lipid)

1 2 3 4 5

18:0 PE DTPA (Gd) 5 — — — —

DMPC — — — — 100

SOPC — — — — 100

DSPC — — (90–50) — —

EPC 65 70 — (100–50) —

Cholesterol 30 30 (10–50) (0–50) —

Table 2. Lipid compositions of the liposome formulation.

Figure 8. Schematic description of possible rare transition intermediates in the process of liposome formation 
by microfluidic mixing.
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low volume cuvette with path length 10 mm (Malvern Instruments, UK). For the liposomes size distribution, the 
Zetasizer Ultra (Malvern Panalytical, UK) operating at detection angle of 173° at room temperature was used.

Characterization of liposomes by electron microscopy (TEM, EDX, Cryoelectron microscopy).  
Transmission electron microscopy. Liposomes have been suspended inside a drop of PBS. The subsequent suspen-
sion got included with a grid coated with Formvar (Sigma-Aldrich, Czech Republic) and carbon (Agar Scientific, 
Austria). The lattice got expelled from the suspension after 1 min, and the leftover water dried with a segment 
of filtration paper. Philips 208 S Morgagni (FEI, Czech Republic) at 7,500× amplification and a quickening  
voltage of 80 kV was used for samples visualization.

Identification of Gd in liposomes by TEM-EDX. We used liposomes without negative staining, only labelled by 
gadolinium lipid. Transmission electron microscope Jeol 2100, 100 kV coupled with energy dispersed spectros-
copy system (Silicon Lithium Detector, Oxford x-MAX 80 T, SSD, England) was used for chemical analysis and 
detection of gadolinium in liposomes.

Cryo-EM sample preparation and micrograph acquisition. Previously published methods were applied for sam-
ple preparation6.

Characterization of liposomes by Atomic force microscopy (AFM)32. This picture has been obtained by the 
NanoWizard 4 (JPK) instrument. The measurement was proceeded in the QI Mode in combination with 
qp-BioAC-10 cantilever. Liposomes were resuspended in PBS buffer and fixated on freshly cleaved mica slides.

Measurement of anisotropy as a parameter of fluidity of liposomal membrane. Steady-state 
fluorescence anisotropy measurements were obtained in the L-format using Chronos DFD Fluorescence spec-
trometer (ISS, USA) equipped with 300 W Cermax xenon arc lamp (ISS, USA), calcite Glan-Thompson polar-
izer, concave holographic grating monochromator and PMT detector. Monochromator was set up at 355 nm and 
430 nm for excitation and emission wavelength respectively. The correction factor of emission monochromator 
transmission efficiency was obtained from the ratio of emission intensity at 0° and 90° with the excitation polar-
izer oriented at 90°. Measurements were performed at 25 °C and 55 °C for liposomes containing EPC (composi-
tion 4) and DSPC (composition 3). Values were recorded using Vinci software (ISS, USA) in a twenty-fold repeat 
(Fig. 9).
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Abstract: Carbon-based nanomaterials (C-BNM) have recently attracted an increased attention as the
materials with potential applications in industry and medicine. Bioresistance and proinflammatory
potential of C-BNM is the main obstacle for their medicinal application which was documented
in vivo and in vitro. However, there are still limited data especially on graphene derivatives such
as graphene platelets (GP). In this work, we compared multi-walled carbon nanotubes (MWCNT)
and two different types of pristine GP in their potential to activate inflammasome NLRP3 (The
nod-like receptor family pyrin domain containing 3) in vitro. Our study is focused on exposure
of THP-1/THP1-null cells and peripheral blood monocytes to C-BNM as representative models of
canonical and alternative pathways, respectively. Although all nanomaterials were extensively
accumulated in the cytoplasm, increasing doses of all C-BNM did not lead to cell death. We observed
direct activation of NLRP3 via destabilization of lysosomes and release of cathepsin B into cytoplasm
only in the case of MWCNTs. Direct activation of NLRP3 by both GP was statistically insignificant but
could be induced by synergic action with muramyl dipeptide (MDP), as a representative molecule of
the family of pathogen-associated molecular patterns (PAMPs). This study demonstrates a possible
proinflammatory potential of GP and MWCNT acting through NLRP3 activation.
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1. Introduction

Over the past decades, nanomaterials have attracted great attention with C-BNM being among the
most studied ones. Their extraordinary physicochemical properties, namely, tuneable electronic (e.g.,
band gap) and electrical properties (e.g., conductivity), thermal and chemical stability, and large surface
area, make C-BNM appropriate candidates for a wide range of high-tech applications, as well as for
biomedical applications [1–6]. Chemical industry is capable of producing C-BNM in large quantities
and, therefore, their impact on the environment is inevitable. C-BNM, predominantly graphene oxide
(GO) and carbon nanotubes (CNT), were tested for their potential use in nanomedicine as drug carriers.
However, incomplete toxicology data together with an increasing demand on the production of these
materials dictate the necessity for toxicological studies to answer questions about their safety with
respect to guidance issued by FDA and EMEA.

An important concern relates to the C-BNM interaction with the immune system and their ability
to induce an inflammation. Even though both CNT and graphene have been extensively investigated
over the recent years, the results are still inconsistent and often contradictory. Asbestos-like shape
of CNT leads to the assumption that both single and multi-walled carbon nanotubes (SWCNT and
MWCNT) have a capacity to induce acute and chronic inflammation [7–9]. Depending on the shape,
length, functionalization and presence of impurities, the mechanical disruption associated with
oxidative stress, mitochondrial damage, and production of pro-inflammatory cytokines are considered
principal mechanisms of cytotoxicity [10–12]. A similar situation could arise for graphene, the 2D
layered nanomaterial, which can also be expected to cause mechanical damage to cell membranes
via flat and sharp edges [13,14]. Many studies are focused on graphene oxide (GO), which is
described as a promising nanomaterial in nanomedicine despite the fact, that many reports point to its
potential cytotoxicity [15–25]. However, there are limited data on biological effects of other derivatives
such as GP and graphene sheets to which humans are exposed during development, processing
or manufacturing [26,27]. These non-biodegradable materials could pose a risk, especially for the
respiratory system after exposure by inhalation [28]. It has been confirmed that GP, which are up to 25
µm in diameter, can be delivered beyond the ciliated airways and deposited in alveoli, where they can
either persist in intercellular spaces, or are internalized by alveolar macrophages [29–31]. This may
lead to inflammation, disruption of homeostasis, and subsequent fibrosis and tissue damage [28,32–34].
For example, multi-layered graphene platelets induced a substantial inflammatory response and
cytotoxicity in rat lungs [33]. Another pulmonary in vivo study which compared six different surface
modifications of GP showed increased oxidative stress and acute inflammation [35]. Moreover,
positively-charged GP also showed significant inflammation characterized by the accumulation of
neutrophil granulocytes [31]. On the other hand, single-layered graphene oxide platelets did not cause
acute cytotoxicity or inflammation in a 3D human lung model and similarly, no acute toxicity was
demonstrated after 28 days of in vivo exposure to multi-layered graphene platelets [29,36]. Obviously,
a focus on deeper details on the mechanism of cytotoxicity and the inflammation of C-BNM is
still necessary.

One of the key mediators of nanomaterials-induced inflammation could be activation of NLRP3
inflammasome [37]. Activation of NLRP3 is a complex process, which is evoked in response to
infectious stimuli like whole pathogens or individual PAMPs, which escaped to the cytoplasm, as well
as by cellular stress signals represented by sterile damage signals (DAMPs). Some studies focused on
the assembly of this complex as the leading mechanism of pulmonary inflammation after exposure to
all nanotubes and nanowire materials [38–40]. As a principal mediator of inflammasome assembly,
activation of NADPH oxidase, which led to the oxidative burst and, subsequently, to lysosomal



Nanomaterials 2020, 10, 418 3 of 18

damage and a release of cathepsin B, was suggested [38]. In our previous study we found that
nanodiamonds (ND) can disrupt lysosomal membrane and subsequently activate NLRP3 via cathepsin
B activation pathway [6]. This leads to a hypothesis whether pristine graphene and its derivatives are
also capable of induction of inflammation via the inflammasome pathway. Therefore, we used the
same model of THP1-Null cells (derived from THP-1 human monocytic cells). This cell line represents
a well-established in vitro system for the studies of canonical NLRP3 inflammasome pathway, as it
expresses high levels of NLRP3, ASC and pro-caspase 1. Upon activation of caspase-1 in THP1 cells,
bioactive IL-1β is detected with high sensitivity and specifity by HEK-Blue™IL-1 β reporter cell-based
assay. In this study, we assessed MWCNT and two types of GP by their potential to penetrate the
cells, affect cell viability, destabilise lysosomes, and activate inflammasome NLRP3 by canonical
and non-canonical pathways. All these nanomaterials are assumed to cause chronic inflammation.
For this reason, we focussed on their ability to induce NLRP3 stimulation as a main mechanism of
their proinflammatory effects. We demonstrate here that GP and MWCNT possess proinflammatory
potential executed both via canonical and alternative pathways.

2. Materials and Methods

2.1. Carbon-Based Nanomaterials Characterization

Two different types of GP and MWCNT were used in this study. GP1 was purchased from
PlasmaChem GmbH (Berlin, Germany) as a powder (product number PL-P-G750). According to the
manufacturer’s specifications, the particle size was up to 2 µm and the thickness of graphene sheets was
1–4 nm. GP2 was kindly donated by CRANN (the Centre for Research on Adaptive Nanostructures
and Nanodevices), Trinity College Dublin (Dublin, Ireland) as a powder. MWCNT were purchased
from Sigma-Aldrich (St. Luis, MO, USA) as a powder (product number 659258).

All three types of materials were thoroughly investigated for composition, structure, and thermal
stability. Results of the X-ray diffractometry, energy dispersive X-ray spectroscopy, Raman spectroscopy
and thermogravimetric analyses are introduced and discussed in detail in the Supplementary
Information. Briefly, all obtained physico-chemical characterisation results were in line with
specifications of the producers of these materials.

2.2. Preparation of Suspensions

Stock suspensions of GP at a concentration 250 µg/mL were prepared by dispersing powders in
0.02% sodium cholate, followed by sonication using a sonic probe (QSonica, Q700 ultrasonic processor
with a 1/4" microtip probe) for 30 min with 65% of amplitude. The average shape and size were
assessed by transmission electron microscopy (TEM, Philips 208 S Morgagni, FEI) at an accelerating
voltage of 80 kV and by scanning electron microscopy (SEM, Magellan 400L, FEI). The hydrodynamic
diameters (DH) of GP were determined using Zetasizer Nano-Ultra (Malvern Panalytical Ltd, Malvern,
UK). Measurements were provided in several dilution of stock solutions in Milli-Q water and cell
culture media containing of 10% FBS.

Stock suspension of MWCNT at a concentration 500 µg/mL was prepared by dispersing powder
in 0.02% sodium cholate and sonicating using QSonica (Melville, NY, USA), Q700 5 min with 55%
of amplitude. The average length and diameters of all used materials were assessed by TEM at an
accelerating voltage of 80 kV and by SEM.

2.3. Zeta Potential

Zeta potential measurements were performed on a Zetasizer Nano ZSP instrument equipped
with MPT-2 Titrator (Malvern Panalytical Ltd, Malvern, UK). The instrument is using a He–Ne laser
(wavelength of 633 nm) and detector angles of 173◦ and 13◦. Data were recorded and analysed using
Zetasizer Software v7.11. Prior to all zeta potential measurements, all C-BNM were diluted in 10 mM
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Na2HPO4 solution with pH 7.2. ζ-potential values were calculated using the Smoluchowski equation.
Each data value represents an average of three measurements.

2.4. Cell Culture

Human cell line THP-1 was purchased from The European Collection of Authenticated Cell
Cultures (ECACC, Salisbury, UK). All human reporter cell lines, THP1-null, THP1-defNLRP3,
THP1-defASC and HEK-Blue™ IL-1β were purchased from InvivoGen (San Diego, CA, USA).
THP-1 were maintained in RPMI 1640 media without phenol red (Corning, NY, USA) supplemented
with 10% heat inactivated ultra-low endotoxin fetal bovine serum (FBSLE; Biosera, France), 2 mM
L-alanyl-L-glutamine (GlutaMAX; Life Technologies, Carlsbad, CA, USA), 1 mM sodium pyruvate
(Life Technologies, Carlsbad, CA, USA), 10 mM HEPES (Sigma-Aldrich, St. Luis, MO, USA), 0.05 mM
2-mercaptoethanol and with penicillin (100 U/mL) and streptomycin (100 µg/mL) (Sigma-Aldrich, St.
Luis, MO, USA). THP1-null, THP1-defNLRP3 and THP-1 defASC were maintained in RPMI 1640
media supplemented with heat inactivated 10% foetal FBSLE, 25 mM HEPES, Normocin (100 µg/mL;
InvivoGen, San Diego, CA, USA) and selection antibiotic Hygromycin B Gold (200 µg/mL; InvivoGen,
San Diego, CA, USA). HEK-Blue™ IL-1β were maintained in Dulbecco’s modified Eagle’s High
Glucose medium (DMEM; Sigma-Aldrich, St. Luis, MO, USA) supplemented with 10% FBSLE and
with selection antibiotics Hygromycin B Gold (200 µg/mL) and Zeocin (100 µg/mL; InvivoGen, San
Diego, CA, USA). All cells were incubated in a humidified atmosphere of 5% CO2 at 37 ◦C.

Peripheral blood samples were obtained from healthy volunteers after an informed consent and
approval by the Ethics Committee, University Hospital Hradec Kralove, Sokolska 581, 500 05 Hradec
Kralove (reference number 201902 S22P), Czech Republic. Peripheral monocytes were isolated from
whole blood using RosetteSep™Human Monocyte Enrichment Cocktail (STEMCELL Technologies
Inc.,Vancouver, Canada) according to manufacturer’s protocol. The purified monocytes were verified
by flow cytometry (~94%) and maintained in RPMI 1640 supplemented with 20% human autologous
serum and Primocin™ (100 µg/mL, InvivoGen, San Diego, CA, USA). The cells were incubated in a
humidified atmosphere of 5% CO2 at 37 ◦C.

2.5. Cell Viability and Plasma Membrane Integrity

Cell viability was assessed through lactate dehydrogenase (LDH) assay. THP-1 cells were seeded
in flat bottom 96-well plates at the density 4 × 104 cells per well and treated with phorbol 12-myristate
12-acetate (PMA; 25 ng/mL, Sigma-Aldrich, St. Luis, MO, USA) for 72 h. After differentiation, cells were
washed and exposed to increasing concentration of GP and MWCNT in media (5–60 µg/mL) for 24–72 h.
Cells with no exposure and cells exposed to sodium cholate were used as controls. Supernatants were
centrifuged at 10,000× g for 10 min to eliminate GP and MWCNT and transferred into a new flat bottom
96-well plate. The LDH assay was performed according to the manufacturer’s protocol. Absorbance
was measured in a microplate spectrophotometer Synergy HTX (Biotek, Bad Friedrichshall, Germany)
at 490 nm, with 690 nm set as the reference wavelength.

2.6. Mitochondrial Potential Detection

PMA differentiated THP-1 cells exposed to all C-BNM samples were washed with a phosphate
buffered solution (PBS) and subsequently treated with cell permeable probe tetramethylrhodamine ethyl
ester (TMRE, 750 nM, Sigma-Aldrich, St. Luis, MO, USA) for 30 min. TMRE intensity fluorescence was
determined by the microplate spectrophotometer with excitation/emission wavelengths of 549/575 nm.
GP and MWCNT were incubated with fluorescence probes to determine possible interferences.
TMRE-stained mitochondria were also observed using a holotomographical microscope Nanolive 3D
Cell Explorer – fluo with software STEVE version 1.6.3496 (Nanolive, Ecublens, Switzerland).
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2.7. Intracellular Localization of C-BNM

THP-1 cells were prepared as described above for the viability assays. Cells exposed to 25 and
50 µg/mL C-BNM were collected and fixed in 3% glutaraldehyde. GP and MWCNT samples were
centrifuged and the pellet was rinsed in Milonig buffer, post-fixed in 1% OsO4 solution in Milonig
buffer, dehydrated in 50%, 70%, 90%, 100% ethanol, embedded in Epon-Durcupan mixture (Epon 812
Serva, Heidelberg, Germany; Durcupan, ACM Fluka, Buchs, Switzerland) and polymerized at 60 ◦C
for 72 h. Ultrathin (60 nm) sections were cut with glass knives on UC 7 ultramicrotome (UC 7, Leica,
Vienna, Austria) and contrasted by 2% uranyl acetate and 2% lead citrate. The sections were examined
using TEM (Philips 208 S Morgagni, FEI, San Jose, CA, USA).

2.8. Activation of NLRP3

THP1-null cells, as they express high levels of NLRP3, adaptor protein ASC (apoptosis-associated
Speck-like protein with a caspase recruitment domain) and pro-caspase 1 were seeded in the flat
bottom 96-well plates at density 360 × 103 cells per well and primed with ultrapure lipopolysaccharide
(LPS,1 µg/mL, Invivogen) for 3 h. Cells were subsequently washed and stimulated with C-BNM
(5–60 µg/mL) and with sodium cholate as a control for 24–48 h. Collected supernatants were centrifuged
at 10,000× g for 10 min to eliminate free C-BNM and transferred (50 µL) to new flat bottom 96-well
plates. Mature (cleaved) IL-1β in supernatants was detected by cell-based assay using HEK-Blue™
IL-1β cells. HEK-Blue™ cells respond specifically to IL-1β. Binding of IL-1β to its receptor IL-1R on
the surface of HEK-Blue™ allows sensitive specific detection of bioactive interleukins via colorimetric
assay of enzyme activity of expressed reporter gene SEAP. SEAP was quantified using QUANTI-Blue™
a SEAP detection medium, which turns blue in its presence. THP1-defNLRP3 and THP-1 defASC cell
lines, which are deficient of NLRP3 and ASC, respectively, were primed and exposed in the same way
as the THP1-null cells and were used as negative controls. Absorbance was measured in a microplate
spectrophotometer at 630 nm wavelength.

Supernatants from isolated monocytes exposed to all C-BNM (5–60 µg/mL for 24–48 h) were
collected and centrifuged at 10,000× g for 10 min to get rid of non-internalised free GP and MWCNT
and transferred (50 µL) to a new flat-bottom 96-well plate. LPS (100 ng/mL) was used as a positive
control and the specific inhibitor MCC950 (Invivogen, Paris, France) was used as a verification of a
specific NLRP3 inflammasome activation. Mature IL-1β in supernatants was detected by cell-based
assay using HEK-Blue™ IL-1β cells. Absorbance was measured in a microplate spectrophotometer at
630 nm wavelength.

2.9. Release of Cathepsin B

Detection of cathepsin B in THP1-null cells exposed to GP and MWCNT (30 µg/mL) was performed
by cathepsin B detection kit (Enzo, LifeSciences, Farmingdale, NY, USA) according to the manufacturer’s
protocol. CV-(RR)2 was used as a substrate for cathepsin B cleavage. As a positive control, cells were
pre-treated by lysosomal disruptor Leu-Leu methyl ester hydrobromide LLME (100 µM, Sigma-Aldrich,
St. Luis, MO, USA) for 2 h. Cells not exposed to GP and MWCNT were used as negative controls.

2.10. Inflammatory Cytokines Production

For cytokine detection in supernatants from exposed THP-1 cells and primary monocytes, ELISA
kits for IL-6, TNF-α and IL-10 (R&D Systems, Minneapolis, MN, USA) human cytokines were used.
Kits were used according to the manufacturer’s protocol.

2.11. Statistical Analysis

Data are expressed as mean values (ntests = 3) ± standard deviation and are normalized to the
control untreated cells (control). Differences have been considered significant for p values < 0.05.
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Two-way ANOVA with Bonferroni post hoc test was performed, using GraphPad Prism™ software
version 7.00 (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. C-BNM Characterization

The morphology characterization, carried out using electron microscopes, is presented in Figure 1
for all C-BNM. Both TEM and SEM images clearly show shape heterogeneity of GP. Both GP form
small aggregates, whereas clearly smaller GP1 (80~300 nm of lateral size; Figure 1a–c) form lumps-like
flakes indicating a significantly lower quality of this GP. On the other hand, as seen in Figure 1d–f,
GP2 form flakes with lateral size about 250~400 nm blade-like edges which could cause damage of
intracellular membranes. These results correspond with the average size distribution measured by
DLS using Zetasizer (Figure 2). The calculated zeta-average diameters of Rh are 178.5 ± 110 nm and
315 ± 78 nm for GP1 and GP2, respectively. However, as the DLS method is the most suitable for
the measurement of spherical particles, therefore the flat shape of GP and presence of aggregates
must be considered for the evaluation of these analyses. Figure 1g–i shows the 10 µm long MWCNT
with a diameter of 110~200 nm. Detailed physical characterisation (Raman spectra, X-ray diffraction,
elemental composition, thermogravimetric analyses) is provided in the Supplementary Material.
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Figure 1. Characterisation of C-BNM by electron microscopy: (a) TEM and (b,c) SEM detail of the GP1
forming small aggregates; (d) TEM detail of the GP2; (e) SEM detail of a structure of GP2 single platelet
and (f) forming clusters; (g) TEM detail of single MWCNT; (h) SEM detail of a structure of MWCNT
with (i) forming clusters.
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Figure 2. Average size distribution measured by dynamic light scattering: (a) GP1 and (b) GP2 in 0.02%
sodium cholate; PdI: polydispersity index; Z-average: Rh; St Dev: standard deviation

3.2. Zeta Potential

Figure 3 shows pH-dependence of the (a) ζ potential of C-BNM and (b) aggregation state of GP1
and GP2. Negative ζ potential of C-BNM (ζ < -40 mV) in neutral pH corresponds with presence of
sodium cholate and residual oxygen (see Supplementary Material) on the surface of these materials.
In the pH range 6–8, the aggregation of particles was also significantly less pronounced than in acidic
pH. Acidification to pH 3 led to an increase of ζ potential to ζ > –20 mV and a considerable increase of
aggregation which is reflected by an increase in the average size (Z-average) (Figure 3b). Below pH 4
GP2 exerted formation of significantly larger aggregates in comparison to GP1. Transferring of these
well dispersed C-BNM into cell medium with FBS caused formation of biocorona which was reflected
by changing an average ζ potential to values: –8.52 mV for GP1; –10.8 mV for GP2; and –13.1 mV
for MWCNT.
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Figure 3. Effect of pH on (a) ζ-potential of C-BNM in 0.02% sodium cholate; (b) average diameter of
C-BNM in 0.02% sodium cholate

3.3. Intracellular Localization of C-BNM

TEM confirmed presence of all GP and MWCNT in cytoplasm of THP-1 macrophages after 24 h
of exposure (Figure 4). As seen in Figure 4a–c, GP particles were observed in endosomes and no
particles were localized in nucleus. GP1 formed large aggregates (Figure 4b) whereas GP2 formed
smaller aggregates (Figure 4c) located in vesicles. Moreover, in the case of GP2, free particles were
found sporadically in cytoplasm. We observed a similar pattern of GP distribution in human primary
monocytes (Figure 4e,f). Further, MWCNT were located as free particles in whole cytoplasm, where
they could possibly interact with multiple organelles (Figure 4d). Damaged cell structures suggest an
escape of tubes from endosomes or lysosomes as it corresponds with the release of cathepsin B (see
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Section 3.5. Activation of NLRP3 and Release of Pro-Inflammatory Cytokines). Individual nanotubes
were observed to penetrate also through the nucleus membrane.
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Figure 4. Intracellular localisation of C-BNM after 24 h exposure in THP-1 (a–d) and primary monocytes
(e,f): GP1 (a,b,e) forms large aggregates in cytoplasm apparently in vesicles. No particles are found
in nucleus (N); (c,f) GP2 forms smaller aggregates in cytoplasm, apparently in vesicles. Occasionally,
free particles are detected in cytoplasm; (d) MWCNT were found as free needle-like objects in the
cytoplasm, possibly from damaged lysosomes. Sporadically, they can be found in nucleus or penetrating
through the nuclear membrane (Nm).

3.4. Cell Viability

Cell viability, assessed with LDH assay, was determined after 24 h, 48 h and 72 h of cell exposure
to C-BNM (5–60 µg/mL). Cytosolic enzyme LDH which is released into the cell medium after damage
of the plasma membrane during cell death, serves as a well-established and reliable indicator of
cellular toxicity. Studied C-BNM did not induce any significant cell membrane damage and subsequent
release of LDH into cytoplasm (Figure 5a). We also evaluated the mitochondrial membrane potential
via TMRE staining after 24 h, 48 h and 72 h of cell exposure to C-BNM (5–60 µg/mL). In TMRE
labelled active mitochondria, a decrease of the fluorescent intensity corresponds with a decrease of
the mitochondrial activity or its damage. All C-BNM induced only slight dose dependent decrease
(10–20%) in mitochondrial activity (Figure 5b). Moreover, microscopy studies did not reveal any
significant mitochondrial damage (Figure 5c). Finally, no statistical difference was observed in the
mitochondrial potential decrease, between all types of C-BNM.
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Figure 5. Cell responses to C-BNM: (a) Percentage of cytotoxicity via LDH assay after 24 h, 48 h and 72
h exposure. Data are reported as average ± standard error of the mean (Toxicity % = (T – C)/(L – C)
× 100); T—test cells; C—untreated control; L—lysates. The symbol *** p < 0.001 highlights statistical
significance as compared to the corresponding C; (b) mitochondrial potential via TMRE staining after 24
h, 48 h and 72 h exposure. Data normalised to control (untreated cells) represent an average ± standard
error of the mean. The symbols * p < 0.05; ** p < 0.01; *** p < 0.001 highlight the statistical significance
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as compared to the corresponding control; (c) representative images of THP-1 cells loaded with C-BNM
(white arrows), after 24 h exposure, with labelled active mitochondria (TMRE) and nuclei (DAPI)
detected using a holotomographical microscopy; RI—refractive index; BF—bright field.

3.5. Activation of NLRP3 and Release of Pro-Inflammatory Cytokines

Activation of inflammasome is a key step in the release of pro-inflammatory cytokine IL-1β.
In this study, we measured IL-1β in supernatants of THP1-null cells which represent a model of
canonical pathway activation of NLRP3. The cells were exposed to increased concentrations of C-BNM
(5–60 µg/mL) and to ATP (5 mM) as a positive control. Results are summarized in Figure 6a. Both
GP induced a slight, but statistically not significant increase of IL-1β secretion at the highest dose
tested. In contrast to GP, MWCNT were able to activate inflammasome and subsequently release IL-1β
in a dose-dependent manner. To observe possible activation of other inflammasomes than NLRP3,
we examined supernatants of exposed THP1-defNLRP3 and THP1-defASC, which are deficient in
NLRP3 receptor and ASC adaptor protein, respectively. The results confirmed specific activation of
NLRP3 by MWCNT (Figure 6b). The effect of PAMP molecules was tested with the muramyl dipeptide.
Both GP were able to activate NLRP3 in the presence of muramyl dipeptide (Figure 6c,d).
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Figure 6. Effect of C-BNM on activation of inflammasome NLRP3 after 24 h exposure: (a) NLRP3
activation in THP1 null cells was measured as conversion of proIL-1β to IL-1β, which was detected
using HEK-Blue™ IL-1β cells. Data were normalised to the control (untreated THP1-null cells). ATP
was used as positive standard of NLRP3 induction. The symbols ** p < 0.01; *** p < 0.001 highlight the
statistical significance as compared to the corresponding control; (b) Activation of NLRP3 in deficient
cells THP1-defNLRP3 and THP1-defASC, which were treated the same way as THP1-null cells; (c,d)
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activation of NLRP3 in THP-1 null macrophages by GP in presence of MDP and ATP: ATP (5 mM;
5 µM) and MDP (10 µg/mL) were used as a standard activators of NLRP3 (control) in presence of 0, 25
and 50 µg/mL of GP. The symbols * p < 0.05; ** p < 0.01; *** p < 0.001 highlight statistical significance as
compared to the corresponding controls (0) without GP.

For the evaluation of the possible mechanism of NLRP3 assembly, we measured the release of
cathepsin B into cytoplasm using a cell-penetrating fluorogenic substrate (Figure 7). Under normal
conditions, this protease is localized in lysosomes. Destabilization of lysosomes by various lysosomal
disruptors leads to the release of cathepsin B into the cytoplasm and subsequently the activation of
NLRP3 is induced. Figure 7 shows micrographs of C-BNM, visualized by the confocal microscopy in
the light scattering mode at wavelengths corresponding to the excitation spectrum of the fluorescent
product of CV-(RR)2 substrate cleavage by cathepsin B. The fluorescence was measured after 2 h, 6 h
and 24 h after treatment of THP1-null cells with C-BNM. Fluorescent dots represent penetration of
a substrate to lysosomes and the disperse signal points to the release of cathepsin B from damaged
lysosomes. In addition to the positive control, the most significant release of cathepsin B was
observed using MWCNT (Figure 7a), which corresponds to our previous findings on NLRP3 activation
(Figure 6a).

Nanomaterials 2020, 10, x FOR PEER REVIEW 11 of 18 

 

µM) and MDP (10 µg/mL) were used as a standard activators of NLRP3 (control) in presence of 0, 25 

and 50 µg/mL of GP. The symbols * p < 0.05; **p < 0.01; *** p < 0.001 highlight statistical significance as 

compared to the corresponding controls (0) without GP. 

For the evaluation of the possible mechanism of NLRP3 assembly, we measured the release of 

cathepsin B into cytoplasm using a cell-penetrating fluorogenic substrate (Figure 7). Under normal 

conditions, this protease is localized in lysosomes. Destabilization of lysosomes by various lysosomal 

disruptors leads to the release of cathepsin B into the cytoplasm and subsequently the activation of 

NLRP3 is induced. Figure 7 shows micrographs of C-BNM, visualized by the confocal microscopy in 

the light scattering mode at wavelengths corresponding to the excitation spectrum of the fluorescent 

product of CV-(RR)2 substrate cleavage by cathepsin B. The fluorescence was measured after 2 h, 6 h 

and 24 h after treatment of THP1-null cells with C-BNM. Fluorescent dots represent penetration of a 

substrate to lysosomes and the disperse signal points to the release of cathepsin B from damaged 

lysosomes. In addition to the positive control, the most significant release of cathepsin B was 

observed using MWCNT (Figure 7a), which corresponds to our previous findings on NLRP3 

activation (Figure 6a).  

 

 

Figure 7. Release of cathepsin B from lysosomes into cytoplasm in THP1-null cell revealed by confocal 

microscopy: Proteolytic activity of cathepsin B was determined by fluorogenic substrate with red 

emission; (a) release of cathepsin B (red fluorescence) into cytoplasm after 24 h incubation with 

MWCNT (light scattering in green). Cytoplasm stained with fluorogenic substrate (white arrow); (b) 

Release of cathepsin B after 24 h incubation with GP2 (light scattering in green); (c) Negative control; 

(d) release of cathepsin B after incubation with lysosomal disruptor LLME with burst of cathepsin B 

into cytoplasm (white arrow); (e) release of cathepsin B after 24h incubation with GP1 (light scattering 

in green). 

3.5.1. Activation of NLRP3 in Isolated Monocytes 

Figure 7. Release of cathepsin B from lysosomes into cytoplasm in THP1-null cell revealed by confocal
microscopy: Proteolytic activity of cathepsin B was determined by fluorogenic substrate with red
emission; (a) release of cathepsin B (red fluorescence) into cytoplasm after 24 h incubation with MWCNT
(light scattering in green). Cytoplasm stained with fluorogenic substrate (white arrow); (b) Release of
cathepsin B after 24 h incubation with GP2 (light scattering in green); (c) Negative control; (d) release of
cathepsin B after incubation with lysosomal disruptor LLME with burst of cathepsin B into cytoplasm
(white arrow); (e) release of cathepsin B after 24h incubation with GP1 (light scattering in green).
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Activation of NLRP3 in Isolated Monocytes

Verification of NLRP3 activation by an alternative pathway was performed using primary
monocytes isolated from human blood. Additionally, in this more complex in vitro model, MWCNT
induced strong and concentration-dependent activation of NLRP3 (Figure 8). Application of MCC950
inhibitor confirmed specific activation of NLRP3 inflammasome by MWCNT. When exposed to
graphene, only GP2 increased the activity of NLRP3, but without statistical significance when
compared to GP1. Viability of monocytes exposed to various C-BNM was confirmed by LDH assay
(see supplementary data, Figure S4).
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Figure 8. Activation of NLRP3 in isolated monocytes after 24 h exposure was measured as conversion
of proIL-1β to IL-1β, which was detected using HEK-Blue™ IL-1β cells. Untreated isolated monocytes
were used as a negative control. LPS was used as positive standard of NLRP3 induction. MCC950 was
used as specific inhibitor of MWCNT induction of NLRP3. The symbol *** p < 0.001 highlights the
statistical significance as compared to the corresponding control.

The secretion of the pro-inflammatory cytokines IL-6 and TNFα as well as of the anti-inflammatory
cytokine IL-10 was quantified after 24 h and 48 h exposure of THP-1 and primary monocytes to C-BNM
and LPS (100 ng/mL) as a positive control. There was no significant release of these cytokines after 24 h
or 48 h exposure to all C-BNM (results not shown).

4. Discussion

The aim of this study was to evaluate possible proinflammatory and immunomodulatory effects
of C-BNM, notably of GP, toxicological data on which are still insufficient. Generally, C-BNM were
found to affect complement and all immune cells including macrophages, dendritic cells, lymphocytes,
monocytes, neutrophils, eosinophils, NK cells and mast cells. There is no wonder that inflammation is
among the general side effects observed by toxicologists after application of C-BNM [41]. Acute or
chronic inflammation responses are interfering with the normal physiological functions of important
organs [42,43]. C-BNM are known to induce either physical or biological damage to the cell membrane,
membranes of organelles along with destabilization of actin filaments, the cytoskeleton and effecting
the cell cycle [44–46]. At the tissue and cellular levels, the mechanisms responsible for inflammation
are based on disruption of various barriers (e.g., alveolar–capillary barrier, blood–brain barrier),
infiltration of immune cells and their interaction with molecules released from injured cells (disease
associated molecular patterns) or with nanoparticles themselves [47]. A recent study demonstrating
destabilisation of phospholipid membranes by carbon nanosheets was published recently by [48].
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As inflammasomes play a central role in the process of inflammation we used a well-established
model on THP-1 and THP1-null cells to study the key mechanism responsible for the adverse effect of
C-BNM. In our previous study we demonstrated the effect of 100 nm nanodiamonds on the injury
of lysosomal membranes and the release of cathepsin B resulting in activation of inflammasome
NLRP3 and release of IL-1β [6]. Therefore, we used a similar model also for testing of various
GP and MWCNT. In this study, we used two types of sterile non-oxidized graphene platelets and
commercially available MWCNT to determine their proinflammatory potential. We confirmed the
ability of C-BNM to penetrate cytoplasmic membranes and, in the case of MWCNT, nuclear membranes,
and accumulate inside the cells (Figure 4). We observed direct stimulation of inflammasome NLRP3 by
MWCNT through a release of the proinflammatory cytokine IL-1β (Figure 6). Activation of NLRP3
is a complex process which is evoked in the response to infectious stimuli like whole pathogens or
individual microbial components (PAMPs), as well as by cellular stress signals represented by sterile
DAMPs. In the canonical pathway, two signals precede the oligomerization of NLRP3. In the case of
macrophages/THP1-null model, the first one requires the transcription of inflammasome components
including pro-caspase-1 and pro-IL-1β. The second one includes the DAMP/PAMP signals, which are
sensed by NLR receptors. In the non-canonical pathway, NLRP3 can be activated through endogenous
caspases 4 and 5 (caspase 11 in murine macrophages), which specifically binds lipopolysaccharide from
Gram-negative bacteria and triggers misbalance of ions and ATP. ATP then works as an autostimulator
of NLRP3 assembly. The result of this stimulus is the cleavage of pro-caspase-1, pro- IL-1β, pro-IL-18
and pro-gasdermin D. Gasdermin D (GSDMD) forms pores in the cell membrane, through which
mature IL-1 is released. Increased pore formation together with mitochondrial disbalance may lead to
failure of cell homeostasis and, subsequently, to cell death by pyroptosis followed by the leakage of
intracellular content, such as LDH [49,50].

Neither GP nor MWCNT induced a significant release of LDH even after 72 h incubation (Figure 5a).
It means that short term cytotoxicity via pyroptosis was not a direct effect of GP and MWCNT. A slight
decrease of mitochondrial potential was observed for all tested materials at concentrations above
30 µg/mL (Figure 5b). These data are in a good accordance with published observations regarding
C-BNM as summarised by [51].

ELISA assays confirmed the absence of proinflammatory cytokines IL-6 or TNFα for all C-BNM
used in the study. Release of these cytokines is typical of pyrogenic stimulation, so these data confirm
the absence of LPS or another PAMPs on the surface of nanomaterials. On the other hand, we observed
a proinflammatory potential of MWCNT via activation of NLRP3. While the NLRP3 serves as a sensor
of DAMPs and (in the case of macrophages), its own assembly does not depend only on stimulation
with LPS (unlike the alternative pathway), making it the most suitable tool for the evaluation of
proinflammatory potential [40]. According to images from TEM (Figure 4) we assumed that especially
carbon nanotubes may cause a nonspecific intracellular damage of membrane structures, which we
confirmed by the detection of Cathepsin B release from the damaged lysosomes (Figure 7a). Cathepsin
B is considered as one of the DAMPs sensed by NLR and its presence in cytoplasm leads to NLRP3
oligomerization [6,52]. Interestingly, according to TMRE staining, we detected only a slight decrease of
the mitochondrial potential. It can be assumed that mitochondrial damage did not play a pivotal role
in inflammasome activation in THP1-null macrophages. However, it correlates with our observation of
cell viability even after 72h after stimulation with C-BNM and rejects the possibility of non-canonical
activation of inflammasome, which usually leads to pyroptosis through misbalance of ATP [49,53].
This ability to secrete IL-1β while retaining viability is similar to the situation in primary monocytes,
whose NLRP3 (Figure 8) is activated via an alternative pathway, and also has been described in human
bone marrow derived macrophages as a hyperactivation state [50,54]. It has been proven that several
self-derived DAMPs as isolated lipid components, like self-encoded oxidized phospholipids (oxPAPC),
led to the GSDMD-dependent release of IL-1β without cell death and LDH release [54]. Participation
of other inflammasomes (e.g., AIM2, NLRC4, NLRP1, etc.) was excluded by using specific THP-1
macrophages deficient in NLRP3 and ASC in our study (Figure 6b).
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It has been reported that oxidized forms of graphene and nanotubes caused the release of
proinflammatory cytokines IL-6, TNFα and IL-8 through oxidative stress as a main mechanism [15,17].
On the other hand, pristine graphene without specific carboxyl or hydroxyl groups should not
specifically interact with pattern recognition receptors (PRR) on the surface of cells. Thus, its potential
cytotoxicity strongly depends on its shape and size [30,55]. Unlike MWCNT, GP were found enclosed
as smaller (GP2) or bigger (GP1) aggregates in endosomes (Figure 4). We detected either no or only
slight release (GP2) of cathepsin B (Figure 7) to cytoplasm and together with the results from LDH assay
and TMRE staining (Figure 5) it corresponded with a slight, nonsignificant release of IL-1β (Figure 6a).
Autophagy, which inhibits NLRP3 activation, could be a possible reason and has been referred to as a
common phenomenon in graphene-focussed studies [56]. Generally, despite the different character
of used GP, neither of them alone was able to activate NLRP3 to a significant level. A quite different
situation occurred when muramyl MDP was added as the prominent representative of DAMP. There was
a significantly stronger activation of NLRP3 by both GP1 and GP2 together with MDP than in the case of
using MDP alone (Figure 6c,d). These results relate to the contention that GP and MWCNT may serve as
a “Trojan horse” and inhaled particles of GP or MWCNT may carry contaminants on its surface. It must
be considered that NLRP3 strongly responses to accumulated signals, and it is possible that “harmless”
nanomaterial may boost a stimulus from adsorbed PAMPs/DAMPs. There is also an important fact that
C-BNM are considered not fully biodegradable materials which are facing the continuous surveillance
of the immune system. Therefore, although not acutely toxic, it may cause chronic problems under
long-term exposure, owing to accumulation in tissues [43,57]. If the accumulation reaches the certain
threshold, the second signals like DAMP or PAMP originating from damages can trigger activation of
inflammasome. On the other hand, recent studies suggested a possibility of partial degradation of
GP and MWCNT by macrophages vie enzymes like myeloperoxidase. This means that inflammatory
mechanisms are inevitably involved in the elimination of C-BNM [58].

THP1-null cells represent a pure model to study activation of NLRP3 inflammasome and the
proinflammatory potential was confirmed in the case of both GP and especially MWCNT. The data
obtained on THP1-null cells were verified on peripheral blood monocytes which represent a model
closer to the realistic in vivo scenario and possibility of activation of NLRP3 via an alternative pathway.
Contrary to THP-1 null cells, one must consider possible genetic variations among the healthy
volunteers from whom the monocytes were isolated. Nevertheless, both models convincingly pointed
to a proinflammatory potential of C-BNM, especially MWCNT. An example is the study in which
the pulmonary exposure of MWCNT in mice not only led to local inflammation, but also promoted
systemic inflammation and systemic inflammation together with dysfunction of the NOS system [59].

5. Conclusions

In our study using a well-established in vitro model, we have demonstrated a clear
proinflammatory potential of GP and MWCNT which can be enhanced by various PAMP. Therefore,
it must be considered that, in in vivo conditions, accumulation of PAMPs and DAMP signals can
act synergistically with nanomaterials, even if they are considered “harmless” on their own. Such a
synergic action can lead to activation of inflammatory mechanisms, e.g., via NLRP3. There is also
an important fact that graphene as well as CNT are not fully biodegradable materials and, therefore,
although rendered not acutely toxic due to various surface modifications, they may cause chronic
problems under long-term exposure owing to accumulation in tissues and organs. Questions regarding
the effects of C-BNM accumulated for instance, in brain, lungs, liver or spleen in the course of real
infection (e.g., influenza, hepatitis or EBV) of these organs are of additional importance. Studies
focused on aspects of interaction between C-BNM and organisms at the molecular, cellular, tissue and
whole body level are necessary to fully understand mechanisms of toxicity and to evaluate possible
risks imposed by such materials to humans and the environment, if broad application of C-BNM
were accomplished. Therefore, GP and MWCNT may serve as a “Trojan horse” and inhaled particles
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of C-BNM in real environment may carry contaminants on its surface, which can have a nature
characteristic of PAMPs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/3/418/s1.
Figure S1: XRD patterns of studied C-BNM. Table S1: Elemental composition of C-BNM. Figure S1: Raman spectra
of MWCT, GP1 and GP2. Figure S3: TGA (left Y-axis) and TGA (right Y-axis) curves recorded for C-BNM under
oxygen atmosphere with a heating rate of 10 K/min. Figure S4: Monocytes response to C-BNM; Percentage of
cytotoxicity via LDH assay after 24 and 48 h.
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Abstract: Development of tools for direct thrombus imaging represents a key step for diagnosis and
treatment of stroke. Nanoliposomal carriers of contrast agents and thrombolytics can be functionalized
to target blood thrombi by small protein binders with selectivity for fibrin domains uniquely formed
on insoluble fibrin. We employed a highly complex combinatorial library derived from scaffold of
46 amino acid albumin-binding domain (ABD) of streptococcal protein G, and ribosome display,
to identify variants recognizing fibrin cloth in human thrombus. We constructed a recombinant target
as a stretch of three identical fibrin fragments of 16 amino acid peptide of the Bβ chain fused to
TolA protein. Ribosome display selection followed by large-scale Enzyme-Linked ImmunoSorbent
Assay (ELISA) screening provided four protein variants preferentially binding to insoluble form of
human fibrin. The most specific binder variant D7 was further modified by C-terminal FLAG/His-Tag
or double His-tag for the attachment onto the surface of nanoliposomes via metallochelating bond.
D7-His-nanoliposomes were tested using in vitro flow model of coronary artery and their binding to
fibrin fibers was demonstrated by confocal and electron microscopy. Thus, we present here the concept
of fibrin-targeted binders as a platform for functionalization of nanoliposomes in the development of
advanced imaging tools and future theranostics.

Keywords: fibrin; thrombus targeting; thrombus imaging; binding protein; ABD scaffold; liposome;
combinatorial library; metallochelation; fibrinogen Bβ chain
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1. Introduction

Thrombosis, a critical event consisting of formation of thrombus in blood vessels, is one of the
most frequent causes of death, e.g., due to ischemic stroke [1], myocardial infarction [2] or pulmonary
embolism [3]. Such diseases are not only leading causes of death but have huge socioeconomic impacts
worldwide despite available therapy [4]. There is clearly a significant medical need for better and
rapid diagnosis and targeted treatment of acute thrombosis.

Direct thrombus imaging can be mediated by targeting surface structures of activated platelets,
for instance, by single-chain antibody conjugated iron oxide microparticles [5,6]. Activated platelets
can be targeted also by cyclic RGD peptides that were designed, synthesized and tested as ligands
for highly specific targeting mediated by theranostic nanoparticles [7]. Another compound of the
blood thrombus that can be used for targeting of the imaging agents is fibrin in the form of insoluble
net of fibers. As fibrin is the end-product of proteolytic cleavage of fibrinogen followed by further
coagulation process, it shares substantial sequence identity (98%) and structural similarity to its parental
soluble progenitor. Concentration of fibrinogen in plasma is dominating (2–4 mg/mL), therefore, a high
selectivity of fibrin-targeting ligands is required to avoid their complete scavenging by fibrinogen
during in vivo circulation. To overcome this burden, several laboratories tried to develop monoclonal
antibodies specific to fibrin but those recognize soluble fibrin and its D-dimer as well, or substantially
cross-react with fibrinogen [8–11].

Beside antibodies, several small peptide-based ligands specifically binding fibrin were also
generated. The small cyclic peptides Tn6, Tn7 and Tn10 specifically bind to fibrin and fibrin-degradation
products with micromolar affinity, whereas binding to fibrinogen is about 100-fold weaker [12].
The modified version of Tn6 peptide, the peptide EP-2104R [13], was tested for thrombus imaging
by MRI in the phase II clinical trials [14] but did not advanced to the next phase. In another attempt,
the cyclic peptides CLT1 and CLT2 were developed to recognize fibrin-fibronectin complexes in plasma
thrombi in tumors and at injured tissues sites [15].

Generation of insoluble fibrin-specific agents represents a significant challenge in the development
of thrombus-specific in vivo diagnostic probes. Recently developed monoclonal antibody (mAb) clone
102-10 [16] distinguishes fibrin thrombi from precursors such as fibrinogen, soluble fibrin as an early
polymerization product and insoluble fibrin precursor and degradation clot product such as D-dimer.
Detail analysis of the binding specificity of this mAb identified a prominent hydrophobic region of
16 amino acid located on the Bβ chain as an exclusive epitope for binding of 102-10 mAb to fibrin
thrombi [16]. This Bβ peptide epitope has been postulated to be shielded by a steric hindrance in the
soluble fibrinogen but exposed in polymerized insoluble fibrin fibers. In addition, radiolabeled 102-10
mAb selectively accumulated in mouse spontaneous tumors and identified increased fibrin deposition
in grade 4 glioma in comparison to lower-grade gliomas [16–18]. Tissue plasminogen activator (tPA)
(an endogenous protein that has been shown to bind fibrin with high affinity) was studied as possible
targeting ligand which might circumvent antibody difficulties. The use of tPA-derived proteins
however, requires neutralization of remove the plasminogen-activating proteolytic activity. Targeting
of echogenic liposomes towards fibrin was demonstrated, but no clinical application has not been
demonstrated up to present [19,20].

Phage display technology was also used for identification of fibrin-specific antibodies or their
fragments. Human single-chain antibody fragment Tomlinson I and J libraries were panned against
non-cross-linked fibrin [21] and only one clone (E4) was identified that, in ELISA, showed a weak
preferential binding to fibrin in comparison to fibrinogen. Monoclonal antibody AP2 was selected by
phage display from a combinatorial library targeted to N-terminal peptide of α-chain of fibrin [22].
This antibody recognizes five N-terminal amino acids from fibrin and does not react with fibrinogen.
The AP2 antibody also inhibits fibrin thrombus formation and localizes in fibrin-rich tumors as shown
in vivo on a mouse model. All above mentioned antibodies, however, were not used for development
of methods for direct thrombus imaging.
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Various functionalized nanoparticles have already been tested for the purpose of in vivo imaging,
but most of the developed nanoparticle types have not been yet approved for clinical applications.
Liposomes, self-assembled membrane-like spherical vesicles, are non-toxic biocompatible nanoparticles
approved by FDA and EMA for the application in human medicine with a considerable potential
as diagnostic and theranostic carriers applicable for improving many imaging techniques such as
Computed Tomography (CT) or magnetic resonance imaging (MRI) [23]. Several different liposomal
preparations are in use as vaccines or for the treatment of infectious diseases, cancer or dermatological
disorders [24–26]. Technologies for preparation and production of liposomes at industrial scale are
available and bioconjugate chemistry for surface modifications of liposome by ligands of various
chemical structure are currently being developed [27–29].

Therefore, we use the new approach based on ribosome display technology to identify
fibrin-specific artificial protein binders derived from a small protein domain scaffold. This approach
represents a valuable alternative for production of robust and high-affinity binders with a required
selectivity. In this study, we used a highly complex combinatorial library derived from scaffold of
albumin-binding domain (ABD) of streptococcal protein G [30–32], and ribosome display, to identify
fibrin-specific protein binders that could be used as components for targeted delivery of nanoliposomes
to human thrombi in vitro and in vivo. We demonstrate that one of the selected candidates preferentially
binds to insoluble fibrin as well as to human thrombus in vitro. Thus, this ABD-derived variant can
serve as a useful molecular tool for the functionalization of a liposomal surface. The concept was
proved in vitro by application of flexible silicone replica of coronary artery as a model for visualization
of thrombi by fluorescently labeled liposome-binder complexes under flow conditions. Nanoliposomes
modified by small protein binders represent a basis for development of platform for MRI or CT
imaging of thrombus as well as for targeted delivery of thrombolytic drugs or theranostics when
combined together.

2. Materials and Methods

2.1. Production of Fusion Proteins Carrying Bβ Epitopes (BEP) Recognized by 102-10 mAb

For the construction of triple-Bβ-containing protein target (3BEP-TolA-Avi), the codon-optimized
DNA sequences of triple-Bβ epitope (CNIPVVSGKECEEIIR) connected with GGGGS hinges was
synthetized by GeneArt (Regensburg, Germany) and inserted into pET28b vector between N-terminal
His-tag and C-terminal TolA-Avi-tag using digestion with NcoI and BamHI enzymes. Protein was
expressed in Escherichia coli (E. coli) BL21 (DE3) BirA strain as in vivo biotinylated product. Purification
was done using 1 mL NiNTA-agarose matrice (Qiagen, Hilden, Germany) under native conditions.
Column with matrice was equilibrated with TNI20 buffer (50 mM Tris, 300 mM NaCl and 20 mM
imidazole pH 8.0) and the sonicated protein culture in TNI20 buffer was applied twice and washed
with 10 mL of the same buffer. Elution was done by TNI250 (50 mM Tris, 300 mM NaCl and 250 mM
imidazole, pH 8.0). Fractions with highest concentration of protein were pooled and polished by size
exclusion chromatography on Superdex 200 10/300 column in the TN buffer (50 mM Tris, 150 mM NaCl,
pH 8.0).

Fusion protein carrying the single-Bβ epitope (BEP-TolA-Avi) as well as a control protein
lacking Bβ epitope (∆EP-TolA-Avi) were also constructed and produced as above. Synthetic peptide
CNIPVVSGKECEEIIR (sBEP) was produced by Vidia s.r.o. (Vestec, Czech Republic).

2.2. Ribosome Display Selection of Binders

Combinatorial DNA library was generated as described previously [33,34] with some modifications.
The assembled library was in vitro transcribed/translated in a single step reaction using E. coli extract
(EasyXpress E. coli kit, biotechrabbit, Hennigsdorf, Germany) and used for the pre-selection in 96well
Maxisorp plates (NUNC, Roskilde, Denmark). To reduce non-specific variants, two pre-selection
steps were performed (each 1 h at 4 ◦C): first one on fibrinogen and the second on the ∆EP-TolA-Avi.
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Fibrinogen (Abcam, Cambridge, UK) was coated to the wells of plate directly at concentration of
5 µg/mL for all three rounds of the selection. The biotinylated protein ∆EP-TolA-Avi was coated
indirectly (10, 10 and 2.5 µg/mL for individual rounds) via streptavidin (1 µg/mL in carbonate buffer
pH 9.6). The selection of binders was made in wells with 3BEP-TolA-Avi (10, 10 and 2.5 µg/mL for
individual rounds) bound via biotin to coated streptavidin (1 µg/mL in carbonate buffer pH 9.6).
After 1 h incubation at 4 ◦C, selection well was in the washed 5 times (10 times in second and third
round) with wash buffer (50 mM Tris, 150 mM NaCl, 50 mM Mg-acetate, pH 7.5) supplemented with
0.05% Tween 20 (0.05% and 0.25% for second and third round, respectively). Collection of cDNA,
obtained by reverse transcription after the third round of selection campaign, was cloned as NcoI
and BamHI fragments in a pET-28b-TolA-Avi vector containing DNA sequences for spacer TolA and
C-terminal Avitag [34]. The final TolA-Avi fusion proteins were expressed in E. coli BL21 (λDE3) GOLD
strain. Whole cell lysates of individual clones were used for ELISA screening of binding to fibrin.

2.3. Binding of Protein Variants to Fibrin

Fibrin was formed directly in wells of Maxisorp 96-well plate from coated fibrinogen (10 µg/mL)
by incubation with 0.001 U of thrombin (Abcam, Cambridge, UK) in the reaction buffer (50 mM
Tris pH 7.4, 150 mM NaCl, 10 mM CaCl2 and 7 mM cysteine where stated) overnight at room
temperature. After washing three times with PBST buffer (phosphate buffered saline with 0.05%
Tween-20) and blocking with 1% bovine serum albumin (BSA) in PBST (PBSTB), cell lysates or serially
diluted protein binders in PBSTB buffer were applied. Detection was made by mouse anti-Avitag
antibody (antibodies-online, Aachen, Germany) followed by anti-mouse horseradish peroxidase (HRP)
conjugated secondary antibody or by streptavidin-HRP conjugate in case of detection of biotinylated
protein. TMB-Complete 2 solution (TestLine Clinical Diagnostics s.r.o., Brno, Czech Republic) was
used as a substrate for HRP. Reactions were stopped with 2 M sulfuric acid and absorbance was read at
450 nm. As a control, simultaneous binding to fibrinogen was also monitored.

2.4. Production and Purification of D7/E7-TolA-Avi Protein

In vivo biotinylated D7 and E7 proteins in fusion with TolA-Avi was produced in E. coli BL21
(DE3) cells with inserted vector bearing BirA gene coding biotin ligase. Upon induction of the culture,
the biotin was added and the protein was in vivo biotinylated on the C-terminal Avitag. N-terminal
His-tag was used for a native purification on Ni-NTA agarose matrice.

2.5. Preparation of Layers of Fibrin Degradation Products and Fibrinogen

MaxiSorp 96-wells flat-bottom microtiter plate was used for the immobilization of anti-human
fibrinogen goat antiserum (30%) (Kamiya Biomedical Co, Seattle, WA, USA). After 1 h incubation of
100 µL of anti-fibrinogen antiserum (1:500 dilution of stock solution) wells were washed out by 200 µL
50 mM Tris, 100 mM NaCl pH 7.4 with 0.1 % Tween-20 (TB-T) for 10 times. Tween-20 was used for
minimalizing of non-specific binding (5% solution; 100 µL; 1 h incubation). Wells were then washed
out by 200 µL TB-T for 10 times. The next step was binding of 100 µL fibrinogen (FGL, FGP) or fibrin
degradation products (FBL, FBP) for 1 h that were prepared freshly before the experiment. Lyophilized
fibrinogen (Sigma-Aldrich, St. Luis, MO, USA) was used as a source for preparation of FGL and
FBL, while pooled plasma was used for production of FBP and FBP production. Pooled plasma was
produced by mixing twelve plasma samples from healthy donors. To prepare FBL, 1 mL of FBG
(2 mg/mL) was mixed with 10 µL FXIIIa (1% solution) and 190 µL thrombin (65 U/mL), followed by
2 h incubation. Then, the formed thrombus was digested by plasminogen (0.15 U/mL) and tissue
plasminogen activator (tPA, 0.3 µg/mL) in 300 µL TB during further 2 h incubation. For FBP preparation,
1 mL of pooled plasma was mixed with 190 µL thrombin (65 U/mL) and 10 µL CaCl2 and incubated for
2 h. Then, the formed thrombus was digested by plasminogen (0.15 U/mL) and tissue plasminogen
activator (tPA, 0.3 µg/mL) in 300 µL TB during further 2 h incubation. Preparations FBL and FBP were



Pharmaceutics 2019, 11, 642 5 of 21

used in preparation of ELISA plates above. FGL and FGP as controls were incubated only with 500 µL
of TB.

2.6. Binding of Protein Variants to Fibrin Layers Prepared from Lyophilized Fibrinogen or Human Plasma

Wells of 96-well plates coated with fibrin/fibrinogen layers were washed out with TB-T buffer and
non-specific interactions were blocked out by 1 h sorption of serum bovine albumin (1%). After washing
out of wells, 100 µL of protein binders (D7, E7; 1 µM) or mouse anti-fibrinogen antibody (1:1000;
American Diagnostica GmbH, Pfungstadt, Germany) were added for 1 h incubation. For detection of
binders or antibody, ExtrAvidin (100 µL, 1:20000; Sigma-Aldrich, St. Luis, MO, USA) or anti-mouse IgG
(100 µL, 1:30000; Sigma-Aldrich, St. Luis, MO, USA) conjugated with alkaline phosphatase were used,
respectively (1 h incubation). Para-nitrophenylphosphate (6 M) was used as a substrate for alkaline
phosphatase. The change of optical properties was monitored by Sunrise ELISA Reader at 405 nm.

2.7. Construction of Truncated D7 Proteins with C-Terminal His-Tag

To produce D7 protein version lacking the TolA spacer and containing His-tag at the C-terminus,
a trp leader sequence consensus (MKAIFVLNAQHDEAVDAMD) was introduced to the N-terminus.
Then, a FLAG/His-tag in a tandem was attached to the C-terminus via 9- or 21-amino acid long
GS-linker. The calculated Mw of all products is 11–12 kDa. The production of these proteins was
performed in E. coli BL21 (DE3) cells at 37 ◦C.

2.8. Binding of D7 Protein Variants to Human Thrombus

Thrombus preparation. Human blood was donated by healthy volunteers (n = 10) who signed an
informed consent. The informed consent was approved by the ethical committee of the International
Clinical Research Center St. Anne’s University Hospital Brno on 2017-03-07 (IIT/2016/30). The blood
donors did not take any medication at least two weeks before blood collection.

Plasma Thrombus Preparation. Citrated blood (100 µL per 10 mL of blood) was centrifuged at
2000 g to obtain plasma. Plasma (50 µL) was coagulated in 8 mm glass tubes with addition of 10.9 mM
CaCl2 and NaCl and 50 mM thrombin at room temperature for 4 h. Each thrombus was cut into four
pieces. Before a start of an experiment each thrombus was gently washed with 2 mL of TBS buffer.

Preparation of thrombi from whole blood. Thrombi were prepared from 10 µL of whole blood
without addition of anticoagulants in glass tubes—Target Insert 300 µL Capacity (National Scientific
Supply Company Inc., Claremont, CA)—at room temperature for 4 h. Before a start of an experiment
each thrombus was gently washed with 2 mL of TBS buffer.

Confocal microscopy of D7-TolA-Avi and His-tagged D7 targeted fibrin filaments. D7-TolA-Avi
(final concentration of 20 µg/mL) was incubated with prepared thrombus in TBS buffer for 30 min.
After that, each thrombus was washed twice by 200 µL of TBS buffer and placed into TBS buffer with
6.6 µg/mL APC streptavidin (BioLegend, San Diego, CA, USA) for 60 min. Each thrombus was washed
three times with 200 µL of TBS buffer prior to observation using confocal microscope Leica TCS SP8.
Excitation and emission wavelengths were set to 633 and 645–700 nm, respectively. For visualization
of His-tagged D7 variants (containing mono His-tag and Flag-tag or double His-tag) anti-Flag-tag
(Monoclonal ANTI-FLAG® M-Cy3TM, Clone M2, Sigma-Aldrich, Prague, Czech Republic) and anti
His-tag (Alexa Fluor® 488 anti-His Tag Antibody, BioLegend, San Diego, CA, USA) antibodies were
used, respectively. The concentration was 10 µg/mL and the incubation lasted one hour.

2.9. Preparation of D7 Liposomes Modified by Different Variants of Anti-Fibrin Protein Binder D7

Briefly, metallochelation liposomes were prepared by a method based on a hydration of a lipid film
followed by extrusion through 0.4 µm and 0.1 µm polycarbonate filters as described previously [35,36]
Liposomes were composed of EPC/DOGS-NTA-Ni/ Liss Rhod PE, 92.5/7.0/0.5 molar% w/w/w. All lipids
were purchased from Avanti Polar Lipids ((Alabaster, AL, USA). A manually operated device
Mini-Extruder (Avanti Polar Lipids) was used for the extrusion. In the following step, the solution of
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D7 protein variants of binder in 50 mM Tris, pH 7.4 was mixed with the prepared solution of liposomes.
The protein/lipid ratio was 1/20 w/w. The mixture was incubated for 30 min at room temperature.

2.10. Characterization of D7 Liposomes

Size measurement using the multiangle dynamic light scattering technique (MADLS).
The hydrodynamic diameters of the binders, liposomes and proteoliposomes were determined by the
MADLS technique using Zetasizer ULTRA instrument (Malvern Panalytical, Malvern, UK) at 25 ◦C.

Isotermal titration of liposomes by D7 protein binders. Calorimetric measurements were carried
out to determine dissociation constants and thermal effects occurring during the process of formation
of metallochelation bond between His-tag of protein binder and Nickel ion of DOGS-NTA-Ni lipid
incorporated into liposomes. Gradual addition of the protein binder solution from a syringe with a
volume of 40 µL to the titrated liposomal solution (0.5 mg/mL) with a volume of 350 µL located in a cell
was performed using MicroCal PEAQ calorimeter (Malvern Panalytical, Malvern, UK). Experiments
were performed in 50 mM Tris buffer, pH 7.4 at a temperature of 25 ◦C. The concentration of different
variants of D7 protein solution was adjusted individually. The mixing rate was 750 rpm during
the titration.

Transmission electron microscopy. The suspension of liposomes was covered with a Cu grid
(300 Old Mesh, Agar Scientific, Austria) coated with Formvar film (Sigma Aldrich, Czech Republic)
and carbon. The grid was removed from the suspension after 1 min, and the residual water was dried
with a strip of lint-free filtration paper. The sample we stained with 2% Ammonium molybdate and
observed under transmission electron microscope Philips 208S Morgagni (FEI, Czech Republic).

Immunogold technique was employed to prove specific binding of D7 to the surface of liposomes.
Anti-FLAG antibody and 20 nm protein A colloidal gold conjugate (Electron Microscopy Science,
Hatfield, PA, USA) were added to D7 liposomes and observed using transmission electron microscopy
for specific staining of protein binder on the surface of liposome. The solution of Protein-A covered
gold nananoparticles were diluted in ratio 1:50 and mixed with liposomal samples in the volume ratio
1:1. The mixture was incubated overnight at 4 ◦C and observed.

2.11. Confocal Microscopy of Thrombi Targeted with D7 Liposomes

Rhodamine-labeled D7 targeted liposomes (final concentration of 15 µg/mL) were incubated with
prepared thrombus in TBS buffer for 30 min. After that, each thrombus was washed five times with
200 µL of TBS buffer prior to observation using confocal microscope Leica TCS SP8. Excitation and
emission wavelengths were set to 561 and 580–650 nm, respectively.

2.12. Scanning Electron Microscopy of Whole Blood Thrombi

Samples for the scanning electron microscopy of whole blood thrombi or thrombi with
fibrin-targeted liposomes were fixed in Millonig phosphate buffered gluteraldehyde (3%), post-fixed in
osmium Millonig buffered (OsO4 2%) solution, dehydrated in 50, 70, 90, and 100% Ethanol and dried
in HMDS (hexamethyldisilazane, Sigma-Aldrich, Prague, Czech Republic). Then the samples-were
put on the carbon tabs attached on the aluminum holder and platinum/palladium coated (Cressington
sputter coater 208 HR, Watford, UK). The surface of the thrombus was observed under scanning
electron microscope Hitachi SU 8010 (Hitachi High Technologies, Europe GmbH, Krefeld, Germany) at
magnification of 2000× (at 14 kV, SE detector, working distance 10.8 mm).

2.13. In Vitro Binding of D7F1 Liposomes under Flow Conditions Using MCA Model

Simplified virtual middle cerebral artery (MCA) models with a branch (bifurcation) were designed
with Fusion 360 (Autodesk) with anatomy resembling average middle cerebral artery diameter 3.1 mm,
(after bifurcation 2.9 mm, the branch 1.4 mm). The lumen was three-dimensionally (3D) printed
and cast into silicone Sylgard® 184 Elastomer kit (Dow Corning, Bay City, MI, USA). The silicone
model was connected to a peristaltic pump Lambda Multiflow (Lambda Laboratory Instruments, Brno,
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Czech Republic) with 3.1 mm (inner diameter) tubes and filled with TBS buffer (pH 7.4). Externally
prepared in vitro clot from whole blood (100 µL a diameter of each glass tube was 6 mm for 100 µL
of blood.) was inserted into tubing through a funnel to simulate the thromboembolic event in MCA.
After MCA occlusion the buffer was flowing through a branch at 4.5 mL per minute. D7F1 liposomes
were injected by Hamilton syringe into the flow system. The TBS buffer with final concentration of
15 µg per ml D7F1 liposomes was circulating one hour before the clot inside the in vitro model was
extracted from the in vitro model, washed with TBS and examined under confocal microscope (Leica)
to observe penetration of fluorescently labeled liposomes into the thrombus.

3. Results

3.1. Production of Recombinant Protein Targets Carrying Bβ Epitope (BEP)

In this study, a short protein corresponding to Bβ chain epitope of human fibrinogen recognized
by 102-10 mAb (BEP) as a molecular target for the ribosome display was used. This epitope
discovered by Hisada et al. [16] was predicted to be sterically shielded in fibrinogen but uncovered
and exposed during fibrin thrombus formation. This epitope consisting of 16 amino acid residues
(CNIPVVSGKECEEIIR) was, therefore, chosen as a major N-terminal binding motif for design and
assembly of the recombinant protein, constructed in fusion with C-terminal Avi-tag. To facilitate
protein purification, the sequence of His-tag was added to the N-terminus of the full-length construct
(BEP-TolA-Avi, Figure 1). To significantly expose BEP moiety as a target for ABD screening, and to
increase changes for the recognition during ribosome display, a variant carrying triple-BEP motives
connected via GGGGS-linkers (3BEP-TolA-Avi) was also designed and assembled. As a control,
protein lacking BEP epitope (∆BEP-TolA-Avi) was also generated. All proteins were produced in E. coli
BL21 cells and subsequently purified (Figure 1).
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Figure 1. Schematic representation of BEP-carrying targets and their production and identification.
In vivo biotinylated proteins carrying triple BEP epitope (3BEP-TolA-Avi), single BEP epitope
(BEP-TolA-Avi), 16 amino acid synthetic BEP peptide (sBEP) and a control BEP-lacking protein
(∆BEP-TolA-Avi) shown in panel A. Visualization of produced proteins on sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE): molecular weight marker (lane M),
3BEP-TolA-Avi (lane 1), BEP-TolA-Avi (lane 2), ∆BEP-TolA-Avi (lane 3), respectively (panel B). Western
blot of purified recombinant proteins (panel C) detected by streptavidin-HRP conjugate. Description of
lanes is as presented in panel B.

3.2. Ribosome Display and Screening of Protein Variants

For ribosome display, assembled and purified 3BEP-TolA-Avi protein was chosen as a target.
To minimize selection of binders raised to a TolA-Avi protein backbone, a preselection step using the
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generated ∆BEP-TolA-Avi protein was used. After a three-round ribosome display campaign with
an increasing stringency of the selection conditions, transcribed cDNA sequences were inserted into
the pET-28b plasmid, thus generating a library of the binding candidates. Cell lysates of individual
bacterial colonies were screened for binding to coated fibrin and fibrinogen by ELISA. Protein variants
with a substantial binding to fibrin and that reduced to fibrinogen were selected, their proteins purified
and further examined in a detail. From the collection of almost 400 tested clones, four variants named
D7, E7, F7 and F11 confirmed the preferential binding to the insoluble fibrin and were, therefore,
selected as the most promising ones (Figure 2A, Table 1). Sequencing of the particular cDNA cloned
into the plasmid vector revealed that E7 and F7 variants are identical. Further testing demonstrated a
high binding of E7 and F11 proteins to the soluble fibrinogen. D7 protein was, therefore, chosen as the
only suitable binder with a substantial binding preference to insoluble fibrin and its binding curve was
measured by ELISA (Figure 2B).
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Figure 2. Binding of D7 and E7 protein variants to fibrin layer tested by ELISA. Binding of selected in vivo
biotinylated protein variants to immobilized fibrin, fibrinogen and bovine serum albumin detected by
streptavidin-HRP conjugate. Average values of triplicates with standard deviations are presented (A).
Binding curves of in vivo biotinylated D7-TolA-Avi protein to fibrin (FBN) and fibrinogen (FBG) in
ELISA (B). Binding of D7-TolA-Avi (C,E) and E7-TolA-Avi (D,F) protein variants to fibrinogen and fibrin
layers tested by ELISA. Binding of protein variants to layers prepared from lyophilized fibrinogen (C,D)
and those prepared from human plasma (E,F). Insert in the panel D shows a schematic representation
of fibrin (FBN)/fibrinogen (FBG) layers and detection of the bound proteins. Legend: FBN—fibrin,
FBG—fibrinogen, BSA—bovine serum albumin, FBL—fibrin layer prepared from lyophilized fibrinogen
activated by thrombin, FGL—layer of fibrinogen produced from lyophilized product, FBP—fibrin layer
prepared from human plasma activated by thrombin, FGP—layer of fibrinogen from human plasma.
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Table 1. Amino acid sequences of selected protein binders. Sequence comparison of the fibrin
binders. The non-mutated ABDwt was aligned with the randomized part of the ABD-derived binders
selected by ribosome display. Grey boxes indicate the 11 positions at which the residues of ABD
(aa 20–46) were randomized. The non-randomized N-terminal part of ABD (aa 1–19) contains
sequence LAEAKVLANRELDKYGVSD.

Binder 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
ABDwt Y Y K N L I N N A K T V E G V K A L I D E I L A A L P

D7 A Y K N P I N L A R S V P T V K G A I D P I L A A L P
E7=F7 F Y K N L I N V A M P V V L V K T A I D G I L A A L P

F11 G Y K N W I N P A D G V A G V K S A I D A I L A A L P

3.3. Binding of D7 and E7 Protein Variants to Fibrin Layer

After ribosome display, a large-scale screening of the binding variants was performed using
thrombin-treated fibrinogen coated on wells of microtitre plates. To verify that the identified D7 and
E7 binding candidates bind not only to a coated insoluble fibrin but also to fibrin degradation products,
tests on layers of fibrin and fibrinogen captured to the plate via polyclonal antibody (Figure 2C,D) were
performed. These experiments confirmed that D7 clone preferentially binds to fibrin while binding to
fibrinogen is minimized and stays on the background level. Contrary this, E7 protein variant does not
distinguish between fibrinogen and fibrin and binds to both proteins in a similar way. Additionally,
we compared binding of D7 and E7 variants to fibrin layer prepared from a commercial lyophilized
fibrinogen or from isolated human plasma (Figure 2E,F). We found that the binding to fibrin prepared
from a lyophilized product is more pronounced than binding to fibrin produced from human plasma.
In this experiment, E7 protein demonstrated its high binding to lyophilized fibrinogen as well as to
human plasma.

3.4. Binding of D7 Protein to Human Thrombus in Vitro

To verify whether D7-TolA-Avi recognizes fibrin filaments in human thrombus, binding of the
D7 protein to thrombus prepared from human whole blood was visualized by confocal microscopy
(Figure 3). The quality of the prepared thrombus is documented in the panel A and detection of
clearly visible fibrin fibers by D7-TolA-Avi protein is presented in the panels B and C. Negative
staining by a control ABDWT-TolA-Avi protein (D) or in the presence of secondary reagent only (E) are
also presented.
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picture of thrombus prepared for binding experiments with a clear structure of fibrin filaments
(A). D7-TolA-Avi was tested for the ability to target fibrin filaments of the human blood clots.
APC-streptavidin was used for visualization. Samples were observed using Leica TCS SP 8 confocal
microscope (excitation 633 nm, emission 645–700 nm). The representative picture illustrates the
specific interaction of D7-TolA-Avi with fibrin in human blood thrombus (B). Detailed picture of fibrin
in the blood thrombus. Non-homogeneous distribution of the signal is given by the observation
of a thin confocal plane (C). Negative control—picture of thrombus incubated with non-specific
ABDwt-TolA-Avi protein and APC-streptavidin (D), and a negative control—picture of thrombus
incubated with APC-streptavidin (E).

3.5. Production of Short Variants of D7 Binding Protein with C-Terminal His-Tag

For the purpose of an immobilization of the D7 protein to nanoliposomal particles via interaction of
a polyhistidylated tag with Ni-NTA-modified surface, truncated proteins were designed and produced
from plasmids in which D7 protein cDNA was fused to GS-linker with FLAG-tag and His-tag at the
C-terminus (Figure 4A). The D7-F1 protein contains a shorter GS-linker in comparison to the D7-F3
version (nine versus 21 amino acids, respectively). To increase binding affinity to Ni-NTA-modified
liposomal surface, we constructed also double-His-tag versions of the truncated D7 and ABD-WT
proteins using the same GS-linker as that used for FLAG-His variants preparation (Figure 4A).

3.6. Preparation and Characterization of Liposomes

Plain metallochelating nanoliposomes (EPC/DOGS-NTA-Ni 93/7 w/w) of the size about 92 nm
and negative ζ-potential were prepared by lipid hydration method and extrusion (Figure 4). Selected
specific binders (Figure 4A) as well as their control counterparts were bound onto liposomal surface via
metallochelating interaction (Figure 4B). This binding was reflected by an increase of hydrodynamic
radius of formed proteoliposomes. The increase in the size of modified liposomes was in a good
accordance with hydrodynamic radius of various binders used (Figure 4C–F). Binders itself possess
negative charge and modification of the liposomal surface with binders did not change significantly
the negative ζ-potential of liposomes, but only in the case of binder D7H2 a shift to positive value of
ζ-potential was observed (Figure 4G).

Modification of liposomal surface by binders was also confirmed by TEM and immunogold TEM.
Comparison of TEM pictures of plain and binder modified liposomes demonstrated direct visualization
of binder molecules on the liposomal surface (Figure 5A,C,E,G). The presence of binder molecules on
the surface of nanoliposomes was confirmed by immunogold staining technique. Gold nanoparticles
modified with anti-FLAG antibodies recognized the protein binders on the liposomal surface and
liposomes were labeled with contrast gold nanoparticles, while the plain liposomes were not labeled
(Figure 5B,D,F). Figure 5H represents the schematic picture of specific binder staining directly on the
surface of liposomes. The visualization of gold nanoparticles on the surface of D7 liposomes was done
by different detectors (Figure 5H–J)—SE, TE and YAGBSE detectors, respectively.
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Figure 4. Characterization of liposomes modified by ABD-protein binders using MADLS. Schematic
representation of C-terminally polyhistidylated variants of D7 binding proteins and ABD-WT control
(A). Schematic representation of metallochelation bond of polyhistidylated variants of D7 proteins
onto the surface of liposomes (B). The size distribution of mono- and double-His-tagged binders,
plain liposomes and proteoliposomes was measured using MADLS technique. Increase in the size of
plain liposomes followed its surface modification with both mono- and double-His-tagged binders
was observed. Size distribution of D7F1 (C), D7F3 (D), D7H2 (E) and ABDwt (F) modified liposomes
are shown. Inserted table summarizes the change in the size and ζ-potential followed liposome
modification (G).
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Figure 5. TEM of liposomes modified by mono His-tagged D7F1, D7F3 and double His-tagged DFH2
variants of ABD-protein binders using negative staining and immunogold labeling technique. Contrast
of liposomes was enhanced using negative staining with exception of H-J. TEM micrographs are
displayed of plain metallochelation liposomes (A), D7F1 (C), D7F3 (E) and D7H2 proteoliposomes
(G). Binders are clearly visible on the surface of all binder-modified liposome samples. Immunogold
labeling using anti-FLAG M2 antibody was used for specific detection of binder attached to the surface
of metallochelation liposomes: control plain liposomes (B), D7F1 liposomes (D), D7F3 (F). Schema
representing specific detection of binder molecules using the system of Anti-FLAG antibody and 20 nm
protein A colloidal gold conjugate. (H–K) Detail of liposomes with binder D7H2 visualized by specific
immunogold staining and detected also by using TEM equipped with SE, TE, YAGBSE detectors,
respectively. Insets in (A,C,E,G): highlighted structure of selected proteoliposomes by image over
contrasting, color inverting and/or labeling clearly show a protein corona formed by protein binders on
the surface of liposomes.

3.7. Thermodynamic Characterization of Interaction between ABD-Protein Binders and Metallochelation Liposomes

Isothermal titration experiments enable direct measurement of ∆◦G and calculation of dissociation
constant Kd for binder-liposome complexes prepared at 25 ◦C (298.15 K). Binders with double His-tag
exerted lower dissociation constant in comparison to binders with one His-tag in their molecule.
This means that insertion of double His-tag increased the binding of protein binders onto liposomes.
Results are summarized in Table 2.
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Table 2. Thermodynamic parameters of interaction between ABD-protein binders and metallochelation
liposomes obtained by isothermal titration. Experimental conditions: 50 mM Tris buffer pH = 7.4;
temperature of 25 ◦C (298.15 K).

Binder Kd (M) ∆◦G (kJ/mol)

D7 F1 1.2 ± 0.1 × 10−7 −39.7 ± 0.7
ABD wt F2 1.06 ± 0.4 × 10−7 −39.8 ± 1.9

D7 F3 1.79 ± 0.55 × 10−7 −38.5 ± 2.8
D7 H2 2.21 ± 0.1 × 10−9 −49.4 ± 1.0

ABD-wt H2 2.35 ± 0.2 × 10−8 −43.5 ± 1.6

3.8. Interaction of Fibrin-Specific Binders with Thrombi

To confirm the ability of selected binders to specifically bind to human thrombus (binder variants
containing one His-tag (D7F1, D7F3) and two inserts of His-tag (D7H2), fibrin fibrils in thrombi was
visualized by confocal microscopy after the incubation with fluorescent conjugates (Figure 6(A1–A3)).
All tested binders exerted strong binding onto fibrin in thrombi in comparison to their wild-type
counterparts, which did not bind the fibrin at all (Figure 6(B1–B3)). Fluorescent conjugates (anti-FLAG
and anti-His-tag) without the incubation with binders were used as controls (Figure 6(C1–C3)).
Structure of fibrin thrombus with bound binders stained with fluorescence anti-FLAG and anti-His-tag
antibodies is visualized in 3D projection (Figure 6(D1–D3)). In addition, the ability of D7F1 to bind to
the fibrin fibrils of mouse thrombus was tested according the same protocol. Although the observed
signal was significantly lower as compared to human thrombi, the ability of binding onto fibrin fibers
was confirmed (supplementary file, Figure S1).
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Figure 6. Confocal microscopy of fluorescently labeled D7F1, D7F3 and DFH2 variants of ABD-protein
binders attached to fibrin fibrils of human thrombus. Various ABD-protein binders were incubated
with human thrombus, washed and visualized using fluorescently labeled antibodies. D7F1 and D7F3
variants of ABD-protein binders were visualized using Anti-FLAG® M2 Cy3 Antibody Conjugate
(colored in red—A1,A2). D7H2 binder was visualized using Anti-6X His tag® Alexa Fluor® 488 antibody
(colored in green—A3). Non-specific ABDwt was used as a negative control (B1–B3). Anti-FLAG®

M2 Cy3 Antibody Conjugate and Anti-6X His tag® Alexa Fluor® 488 antibody were incubated with
thrombus without the presence of fibrin-specific binders as a negative control (C1–C3). 3D reconstruction
of stained fibrin meshes (D1–D3). Displayed scale bar 40 µm.
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3.9. Interaction of Targeted Liposomes with Thrombi

Fibrin-selective binders D7F1, D7F3 and D7H2 were bound onto the surface of metallochelating
nanoliposomes labeled with fluorescence probe Rhodamine-Lyssamine PE via formation of
His-tag—Nickel complexes. Binding of liposomes targeted by various types of binders onto particular
thrombi was visualized by confocal microscope. Liposomes targeted by selective binders D7F1, D7F3
and D7H2, respectively, were able to bind fibrin fibers and fibrous structure of the thrombi was clearly
imagined by confocal microscopy (Figure 7). Massive binding of targeted liposomes was observed
(Figure 7A–C). It is interesting that plain liposomes also adhered onto fibrin fibers, but the number
of bound liposomes was lower in comparison to the targeted ones (Figure 7D). Detail of interaction
of D7H2 liposomes with fibrin fibers is visualized in Figure 7E. SEM picture of fixed thrombus with
bound D7H2 liposomes and its negative control are in Figure 7F,G, respectively. Detailed visualization
of direct interaction between liposome and surface of fibrin fiber is displayed in the Figure 7E.
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Figure 7. Binder-modified proteoliposomes targeted to fibrin fibers of human thrombus. Confocal
microscopy and SEM were used for visualization of binder-modified proteoliposomes bound to the
fibrin fibrils of human thrombus. Confocal microscopy of D7F1 (A), D7F3 (B) and D7H2 (C) modified
liposomes labeled with fluorescent probe rhodamine-lyssamine PE. Fluorescent plain liposomes were
used as control (D). Detailed picture demonstrate the binding of D7H2 liposomes onto the surface
of fibrin fibrils using confocal microscopy (E). SEM—picture of fixed thrombus with attached D7H2
proteoliposomes (F) with its negative control (G). Detail of direct interaction between D7H2 liposome
and surface of fibrin fiber (H).

3.10. In Vitro Model of Thrombus Obstruction in Artery for the Evaluation of in Vitro Binding of Liposomes
onto the Fibrin in Thrombi

Thrombus was placed in a silicone replica of the human middle cerebral artery to mimic the
situation of complete occlusion of the artery (Figure 8A,B). In vitro binding of fibrin in the thrombus
by fluorescently labeled liposomes was than examined under flow conditions to mimic possible real
situation occurring in vivo. After 20 min medium was replaced with those free of liposomes and
perfusion continued for next 10 min to remove non-bound liposomes. The thrombus was removed after
the completing the experiment and confocal microscopy was used to prove the perfusion of targeted
liposomes into the thrombus. Liposomes penetrated into thrombus and the depth of penetration was
clearly detectable by confocal microscopy. After 20 min of the incubation of the thrombus in the model
under flow conditions, the depth of massive penetration of D7H2 liposomes in the range of 50–100 µm
was observed (Figure 8C).
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Figure 8. In vitro binding of targeted nanoliposomes to the thrombus under flow conditions. Picture
of silicone replica of middle cerebral artery and its connection to the fluid circulation drown by flow
pump. The site of the occlusion caused by introduced thrombus is marked by the arrow (A). Detailed
view of the site of occlusion (the circulation of fluid is highlighted by yellow color) (B). Penetration of
fibrin-targeted liposomes to the thrombus withdrawn from the silicone model detected by fluorescence
confocal microscopy. Depth of penetration is marked by arrows (C). Schematic picture of targeting of
fibrin fibers of the thrombus under flow conditions (D).

4. Discussion

Fibrin formation is triggered by thrombin cleavage of fibrinopeptides on fibrinogen molecules,
which allows them to spontaneously self-assemble into large fibers that provide the support structure
of the thrombus and promote healing. Many aspects of their structure and functions still remain
unknown [37,38]. The distinction between fibrinogen and fibrin is needed for determination of the
size and place of thrombus formation. However, almost identical structure of fibrinogen and fibrin
is hindering the process. Formation of insoluble fibrin is accompanied only by subtle changes in
secondary structure and formation of very limited number of distinct new covalent bonds with new
epitopes emerging. Presence of available free cysteine during polymerization process affect FXIIIa
activity and possibly leads to remodeling of inter/intra molecular disulphide bonds resulting in new
recognizable structures [39,40]. Interestingly, mouse and rat anti-insoluble fibrin monoclonal antibodies
used in this study also significantly bind to fibrin formed in the presence of cysteine (supplementary file,
Figure S2), while a diminished binding was observed in the absence of cysteine during fibrin formation.
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In this work, we generated insoluble fibrin-targeted protein binders useful for development of
thrombus imaging agents. For this non-immunoglobulin approach, combinatorial library derived from
5.5 kDa albumin-binding domain of streptococcal protein G was chosen as this library of theoretical
complexity up to 1014 protein variants has already provided binders of several important protein
targets [31,34,41], some of them with nanomolar or even sub-nanomolar binding affinity [30,32,33].
To stabilize small protein binders, 305 amino acid helical TolA protein is being used to form 38 kDa
fusion binding variants. In combination with detection and purification tags, ABD-derived proteins
can be simply modified by in silico and gene-fusion approaches. Therefore, ABD binders represent
a suitable model for development of fibrin-targeted binders useful for development of thrombus
imaging tools.

To target the insoluble form of fibrin, we used 16 amino acid peptide of the fibrinogen Bβ-chain
(BEP epitope) [16] as an epitope for protein binder’s selection. This epitope, originally recognized by
102-10 monoclonal antibody reacting only with fibrin thrombus, was suggested as a unique region
sterically shielded in fibrinogen or soluble fibrin, but conformationally changed and exposed in a
polymerized form of insoluble fibrin fibers. Yet this feature has not been structurally defined nor
independently confirmed, BEP-specific Fab fragment probe constructed from 102-10 mAb [18] was
successfully used for tumor imaging in mouse model of pancreatic ductal adenocarcinoma (PDAC).
Immunohistochemistry and ex vivo imaging confirmed selective distribution of the 102-10 Fab in fibrin
thrombus in PDAC tumors with no observed effect on fibrinolysis or blood coagulation.

BEP is a conformation epitope and we, therefore, designed and constructed single and triple
versions of BEP-derived fusion proteins as targets for ribosome display selection of anti-fibrin binders.
To test function of these assembled proteins, we used mouse monoclonal antibody clone L (1101)
and rat monoclonal antibody clone 443, both selected as BEP-specific and immunohistochemically
verified in tumor cells. Both these antibodies confirmed a specific recognition of the 3BEP-TolA-Avi
fusion in ELISA (Figure S3). In a striking contrast, control ∆BEP-TolA-Avi protein lacking ABD
sequences, and also synthetic 16 amino acid peptide (sBEP), were not recognized by these antibodies.
This result indicates the specificity of both antibodies for the BEP recognition, and as the linear
peptide is not recognized by the used antibodies, this further supports a conformation requirement
carried by 3BEP-TolA-Avi fusion protein. Thus, it can be used as a target for ribosome display in
combination with a pre-selection step by ∆BEP-TolA-Avi. Interestingly, rat 443 as well as mouse 1101
mAb recognize 3BEP-TolA-Avi target regardless type of immobilization—by a direct coating or via
C-terminal Avitag-mediated biotinylation (Figure S4). In addition, sensitivity/specificity of the BEP
recognition is demonstrated by an increased signal of the triple-BEP protein in comparison to the
single-BEP one.

Presented work relied on BEP-targeting approach for the selection of anti-insoluble fibrin binders.
This strategy provided several binding candidates distinguishing between formed fibrin and the
soluble fibrinogen. Based on tests of specificity, only D7 variant demonstrated a substantial preference
for binding to fibrin in comparison to fibrinogen. Fibrin produced for in vitro large-scale screening of
ABD variants, however, differs from that formed during a coagulation process in vivo. Fibrin polymer
network produced in microtiter plates by thrombin has a limited cross-linking potential due to
the immobilization to plastic substrate. Additionally, absence of factor XIII and plasmin may not
produce D-dimers as in the case of blood thrombus formation. Despite these limitations, D7 protein
substantially binds to fibrin layer prepared from lyophilized fibrinogen (Figure 2) similarly to binding
of anti-insoluble fibrin monoclonal antibody (Figure S5).

A very interesting finding was that binding of D7 fibrin variants to fibrin prepared from a
lyophilized product was different than binding to fibrin produced from human plasma. The influence
of residual water on the solid-state properties of freeze-dried fibrinogen and dissolution of lyophilized
fibrinogen studied by combined small- and wide-angle X-ray scattering (SWAXS) showed that
there were differences triggered due to the different levels of residual moisture in various samples.
The dissolution rates were found to decrease with increasing specific surface, most notably in the
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amorphous form, in contrast to expectations from classical thermodynamics. Protein conformational
changes and hydrophobic surface formation upon depletion of water could be possible causes [42,43].

The most critical part of the development of anti-insoluble fibrin protein binders is to suppress
fibrinogen recognition. The most specific variant identified after ribosome display selection, D7 protein,
contains three proline residues randomized in positions 24P, 32P and 40P of the ABD scaffold structure.
While amino acid residue 32 is located in a flexible loop between helix 2 and 3, position 24 and 40 can
cause a local structural changes in the helices 2 and 3, respectively. Proline residues are known to change
angles in helical structures, so modifications of the helical structure or reorientation of the helices in
the D7 protein cannot be excluded. This can, however, support the fibrin Bβ epitope recognition and
increase the observed anti-fibrin specificity. Beside recognition of human fibrin, confocal microscopy
proved also selective binding of D7F1 binder towards fibrin in thrombi prepared from mouse blood.
Binding of wild-type binder ABDwt as a negative control did exert negligible binding (see Figure S1).

Residual binding of D7 protein variant to fibrinogen, however, still remains substantial and
needs to be suppressed. This can be done by generation of an optimized form of D7 protein by in
silico docking using known structure of human fibrin D-dimer and structure of fibrinogen with the
prediction of D7 protein mutations suppressing the fibrinogen recognition. Alternatively, molecular
improvement of D7 variant can be performed by an affinity maturation approach using error-prone
PCR-generated library and identification of variants with diminished binding to fibrinogen.

Non-covalent orthogonal binding of proteins with His-tag onto liposomes via metallochelating
bond represent simple methods used for preparation of various proteoliposomes [35,44,45]. In our
study, we tested protein binder constructs with one or two His-tags to compare complex stability
constants (Table 2). As expected, double His-tag construct forms more stable complex with liposomes
than constructs with one His-tag (Table 2). Changes of Gibbs energy differ in binders with one or
two His-tag and this is reflected by the values of ∆◦G and dissociation constants Kd of complexes.
Relatively high stability of double His-tag (Kd in nM range) makes them suitable at least for various
in vitro experiments designed to prove the concept and the value of Kd is comparable to that published
for metallochelating complexes [46]. Doubling of His-tags seems to increase the stability of complexes
in physiologic fluids and the measured nanomolar Kd value was sufficient for testing of thrombus
detection under flow conditions. ABD-based D7-TolA-Avi binder demonstrated also sufficient thermal
stability as shown in Figure S6 in supporting information. This characteristics is of interest for a
possible future industrial-scale production and application.

Under flow condition in silicone replica of the human middle cerebral artery, the liposomes with
D7H2 binder were able to penetrate through the mesh of fibrin fibers by diffusion and quickly bind
to form the highly fluorescent zone at the forehead of thrombus. It is worth to note that behind the
thrombus forehead, which is in the direct contact with the medium flow, the concentration of liposomes
was significantly lower (Figure 8C). This, again, pointed to strong binding of binder targeted liposomes
onto fibrin fibers. This is an important factor for future in vivo applications with respect to imaging of
thrombi by MRI or CT, and for the thrombolysis mediated by liposome-delivered thrombolytic drugs
(Figure 8D).

The mechanism of liposome penetration into thrombus revealed by in vitro model could have
some consequences for in vivo solubilization of thrombus by application of targeted thrombolytic drugs
like alteplase. The model predicts that the liposomes will move through the thrombus into its deeper
part as a zone. It means that penetration of liposomes into thrombus will depend on concentration of
liposomes in blood because they are trapped efficiently by fibers close to the forehead of thrombus
washed with blood flow. Saturation of the surface of fibrin fibers in forehead of thrombus by liposomes
enables the penetration of incoming liposomes deeper into thrombus by diffusion. Our experiments
confirmed that nanoliposomes with the size around 100 nm are small enough to diffuse freely through
the fibrin mesh of thrombi.
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5. Conclusions

In summary, we present here the anti-insoluble fibrin binder D7 derived from the ABD scaffold.
Small binding proteins are suitable for large-scale production and represent an innovative approach
for the development of specific ligands that are important for targeting of drug nanocarriers such
as nanoliposomes. Functionalized nanoliposomes targeted by specific binders can be a platform for
further development of theranostics useful for imaging and solubilization of thrombi. Our next study
is focused on labeling of binder-targeted liposomes with gadolinium complexes for in vivo imaging
by MRI.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/12/642/s1,
Figure S1: Binding of D7F1 binder to fibrin filaments of mouse thrombi, Figure S2: Binding of anti-insoluble fibrin
antibodies to fibrin in the presence or absence of cysteine or to fibrinogen tested in ELISA, Figure S3: Binding
of anti-fibrin monoclonal antibodies to BEP-carrying targets tested by ELISA, Figure S4: Binding of anti-fibrin
monoclonal antibodies to differentially immobilized BEP targets tested by ELISA, Figure S5: Binding of mouse
anti-insoluble fibrin monoclonal antibody to human fibrinogen and fibrin layers produced from a lyophilized
product or from human plasma tested in ELISA, Figure S6: Thermal stability of D7-TolA-Avi protein.
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A B S T R A C T

New synthetic aminooxy lipid was designed and synthesized as a building block for the formulation of func-
tionalised nanoliposomes (presenting onto the outer surface of aminooxy groups) by microfluidic mixing.
Orthogonal binding of cellular mannan (Candida glabrata (CCY 26-20-1) onto the outer surface of functionalised
nanoliposomes was modified by orthogonal binding of reducing termini of mannans to oxime lipids via a click
chemistry reaction based on aminooxy coupling (oxime ligation). The aminooxy lipid was proved as a suitable
active component for preparation of functionalised nanoliposomes by the microfluidic mixing method performed
with the instrument NanoAssemblr™. This “on-chip technology” can be easily scaled-up. The structure of
mannan-liposomes was visualized by transmission and scanning electron microscopy, including immunogold
staining of recombinant mannan receptor bound onto mannosylated-liposomes. The observed structures are in a
good correlation with data obtained by DLS, NTA, and TPRS methods. In vitro experiments on human and mouse
dendritic cells demonstrate selective internalisation of fluorochrome-labelled mannan-liposomes and their
ability to stimulate DC comparable to lipopolysaccharide. We describe a potentially new drug delivery platform
for mannan receptor-targeted antimicrobial drugs as well as for immunotherapeutics. Furthermore, the platform
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based on mannans bound orthogonally onto the surface of nanoliposomes represents a self-adjuvanted carrier for
construction of liposome-based recombinant vaccines for both systemic and mucosal routes of administration.

1. Introduction

Widespread application of nanoparticle-based drug delivery systems
(DDS) in nanomedicine is supported by the development of bioortho-
gonal ligation strategies based on the chemoselective reaction between
two functional groups, whereby neither of them is present in native
biomolecules. Ligation techniques which met these requirements are
known as "click-chemistry"(Kolb, Finn, & Barry Sharpless, 2001). Click
chemistry as a discipline of organic synthesis has accompanied this
evolution of DDS by providing synthetic tools for efficient bioconju-
gation of drugs, polymers, or targeting ligands, and preparation of
novel building blocks for the construction of DDS with new properties
(Lallana, Sousa-Herves, Fernandez-Trillo, Riguera, & Fernandez-Megia,
2012).

Oxime ligation, based on spontaneous condensation of aminooxy
group with an aldehyde group or ketone to give oxime linkage belongs
also to the bioorthogonal "click" ligations (Ulrich, Boturyn, Marra,
Renaudet, & Dumy, 2014). Oxime click chemistry has emerged as a
robust strategy especially in the field of glycoconjugation, taking ad-
vantage of the fact that aldehyde functionality is available in equili-
brium at the reducing end of most polysaccharides(Meng, Choudhury,
& Edgar, 2016).

Coupling of saccharides, oligosaccharides, and polysaccharides like
mannan onto liposomal surface via aminooxy group of lipids in-
corporated in liposomal lipid bilayer represents a new alternative for
rapid modification of liposomes. The orthogonal character of oxime
coupling reaction between aldehyde function at the reducing terminus
of mannan and aminooxy group-modified lipid ensures even orientation
of polysaccharide molecules on the liposomal surface, preservation of
molecular pattern formed by polysaccharide molecules (e.g. mannan),
and reproducibility of the technology used for such functionalized li-
posome preparations(Algar et al., 2011).

Recent technique for highly reproducible preparation of liposomes
is based on microfluidic mixing(Carugo, Bottaro, Owen, Stride, &
Nastruzzi, 2016). Here we describe for the first time the application of
the NanoAssemblr™ Platform (Precision NanoSystems, Inc., Canada) for
preparation of mannan-modified nanoliposomes by microfluidic
mixing. The NanoAssemblr™ Platform is a scalable, microfluidics-based

system developed for preparation and manufacture of liposomes which
uses custom engineered microfluidic cartridges to perform nanopreci-
pitation within milliseconds and nanoliter reaction volumes. This en-
ables well controlled preparation of liposomes of tunable sizes and low
polydispersity in a single step.

Mannosylated liposomes represent an alternative system to deliver
antigens or antimicrobials to macrophages or DCs (Song et al., 2015;
White, Rades, Furneaux, Tyler, & Hook, 2006). Adjuvant activity of
various mannans was demonstrated and the induction of Th1 biased
immune response as well as immune response after mucosal im-
munisation are favourable features for the development of antiviral
vaccines and vaccines against intracellular pathogens (Fukasawa et al.,
1998; Tseng, Chiou, Deng, Huang, & Der-Zen, 2010). Various chemical
methods were used to bind mannan onto liposomes and lipid-based
nanoparticles. Mannan can be linked to lipids by O, N or S glycosidic
bond via a spacer of various length. Both length and chemical character
of the spacer can affect conformational freedom of mannan and hence
its ability to be recognised by appropriate receptor on cell surface. In
general, mannan can be linked to preformed liposomes by chemical
coupling or can be incorporated into preformed liposomes such as li-
pidated mannan (Engel et al., 2003; Kuramoto et al., 2009; Orr, Rando,
& Bangerter, 1979; White et al., 2006; Witoonsaridsilp, Paeratakul,
Panyarachun, & Sarisuta, 2012).

In this article we describe design and synthesis of new aminooxy
lipid and its application for preparation of monodisperse liposomes by
microfluidic mixing. These liposomes functionalized for coupling of
mannan (as well as other polysaccharides) via click chemistry represent
mannan-based liposomal platform for drug delivery and especially for
construction of recombinant vaccines.

2. Experimental section

2.1. Chemicals

All chemicals, unless otherwise specified, were purchased from
Sigma (St. Louis, MO). Tissue-culture media and media supplement
were purchased from Invitrogen (Carlsbad, CA), EPC and lissamine-
rhodamine from Avanti Polar Lipids (Oregon, USA).

Fig. 1. Synthetic route to lipid with amino-oxy group 7 used in the study, reagents and conditions: (a) HATU, DMAP, DMF, NMM, DCM, rt, 90%. (b) DCM, TFA,
rt, 3 h, quantitative yield. (C) HATU, DMF, NMM, DMAP, BocNH-O−CH2COOH (5). Detailed description in supporting information.
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2.2. Aminooxy lipids preparation

The synthetic route to the target colipid presenting an aminooxy
group 7 is shown in Fig. 1. This synthetic scheme is based on the
condensation of 2-tetradecylhexadecanoic acid (1) with partially N´-
protected diamine 2, N´-deprotection acyl derivative 3 and subsequent
N’-acylation of the free amine 4 using N-Boc-aminoxyacetic acid 5 to
give fully protected intermediate 6. A final deprotection was then used
to give rise to aminooxy lipid 7.

2.3. Extraction and purification of Candida glabrata cellular mannans

Low molecular weight cellular mannan (MW 16.7 kDa, 97.14% D-
mannose, D-glucosamine 0.362%, D-glucose 1.38%, phosphorus
0.31%) was isolated from the yeast strain C. glabrata CCY 26-20-1
(Culture Collection of Yeasts, Institute of Chemistry of the Slovak
Academy of Science, Center for Glycomics Bratislava, Slovakia).
Characterization of purified mannan is described in the section “sup-
porting information”.

2.4. Preparation of liposomes

Liposomes were prepared using a method based on microfluidic
mixing. Mixture of lipids (EPC and aminooxy lipid 99 : 1M %) was
dissolved in ethanol and then it was mixed with appropriate buffer
using instrument NanoAssemblr equipped with the cartridge for mi-
crofluidic mixing (Precision Nanosystems, Vancouver, Canada). The
ratio of water : ethanol phase was 7 : 1. The flow rate was 6ml/min.
Fluorescent liposomes were labelled by lissamine-rhodamine PA added
to ethanol solution of lipids (content of lissamine-rhodamine PA was
0.4% of total lipid).

2.5. Orthogonal binding of mannan onto liposomes by oxime ligation

Mannan was dissolved in PBS. Default ratio between total lipid and
mannan was 1mg of total lipid : 0.1 mg of mannan, which corresponds
to the molar ratio 2 : 1 (N-oxy : mannan). Volumes of mannan and lipid
solutions were equal. The reaction was left to run overnight at room
temperature at pH 4. Liposomes and unbound mannan were separated
by FPLC (Pharmacia, Stockholm, Sweden) using the column Superose
6 HR 10/30 (GE Health Care). The loading volume of samples was
200 μl. Flow rate was set at 0.1 ml/min at start, for separation the flow
rate was set at 0.3ml/min. One ml fractions were collected.

2.6. Measuring of size and ζ-potential of liposomes

Size and ζ-potential were measured by dynamic laser scattering on a
Zetasizer ZSP (Malvern, UK), nanoparticle tracking analysis was per-
formed using NanoSight 500 (Malvern, UK) and TRPS method (Tunable
Resistive Pulse Sensing) on an iZON instrument (iZON Science, UK).
Zetasizer ZSP (Malvern, UK) was also used for measurement of ζ-po-
tential. Measurements on a zetasizer Nano ZSP were conducted in a
quartz cuvette ZEN 2112. Cuvette DTS1060 was used for ζ-potential
measurement. Both size and ζ-potential were measured at a tempera-
ture of 25 °C and attenuator 7, at an angle of 175° (back scatter). The
size and ζ-potential were measured at a total lipid concentration of
1mg/ml in PBS, 10mM Na-phosphate, pH 7.2.

2.7. Nanoparticle tracking analysis (NTA)

NTA measurements were performed on a NanoSight NS500 instru-
ment (blue laser 488 nm, sCMOS) (Malvern Instruments Ltd, Malvern,
UK). Data was recorded and analyzed using NTA software 3.2. Samples
were prepared by appropriate dilution of stock suspensions in PBS
(temperature 25 °C, sample dilution 1000x in 10mM Na-phosphate, pH
7.2). Camera level was optimized prior to the measurement. For

analysis, detection threshold was set for each sample individually in a
way to meet the manufacturer recommended quality standards. All
other parameters were left in their default settings. Three runs of 60 s at
25 fps were recorded for each sample.

2.8. TRPS measurement

Polyurethane membrane (Membrane NP 150 was stretched at
47mm) was used. Calibration was performed by carboxylated poly-
styrene nanoparticles (size 114 nm, particle concentration 1.1013 per
ml). The applied pressure was 3 cm of water column pressure, voltage
was 0.54 V, at ambient temperature. Samples were 100 x diluted to a
concentration of total lipid 0.1 mg/ml. Medium: 10mM Na-phosphate
buffer, pH 7.2.

2.9. Electron microscopy

Samples of liposomes were suspended in a drop of PBS. The re-
sulting suspension was covered with a grid coated by formvar film
(Sigma-Aldrich, Czech Republic) and carbon (Agar Scientific, Austria).
The grid was removed from the suspension after 1min, and the residual
water was dried with a strip of filtration paper. A drop of 2% aqueous
phosphotungstic acid was placed onto the grid for a few seconds, then
excess stain was dried with filtration paper. Samples were observed
under an electron microscope Philips 208 S Morgagni (FEI, Czech
Republic) at 7500× magnification and an accelerating voltage of
80 kV. For scanning electron microscopy the samples were put on the
cooper grid and a special holder for STEM mode. The samples were
observed under scanning electron microscope Hitachi 8010 (Hitachi,
Japan) in deceleration mode at 12,000–120,000 x magnification.

2.10. Binding of mannose receptor and labelling by gold nanoparticles

Four micrograms of recombinant human mannose receptor CD206
(MMR, R&D System; Minneapolis, USA) was dissolved in PBS in con-
centration 100 μg/ml. This amount was added to 3mg of mannosylated
liposomes (10mg/ml PBS). The mixture was stirred at ambient tem-
perature for 1 h. Thereafter, 10 μg of mouse anti-HisTag monoclonal
antibody (1mg/ml, ThermoFisher Scientific, Waltham, USA) was
added. Protein-A covered gold nananoparticles for electron microscopy
were diluted in ratio 1:50 and then gold nanoparticles (Electron
Microscopy Science, USA) and the complete liposomal sample were
mixed in the volume ratio 1:1. The mixture was incubated overnight at
4 °C.

The resulting suspension was covered with a Cu grid (300 Old Mesh,
Agar Scientific, Austria) coated with Formvar film (Sigma Aldrich,
Czech Republic) and carbon. The grid was removed from the suspension
after 1min, and the residual water was dried with a strip of lint-free
filtration paper. The sample we stained with 2% Ammonium molybdate
and observed under transmission electron microscope Philips 208S
Morgagni (FEI, Czech Republic) at 80 Kv and magnification 18,000 x.

2.11. Generation of monocyte-derived DCs from human buffy-coats

Immature monocyte-derived DCs were generated from peripheral
blood mononuclear cells (PBMCs) obtained from buffy-coats of healthy
donors at the Department of Transfusion Medicine and Blood Bank,
University Hospital Brno, Brno, Czech Republic. PBMCs were separated
by density gradient centrifugation on Histopaque 1077, resuspended in
CellGro DC medium (CellGenix, Freiburg, Germany) supplemented with
50 μg/ml DNase I (Roche, Mannheim, Germany), and allowed to adhere
to the surface of 8.96 cm2 (one well of 6-well tissue culture plate; TPP
Techno Plastic Products AG, Trasadingen, Switzerland) for 2 h
at+ 37 °C in a humidified 5% CO2 atmosphere. After washing, ad-
herent monocytes were cultured for 6 days in culture medium supple-
mented with recombinant human GM-CSF (1000 IU/mL; PeproTech,
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New Jersey, USA) and recombinant human IL-4 (400 IU/ml;
PeproTech). No serum or antibiotics were added. On day 6, immature
DCs were incubated in maturation medium (CellGro DC medium sup-
plemented with recombinant human GM-CSF (1000 IU/mL), re-
combinant human IL-4 (400 IU/ml), and recombinant human IFN-γ
(1000 IU/mL; PeproTech) for 4 h at+ 37 °C in a humidified 5% CO2
atmosphere with the maturation stimuli: mannan (0.032mg/ml),
mannosylated liposomes (0.32 mg total lipid/ml), LPS as positive con-
trol (200 ng/mL, Calbiochem, Merck Millipore, Darmstadt, Germany).
As negative control, DCs without maturation stimuli were used.

2.12. DC phenotyping

Mature DCs were harvested 4 h after the incubation period with
maturation stimuli, washed with FACS buffer [3% heat inactivated
human AB serum, 0.1% BSA, 0.01% NaN3 in PBS (Invitrogen)] and
surface stained with fluorescence-labelled mAbs. The antibodies used
included anti-CD80 (Beckman Coulter, Fullerton, CA, USA), anti-CD83
(BD Biosciences, San Jose, CA, USA) and anti-CD11c (Exbio, Vestec,
Czech Republic). The cells were analyzed by flow cytometry on a BD
LSR-Fortessa Flow Cytometer using BD FACSDiva Software (both BD
Biosciences).

2.13. T cell proliferation assay

The stimulatory capacity of generated DCs was determined in a
mixed leukocyte reaction. Allogeneic T cells (1× 105) were labelled
with carboxyfluorescein succinimidyl ester (CFSE; 2.5 μM; Invitrogen)
for 10min at+ 37 °C in a humidified 5% CO2 atmosphere and in-
cubated with DCs matured with different stimuli or with controls (DCs/
T cells ratio of 1 : 10) in 96-well flat bottom plates in X-VIVO 10 (TPP
Techno Plastic Products AG, Trasadingen, Switzerland) supplemented
with 5% heat inactivated human AB serum. T cells incubated alone and
with phytohemagglutinin (PHA; 5 μg/mL) served as negative and po-
sitive controls, respectively. After 6 days of incubation, the cells were
collected and surface stained with fluorochrome-labelled anti-CD3
(Beckman Coulter), anti-CD4 (Exbio) and anti-CD8 (Exbio) mAbs.
Proliferation of responder cells was analyzed by flow cytometry mea-
suring the CFSE levels (fluorescence “dilution” related to mitotic cell
division) in T cells.

2.14. Pulsing of murine BMDC with various formulations of mannans in
vitro

Bone marrow-derived DC (BMDC) cells were generated by in vitro
stimulation of bone marrow cells with GM-CSF and IL-4, as described
previously (Krupka et al., 2015). In brief, tibias and femurs, aseptically
removed from a BALB/c mouse sacrificed under Ketamine/Xylazine
anaesthesia, were superficially washed in sterile PBS, epiphyses ex-
cised, and bone marrow cells were flushed out by RPMI 1640 medium.
Cells were pelleted by centrifugation (1200 × g) for 5min at RT, red
blood cells were lysed by a Red blood cells lysis buffer. Remaining cells
were washed twice with RPMI 1640 plus penicillin and streptomycin,
and pellets were resuspended in differentiation RPMI 1640 medium
containing 10% FBS, antibiotics, 20 ng/ml GM-CSF, and 20 ng/ml IL-4
at a final concentration of 106 cells/ml, and cultivated in a humidified
5% CO2 incubator at 37 °C for six days. Every second day 2/3 of media
were replaced with fresh complete RPMI 1640 and cytokines, and then
transferred into 6-well panels and pulsed in parallel with various
mannan preparations and controls as specified in the Table 1 and in-
cubated for 24 h (for flow cytometry analysis). Lipopolysaccharide
(LPS) from E. coli was used as a positive control.

2.15. Confocal scanning laser microscopy of dendritic cells

Interaction and internalisation of nanoliposomes with human

dendritic cells was studied by confocal scanning laser microscopy (Leica
SP-8, Leica, Germany). Human dendritic cells were treated using a μ-
Slide 8 well chamber (Ibidi, Germany). Lissamine-rhodamine-labelled
liposomes (final concentration 10 μg/ml) were incubated with human
dendritic cells for 2 h. After 2 h, samples were fixed using 1% paraf-
ormaldehyde (5min) and stained as follows: dendritic cells were in-
cubated with anti-human HLA-DR Alexa Fluor 488 (BioLegend, San
Diego, USA) antibody (5 μl per 106 cells) for 30min. For staining of
nuclei, SYTOX™ Blue (ThermoFisher Scientific, USA) was used. Samples
were observed using Leica SP8 system equipped with white laser.
Excitation wavelengths of 444 nm, 488 nm and 561 nm for excitation of
SYTOX™ Blue, Alexa 488 and Lissamine-Rhodamine were selected, re-
spectively.

3. Results

Orthogonal and random binding differ in the structure of the
mannan coating on liposomal surface. Schematic visualisation of che-
mical reaction and final structure of mannan layer on liposomal surface
is presented in Fig. 2.

3.1. Preparation and characterisation of mannan-coated nanoliposomes

3.1.1. Dynamic light scattering (DLS), Tuneable Resistive Pulse sensing
(TRPS and nanoparticle tracking analysis (NTA)

Liposomes prepared by microfluidic mixing were of monodispersive
character and low polydispersity as proved by dynamic light scattering
and NTA analyses. These methods also confirmed binding of mannan
onto their surface via oxime ligation as reflected by an increase in the
size. Data are summarised in Table 1. The increase of hydrodynamic
radius is in a good accordance with the expected value based on the
hydrodynamic radius measured for mannan (Fig. 3, Table 2).

3.1.2. Electron microscopy
Hydrodynamic radius of isolated mannan was estimated by DLS as

about 4 nm which is in a good accordance with MW 16.7 kDa measured
by gel permeation chromatography. Negative ζ-potential of liposomes
modified by mannan also well corresponds to the presence of residual
phosphate groups in isolated mannan (residual phosphorus in mannan
0.31%). Low ionic strength (10mM phosphate buffer, pH 7.2) was used
to reveal differences in ζ-potential between plain and mannan modified
liposomes.

Electron microscopy was used as an independent approach to con-
firm binding of mannan onto liposomal surface by oxime ligation.
Contrary to plain liposomes, mannan-modified liposomes appear in
TEM as “hairy” spherical objects with high contrast after staining with
2% ammonium phosphomolybdate. Hairy appearance is caused by
surface modification of liposomes by mannan. Mannan-modified lipo-
somes appear in SEM as spherical objects resembling golf balls. Clusters

Table 1
Composition of mannan liposome formulation used for murine BMDC
stimulation. In all pulsing experiments performed with murine MDDC the
RPMI 1640 was supplemented with 10% FBS and antibiotics. Working solution
was made by diluting the stock solution 1 : 100 using RPMI+ 1% FBS. In ex-
tension experiments 10 x higher doses were tested.

Formulation Composition of stock per 1ml

LPS [ng] Mannan [μg] Liposome [μg] PBS [μl]

LPS E.coli 250 0 0 1000
Mannan bound to liposome – 5 5 1000
Mannan mixed with

liposome
– 5 5 1000

Mannan – 5 0 1000
Not pulsed – – – 1000
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of mannan molecules on the surface of liposome are clearly observable
(Fig. 3)

3.2. Stimulation of dendritic cells by free mannan and mannan-coated
nanoliposomes

Dendritic cells belong to intended targets for mannan-modified li-
posomes as future self-adjuvanted carriers for construction of nano-
particulate vaccines. Therefore, we tested interaction of mannosylated
liposomes with DC and their ability to stimulate DC.

Confocal microscopy demonstrated interaction of fluorochrome-la-
belled liposomes with the cell membrane of DC and successive inter-
nalisation of liposomes into cytoplasm (Fig. 4). Human DC derived from
PBMC were used as ex vivo/in vitro model system to test the ability of

mannan-coated liposomes to induce stimulation of DC. Lipopoly-
saccharide and free mannan were used as positive controls. Stimulatory
activity of mannan was not diminished by binding onto liposomes. On
the contrary to mannan, modified liposomes stimulated DC in the ex-
tent similar to LPS (Table 3). Plain liposomes behaved indifferently and
did not stimulate DC above control level.

3.3. Mouse dendritic cells derived from bone-marrow progenitor cells

Mouse dendritic cells were used as a model to confirm results ob-
tained with human DC and to extend our study. In the following ex-
periments, murine BMDC were pulsed in vitro with various preparations
of mannan including mannan covalently bound to liposomes, mannan
"simply" mixed with liposomes, or mannan alone. CD11c high cells were

Fig. 2. Scheme describing orthogonal or random binding of mannans onto liposomal surface by oxime ligation.
Orthogonal binding of mannans onto liposomal surface by aminooxy ligation between reducing termini of mannans and aminooxy group-modified lipids preserves
precise orientation of mannan molecule and forms molecular patterns resembling native structures on microorganisms. Oxidation or carboxymethylation of mannan
is needed to activate mannan for subsequent reaction with primary amines on lipids. These reactions inevitably lead to random orientation of mannan molecules
bound onto liposomal surface.
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analyzed for the expression of surface molecules CD80, CD86, MHC II
acting as common DC differentiation and activation markers. As a po-
sitive control, LPS from E. coli was used. E. coli LPS was the most ef-
fective stimulator both for CD80 and CD86 (Fig. 5B, D). Mannan

covalently bound to liposome stimulated the highest increase in CD80
bright over CD80 dim among all mannan formulations tested (Fig. 5A, B).
Mannan alone did not induce CD80 activation marker significantly. In
the case of CD86 marker, mannan covalently bound to liposomes was as

Fig. 3. Characterization of mannosylated lipo-
somes by size distribution and electron micro-
scopy.
Upper part: Size distribution of mannan, plain
liposomes, and liposomes modified by surface-
bond mannans
A) Hydrodynamic radius distribution analyzed
by DLS. A1) Size distribution expressed as vo-
lume of particles A2) Size distribution ex-
pressed as number of particles. B) Size dis-
tribution determined by NTA. C) Size
distribution determined by TRPS. Size dis-
tribution expressed as histogram.For DLS data
of plain liposomes see Supporting Material, Fig
S3.
Bottom part:Electron microscopy photographs
illustrating an orthogonal binding of mannan
onto liposomal surface by oxime ligation
A) plain nanoliposome (TEM), B) mannan-
modified nanoliposomes (TEM) C), mannan
modified nanoliposomes (SEM). Liposomes
were stained by ammonium phosphomo-
lybdate (2%) for TEM, D) negative controls:
mannosylated liposomes+mannan (without
receptor and HisTag antibody), E) mannosy-
lated liposomes detected by rMMR and stained
by anti-HisTag antibody. TEM photo of 1:1
mixture of EPC plain liposomes (without N-oxy
lipid) and liposomes with N-oxy lipid see
Supporting Material, Fig S4.

Table 2
Characterisation of mannosylated liposomes by various methods in terms of size, polydispersity, ζ-potential.

Parameter Plain liposomes Mannosylated liposomes

Size by DLS (nm, mean from number mode) 102 ± 2 114 ± 3
Size by DLS (nm, mean from volume mode) 120 ± 1 133 ± 2
Size by DLS (nm, mean from intensity mode) 160 ± 2 177 ± 4
Polydispersity index 0.118 ± 0.008 0.128 ± 0.013
Size by NTA (nm, modus) 137 ± 1 149 ± 2
Size by TRPS (nm, mean) 108 ± 1 126 ± 3.0
Measured Mean Concentration (particles/ml) from 1mg of total lipid (1.25 ± 0.02)E11 (1.12 ± 0.06)E11
ζ- potential (mV) −4.8 ± 0.2 −10.9 ± 0.9
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effective stimulator as mannan mixed with liposomes, whereas mannan
alone did not show a significant stimulatory activity (Fig. 5C, D). When
10 x higher concentrations of mannan formulations were tested in the
extension experiment, the increase in the CD80 bright MFI was 1.7 x and
for CD86 bright was 2.0× . Interestingly, low doses of mannan for-
mulations, although significantly increased the CD80 bright and CD86
bright cell populations of CD11c high BMDC, did not increase MFI over
non-stimulated cells. This means that low doses of mannans increased
the number of activated cells, but not the density of activation markers
on the cell surface. Analysis focused on MHC II expression showed a
modest but non-significant increase in the ratio between MHC II bright

and MHC II dim cell populations for both liposomal mannan formula-
tions similarly to LPS (Fig. 5E, F). When 10 x higher concentration of
mannan liposomal formulation was used, the ratio of MHC II bright over
MHC II dim cell population further increased by 20%, whereas mannan
alone remained non stimulatory. Importantly, a higher concentration of
mannan-liposome formulations did not exhibit any suppressive effect.
In a limited set of experiments analyzing activation of murine BMDC by
K. pneumoniae LPS (tested with doses identical to those of E. coli LPS)
we detected 35 and 45% increase in cell count of CD80 bright and CD86
bright populations over respective dim populations and we also observed

+ 1.4 x and + 1.8 x shift of CD80 bright and CD86 bright MFI. In addition,
individual mannan formulations or LPS distinctly affected the percen-
tage of CD11c high BMDC population when either lower or higher doses
were tested. The most effective were the liposomal mannan formula-
tions inducing for about 30–50% more CD11c high BMDC in comparison
to mannan alone or E. coli LPS.

Furthermore, we extended the analyses of mannan formulations and
LPS for stimulation of CD40 and MHC I markers expression on CD11
high BMDCs. As the non-stimulated cells did not separate for these
markers into dim and bright subpopulations we expressed the stimu-
latory effect using the MFI of CD11c high populations (Fig. 6) in contrast
to the above analyzed CD80, CD86 and MHC II receptors (Fig. 5).
Mannans bound to liposomes stimulate the most prominent MFI in-
crease in comparison to any tested formulations including E. coli LPS
(Fig. 6). In contrast only moderate stimulatory potential was detected
when MHC I was analyzed (Fig. 6). Furthermore, in a separate experi-
ment, we determined stimulatory potential of mannan-coupled lipo-
somes labelled with Ni-NTA loaded with a recombinant His tagged
protein antigen(Křupka, Mašek, & Bartheldyová, 2012; Mašek,
Bartheldyová, Turánek-Knotigová et al. 2011). These mannan-proteo-
liposomes stimulated BMDC in a similar way like mannan-coated li-
posomes.

4. Discussion

4.1. Application of click chemistry and microfluidics mixing for preparation
of mannan-modified nanoliposomes

Present methods of mannosylated liposome preparations are pre-
sumably based on mannosylated phosphatidylethanolamine prepared
by condensation reaction of aldehyde function in mannan and primary
amino group on lipids forming Shiff base, a sub-class of imines(Ikehara
& Kojima, 2007; Ikehara et al., 2006). Direct modification of liposomal
surface by incubation with mannan neoglycolipids is a slow reaction
lasting days(Fukasawa et al., 1998). The procedures based on forming
Schiff base or carbodiimide condensation of mythylcarboxylated man-
nans with aminolipids can be replaced by aminooxy coupling reaction
which may be described as biorthogonal "click" ligations. This is be-
cause such reactions are based on the spontaneous condensation of
aminooxy functional groups with an available aldehyde group or ke-
tone to give rise to oxime linkage formation. Oxime formation is a one-
step alternative to two-step reductive aminations, e.g., formation of
imine (Schiff bases) by reaction of amino group with aldehyde or keto
group followed by reduction to amine. Oxime linkages with a
Kd=10−8 M are also much more resistant to hydrolysis than imines.
Therefore, such oxime “click chemistry” is emerging as a robust
strategy especially in the field of glycoconjugation, taking advantage of
the fact that the reducing termini of most polysaccharides, including
mannans, involve an aldehyde functional group in equilibrium with its
hemiacetal form(Meng et al., 2016). Furthermore, aminooxy coupling is
almost an ideal method for post-modification of liposomes with com-
plex biologically active molecules, especially oligo and polysaccharides
having a reducing hemiacetal group in the terminal part. These term-
inal hemiacetal groups enable orthogonal binding of polysaccharides
onto the liposomal surface and such a structure resembles a native
pattern existing on microorganisms. On the other hand, introduction of
reactive aldehyde function into polysaccharides by e.g. periodate oxi-
dation increases the number of reactive sites in the molecule, but or-
thogonality of the binding is lost, as it was schematically described in
Fig. 2.

Postforming modification of liposome via aminooxy ligation is a
relatively rapid process running at mild conditions and taking a few
hours. The effective coupling of mannan onto liposomes was analyzed
by several independent approaches (Fig. 3). Binding of mannan onto
liposomal surface did not change its ability to interact with re-
combinant mannan receptors as demonstrated by immunogold TEM as

Fig. 4. Interaction of fluorochrome-labelled mannan-modified nanolipo-
somes with human dendritic cells derived from human peripheral blood
monocytes.
Fluorochrome-labelled liposomes (Lyssamine-rhodamine PE) were found at-
tached to the cell membrane as well as internalised in the cell interior. Blue
colour – CYTOX BLUE, cell nucleus; green colour – ALEXA FLUOR 488, surface
HLA-DR antigen; red colour - mannosylated liposomes stained with in-
corporated lyssamine-rhodamine phosphatidyl ethanolamine. A) group of DC;
B) detail of single DC.

Table 3
Stimulation of human dendritic cells by mannosylated liposomes.

Parameter Control LPS Mannan Mannosylated liposomes

CD11c+/CD80+ 15 ± 1 83 ± 28 62 ± 28 74 ± 23
CD11c+/CD83+ 42 ± 2 88 ± 16 88 ± 16 83 ± 18
CD4+ 0 15 ± 5 11 ± 6 15 ± 5
CD8+ 0 21 ± 3 17 ± 14 24 ± 8
CD3+ 0 17 ± 3 15 ± 3 17 ± 6
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well as by interaction of human and mice DCs and their stimulation
(Figs. 4–6; Table 3). This is an important finding with respect to further
intended application of this mannan-liposome platform for the con-
struction of recombinant vaccines based on a metallochelating

nanoliposomal platform(Křupka et al., 2012; Mašek, Bartheldyová,
Turánek-Knotigová et al. 2011; Michal Krupka et al., 2016; Mašek,
Bartheldyová, Korvasová et al. 2011; Effenberg et al., 2017). Mod-
ification of nanoliposomes via click chemistry based on aminooxy

Fig. 5. Mannans pulsing of murine BMDC leads
to an increase in the population of activated
CD80 and CD86 highly positive cells.
Murine BMDC were stimulated (blue line and
bars) with either lipopolysaccharide (LPS)
(2.5 ng/ml), mannan, mannan covalently bound
to liposomes or a mixture of mannan and lipo-
somes (50 ng/ml). After five days of incubation
cell were stained for CD11c, CD80, CD86, and
MHC II followed by analysis by Flow cytometry.
CD11high BMDC population was analyzed for
expression of activation markers CD80, CD86,
and MHC II. Histograms showing distribution of
cell counts according to CD80 (A), CD86 (C), and
MHC II (E) fluorescence intensities are shown for
representative experiment. Activation is ex-
pressed as a mean ± SD ratio of cell counts ex-
hibiting Bright and Dim CD80 (B), CD86 (D), and
MHC II (F) fluorescence from three independent
experiments. Black bars represent the same ratio
of non-stimulated CD11high BMDC. Statistical
analysis was performed using One-way ANOVA
and Tukey's Multiple Comparison Test. P < 0.05
* P < 0.01 **, P < 0.001 ***
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ligation is especially appropriate for the new microfluidic mixing
method which represents a rapidly developing technique for the pro-
duction of a complex liposomal preparation by on-chip technology as
demonstrated recently(Hood, Vreeland, & DeVoe, 2014). Condensation
of complex chemical procedures like preparation of nanoparticles (li-
posomes), chemical reaction (including click chemistry and photo-
chemistry based reaction) for coupling drugs, antigens, protective
polymers/biopolymers and ligands to liposomes, rapid removal of un-
wanted products and reactants by rapid microdialysis, etc., represent
future directions in development of 4D pharmaceutical technologies.

4.2. Mannan-modified liposomes as a platform for targeted drug delivery
systems and self-adjuvant carrier for antigens

Mannose-mediated binding to cell surface receptors is one of the
oldest proposed mechanisms for liposome targeting (Kunimasa, Inui,
Hori, Kawamura, & Endo, 1992; Okada et al., 2003; Opanasopit,

Hyoudou, Nishikawa, Yamashita, & Hashida, 2002). Mannans and
mannan-modified antigens as well as mannosylated liposomes, as a
corpuscular carriers for vaccine antigens, are recognised by a variety of
surface receptors expressed by immune cells, especially by dendritic
cells (DC) and macrophages. Such receptors include DC-SIGN (CD209),
MR (CD206), Langerin (CD207), and some Dectin 2 family members
(Figdor, 2002; Feinberg, Castelli, Drickamer, Seeberger, & Weis, 2006;
Kerscher, Willment, & Brown, 2013). Therefore, mannans seem to be a
suitable ligands for targeting of biocompatible nanoparticles like lipo-
somes and solid lipid nanoparticles to immune cells. Antimicrobial
drugs like Amphotericin B, contrast agents such as gadolinium com-
plexes and especially vaccination nanoparticles are the examples of
application of mannan-targetable delivery systems (Kang et al., 2017;
Kunimasa et al., 1992; Lomakin et al., 2016; Qiao et al., 2016; Xiong
et al., 2017).

Low molecular weight mannans from the opportunistic pathogenic
fungus C. glabrata(Fidel, Vazquez, & Sobel, 1999) represent one of the

Fig. 6. Changes in MFI of CD40 and MHC I in BMDC stimulated with liposomal mannan formulations, mannan alone, or LPS. Statistical analysis was done using One-
way ANOVA and Tukey's Multiple Comparison Test. P < 0.05 *, P < 0.01 **.

Fig. 7. Schematic presentation of self-assembling mannan-adjuvanted metallochelating nanoliposomes as selfadjuvanted carriers for construction of recombinant
vaccines.
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crucial antigenic components of cell wall polysaccharides (Tsuchiya,
Fukazawa, Taguchi, Nakase, & Shinoda, 1974). Further studies focused
on mannans expanded the knowledge of these species-specific antigenic
factors (Martínez-Esparza, Sarazin, Jouy, Poulain, & Jouault, 2006;
Suzuki, 1997). The structural differences accompanied by the variations
in the immunostimulatory activity correspond predominantly to the
difference in length and branching of mannooligosaccharides and to the
difference between binding anomers(Fradin et al., 1996; Jacquinot,
Marie, Plancke, Sendid, & Poulain, 1998; Suzuki, 1997). Here we used
the acid-stable part of C. glabrata cellular mannan with a molecular
mass of 16.7 kDa containing 97.14% of D-mannose. Low MW type of
mannan can be easily prepared as a well defined product for future
application as a molecular adjuvant.

The enhancement of the interaction between the vaccination na-
noparticles based on nanoliposomes and DCs could be a potential
method for increasing vaccine immunogenicity. The principle of ap-
plication of low molecular weight mannan for construction of liposomal
vaccination nanoparticles is presented in Fig. 7.

Preparation of mannosylated liposomes and their interaction with
peripheral blood mononuclear cells (MDDC) was reported earlier by
others (Engering et al., 1997; Espuelas, Thumann, Heurtault, Schuber,
& Frisch, 2008; Foged et al., 2004). In contrast to monoantennary
mannose, multibranched mannosylated liposomes interact more effec-
tively with MDDC and the interaction particularly of di- and tetra-an-
tennary mannosylated liposomes was not inhibitable by free mannan, in
contrast to monoantennary mannosylated liposomes (Espuelas et al.,
2008). Inhibitability of mnoantennary mannosylated liposomes was
also observed by others (Perche et al., 2011). In contrast to LPS, tet-
raantennary branched mannose-modified liposomes did not stimulate
MDDC, as measured by surface expression of CD86 and MHC II
(Espuelas et al., 2008). In contrast, our mannan preparation from
Candida glabrata exhibited BMDC stimulatory potential comparable
with LPS (Figs. 5 and 6). Thus we could conclude that orthogonal bound
natural mannans on liposomes could facilitate liposome endo or pha-
gocytosis (Perche et al., 2011) and stimulation of MDDC as an initial
step during induction of antigen specific immune response.

In this report, liposomes covered by orthogonally bound mannan
were recognised and internalised by DCs (Fig. 4). Interaction of lipo-
somal mannan with DCs induced the stimulatory signalling cascade
leading to activation of human and murine DC as detected by expres-
sion of activation markers including CD80, CD86, CD40, MHC I and
MHC II. (Figs. 4 and 5 and Table 2).

Metallochelating nanoliposomes are modified by low molecular
weight mannan by orthogonal click reaction based on oxime ligation.
Co-encapsulation of molecular adjuvants like monophosphoryl lipid A,
trehalose dibehenate or hydrophobic derivatives of norAbu-muramyl
dipeptide is feasible. Further enhancement and tuning of the immune
response can be achieved. Recombinant antigens with HisTag are
bound onto the surface by metallochelating noncovalent linkage to
form complete vaccination nanoparticles(Křupka et al., 2012; Mašek,
Bartheldyová, Turánek-Knotigová et al. 2011; Mašek, Bartheldyová,
Korvasová et al. 2011; Michal Krupka et al., 2016).

Mannan bound on liposomes stimulated murine DC in vitro at doses
of 50 ng of mannan per ml. Interestingly, this dose was as effective as
2.5 (or even 25 ng) of E. coli LPS per ml, when activation markers CD80,
MHC I and MHC II were analyzed. In the case of CD40 activation
marker, which is important for T cell maturation, the liposome-bound
mannan was the most effective formulation tested (Fig. 6). In the case of
CD80 activation marker, which is involved in activation of naive T cells
to become armed effector T cells, the liposome-bound mannans were
the most effective among all tested mannan formulations, although
non-significantly weaker than LPS. The stimulatory effect of liposomal
mannan rationalizes application of such carriers for the construction of
self-assembly vaccination nanoparticles(Mašek, Bartheldyová, Turánek-
Knotigová et al. 2011). The advantage of self-assembly liposomal sys-
tems is the possibility to combine mannan with other molecular

adjuvants (e.g. monophosphoryl lipid A or lipophilised nonpyrogenic
derivatives of muramyldipeptide) to tune and enhance the immune
response towards particular antigen (Michal Krupka et al., 2016).

Corpuscular mannan proteoliposome-based vaccine approach seems
to be promising also for the induction of CD8 T cell responses important
for effective anti-viral and anti-tumour immunity. Here the antigen
must be processed and presented by DC on MHC I molecules by one of
several cross presentation pathways (Zachova, Krupka, & Raska, 2016).
MR receptor is one of well characterized initiators of antigen cross
presentation (Burgdorf & Lukacs-Kornek, 2006). For cross presentation
of mannan proteoliposome formulated antigen we analyzed surface
upregulation of MHC I on BMDC in response to various mannan for-
mulations and we showed that oxime ligation-based covalent binding of
mannan onto proteoliposome does not affect negatively mannan sti-
mulatory potential (Fig. 5). Similarly, surface expression of MHC I in-
duced by mannans was not affected when mannan liposomes were
coupled with recombinant protein using Ni-NTA - His tag linkage
(Mašek, Bartheldyová, Turánek-Knotigová et al. 2011). Pulsing ex-
periments with murine BMDC indicate that any mannan-liposome-an-
tigen particulate formulations did not exhibit a suppressive potential
during DC pulsing in comparison to mannan alone making them a
promising tool for corpuscular vaccine design.

5. Conclusions

New aminooxy lipids were designed and synthesized as reactive
click chemistry components for preparation of functionalised lipo-
somes. These lipids were proved as active components suitable for
preparation of nanoliposomes by the microfluidic mixing method per-
formed with the instrument NanoAssemblr™ and the technology can be
used within the NanoAssemblr platform for scaling-up the technology
and application of techniques called as “on-chip technology”.
Nanoliposomes with aminooxy lipids were proved to be suitable for
orthogonal binding of low MW mannan via click chemistry based on
aminooxy ligation. Liposomal mannan preserved its ability to stimulate
dendritic cells. This platform based on mannan bound onto the surface
of nanoliposomes represents a self-adjuvant carrier for construction of
liposome-based recombinant vaccines, especially for mucosal vaccina-
tion, and is now under study by our team.
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ABSTRACT: Nanodiamonds (ND), especially fluorescent
NDs, represent potentially applicable drug and probe carriers
for in vitro/in vivo applications. The main purpose of this
study was to relate physical−chemical properties of
carboxylated NDs to their intracellular distribution and
impact on membranes and cell immunityactivation of
inflammasome in the in vitro THP-1 cell line model. Dynamic
light scattering, nanoparticle tracking analysis, and micro-
scopic methods were used to characterize ND particles and
their intracellular distribution. Fluorescent NDs penetrated
the cell membranes by both macropinocytosis and mechanical
cutting through cell membranes. We proved accumulation of
fluorescent NDs in lysosomes. In this case, lysosomes were
destabilized and cathepsin B was released into the cytoplasm and triggered pathways leading to activation of inflammasome
NLRP3, as detected in THP-1 cells. Activation of inflammasome by NDs represents an important event that could underlie the
described toxicological effects in vivo induced by NDs. According to our knowledge, this is the first in vitro study demonstrating
direct activation of inflammasome by NDs. These findings are important for understanding the mechanism(s) of action of ND
complexes and explain the ambiguity of the existing toxicological data.

KEYWORDS: fluorescent nanodiamonds, cell immunopathology, nanodiamond intercellular distribution, inflammation,
inflammasome NLRP3, AFM, TEM, cathodoluminescence, macropinocytosis, THP-1 cells, cathepsin B, lysosomal disruption

1. INTRODUCTION

Nanodiamonds (ND) have attracted a great deal of scientific
attention for their potential in bioimaging and for their
possible therapeutic applications due to their chemical
inertness, useful surface properties, and stable fluorescence
without photobleaching.1−8 The fluorescence properties of
NDs, as well as their cathodoluminescence, are of special
interest for the development of nanosensors for in vivo and in
vitro applications.9−13 There is also increasing interest in

exploring the modification of the surface of NDs, and
alteration of their functionality by the attachment of various
biomolecules to mediate interaction with specific cellular
targets.14 The broad area of applications includes the

Received: February 23, 2019
Revised: June 8, 2019
Accepted: June 11, 2019
Published: June 11, 2019

Article

pubs.acs.org/molecularpharmaceuticsCite This: Mol. Pharmaceutics 2019, 16, 3441−3451

© 2019 American Chemical Society 3441 DOI: 10.1021/acs.molpharmaceut.9b00225
Mol. Pharmaceutics 2019, 16, 3441−3451

D
ow

nl
oa

de
d 

vi
a 

B
R

N
O

 U
N

IV
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
M

ar
ch

 1
1,

 2
02

0 
at

 1
1:

35
:3

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/molecularpharmaceutics
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.molpharmaceut.9b00225
http://dx.doi.org/10.1021/acs.molpharmaceut.9b00225


production of biosensors/biochips and biomedical nanorobots,
drug, gene and protein carriers, protein purification, implant
coating, and imaging probes.15 Functionalized ND can be
extremely useful for tumor targeting, intravascular bioimaging,
and diagnostic and therapeutic purposes.9,16,17 ND surface
chemical modifications (e.g., by carboxylation, amination,
PEGylation, biotinylation, etc.) could serve as a unique
platform for bioconjugation.1,17

The potential applications of NDs in medicine raise
questions regarding biosafety assessment.18,19 Many papers
addressed the important topics of ND biocompatibility and
toxicity. Data on in vivo toxicity of NDs are limited and rather
equivocal and conflicting. Although some reports indicate the
safety of NDs documented in vitro using various cell lines as
well as in vivo using murine animal models, several others have
reported in vitro and in vivo toxicity and genotoxicity of
various ND preparations.19−21 Cell-specific toxicity correlated
with NDs in macrophages and lymphocytes22,23 has been
reported recently. General cytotoxicity of NDs ranging in size
from 2 to 10 nm was reported by in ref 24. The uptake of NDs
into natural killer cells and monocytes has been studied in ref
25. ND concentration-dependent cytotoxic and inflammatory
responses were described in the monoblastoid cell line U937
possibly via the TLR4 receptor and activation of the NF-κB
signaling pathway.26 But more specifically the activation of
inflammasome has not been shown before. As a whole,
immunopathology seems to be the main phenomenon behind
the observed toxic effect induced by NDs.
Therefore, in this work we used pure carboxylated

fluorescence NDs of 100 nm in size to study the effect of
ND on activation of inflammasome as the key event
responsible for inducing tissue inflammation. To explain the
specific behavior of ND in cells, we used advanced
physicochemical methods [dynamic light scattering (DLS)
and nanoparticle tracking analysis (NTA)] and microscopic
methods [confocal microscopy, electron microscopy (EM),
cathodoluminescence, and atomic force microscopy (AFM)].
The main purpose of this study was to relate the physical−
chemical properties of carboxylated NDs to their effect on
biological membranes and activation of inflammasome in vitro
THP-1 cell line derived from human monocytes. Activation of
inflammasome and uncontrolled chronic inflammation is
responsible for a variety of immunopathologies. Chronic
inflammation can be induced by a variety of nanoparticles
which are difficult to remove from the organism and tend to
accumulate in particular tissues and organs. NDs represent
such particles, and activation of inflammasome can be assumed
to be the main factor responsible for the observed in vivo toxic
effect of NDs. According to our knowledge this is the first in
vitro study demonstrating direct activation of inflammasome
by NDs. Fluorescent NDs with proper chemical terminations
can be used for monitoring the processes and states in the
living cells but it should be taken into account that the cell can
be destructed by the penetration of the ND. Finding the right
biological application of technically very attractive diamond
nanoparticles is a great challenge for the future.

2. EXPERIMENTAL SECTION

2.1. ND Particles. Fluorescent ND slurries denoted as ND-
NV-100 nm were purchased from Adaḿas Nanotechnologies
(Ra le igh , NC, USA) . (ht tp ://adamasnano .com/
fnd100nmndnv.html). These were 1 mg/mL suspensions of

carboxylated ND in deionized water; their nominal average
particle size was 100 nm.

2.2. DLS, Multiangle Light Scattering, and NTA. The
batch measurements of the size distribution of the samples
were carried out both by DLS (Zetasizer Ultra, Malvern, UK)
and by the NTA technique using an instrument NanoSight
NS500-HS (Malvern, UK) with a laser wavelength of 488 nm,
sCMOS camera, and NTA 3.0 software. The effect of pH on
the ζ potential of carboxylated NDs was measured using the
Zetasizer Ultra a ζ-potential cuvette (DTS 1061, Malvern).
Sodium phosphate buffer (10 mM; pH range 2−8) was used.
Software ZS explorer was applied for calculation of particle
concentration.
Multiangle light scattering (MALS) batch measurement was

done by the instrument DAWN HELIOS II (Wyatt) at a
concentration 20 μg/mL in deionized water.

2.3. Electron Microscopy. 2.3.1. Transmission EM.
Samples of NDs were suspended in a drop of MilliQ water.
The resulting suspension was covered with a carbon-coated
grid (300 Old Mesch, Agar Scientific, Austria). The grid was
removed from the suspension after 1 min and the residual
water was dried with a strip of filtration paper. The samples
were observed under a Philips 208 S Morgagni transmission
electron microscope (FEI, Czech Republic) at 7500×
magnification and at an accelerating voltage of 80 kV. The
size of 100 prisms was measured.
The ultrathin section method was performed as follows: 3%

glutaraldehyde-fixed THP-1 cells 24 h exposed to fND (10 μg/
mL) were centrifuged and the pellet was rinsed in Millonig
buffer, postfixed in 1% OsO4 solution in Millonig buffer,
dehydrated in 50, 70, 90, and 100% ethanol, embedded in LR
white resin (Sigma-Aldrich, Germany) and polymerized at 60
°C for 72 h. Ultrathin sections (the thickness of 70 nm) were
cut with glass knives on a UC 7 ultramicrotome (UC 7, Leica,
Austria). Afterwards, they were directly observed without being
previously contrasted to prevent objectionable artifacts. The
sections were examined under a Philips EM 208 S Morgagni
transmission electron microscope (FEI, Czech Republic) at an
accelerating voltage 80 kV.

2.3.2. Scanning EM and Freeze Fracture Techniques. A
dense suspension of cells (density 108 per mL) was frozen by a
high pressure freezer Leica EM ICE (Leica Microsystems) on
3 mm gold carriers. The samples were totally freeze-dried in a
high vacuum sputter coater Leica EM ACE 600 (Leica
Microsystems) at a temperature −95 °C overnight. For
imaging, the samples were transferred to a high resolution
scanning EM (SEM) Magellan 400L (FEI) via cryo transfer
system Leica EM VTC 100 (Leica Microsystems). The SEM is
equipped with a detector MonoCL4 Plus (Gatan) for
cathodoluminescence investigations. High resolution secon-
dary electron images were captured at an acceleration voltage
in the range 2−3 kV in a low dose, the cathodoluminescence
investigations were performed at the acceleration voltage in the
range 7−15 kV and the probe current of 6.4 nA.
For transmission EM (TEM) imaging, 70 nm sections of

cells were prepared. This section size was considered optimum
for TEM imaging because of a good contrast and resolution,
while keeping an acceptable percentage of samples not
destroyed by cutting and tearing by using large NDs (examples
in Supporting Information).

2.3.3. Atomic Force Microscopy. NDs were characterized
by a Dimension Icon AFM from Bruker Company. Standard
tips Tap150al-g with a resonant frequency of 150 kHz and
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nominal tip radius of 10 nm were used for the measurements.
The particles were dissolved in ultra-pure deionized water and
dropped on Si wafer. In the case of images for the analysis of
the particle size distribution the areas of 5 μm × 5 μm were
depicted with a resolution of 512 points × 512 points. All
images were taken in the ScanAsyst measurement mode. The
size of the particles was determined as the measured height of
the particles.
2.4. Confocal Microscopy. A SP-2 confocal microscope

(Leica) was used to visualize fluorescent ND in cells,
colocalization studies of NDs with early endosomes and
lysosomes, and release of cathepsin B from lysosomes. The
images were scanned at 400 Hz using a 63× Leica oil
immersion objective (numeric aperture, 1.4). An argon 488 nm
laser was used for excitation of the Rab5a-GFP protein and
LysoTracker, 561 nm laser was used for fluorescence excitation
of NDs, and 458 nm laser was used for visualization of NDs in
the reflectance mode.
2.4.1. Colocalization of NDs with Early Endosomes and

Lysosomes. Early endosomes: THP-1 cells were transfected
using CellLight® Rab5a-GFP *BacMam 2.0 (Molecular Probe,
cat. No. C10586) according to the manufacturer’s instructions,
prior to the treatment with NDs. Lysosomes: THP-1 cells were
incubated with 100 nM LysoTracker® Green DND-26

(molecular probe, Cat. no. L7526) 1 hour prior to observation
by confocal microscopy, according to the manufacturer’s
instructions. The THP-1 cells were incubated with ND (final
concentration 10 μg/mL and observed in μ-slide 8 well
ibiTreat (IBIDI, Martinsried, Germany) after 4 h incubation.

2.4.2. Release of Cathepsin B. Detection of cathepsin B was
performed by a cathepsin B detection kit (Enzo Life Sciences)
according to the manufacturer’s protocol. CV-(RR)2 was used
as the substrate for the cathepsin B cleavage. As a positive
control, lysosomal disruptor Leu-Leu methyl ester hydro-
bromide (LLME) (Sigma-Aldrich) in the final concentration of
100 μM was used. THP-1 null cells were pretreated by a
lysosomal disruptor for 2 h. THP-1 null cells not exposed to
ND were used as a negative control.

2.5. Activation of NLRP3 (Inflammasome). The test was
performed using HEK-Blue IL-1β cells exactly according to the
manufacturer manual (InvivoGen). See Supporting Informa-
tion for details.

2.6. Raman Spectroscopy. Prior to measurements a
suspension containing NDs has been drop-casted on the glass
slide surface and dried under room temperature to obtain a 2
mm spot of NDs. Measurements have been carried out at room
temperature using a Renishaw InVia Raman microscope under
the following conditions: laser excitation wavelength of 488 nm

Figure 1. Characterization of NDshape, size, and size distribution. Transmission and scanning electron micrographs of the 100 nm ND samples
revealing their specific morphology and variability in their shape and size; (A) TEM detail of the structure of the 100 nm sample; (B) SEM of NDs.
(C) Atomic force micrographs of the ND samples; (D) detail of the structure of the 100 nm ND sample; (E) size distribution of ND analyses by
AFM; (F) the size distribution of the ND samples as determined by DLS (Zetasizer Nano-ZS, Malvern, UK); batch measurements, milliQ-water
suspensions, Z-average (d.nm) 181.8, PDI 0.127.
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with laser power at sample of 6 mW, ×50 Olympus objective,
65 μm slits, spot focus, and grating of 2400 lines/mm.

3. RESULTS

3.1. Electron Microscopy. NDs form irregular structures
with flat, cuboidal, or block 3D shapes. EM and AFM are
methods for detailed characterization of the shape, structure,
and surface features of NDs. Individual particles were
visualized, and their detailed size distribution over a wide
range, importantly also below 20 nm calculated. Heterogeneity
of ND preparations with respect to the particle morphology
and size distribution is clearly evident by EM, as is the
tendency of NDs to form clusters consisting of ND
nanoparticles of various sizes. The irregular shapes and
blade-like edges of NDs are clearly visible in the TEM image
(Figure 1A) as well as the SEM image (Figure 1B). These
features make NDs an ideal cutter of biological membranes, as
demonstrated later in this study. The flat shape of NDs must
also be considered as an important parameter for their
separation by flow field fractionation (manuscript in
preparation) and must be taken into account when the
hydrodynamic radius (Rh) and the radius of gyration (Rg) are
used in the characterization of their size distribution.
3.2. Atomic Force Microscopy. A detailed analysis of the

size distribution of NDs was made by AFM equipped with
software for size distribution analyses. Figure 1C shows
representative micrographs of the ND preparation used for
size distribution analyses and visualization of the surface details
of NDs (Figure 1D). AFM analysis demonstrated a bimodal
distribution of the ND size; the distribution curves are
presented in Figure 1E. The first and dominant peak in the
distribution curve represents larger particles. This peak, which
is asymmetrical, was fitted to a γ-distribution with very good
approximation. The second peak is produced by very small ND
particles. The small peak of the particles present in the ND
sample includes 580 particles that are smaller than 30 nm (the
total number of analyzed particles is 2800) and represents
0.14% of the total volume of all particles.
The total volume of the small ND particles is very small and

therefore difficult to observe by other methods [e.g., DLS,
NTA, tunable resistive pulse sensing, and resonant mass
measurement (RMM)]. The lower detection limit for
nanoparticles is approximately 20−50 nm for the NTA,
TRPS, and RMM methods. NDs are unique owing to their
high refractive index and relatively high mass density, but in
spite of the optimization of the settings of the instruments, we
were not able to detect the fraction of smaller NDs by NTA,
TRPS, and RMM.

If a basic model is considered in which the volume of the
particle is taken as the cube of the height of the particle, the
ND particles smaller than 10 nm make up only 0.04% of the
total volume of all particles. The size distribution analysis
showed a mean of 93.8 nm for the ND sample. The data
obtained by manual measurement and analyses of micrographs
obtained by EM yielded a mean of 91−100 nm for the ND
preparation (histograms not shown). These values are in
perfect agreement with the parameters specified by the
manufacturer, but the information provided by the manufac-
turer does not mention the presence of small particles. A small
portion of the larger ND was demonstrated as well.
Both TEM and AFM are suitable and precise methods for

the characterization of NDs in dry form, but the study of
aggregation phenomena is outside their main scope, and other
methods must be applied for this purpose.

3.3. Characterization of NDs by DLS, NTA, and Raman
Spectroscopy. In contrast to EM and AFM, the size of NDs
measured by the DLS and NTA methods is expressed as a
hydrodynamic radius (nm), which means that the shape of the
particles is approximated as a spherical one. Differences in the
size and character of the milieu, in which the particles are
measured, (dry powder vs water dispersion) lead to differences
in the measured size values. In spite of that NTA gave the data
which are in good accordance with AFM analyses (NTA data is
presented in the Supporting Information Figure S1). DLS has
the advantages of high sensitivity, a wide dynamic range of size
determination (0.6−6000 nm), and low consumption of the
sample (as low as 12 μL when a microcuvette is used). On the
other hand, complex samples with polymodal size distributions
are difficult to analyze by this method. Moreover, larger
particles can mask the presence of smaller ones owing to their
stronger scattering of light, which produces a signal that can
obscure the weaker light-scattering signals produced by small
particles.
The size distribution of the ND samples was determined

using DLS (Zetasizer Ultra, Malvern Instruments, UK). The
signals were difficult to obtain from very small NDs, and it was
necessary to prepare and analyze serial dilutions of the material
to observe the marginal signals produced by very small NDs.
These data are difficult to analyze quantitatively, and
underestimation of the presence of small particles is evident
as demonstrated by the analyses of particle numbers (Figure
1F). The number of ND particles was analyzed by DLS, and
thQ value of 2.68 × 1010 nanoparticles per 1 mg of solid ND
has been calculated by software ZS explorer.
Figure S1 shows histograms of the NTA results and

summarizes the size distribution data for the ND preparation.
Because the limits of size detection are in the range of 20−

Figure 2. The effect of pH on ζ-potential of carboxylate NDs (100 nm) were dispersed in 10 mM sodium phosphate buffer with a pH ranging from
2 to 8. The size (expressed as Z-average) and polydispersity (PDI) (A) and ζ-potential (B) were measured at different pH values. Huckel
approximation was used for calculation of the ζ-potential.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.9b00225
Mol. Pharmaceutics 2019, 16, 3441−3451

3444

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00225/suppl_file/mp9b00225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00225/suppl_file/mp9b00225_si_001.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.9b00225


2000 nm, the fraction of small NDs is difficult to observe
owing to the low light-scattering signal produced by small
NDs. Increasing the signal intensity and hence the sensitivity of
the measurement would have decreased the quality of the data
obtained for larger particles without improving the detection of
small ones. Individual larger particles and particle clusters in
the sample, which were also observed by AFM, were efficiently
detected by NTA. In comparison to the AFM data, the NTA
data suggest that a small proportion of the NDs do aggregate in
spite of the relatively high ζ-potential of NDs, as demonstrated
in Figure 2A,B.
Raman spectra obtained from 100 nm-sized fND demon-

strate the presence of the sharp line located at 1332 cm−1

which is attributed to the sp3 phase of carbon. For comparison,
the Raman spectra of the 15 nm sized NDs display features
attributed to the presence of the disordered carbon (broad-
band centered at 1340 cm−1) and sp2-bonded carbon
(broadband centered at ∼1580 cm−1) (see Supporting
Information Figure S5).
3.4. Shape Analysis. The shape factor (p) was calculated

using eq 1

p R R/g h= (1)

The mean Rh (measured by DLS) and Rg (measured by
MALS technique) values of the NDs were 39.8 and 48.3 nm,
respectively. The shape factor (p) was calculated as 1.213; this
value falls within the range 0.95−1.30, which is typical of
“platy” particles. The theoretical value for a solid sphere is
0.778; a value of 0.816 is characteristic of a coil, and a value of
1.732 is characteristic of a rod.27,28 The obtained values are in
good agreement with the shapes of individual ND particles
observed by TEM, SEM, and AFM.
3.5. ζ-Potential of Carboxylated NDs. The presence of a

carboxyl group endows NDs with a negative surface charge;
due to the presence of this group, a negative ζ-potential value
is expected in water milieu at basic and neutral pH values. The
high negative ζ-potential of NDs prevents their aggregation
(Figure 2A,B), and the NDs exist in a slurry presumably as
individual particles. Zetasizer Ultra was used to determine the
ζ-potential of NDs.
As expected, high negative values of ζ-potential were found

for the ND samples, predicting high colloidal stability of the
ND dispersions in water. This fact is important with respect to
the analysis of size distribution by methods based on light
scattering. In general, these methods cannot discriminate
between monocomposite particles and aggregates of similar Rh
formed by smaller particles or NDs with a size of
approximately 100 nm occluded by very small (5−15 nm)
NDs. Acidification of the water milieu leads to a rapid decrease
in the ζ-potential, and this is accompanied by extensive
aggregation as reflected by an increase in the size (Z-average)
and PDI of the particles (Figure 2A,B). Because this effect
begins to appear at a pH near 6, the possibility that the pH
within lysosomes induces colloidal instability of the ND
dispersion must be considered.
3.6. Localization of NDs in THP-1 Cells. The NDs

present in THP-1 cells were either localized in vesicles that
were identified by immunochemical staining as lysosomes or in
the form of aggregates in the cytoplasm. Individual ND
particles were observed in the cytoplasm. Rarely, some NDs
were observed in the nucleus (see Supporting Information
Figure S4). Clusters of NDs in the cytoplasm appeared as
fluorescent spots when examined by confocal microscopy

(Figure 3A). The detailed structures of the ND clusters were
revealed by TEM (Figure 3B). It should be noted that in the

cytoplasm there are various vesicles (e.g., endosomes,
lysosomes, microsomes, transport vesicles, secretion vesicles,
precursors of exosomes, etc.) differing in their content.
Therefore their contrast in TEM is different. Most NDs were
localized in the vesicles in close contact with the vesicle
membrane. Some vesicles had intact structures, whereas others
appeared to possess damaged membranes (Figure 3C−G). We
observed a similar pattern of ND distribution in human lung
A549 carcinoma cells (results not shown). The vesicles
surrounding the NDs were identified as early endosomes and
lysosomes by confocal microscopy of the samples in which
Rab5a-GFP protein and LysoTracker were used as specific
markers of early endosomes and lysosomes, respectively. NDs
were present in some but not all lysosomes. ND clusters
localized in the cytoplasm outside of lysosomes were not
colocalized with LysoTracker-stained organelles. Injury and
destabilization of the lysosomal membrane was visualized by

Figure 3. Penetration and intracellular localization of NDs in THP-1
cells revealed by confocal microscopy and TEM. TEM micrographs
visualizing various steps of ND internalization by THP-1 cells. (A)
Confocal microscopy pictures demonstrated cytoplasmic localization
of fND (red spots). NDs were not localized in the nucleus (stained in
blue). (B) TEM revealed localization of NDs in the cytoplasm and
presumably NDs were found associated with vesicles. NDs were not
localized in the nucleus. The presence of NDs in nuclei was
demonstrated only sporadically in some cells (Figure S4) (C)
Detailed picture of NDs associated with intracellular vesicles. (D)
Overall view of the THP-1 cell showing adhesion of individual or
aggregated NDs onto the cell membrane (white short arrow),
aggregates of NDs in the cytoplasm (white asterisk). Nnucleus,
Nunuclei, Ccytoplasm, and Nmnucleic membrane. (E)
Detailed picture of the internalization process of aggregated NDs
via macropinocytosis (black arrows) and adhesion (white arrow). (F)
Detailed picture of NDs inside of freshly formed pinocytotic vesicle
(black arrow). (G) Overall view of the THP-1 cell after 24 h exposure
to NDs. Formation of large aggregates of NDs in the cytoplasm (black
arrow) and mechanical squeezing of mitochondrion (white arrow).
Egestion of large aggregate of NDs out of cell (short black arrow).
Detailed picture of mitochondrionND aggregate interaction in the
Supporting Information (Figure S2). (H) Detailed picture of the ND
cluster penetrating the cell membrane (black arrow). (I) Detailed
picture of the small ND cluster and individual ND crossing cell
membrane (grey arrow head) Concentration of fND was 10 μg/mL.
Incubation time 2 h with exception of (G) (incubation time 24 h).
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TEM and confirmed by enzymatic assay of cathepsin B activity
in the cytoplasm after its release from endosomes and
lysosomes destabilized by NDs.
Our TEM data demonstrate various ways in which NDs

enter the cell. The initial step includes interaction of individual
NDs or ND aggregates with the cell membrane and their
adhesion to its surface (Figure 3, Supporting Information S2).
Clusters of adhered NDs induce their internalization in a
process that displays the morphological features of macro-
pinocytosis (Figure 3D,F). Because of the sharp edges of NDs
and the presence of ND aggregates, NDs can also penetrate the
cell membrane directly and enter the cytoplasm (Figure 3F;
Supporting Information Figure S3). Inside the cells, NDs are
localized within and around the vesicles identified as
endosomes and lysosomes, as demonstrated by TEM and
confocal microscopy (Figures 3−5). TEM pictures demon-
strating various localization of NDs and their interaction with
cell membrane are presented in Figure S4.

Cathodoluminescence is a unique property of fluorescent
NDs and can be used to specifically visualize fND within cells
by TEM. As demonstrated in Figure 4A, the fluorescence
spectrum of fND is similar to the cathodoluminescence
spectrum of the fND in imaged cells. Applications of confocal
microscopy, monoclonal antibodies, and lysosomal fluorescent
probes pointed to a fraction of lysosomes as intracellular
structures containing fND. We used cathodoluminescence to
confirm the localization of fND in intracellular vesicles,
supposed to be lysosomes (Figure 4B,C). One must consider
the fact that the number of fluorescent nitrogen-vacancy (NV)

centers in fND varies and that a small portion of the fND may
contain low numbers of fluorescent NV centers; therefore,
both their fluorescence and their cathodoluminescence can be
very weak, and these fND are difficult to detect by these
methods. Nevertheless, low fluorescent or nonfluorescent NDs
can be visualized by reflectance confocal microscopy owing to
the high refractive index of NDs (Figure 5).

3.7. Release of Cathepsin B from Lysosomes
Destabilized by ND. The protease cathepsin B is localized
in lysosomes, and under normal conditions is not present in
detectable concentrations in the cytoplasm. Destabilization of
lysosomes by various lysosomal disruptors leads to the release
of cathepsin B into the cytoplasm and induces several

Figure 4. Visualization of fND in cell by application of EM with
cathodoluminescence: (A) Cathodoluminescence spectrum of fluo-
rescent NDs measured in an electron microscope and fluorescence
spectrum (inset) of the same sample (B) detailed picture of
intracellular vesicle coated by fluorescent NDs visualized by TEM.
(C) Detailed picture of the cluster of fluorescent NDs associated with
intracellular vesicle in THP-1 cells. NDs were visualized by SEM
cathodoluminescence. THP-1 cells were incubated with NDs (final
concentration 10 μg/mL), and the specimen for TEM was prepared
after 4 h incubation.

Figure 5. Colocalization of fND with early endosomes and lysosomes
in THP-1 cells viewed by confocal microscopy. (A−C) colocalization
of NDs with early endosomes, green (early endosome marker, cells
were transfected by Rab5 protein), blue (visualization of ND using
reflectance mode) (D−F) colocalization of NDs with lysosomes,
green (LysoTracker was used as the lysosome marker), red
(fluorescence signal of NDs). Lysosomes containing fND appeared
as yellow-orange colored objects (G−I): colocalization of NDs with
lysosomes, green (LysoTracker was used as lysosome marker), blue
(visualization of NDs using reflectance mode) (J−K): photobleaching
of a LysoTracker probe was used to clearly identify signals coming
from the fluorescence probe of the lysosome and reflectance signal
from NDs, whereas the fluorescence signal of LysoTracker as well as
light reflected by the NDs is clearly visible before photobleaching (J),
only the reflected light is observed after photobleaching (K), (L)
colocalization of reflectance and fluorescence signal of internalized
NDs (note that some ND are not fluorescent owing to the low
content of NV centers). Concentration of fND 10 μg/mL in
incubation medium, incubation time 4 h.
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pathways, including pathways that lead to the stimulation of
inflammasomes. We used a cell-penetrating fluorogenic
substrate of cathepsin B to obtain evidence for the release of
cathepsin B from lysosomes injured by NDs. Cathepsin B is
not the component of early endosome, and injury to the
membrane of early endosome did not cause its release into the
cytoplasm. Identification of lysosomes and early endosomes as
the organelles in which NDs are accumulated was approved by
the colocalization study using a Lyso Tracker probe and
Rab5a-GFP (Figure 5).
As a positive control, we used a disruptor -LLME, which is

known to be a strong and selective lysosomal disruptor. NDs
were visualized by confocal microscopy in the light scattering
mode at wavelengths corresponding to the excitation spectrum
of the fluorescent product of CV-(RR)2 substrate cleavage by
cathepsin B. After treatment with NDs at 10 μg/mL, most
THP-1 cells became fluorescent (Figure 6).
The fluorescence was present in the cytoplasm but not in the

nucleus. The fluorescence micrographs showed fluorescence
signals both distributed throughout the cytoplasm and
localized in intensely fluorescent spots. The observed
fluorescence pattern suggests that several events occurred
within the treated cells. First, the fluorogenic probe penetrated
the slightly injured lysosomes that still contained molecules of
cathepsin B. Second, cathepsin B was released into the
cytoplasm from the lysosomes that were severely injured by
NDs, giving rise to fluorescent staining with a disperse pattern.
No substantial differences in the fluorescence patterns of THP-
1 cells treated with NDs or with lysosomal disruptors that
induce the release of cathepsin B were observed.
3.8. Stimulation of Inflammasomes in THP-1 Cells.

Stimulation of inflammasomes is a key event leading to the
production of IL-1β, which is the key proinflammatory
cytokine. THP-1 cells are a well-accepted in vitro model for
testing the induction of inflammasomes. NDs were able to
induce inflammasome NRLP-3 in a dose-dependent manner in
the range of ND 1−100 μg/mL. Representative results are
presented in Figure 7.

4. DISCUSSION
The favorable physicochemical properties of NDs for
construction of drug delivery systems and diagnostic
preparations for in vivo imaging must be viewed from the
perspective of biocompatibility. In this work we correlated
physicochemical properties of ND particles with their
penetration into cells, their intracellular distribution and their
ability to induce activation of inflammasomes. For this purpose
various modern microscopic and physicochemical methods
were used in this work to fully characterize ND.29,30 As
engineered nanoparticles, NDs are inevitably recognized by the
immune system and are internalized by various mechanisms.
Any persistence of NDs in tissues can lead to sustained
activation of inflammasome resulting in chronic inflammation.
Therefore, the ability of NDs to activate inflammasome can be
assumed to be the main factor responsible for the toxicity of
NDs observed in vivo.29 Induction of inflammation is the key
event that has an impact on the whole organism, and it may
represent the general mechanism behind the observed adverse
effects caused by NDs.
From a pharmacological point of view, aggregation of

nanoparticles represents a serious problem for their possible
application as drug carriers. Precise estimation of ND size
distribution and their tendency to form aggregates in the

biological milieu, is a requisite for all valid toxicological studies.
Modification of NDs by carboxylation is one possible solution
to suppress inherent tendency of NDs for aggregation owing to
strong adhesive forces. Electrostatic repulsion because of
negative ζ-potential of carboxylated ND diminishes their
tendency for aggregation. This tendency is pH dependent
(Figure 2) and can be further influenced in vivo by various
components in biological fluids (e.g., proteins, peptides, and
inorganic ions). It is of particular interest in the case of an
organelle like lysosomes having mild acidic interior with pH
around the value of 5.5−4.7. TEM and confocal microscopy
visualizations of NDs accumulated in lysosomes confirmed the
tendency of NDs to aggregate under mild acidic conditions
inside lysosomes (Figures 3−5). Aggregation of NDs, to some
extent, was also observed outside the cells in the cultivation
medium. Carboxylated NDs behave like a cation exchanger
binding proteins with a positive charge, it means that proteins

Figure 6. Release of cathepsin B into the cytoplasm in the THP-1 cell
revealed by bright field and confocal fluorescence microscopy.
Visualization of cathepsin B released into the cytoplasm from
lysosomes injured by NDs (cathepsin B proteolytic activity was
detected by fluorogenic product of CV-(RR)2 substrate localized in
the cytoplasm, red color). (A) release of cathepsin B after incubation
of THP-1 cells with NDs visualized by bright field fluorescence
microscopy. (B) release of cathepsin B after incubation of THP-1 cells
with a lysosomal disruptor LLME visualized by fluorescence
microscopy. (C) untreated control cells. (D−F): detailed picture of
the THP-1 cell incubated with ND observed by confocal microscopy;
(D) red fluorescence indicating cytosolic activity of cathepsin B, (E)
blue reflectance signal of the NDs, (F) merge of (C,D). Visualization
of fND in the cell by confocal reflection microscopy (scattering
mode) (blue points represent ND scattered light. Wavelength of the
light beam used for detection of fND was selected to be 458 nm, out
of the wavelength range used for excitation of the fluorescence
product generated from the substrate cleaved by cathepsin B; (G):
detailed picture of THP-1 cell incubated with a LLME lysosomal
disruptor observed by confocal microscopy; red fluorescence
indicating cytosolic activity of cathepsin B; (H), blueno reflectance
signal observed. Imerged picture of G and H. Concentration of
THP-1 cells was 106 cells/mL. Concentration of fND was 10 μg/mL,
incubation time 2 h.
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with low pI. Carboxylated NDs lost its negative charge, at a low
pH, therefore the tendency to form protein corona via
electrostatic interaction is lower. Nevertheless, the tendency
to form protein corona is a general feature of nanoparticles,
and NDs are no exception. Because in vitro data of ζ-potential
dependence correlate well with the effect observed by TEM
and confocal microscopy in cells, we can conclude that a lower
pH in lysosomes contributes to ND aggregation. Of course,
selective interaction of NDs (with or without biocorona) with
surface proteins on intracellular vesicles cannot be excluded.
But this is over the scope of this manuscript focused on
activation of inflammasome.
The sharp edges of NDs produced by detonation technology

make them potentially dangerous to cell membrane structures
as demonstrated in Figures 3, 4, and 6. Cell membranes form
compartments that separate various biochemical processes
taking place inside the cell and are involved in a majority of the
vital cell functions. Therefore, NDs can affect key cell
structures and biochemical pathways, therefore the adverse
effects can be induced, as observed in vitro and in vivo.19,21

The THP-1 cell line in vitro model provided us with
experimental evidence pointing to the mechanism of toxic
effects of NDs via activation of inflammasome NLRP3 (Figure
7).
Based on pH, ionic strength, and composition of water

milieu NDs can exist as individually separated nanoparticles or
can form aggregates of various sizes. NDs can enter the
cytoplasm by (i) mechanical penetration through the cell
membrane; (ii) by pinocytosis/macropinocytosis; (iii) by
endocytosis/phagocytosis). Within the cell the NDs accumu-
late in lysosomes or form clusters in the cytoplasm. Interaction
with other organelles is not yet proved, but influence of NDs
on mitochondria must be considered too with respect to
possible induction of oxidative stress, apoptosis, pyroptosis,
and autophagy.29,31−33 Recently it was published that NDs at
noncytotoxic concentrations were able to increase both total
NO and ROS production in the A549 and BV-2 cells. The
treatment negatively affected concentrations of high-energy
phosphates, nicotinic coenzymes, and GSH, indicating an

imbalance of energy metabolism and mitochondrial functions
and sustained oxidative/nitrosative stress.32

On the molecular level interactions of proteins and other
biomolecules with the surface of NDs can alter the
conformations of proteins such as receptors, enzymes,
structural proteins, hormones, and cell signaling molecules
and can lead to alteration in or even a complete loss of their
functionality.34,35 NDs are chemically inert; therefore, their
possible adverse effects on cells result from mechanical injury
of the cell membrane structures owing to thermal motion and
the sharp edges of NDs. Injury of lysosomes induced by NDs is
demonstrated by the release of the lysosomally-localized
protease cathepsin B (Figure 5). Other organelles like
mitochondria can also be mechanically disturbed by NDs
presented in the cytoplasm (Figure 3G). Oxidative stress and
apoptosis can be the results of adverse effects of NDs on
mitochondria.32 A noncytotoxic dose may produce relevant
biochemical alterations involving not only sustained oxidative/
nitrosative stress, but also a profound imbalance in energy
metabolism, mitochondrial functions, as well as triggering
proinflammatory pathways.32,33,36 Altogether, the observed
effect on the subcellular level can manifest in vivo in
inflammation, as will be discussed below.
The above mentioned examples provide evidence for the

ability of NDs to injure the membrane structures of exposed
cells in vivo as well as in vitro. Blood coagulation and
inflammation are two strong defense systems that are precisely
controlled to prevent the possible lethal consequences of
injury. Our data on the induction of inflammasomes (Figure 7)
strongly suggest that inflammation instead of thromboembo-
lism37 is one of the mechanisms responsible for the observed
toxicity of NDs in vivo described in the literature. The
inflammasome concept was first introduced approximately 15
years ago.38−40 Priming and activation of these intracellular
macromolecular complexes that sense cell stress or danger
signals trigger the maturation of proinflammatory chemokines
and cytokines, most notably IL-1β and IL-18, and thereby
initiate innate immune defense mechanisms. The role of
inflammasomes in the development of autoinflammatory
diseases41,42 must be considered in relation to NDs because
of their potential to act as permanent inducers of
inflammasomes, for example of NLRP3 (Figure 7). The
complex role of inflammasomes in disease raises new questions
about the application of NDs and in general all engineered
bioresistant nanoparticles in medicine, especially with respect
to their use as drug carriers that are resistant to biological
degradation and rapid excretion from organisms. Accumulation
of NDs in various organs such as lung, spleen, kidney, and liver
can produce local concentrations of NDs that are sufficient to
trigger inflammation, and consequently result in the patho-
logical status of the affected tissues and organs.
By analogy with other engineered nanoparticles such as

carbon nanotubes and endogenously produced crystalline
structures such as cholesterol and urate crystals, we propose
a scheme that describes, at the molecular and subcellular level,
the mechanism responsible for the observed in vivo toxicity of
ND (Figure 8). Our work demonstrated that the injury of the
lysosomes by NDs is the central event that triggers the
pathways leading to the activation of inflammasomes.
Cathepsin B is released from the injured lysosomes, and its
presence in the cytoplasm is a strong “signal 2” that induces
the oligomerization of NLRP3. Various pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular

Figure 7. Stimulation of inflammasome NLRP-3 in THP-1 cells by
fND. Activation of NLRP-3 was measured as conversion of proIL-1β
to IL-1β. ND were tested in the concentration range 1−100 μg/mL
and dose dependency of IL-1β production was demonstrated after 24
h incubation. ATP was used as a positive standard of NLRP-3
induction. IL-1β was used as the positive control in the test. Dunett’s
Multiple Comparison Test negative control column (HEK-Blue IL-1β
cells) versus the other columns *p < 0.05; **p < 0.01; ***p < 0.001.
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patterns (DAMPs) provide the “signal 1”, which triggers the
synthesis of proIL-1β and proIL-18 together with that of
inactive NLRP3 monomers. It is important to note that
activation of inflammasomes by NDs is enhanced by various
PAMPs, such as muramyl dipeptide, via NOD1/2 cytoplasmic
receptors.43 Because the mature cytokines IL-1β and IL-18 are
potent proinflammatory cytokines, their expression at high
levels in organs and tissues such as lung, brain, bone marrow,
spleen, and kidney could have disastrous consequences if left
uncontrolled. For example, prolonged expression of these
cytokines in the brain could lead to the malignancies observed
in Alzheimer’s disease and other forms of dementia.44

The fluorescent properties of fND, together with their
cathodoluminescence45,46 make fND suitable probes for both
confocal and EM. Quantum dots are of limited application
because their fluorescence is quenched by osmium tetroxide
fixation,21 limiting the applicability of quantum dots for
multimodal imaging. Gold nanoparticles (AuNPs) lack the
biosensing capabilities of NDs and are not easily distinguished
from OsO4-stained cytosolic lipid droplets based on their
appearance in electron micrographs.47 The unique fluores-
cence properties of fND make them appropriate markers for
correlated optical/electron bioimaging, as demonstrated
recently.48 Our results show that the use of cathodolumines-
cence can extend the application of fND in multimodal
optical/electron bioimaging.

5. CONCLUSIONS
NDs are expected as a tool for in vitro and in vivo imaging and
are currently considered as new biocompatible nanocarriers for
drugs. Surprisingly, the toxicological data published in the
literature show a lack of complex understanding of the

mechanism(s) that govern the biodistribution of NDs in
organisms, their penetration into cells and their effects on
molecular structures, particularly on biological membranes.
The main purpose of this study was to relate physical−
chemical properties of carboxylated NDs (100 nm) to their
intracellular distribution and impact on biological membranes
and cell immunityactivation of inflammasome in vitro THP-
1 cell line model. DLS, NTA, and microscopic methods
(confocal microscopy, EM, cathodoluminescence, and AFM)
were used to characterize ND particles and their intracellular
distribution. According to our knowledge, this is the first in
vitro study demonstrating direct activation of inflammasome
by ND. It should be noted that our studies on standard
carboxylated NDs do not directly imply the same effects in the
case of ND particles with different chemical modifications of
their surface. Specific surface modification can change ND
behavior in the living cells, mainly when surface chemistry
plays a key role in cell membrane interaction. Nevertheless,
this surface modification can be altered in a complex
environment of living cells (e.g., owing to action of enzymes
and reactive oxygen species). In this case our description of
ND behavior in living cells is relevant.
In this work we determined these important parameters

which are crucial for interaction of ND particles with living
cells:

1. The irregular shapes and blade-like edges of ND make
ND an ideal cutter of biological membranes (EM).

2. In spite of relatively high ζ-potential, a small proportion
of the ND exists in the aggregated state (NTA analysis).

3. Acidification of the water milieu leads to a rapid
decrease in the ζ-potential of carboxylated ND which is
accompanied by extensive aggregation. Because this
effect begins to appear at a pH near 6, the possibility that
value of pH within lysosomes and endosomes induces
colloidal instability of the ND dispersion and must be
considered.

4. As engineered nanoparticle NDs are inevitably recog-
nized by the immune system, and internalization of NDs
can destabilize endosomes and lysozymes in immune
cells. Release of lysosomal content can induce cellular
pathways leading to cytopathological processes. Cathe-
psin B released into the cytoplasm from injured
lysozymes in combination with PAMP/DAMP mole-
cules sensed by various membrane or cytosolic receptors
(e.g., toll like receptors and NOD1/2) can trigger
activation of inflammasome NLRP3 in tissue and induce
chronic inflammation with pathological consequences.

There is no doubt that unique properties of fluorescent NDs
make them excellent tools to study their fate and
biodistribution in cells and tissues. The bioresistance of NDs
and their ability to induce chronic inflammation in organisms
well explains various toxic effects of NDs that have been
observed and described in the literature using various in vivo
animal models. Therefore, these features of NDs must be
seriously considered and further studies focused on the long
time effect of NDs on experimental animals are needed.
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Figure 8. Schematic description of ND interaction with immune cells
and mechanism of inflammasome activation. NDs enter the cytoplasm
by mechanical penetration through the cell membrane, macro-
pinocytosis, and endocytosis/phagocytosis. Sharp edges of NDs
disrupt the membranes of lysosomes. Lysosomal content, including
cathepsin B (CatB), is released into the cytoplasm providing the
second signal triggering activation of inflammasome. The first signal is
provided by various PAMP/DAMP via various cell receptors (e.g.,
TLRs and NOD1/2). This signal primes immune cells for activation
of inflammasome. Therefore, bioresistant NDs accumulated in the
tissue can induce chronic inflammation responsible for in vivo
observed adverse and toxic effects.
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Řezaćǒva,́ V.; Vlcěk, J.; Zaĺis,̌ S.; Šebera, J.; Cígler, P.; Ledvina, M.;
Neslad́ek, M. The fluorescence of variously terminated nanodiamond
particles: Quantum chemical calculations. Phys. Status Solidi A 2010,
207, 2045−2048.
(8) Kovalenko, A.; Petraḱova,́ V.; Ashcheulov, P.; Zaĺis,̌ S.; Neslad́ek,
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1 INTRODUCTION 

Porcine circovirus (PCV) is one of the smallest animal viruses belonging to the genus 
Circovirus, family Circoviridae, and consists of a circular, single-stranded DNA with 1.7–2 kb 
in size. PCV virion is a nonenveloped, icosahedral particle of approximately 20 nm in diameter 
[1,2]. PCV2 is considered an infectious agent that causes several porcine circovirus-associated 
diseases (PCVAD). The clinical manifestation of PCVAD, post-weaning multi-systemic 
wasting syndrome (PMWS) [3] is characterized by chronic wasting and severely impaired 
weight gain in piglets 6 to 11 weeks old. This disease has had a significant economic impact on 
pork industries worldwide [4]. Vaccination is the most effective strategy to decrease the 
mortality rate and improve the growth in PCVAD-affected pig populations under field 
conditions[5]. Commercial PCV2 vaccines can be subdivided into three types, commonly 
referred to as the inactivated vaccine, chimeric virus vaccine, and a subunit vaccine. The present 

subunit vaccines (Ingelvac CircoFLEX (Boehringer Ingelheim Vetmedica), Circumvent 
(Intervet/Merck), and Porcilis PCV (Schering-Plow/Merck) are based on the capsid (Cap) 
protein of PCV2 produced in a baculovirus expression system (BEVS). For Porcilis PCV, a 
portion of the Cap protein is reported to be in the form of virus-like particles (VLPs) [6,7].  

Despite the existence of commercial vaccines, there is still a strong effort to develop other 
effective vaccines for animal use that would be cheaper with the same or better efficacy. The 
significant commercial potential exists for BEVS technology to produce very rapidly large 
quantities of various proteins including chimeric proteins such as here reported PCV2b Cap 
protein fused with the C-terminus of the mouse polyomavirus (MPyV) capsid protein VP1, 
which forms a pentamer chimeric protein VP1-Cap allowing serological differentiation 
between infected (only Cap-reacting) and vaccinated (both VP1- and Cap-reacting) animals. 

Based on the previous work of Fraiberk M. et al. 2017 [8] we produce, purify, and characterize 
giant chimeric pentamers of the mouse polyomavirus VP1 capsid protein carrying covalently 
bound porcine circovirus 2 capsid molecules (PCV2b Cap), VP1-Cap. 

Purification and complex characterisation of antigens is the crucial step in vaccine development 
and industrial production. A variety of analytical techniques is used to characterize and purify 
proteins and protein particles, such as size exclusion chromatography, electrophoresis or 
ultracentrifugation. With respect to large recombinant antigen complexes like VLP or 
multimeric protein antigens, these techniques could have limitations including low selectivity, 
modification or aggregation of the sample during analysis and low sample recovery due to the 
interaction of the sample with the stationary phases. Relatively new Field-Flow Fractionation 
(FFF) separation technique is complementary to the above techniques [9]. The instrumentally 
most developed FFF sub-technique is the Asymmetric Flow Field-Flow fractionation (AF4) 
[10–12] which is used in a wide range of biological applications including the study of polymers 
[11,13], colloidal particles [14–16], virus-like particles [17–19], and proteins [17,20,21].  

Unlike the above-mentioned techniques, AF4 has no stationary phase/packing material, which 
minimizes the sample-stationary phase interaction and shear degradation of the sample. AF4 
has wide separation range in size from 1 nm up to micrometers and good compatibility with a 
variety of solvents [9,12]. In addition to separation and characterization, another advantage is 
the ability to analyse complex samples under conditions close to native ones, including 
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appropriate buffers of a given ionic strength [22]. Individual eluates of the sample can be 
collected in narrow fractions for additional “off-line” analysis using additional methods 
including electron microscopy for morphological analysis and western blotting and SDS- 
PAGE/western blot for the confirmation of purity and identity of our protein. 

In this study, we used AF4 equipped with UV-DAD/MALS/DLS detectors for analysis and 
complex characterisation of new recombinant pentameric protein as a promising antigen for 
construction and industrial production of an anti-circovirus vaccine for pig. 

2 THEORETICAL BACKGROUND 

2.1 Determination of hydrodynamic radius base on the AF4 theory 

The Asymmetric Flow Field-Flow Fractionation is the elution technique which is based on a 
different displacement of the sample in an empty trapezoidal channel. The technique uses two 
flows: detector flow, with a parabolic flow profile along the channel axis and the cross flow, 
perpendicular to the detector flow. Cross flow drives the sample towards the channel 
“accumulation” wall. The diffusion continuously forces the molecules and particles away from 
the accumulation wall until the equilibrium between cross flow and diffusion is reached 
resulting in a different displacement of the molecules and particles according to differences in 
hydrodynamic radii. The higher the sample's diffusion coefficient is, the greater is a distance 
from the accumulation wall resulting in higher velocity along the channel axis when the detector 
flow is applied. The samples elute in order of increasing hydrodynamic radius, which is called 
normal elution mode, applied to a size of approximately 1 μm. Separation of the particles with 
size up to 1 μm is carried in an opposite elution order, and it’s called steric elution [23]. The 
retention time tR of the sample can be approximated as the simplified equation [12]: 

𝑡𝑅 =
𝑤2𝜋𝜂𝑅ℎ

𝑘𝑇
ln (1 +

𝑉�̇�

�̇�
) (1)   

where w is the channel thickness, η is the viscosity of the mobile phase, Rh is the hydrodynamic 

radius, k is the Boltzmann’s constant, T is the thermodynamic temperature, �̇� is the channel 

laminar detector flow and 𝑉�̇� is the cross flow. The simplified equation (1) assuming elution 
without steric effect. With constant experimental parameters, the hydrodynamic radius can be 
determinate directly from retention time [12]. 

2.2 Determination of the radius of gyration 

The size of the particles expressed as the radius of gyration is determinate using the Multi-
Angle Light Scattering (MALS). The angular dependence of the intensity of the scattered light 
is evaluated using Berry formalism [12]: 

√
𝐾𝑐

𝑅𝜃
=

1

√𝑀𝑃(𝜃)
+ 𝐴2𝑐√𝑀𝑃(𝜃) (2)   

where M is the molecular weight, 𝑃(𝜃) is the particle scattering function, A2 is the second virial 
coefficient, c is the concentration, and K is the light scattering constant. The particle scattering 
function is approximated for the small angles as: 
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lim
𝜃→0

𝑃(𝜃) = 1 −
16𝜋2𝑛0

2

3𝜆0
2 sin (

𝜃

2
) 〈𝑅𝑔

2〉 (3)   

where λ0 is a wavelength of the incident light in a solvent with a refractive index of n0. The 

√𝐾𝑐 𝑅(𝜃)⁄  is plotted against sin2(𝜃 2⁄ ), the abscissa is constructed, and from the slope, the Rg 

is determinate [12,16]. 

2.3 Determination of the hydrodynamic radius 

The size of the particles expressed as hydrodynamic radius/diameter is determinate using the 
Dynamic Light Scattering (DLS) technique. Using the Stokes-Einstein equation, the 
hydrodynamic radius (Rh) is determinate, assuming that the particles are compact spheres [24]: 

𝑅ℎ =
𝑘𝑇

6𝜋𝜂𝐷
 (4) 

where k is the Boltzmann’s constant, T is the thermodynamic temperature, η is the viscosity of 
the medium, and D is the diffusion coefficient. The hydrodynamic radius is measured by a 
single angled detector, 173° for batch DLS, and 143° for the flow cell detector [24]. 

The intensity and number distributions are obtained from multi-angle dynamic light scattering 
(MADLS) which delivers an angular-independent particle size distribution with the increased 
resolution by combining scattering information from three angles (173°, 90°, and 13°) [24,25]. 

2.4 The ratio of the radius of gyration (Rg) and Hydrodynamic radius (Rh) 

The Rg and the Rh of the sample can be obtained by MALS and DLS, respectively. The ratio 
provides information about the conformation of the sample, as shown in Table 1. The 
theoretical lower value of the ratio suggesting solid structures, the value increasing with less 
dense structures [13]. 

Table 1 – Table of the Rg/Rh ratio with the corresponding sample conformation. 

Rg/Rh Conformation 

< 0.7 A highly expanded macromolecule or swollen microgel structure [13] 

0.778 Hard sphere [26] 

0.998 Soft sphere [27] 

1.0-1.5 Branched molecule [28] 

1.5-2.1 Random coil [29] 

> 2 Rod like structure [30] 

3 EXPERIMENTAL SECTION 

3.1 Insertion of sequences of the capsid protein of porcine circovirus 2b (PCV2b) into 
universal baculovirus transfer vectors 

For pentamer VP1-Cap, the entire PCV2b Cap sequence was amplified using PCR primers 
introducing BamHI sites to the 5´ end and a His-tag (6 x His) and KpnI to the 3´end; the 

sequence was cloned into the pFastBac1-VP1 vector cleaved by BamHI and KpnI. The resulting 
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transfer vectors were termed pFastBac1-VP1-Cap-His. All transfer vectors were used to prepare 
recombinant baculoviruses. The molecular weight of the pentameric VP1-Cap-HIS protein is 
356 kDa, monomer fusion protein has a molecular weight of 71 kDa, where VP1 has 45 kDa 
[8].  

3.2 Recombinant baculovirus preparation 

Recombinant baculoviruses were produced according to the manufacturer’s instructions 

(ThermoFisher Scientific, Bac to Bac system). Briefly, E. coli DH10Bac containing a bacmid 
and helper vector were transformed using individual transfer vectors. Recombinant bacmid 
DNA from positive bacterial colonies was isolated (ThermoFisher Scientific, 
PureLink™ HiPure Plasmid DNA Miniprep Kit) and verified by PCR. SF9 insect cells were 
transfected with bacmid DNA using lipofection (ThermoFisher Scientific, Celfectin II reagent). 
Recombinant baculoviruses released into the growth media (V0) were harvested 72 hours after 
transfection and used for further multiplications by infection of insect cells to generate high-
titre viral stocks [8].  

3.3 Generation high-titre viral stock and protein production in insect cells 

Sf9 cells (Gibco) were grown in suspension culture at 27.5 °C in SFM900II medium (Gibco) 

in New Brunswick temperature-controlled shaker. Baculoviruses were generated from 
recombinant bacmids according to the guidelines of the Bac-to-Bac protocol. To amplify the 
virus, 3.5∙107 cells in 10 ml SFM900II medium supplemented with 1.5% FBS were infected 
with V0 at a multiplicity of infection (MOI) = 0.1 in 50 ml TPP® TubeSpin bioreactor under 
rotation speed 200 rpm. After 4 days, the supernatant (V1) was collected, and another 3.5∙107 
cells in 10 ml SFM900II medium supplemented with 1.5% FBS were infected with V1 at 
MOI=5. Four days after incubation at 27.5 °C and 200 rpm supernatant (V2) was collected. 2 ml 
of V2 at MOI = 5 was used to infect 9∙108 cells in 300 ml SFM900II medium in 600 ml 
TPP® TubeSpin bioreactor bottles at 140 rpm for protein production over 48 hours. 

3.4 Nuclear extract (NE) preparation 

Baculovirus-infected cells were harvested by centrifugation at 2000 g for 10 min; the cell pellet 
was resuspended in 40 ml ice-cold lysis buffer (137 mM NaCl, 10 mM Na2HPO4, and 1.8 mM 
KH2PO4) and allowed to swell on ice for 20 min with intermittent mixing. Centrifugation at 
4000 g and 4 °C for 10 min was used to separate supernatant (CE1) and nuclei. The pellets with 
nuclei were washed twice with 10 ml of ice-cold lysis buffer, and the supernatant was collected 
(CE2, CE3) by centrifugation at 4000 g and 4°C for 10 min. The pellets with nuclei were 
redissolved in 10 ml of ice-cold NE buffer (20 mM HEPES 7.5 pH, 400 mM NaCl, 2 mM 
EDTA, and 1 mM DTT) and incubated on ice for 30 min. The supernatant (NE) was collected 
by centrifugation at 4000 g and 4 °C for 10 min. Nuclear extract was centrifuged at 210,000 x 
g (rotor SW 41 Ti) for 2 h at 10 °C and pellet were resuspended in PBS and stored at 4 °C for 

further analysis. 

3.5 SDS protein electrophoresis (SDS-PAGE) and Western blot analysis 

Approximately 100x concentrated (PierceTM Protein concentrator PES) protein fractions were 
boiled in Laemmli sample buffer for 5 minutes and resolved in 12.5% SDS-polyacrylamide gel. 
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Separated proteins were stained with Comassie blue (Sigma Aldrich). For Western blot 
analysis, proteins were electro-transferred onto a nitrocellulose membrane (Serva) in blotting 
buffer (0.3% Tris, 1.44% glycine, 20% methanol) at 15 V for 45 min. The membrane was 
incubated with 5% skim milk in Tris-buffered saline containing 0,05% Tween-20 (TBS-T) for 
1 h, then stained with Anti-6X His tag HRP antibody (ab1187, ABCAM) for 1 h. The 
membrane was washed (3 x 10 minutes) in TBS-T after each incubation. Membranes were 
developed using Pierce ECL Western Blotting Substrate reagent (ThermoFisher Scientific) and 
analysed with Azure Biosystems C300 (Azure Biosystems, Inc.) and cSeries Capture Software. 

3.6  MADLS measurement 

The suspensions were measured using Low-volume quartz batch cuvette, ZEN2112 (Malvern 
Panalytical Ltd, UK), at the constant temperature of 25 °C, and using temperature ramp in a 
range from 20 to 80 °C with the step of 5 °C for stability measurements. Multi-Angle Dynamic 
Light Scattering measurements (MADLS®) were performed with a Zetasizer Ultra instrument 
(Malvern Panalytical Ltd, UK). The instrument was equipped with a 633 nm HeNe laser and 
had detection angles at 173°, 90°, and 13° respectively. The size distribution, z-average 
diameter, polydispersity index (PDI) and particle concentration (particles/ml) were obtained 
using ZS Xplorer software (Malvern Panalytical Ltd, UK).  

3.7 Transmission electron microscopy 

The suspension after fractionation was covered with a grid coated with Formvar film (Sigma-
Aldrich, Czech Republic) and carbon (Agar Scientific, Austria). The grid was removed from 
the suspension after 1 min, and the residual water was dried with a strip of filtration paper. A 
drop of 2% aqueous-phospho-tungstic acid was placed onto the grid for a few seconds, and then 
excess stain was dried with filtration paper. Samples were observed under an electron 
microscope Philips 208 S Morgagni (FEI, Czech Republic) at 7 500× magnification and an 

accelerating voltage of 80 kV.  

Immunogold labelling: The different suspensions of the pentameters were incubated with native 
primary antibodies PCV2Cap H9 (Exbio, Prague, Czech Republic), 1 hour at 60 °C and 

overnight keep at 4 °C. Then incubated for 1 hour at room temperature with gold particles 
conjugated with protein A (Sigma-Aldrich, GE). The immunogold-labelled pentamers were 
prepared for negative staining as described previously and observed under a transmission 
electron microscope. 

3.8 AF4 separation and analysis 

The Eclipse separation system (Eclipse AF4, Wyatt Technology Europe GmbH, Germany) was 
connected to an isocratic pump, degasser and autosampler with the temperature control unit 
(Agilent 1260 Infinity II, Agilent Technologies, Germany). The Short separation channel (SC 
with the channel length of 18 cm) was equipped with a trapezoidal wide polyethylene 
terephthalate spacer (Wyatt Technology Europe GmbH, Germany) with 350 μm thickness 

(M350) and regenerated cellulose membrane (cut-off 10 kDa). The actual thickness channel 
(293 μm) was determinate using channel high correlation base on a calculation using Scout DPS 
software version 2.0.0.9 (Wyatt Technology Europe GmbH, Germany). The calculation was 
based on the bovine albumin measurement. The separation system was connected to the UV-
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VIS detector (Agilent 1260 Infinity II, Agilent Technologies), MALS detector DAWN 
HELEOS II, (Wyatt Technology Europe GmbH, Germany) equipped with a GaAs 658 nm laser 
and using 18 angular positions (between 15° and 160°) with DLS detector at angle 149°. 
Filtered (0.1 μm) and preserved (0.04% ProClin™ 300, Sigma-Aldrich) Tris buffer (Tris 
50 mM and NaCl 150 mM) pH 7.4 was used as the carrier liquid. The separation was carried at 
a constant temperature of 25 °C (Thermos[PRO] Wyatt Technology Europe GmbH, Germany). 
The sample was separated according to the following conditions. The detector flow was 
constant 1.0 ml/min, 50 µl of the sample was injected into the channel with 1.5 ml/min cross 
flow over 3 min in the focus inject mode (inject flow 0.2 ml/min) and further focused over 5 
min with the same cross flow. The elution profile was divided into three different categories: 
Constant (Fig. 1A) cross flow of 0.1, 0.25, and 0.5 ml/min over 60 min. Linear decreasing (Fig. 
1B) from the initial cross flow of 2.0 ml/min decreasing to 0.0 ml/min over 40, 60, and 
80 minutes. Exponential (Fig. 1C) decreasing from the initial cross flow of 2.0 ml/min to 
0.0 ml/min over 60 min with the different slope of 10, 20, and 30. Based on these experiments, 
the Combined (Fig. 1D) profile was created. Starting cross flow 2 ml/min with an exponential 
decrease to 0.25 ml/min over 20 minutes with the slope of 10, followed by the constant cross 
flow of 0.25 ml/min over 30 minutes. All elution profiles were extended by 10 minutes of 
elution and elution inject profile with cross flow 0.0 ml/min as a rinsing step.  

 

Fig. 1 – Plots of different cross flow profiles: (A) a constant cross flow profiles; (B) a 
decreasing linear profile; (C) exponential decreasing profiles with different slope τ1/2 10, 20, 
and 30 for E1, E2, and E3 respectively; (D) a final cross flow profile. 

The measurement was evaluated by the Astra software version 7.1.4.8 (Wyatt Technology 
Europe GmbH, Germany). The MALS detector (Wyatt Technology Europe GmbH, Germany) 
was calibrated with the HPLC grade toluene and normalized using isotropic scattered standard 
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1 mg/ml BSA in Tris buffer. The UV detector (Agilent 1260 Infinity II, Agilent Technologies) 
was set up at a wavelength of 280 nm and was used as a concentration source with the UV 
extinction coefficient of 0.6670 ml/(mg∙cm).  

3.9 Chemicals 

All other chemicals, unless otherwise specified, were purchased from Sigma (St. Louis, MO). 
Ultrapure water was obtained from the Milli-Q® Reference Water Purification System (Merck 

KGaA, Darmstadt, GE). 
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4 RESULTS AND DISCUSSION 

4.9 AF4 separation of pentameric protein particles using different cross flow profiles  

Pentameric protein particles were separated using different, constant cross flow profile, 
according to Fig. 1A. Parameters for FFF separation were selected with respect to keeping the 
protein in its native state. DLS analysis demonstrates no thermally induced aggregation up to 
50°C (see Fig. S1 in supporting information). Fig. 2 shows three chromatograms, the full line 
represents the Rayleigh ratio at the angle of 90°, and the dashed line shows the UV absorbance 

signal for the wavelength of 280 nm. On the minor axis, the hydrodynamic radius based on the 
online DLS measurement is plotted (Fig. 2A), theoretical hydrodynamic radius based on full 
retention equation (1) is showed on (Fig. 2B), and (Fig. 2C) shows the radius of gyration. In 
general, the elution starts at 10th minute of the chromatogram (after the injection and focusing 
step) and is marked as a void peak. In the void peak, we can observe elution of species with 
strong UV absorbance and small light scattering signal, and this are protein impurities with 
small molar masses. The resolution between UV peak and peak of the light scattering signal 
from pentameric particles is increasing with higher cross flow. For the cross flow, 0.1 ml/min 
pentameric particles are co-eluting with protein impurities, which elute between 10 and 12 
minutes. Hydrodynamic radius (Fig. 2A) starting at 35 nm and grows linearly to 80 nm (17th 
minute of elution). Then the hydrodynamic radius became scattered due to the presence of the 
aggregates and low intensity of the scattered light. The theoretical hydrodynamic radius (Fig. 
2B) starts at 28 nm and rising to the 100 nm at the same elution time, which is in a relatively 
good correlation of the measured hydrodynamic values. The good correlation of the theoretical 
and measured hydrodynamic radius values indicated that the sample is eluting according to the 
FFF separation mechanism and that there are no interactions between the sample and 
membrane. The presence of the aggregates in the main peak is confirmed with the radius of 
gyration (Fig. 2C), which rapidly increases in the middle of the main peak from the gyration 
radius 50 nm to 300 nm. In the case of the constant cross flow 0.25 ml/min, the resolution 
between the main peak and void/protein peak (eluting between 10 and 12 minutes) is better 
compared to the cross flow 0.1 ml/min. The hydrodynamic radius from DLS (Fig. 2A) is 
relatively narrow, from 28 nm to 90 nm in the 30th minute of the elution, which is followed by 
a scattered signal from a larger component, aggregates. The presence of the aggregates is shown 
by the radius of gyration (Fig. 2C), growing linearly from 40 nm to 110 nm with a sharp rise 
up to 175 nm in the 30th minute of elution. The theoretical hydrodynamic radius (Fig. 2B), 
ranging from 20 nm to 130 nm. The deviation of the measured hydrodynamic radius from the 
calculated radius, especially at later elution times, maybe due to the beginning of the sample-
membrane interaction. As the cross flow increases, the theoretical hydrodynamic data deviate 
from the measured radius to a greater extent. Higher cross flow can promote higher sample and 
membrane interaction; the sample remains in closer distance from the accumulation wall for a 
longer time, which is responsible for the undesirable interaction which may be a cause of the 
delayed elution compared to AF4 theory. The interaction is particularly evident in the case of 
the constants cross flow of 0.5 ml/min (C3). The hydrodynamic radius from DLS varies from 
30 nm to 65 nm with the main peak eluting from time 18 minutes to approximately 40 minutes. 
The theoretical hydrodynamic radius goes from 25 nm up to 110 nm for the same elution time. 
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A relatively high portion of the sample is eluting, during the flush phase of the elution. At 70th 
minute of elution, the cross flow reaches a 0.0 ml/min, elution peak is marked as a released 
peak.  

 

Fig. 2 – Chromatograms of different constant cross flow profiles: C1 = 0.1 ml/min Black ( ), 
C2 = 0.25 Orange ( ), and C3 = 0.5 Green ( ). Left axis, the relative scale shows normalized 
data where the full line represents Rayleigh ratio, dashed line represents UV absorbance 
280 nm, dots represent different radiuses on the right axis: (A) hydrodynamic radius based on 
online DLS measurement. (B) hydrodynamic radius based on the retention equation 
calculation. (C) The radius of gyration based on the MALS measurement.  

 

The Fig. 3 shows three different linear cross flow profiles starting at 2.0 ml/min and decreasing 
to 0.0 ml/min over 40, 60, and 80 minutes for L1 (black line), L2 (orange line), and L3 (green 
line) respectively. For all profiles, we can observe high resolution between the void peak 
(10th minute of the elution time) and the light scattering peak of the pentameric particles (40th 
to 90th minute of the elution time). In general, hydrodynamic radius (Fig. 3A) is scattered and 
is in range of 43~93 nm for L1, 33~99 nm for L2, and 38~99 nm for profile L3 in the elution 
time of 43~51, 49~70, and 61~88 minutes respectively. A larger portion of particles is released 
when the cross flow goes to 0.0 ml/min. The theoretical hydrodynamic radius (Fig. 3B) in the 
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same elution range is 75~255 nm for L1, 71~270 nm, and 92~285 nm for L3. With the 
decreasing slope of the cross flow, the main peak becomes wider. The theoretical Rh value 
indicates a higher sample-membrane interaction characterized by longer elution time of smaller 
particles. The Fig. 3C shows the radius of gyration, with narrow size distribution in the range 
from 50 nm to 100 nm and rapidly sharping up to 250 nm for 0.0 ml/min of the cross flow. The 
sharp increase in the radius of gyration is the result of co-eluting aggregates. After the release 
peak, we observe a strong UV signal from protein impurities which are retaining in the channel 
due to the high cross flow of 2.0 ml/min at the beginning of the elution. The UV signal is 
negligible in the range of the elution of the main particles due to the low concentration of the 
sample in the elution peak. The release peak is relatively high compare to the chromatograms 
with other elution profiles. 

 

Fig. 3 – Chromatograms of different linear cross flow profiles: L1 Black (  ), L2 Orange 
(  ), and L3 Green (  ). Left axis, the relative scale shows normalized data where the full line 
represents Rayleigh ratio, dashed line represents UV absorbance 280 nm, dots represent 
different radiuses on the right axis:(A) hydrodynamic radius based on online DLS 
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measurement. (B) hydrodynamic radius based on the retention equation calculation. (C) the 
radius of gyration based on the MALS measurement. 

The Fig. 4 below shows the same AF4 chromatograms with different exponential decreasing 
cross flow profiles starting at 2.0 ml/min and decreasing to 0.0 ml/min over the 60 minutes with 
a different slope of 10, 20, and 30 for E1 (black line), E2 (orange line), and E3 (green line) 
respectively. Exponential elution profiles having narrow hydrodynamic radius distribution (Fig. 
4A) at the range of 33~70 nm (25~35 min) for E1, 28~85 nm (28~49 min) for E2, and 42~95 nm 
(29~55 min) for E3. Theoretical hydrodynamic radius (Fig. 4B) for the same elution range is 
40~130 nm, 38~200 nm, and 35~210 nm with respect to individual elution profiles. The early 
eluting species of the pentameric protein particles of certain sizes are in good correlation with 
theoretical hydrodynamic radius. During later elution time the LS data becomes scattered 
because of co-eluting aggregates. For slope 20 and 30, the hydrodynamic radius distribution is 
narrower. The effect of the higher cross flow over a longer period of time increases the 
interaction of the sample and the membrane, resulting in longer sample retention in the channel 
and prolong elution. The radius of gyration (Fig. 4C) shows us the presence of large aggregates 
at the end of the light scattering peak. Narrow range from 40 nm to 100 nm is followed by a 
rapid increase up to 300 nm. No significant light scattering signal was observed for the released 
peak (75th minute of the elution). 
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Fig. 4 – Chromatograms of different exponential cross flow profiles: E1 Black (  ), E2 Orange 
(  ), and E3 Green (  ). Left axis, the relative scale shows normalized data where the full 
line represents Rayleigh ratio, dashed line represents UV absorbance 280 nm, dots represent 
different radiuses on the right axis: (A) hydrodynamic radius based on online DLS 
measurement. (B) hydrodynamic radius based on the retention equation calculation. (C) the 
radius of gyration based on the MALS measurement. 

Base on the previous experiments with the different elution profiles (Fig. 2, Fig. 3, and Fig. 4), 
a combination of exponential decrease starting the 2 ml/min to 0.25 ml/min over 20 minutes 
with the slope of 10 followed by a constant cross flow of 0.25 ml/min over 30 minutes is showed 
in Fig. 5. The protein impurities not related to recombinant pentameric VP1-Cap elute within 
the first 10 minutes of elution. Strong UV peak is followed by elution of particles with 
hydrodynamic radius starting at 15 nm (Fig. 5A) ranging up to 100 nm. The theoretical 
hydrodynamic radius (Fig. 5B) is ranging from 20 nm up to 150 nm within the interval of the 
main peak (20-40 min of the elution). From the approximately 40th minute, the large aggregates 
with the radius ranging from 125 to approximately 300 nm start to elute. Light scattering data 
in this area are scattered due to the low concentration of aggregates. By measuring the radius 
of gyration (Fig. 5C), we can distinguish individual units of the pentameric particles. 
Pentameric particles start to be eluted in approximately 20th minute of the run, the starting Rg is 
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relatively constant and fluctuated around 25±2 nm. Around 25th minutes, we can observe a 
sudden Rg increase with elution of super-unit pentameric structures with Rg ranging from 30 to 
80 nm. Aggregates eluted at 40th-minute range from 110 nm to 180 nm. The Fig. 5D shows 
conformation plot with Rg to Rh ratio. For individual pentameric units, the ratio is in a range of 
0.8 to approximately 1. The range value is convenient for the soft sphere conformation [27]. 
The Rg/Rh ratio gradually increases with the elution of the super-unit pentameric structures up 
to the value of 1.3, which corresponds to the branched structure [28] of randomly associated 
pentamers. The obtained values and structures are with a good agreement with structures 
obtained by transmission electron microscopy (Chyba! Nenalezen zdroj odkazů.B, C, D) where 
the individual pentameric particles have the longest axis of about 12 nm. The Rg/Rh ratio drops 
sharply after about 40 min of elution. The drop is due to a sudden increase in the value of the 
hydrodynamic radius. The ratio does not reflect the overall character of the sample but only 
reflects the scattered DLS signal of low concentrated aggregates. 

 

Fig. 5 – Chromatogram of final elution profile: Left axis, the relative scale shows normalized 
data where the full line represents Rayleigh ratio; dashed line represents UV absorbance at 
280 nm, dots represent different radiuses on the right axis: (A) hydrodynamic radius based on 
online DLS measurement. (B) hydrodynamic radius based on the retention equation 
calculation. (C) the radius of gyration based on the MALS measurement. (D) the radius of 
gyration and hydrodynamic radius ratio based on the MALS/DLS measurement. 

The theoretical values of Rh correspond to the measured values, especially for small, individual 
pentameric particles. As the size of the eluting particles increases, the measured and calculated 
values deviate. The deviation is smaller in the combined elution profile compared to the 
individual elution profiles. The cause of this deviation may be in the structure of individual self-
associates of pentamers. The offline DLS analysis of the primary sample demonstrated the 
presence of individual pentamers as well as the existence of self-associates, and larger 
aggregates (Fig. 6E and F). According to the Rg/Rh ratio measurement (value > 1.3) and TEM 



15 

analysis (Fig. 6C and D), the self-associates of pentameric structures have a branched structure 
[28]. However, the calculated hydrodynamic radius is approximation on spherical particles, and 
only the individual pentameric protein particles meet the definition of a spherical particle (the 
spherical particles appear on EM analysis and Rg/Rh with a value of 0.8 corresponds to a soft 
sphere [27]). By comparing the DLS measurement of the primary sample with the individual 
fractions (Table 2), we could state that during AF4 separation, no further agglomerates are 
formed. 

4.1 Batch analysis 

Different fractions were collected based on the fractogram shown below (Fig. 6A) and 
subjugated further offline analysis. The Fig. 6E shows intensity and Fig. 6F number distribution 
of the MADLS measurement. Black, the full line represents a sample before fractionation 
(primary sample). The intensity distribution consists of three peaks with the first having 
maximum at 38 nm corresponding with the size of the single pentameric unit, a second peak 
with a maximum at 150 nm corresponding to the super-unit pentameric structures, and the third 
peak corresponding to larger aggregates with a diameter of approximately 400 nm. The light 
scattering signal from the first fraction was not sufficient for batch DLS analysis; the results are 
not listed. Fraction 2 (F2) shows a maximum at 37 nm, which corresponds to the first peak of 
the primary sample. With increasing elution time, the diameter is increased to 65 nm and 
105 nm for F3 and F4 respectively. The Number distribution of the primary sample (Fig. 6B) 
shows that the majority of the particles have a diameter of about 38 nm. This corresponds to 
the concentration measurement listed in Table 2 where the concentration increases with 
individual peaks of 2.97∙1013; 1.87∙1011, and 6.34∙1009 particles/ml for the first, second, and 
third population respectively. A similar trend is observed in individual fractions with respect to 
the AF4 dilution. Fraction F2 consists mainly of small individual pentameric protein units with 
z-average 38 nm and a concentration of 4.25∙1019 particles/ml. Fraction F3 with larger 
population (z-average of 64 nm) contains 2.00∙1010 particles/ml, and F4 (z-average 97 nm) with 
concentration of 3.59∙109 particles/ml. The polydispersity index (PDI) in the primary sample is 
0.265, indicating low polydispersity; however, the value is affected by the presence of three 
populations, which, like z-average value, in a sample with multiple populations, do not fully 
reflect the nature of the analyte. The polydispersity in the individual fraction is 0.301 for F2, 
0.159 for F3, and 0.192 for F4. Low polydispersity values indicate that no larger particles co-
elute within the individual fractions, especially in the fraction F3 and F4.  
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Fig. 6 – A) Fractogram with different marked fractions, the full line represents Rayleigh ratio; 
dashed line represents UV absorbance at 280 nm; B-D) EM image of the purified pentameric 
protein in different fractions after gold labelling. MADLS distribution of the intensity (E) and 
number (F). The Primary sample is a sample before purification, F2-F4 are individual fraction 
based on the fractogram. 
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Table 2 – Summary table of MADLS measurement. 

 
Concentration (particles/ml) z-

average 
(d. nm) 

PDI 
Peak One Peak Two Peak Three 

Primary 
sample 

2.97±0.92∙1013 1.87±0.43∙1011 6.34±0.88∙1009 127±1 0.265±0.006 

F2 4.25±1.92∙1011 38±2 0.301±0.051 

F3 2.00±0.13∙1010 64±2 0.159±0.009 

F4 3.53±0.02∙1009 97±3 0.192±0.048 

 
Analysis of individual TEM fractions shows both the structure of the individual pentamers 
corresponding to the Rg/Rh values and the preserved native nature of the protein pentameric 
particles. Gold nanoparticles with H9 antibody selectively bind to the pentameric Cap protein 
only in the native state in fractions F2, F3, and F4 (Fig. 6B, C, and D respectively). SDS-PAGE 
and WB analysis were performed on the concentrated fractions shown in the Fig.7. By selective 
staining for His-tag group by Anti-6X His, the purity of the individual fractions was 
demonstrated. In fraction F1, the band at 70 kDa (band corresponding to denatured pentameric 
protein particles) is not visible. Conversely, low molecular weight proteins are present, whose 
early elution time at given cross flow corresponds to the AF4 theory. The visible band is 
especially present in fractions F3 and F4. Fraction F2 containing the largest number of particles 
(Table 2) does not show such a proportion of individual His-Tag groups. This may be due to 
the structure of larger clusters of pentameric protein particles where the size expressed as z-
average (Table 2) in F3 is about twice the fraction of F2 (z-average of F3 is 64 nm, and F2 is 
38 nm). However, the volume of the particles, whose size will vary twice, will be eight times 
greater. Thus, larger particles, particles in fraction F3 and F4 have a much greater His Tag group 
density than the fraction F2 as seen in Fig. 7A and B. The Fig. 7B also shows pentameric 
doublet in fractions F3 and F4, a band of about 140 kDa, resulting from the conjugation of 
individual proteins during denaturation. 
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Fig. 7 – A) the sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) 
stained with Coomassie blue; B) Western blot (WB) analysis of individual fractions. 

5 CONCLUSIONS 

Asymmetric Flow Field-Flow Fractionation system with UV, MALS and online DLS detection 
were used for separation and characterization of pentameric protein particles and their 
aggregates. Different elution profiles were tested to determine the optimal separation 
conditions. The exponential decrease in combination with constant cross flow profile was found 
to be most suitable for optimal separation because of reducing overall separation time while 
maintaining separation efficiency. Individual fractions were further subjected to offline DLS, 
TEM, and SDS-PAGE analysis. The overall purity and quality of the individual fractions were 
assessed by SDS-PAGE/western blot analysis. The measured particle size, expressed as the 
hydrodynamic radius, corresponds to the theoretical values, in particular for the elution of 
individual protein pentamers. The data suggests that the deviation is due to the structure of 
larger pentameric multicomplexes and minimal sample and membrane interactions. The values 
of Rg/Rh ratios corresponded to the structures visualised by offline TEM analysis in each 
fraction. By comparison, the offline DLS measurement of the primary sample and the fractions, 
we showed that no additional aggregates are generated due to AF4 separation. The immunogold 
labelling of individual fraction together with SDS-PAGE/western blot analysis showed 
preservation of the native structure of the pentameric antigen. Thus, AF4 working at native 
conditions proved themselves to be a technique suitable for the separation and analysis of the 
large recombinant protein complex composed of a carrier that forms the pentamer of a mouse 
polyomavirus VP1 capsid protein to which the porcine circovirus 2 capsid protein molecules 
are covalently attached. Therefore, the FFF method is also applicable as a part of rapid quality 
control analyses during biotechnological production of vaccines based on large recombinant 
antigens.  
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