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A B S T R A C T   

In modern-day research, nanoparticles (size < 100nm) are an indispensable tool for various applications, 
especially in the field of biomedicine. Although enormous efforts have been made to understand the properties 
and specificities of nanoparticles, many questions are still not answered and the new ones arise. In this review we 
summarize current trends in the nanoparticle synthesis and characterization and interpret the stability of 
nanoparticles in various media from aqueous solutions to biological milieu important for the in vitro and in vivo 
studies. To get more detailed insight into nanoparticle charging properties and interactions of nanoparticles with 
interfaces the theoretical models are presented. Finally, the overview of nanoparticle applications is given and 
the future prospects are discussed.   

1. Introduction 

Nanoparticles (NPs) are commonly defined as particles with the size 
of 100 nm or smaller in at least one dimension. It is important to point 
out that NPs display unique and often improved physico-chemical 
properties in comparison to the corresponding bulk material. While 
bulk materials commonly have constant physical properties regardless 
of their size, the size of nanoparticles dictates their physical and 
chemical properties. NPs have attracted huge attention due to their 
small size and high surface to volume ratio that give rise to their reac
tivity and extraordinary chemical, electronic, optical, magnetic, and 
mechanic properties. Nanotechnology is a platform that enables design, 
manipulation and tailoring of the physico-chemical properties of NPs 
such as size, shape, surface charge and hydrophilicity [1]. 

There are plenty of ways how to divide nanoparticles. One of these is 
to divide them in three groups regarding their chemical composition: i) 
organic (liposomes, dendrimers, micelles, and polymeric hydrogel 
nanoparticles), ii) inorganic (metals, metal oxides, ceramics, zeolites, 
and quantum dots), iii) and carbon-based NPs [2]. 

Various strategies for the NPs synthesis are based on the top-down 
and bottom-up synthesis. In the top-down approach, the size of the 
bulk material is reduced to fine NPs by breaking down into their 
monomers, while the NPs in the bottom-up synthesis are build up from 
the atom. Various chemical, physical and recently biological techniques 
are utilized for the NPs fabrication. The literature survey reveals that 

many publications focus on the static batch synthesis or on the usage of 
multiple pathways for the NPs production [3]. The non-scalable pro
duction hinders the translation from batch to clinical applications. Since 
the interest for the green and more sustainable NPs fabrication is 
increased, the development of modern nanotechnologies provides the 
switch from the “trial and error” batch synthesis, that displays the dif
ferences from batch to batch synthesis, to the versatile continuous NPs 
production. The high-throughput flow techniques (i.e. microfluidic 
techniques) enable the controlled NPs production that overcomes the 
variability and generates NPs with high uniformity [4]. 

Besides the synthesis that should provide NPs with desired proper
ties, the characterization of the engineered NPs is an essential step in the 
NPs manufacturing. In this context, numerous methods are used for the 
determination of their physico-chemical properties such as composition, 
crystal structure, size, shape, surface charge, morphology and specific 
surface area. Such comprehensive characterization of the surface prop
erties enables the prediction of NP’s behaviour at the various interfaces. 

A very important aspect in studying the properties and applications 
of nanoparticles is their behaviour in various matrices (e.g. biological 
fluids). When charged, nanoparticles come in contact with electrolyte 
solution the electric double layer is formed by NP attraction of a cloud of 
oppositely charged ions. H. von Helmholtz proposed a very simple 
description of the electric double layer model in which he assumed that 
counterions electrostatically adsorb on the NPs surface leading to a 
compact layer of counterions. In addition to electrostatics, Gouy and 
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Chapman included the entropic disorder of ions. This theoretical 
approach is named Poisson-Boltzmann (PB) theory and is based on the 
mean-field approximation, where all types of correlations are neglected. 
The ions are point-like and embedded in a continuum electrolyte solu
tion with a given dielectric constant. The charge on the NP’s surface is 
continuously smeared. For monovalent ions and weakly charged NPs, 
the PB theory makes correct predictions for ion concentration around 
charged NP’s surfaces [5]. In the past there were many attempts to 
improve the classical PB theory by considering general charge distri
bution on the NPs surface and NPs finite size [6–8]. The charge regu
lation was incorporated into the PB theory by mass action law [9] where 
the reactions taking place on the NP’s surfaces are considered [10]. 

In terms of possible applications of nanoparticles, a very important 
moment is a requirement for having a stable dispersion of nanoparticles. 
The stability of nanoparticles is related to the suspension properties such 
as pH, concentration and shape of nanoparticles and ionic strength 
[11,12]. It is important to stress here that especially the complexity of 
the biological matrices (in terms of pH, ionic strength and the presence 
of biological macromolecules such as proteins, lipids, enzymes) triggers 
the stability of NPs. This is highly relevant for the NPs behaviour in vivo, 
where the abovementioned biomolecules adsorb on NPs when in contact 
with biological fluids [13]. The adsorbed biological molecules on NP 
surface lead to the so “called protein-corona” complex (PC) formation 
and the primary identity of NPs is changed. The new adopted identity of 
the PC complex presents a challenge for the effective applications in 
nanomedicine. However, that could lead to the development of new 
platforms for the design and tailoring of the improved nanomedicines. 

Nanoparticles recently emerged also as an innovative and promising 
platform for the development of the drugs and drug delivery vehicles in 
the modern medicine. Therefore, the possible applications of NPs in field 
of biomedicine could be found in the diagnostics, treatment, and pre
vention of the diseases. NPs are already commonly used in medical 
imaging, gene and drug delivery, detection of pathogens and proteins, 
tissue engineering, etc. [14]. 

The aim of this review is to provide a general overview on the state- 
of-the-art in the field of nanoparticles synthesis, characterization and 
applications with special emphasis on the possibilities for obtaining the 
improved stability of NPs. The charge regulation of nanoparticles and 
their interactions with interfaces are also discussed. 

2. Synthesis and characterization of nanoparticles 

The highly demanding criteria in the fabrication of the NPs is the 
optimization of the synthesis processes that yield NPs with defined size, 
monodispersity, surface charge and morphology. The physico-chemical 
properties of NPs have the crucial role for the in vivo fate of NPs, since 
they dramatically alter their in vivo performance in terms of absorption, 
pharmacokinetics, and clearance, cellular uptake and cytotoxicity [15]. 
There are numerous techniques available for the NPs synthesis. Each 
approach gives versatile NPs that differ in size, shape (spheres, nano
wires, nanotubes, nanosheets, nanoplates, nanodiscs, nanoflowers, etc), 
dimensionality (0D, 1D, 2D or 3D), crystallinity, and surface area. NPs 
performance in various applications is strongly influenced by all the 
mentioned parameters. NPs can be prepared by two approaches: i) top- 
down approach referring to a stepwise breaking down of a system into 
nanosized entities and ii) bottom-up approach meaning the build-up 
from the atomic or molecular size to form the nanomaterial (Fig. 1). 
The top-down approach requires precise control of the pressure, tem
perature and inert environment where the process takes place. However, 
the output of the top-down approach are the nanomaterials with vari
ation in size, shape and surface defects that affects their application. The 
bottom-up approach displayed nanomaterials with better control of size, 
crystallinity, morphology and reproducibility. 

The classical chemical synthesis methods for NPs can be divided in 
three categories regarding the media where reaction take place: 
solution-based, gas-based and bio-assisted synthesis methods as shown 
in Fig. 1. The chemical methods comprise the solution-based techniques: 
co-precipitation, sol-gel synthesis, solvothermal/hydrothermal synthe
sis, microwave-assisted method, sonochemical, microemulsion synthesis 
and electrochemical synthesis. 

The formation of NPs by co-precipitation method [16,17] involves 
mixing of divalent or trivalent salt precursors, usually chlorides and 
nitrates as a metal ion source with a base (NaOH, KOH or NH4OH so
lution). The formation of NPs by co-precipitation method involves 
nucleation, growth, Ostwald ripening and agglomeration. The pre
cipitates are subjected to calcination at the elevated temperature to 
obtain final nanomaterial. Sol-gel synthesis [18,19] is based on the 
hydrolysis of metal alkoxide precursors to form oxohydroxide. This re
action is followed by the polycondensation, and the sol phase of the 

Top-down synthesis methods:
crushing, milling, grinding

Bottom-up synthesis methods:
solution-based methods, gas phase-based methods,

bio-assisted methods

Solution-based methods:
Co-precipitation
Sol-gel synthesis

Solvothermal/hydrothermal 
synthesis

Microwave-assisted 
synthesis

Sonochemical synthesis
Microemulsion synthesis
Electrochemical synthesis

Gas phase-based methods:
Chemical vapour

deposition
Thermal decomposition

Template/surface mediated 
methods

Bio-assisted methods use several biological
sources - plant extracts, microorganisms that

act as reducing and capping agents 

Nanomaterials

Flow-based methods:
Hydrothermal reactors

Microwave reactors
Ultrasonic reactors

Fig. 1. Workflow for the methods for the nanomaterial’s synthesis.  
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mixture is transformed into the porous gel phase and forms a metal 
hydroxide network. The calcination of the obtained gel leads to the 
ultra-fine powdered NPs. Solvothermal/hydrothermal method [20,21] 
is based on the thermal decomposition of the starting metallic precursor 
by boiling in the inert atmosphere or in the closed system, i.e. Teflon- 
lined autoclave at high pressure and temperature. Solvothermal 
approach is distinguished from the hydrothermal by reaction medium, i. 
e. solvothermal synthesis is conducted in the organic solvents, while the 
hydrothermal synthesis in aqueous medium. The hydrothermal synthe
sis method is of often method of choice for the production of homoge
nous NPs with desired properties which can be improved by post- 
synthesis treatments such as annealing. Microwave-assisted [22,23] 
synthesis received a great attention recently, due to shorter reaction 
duration in comparison to for example oil-bath heating. This synthesis 
method is based on the fast and uniform heating of the reaction solution, 
which is achieved via penetration of the microwave energy through the 
walls of the reactor. The rapid heating increases the collision frequency 
between molecules and chemical reaction rate, leading to dramatically 
decrease of the reaction duration from hours to minutes. In this way, the 
uniform nucleation and fast crystal growth is enabled, resulting in NPs 
with smaller uniform size. Sonochemical method [24,25] corresponds to 
the application of the high-power ultrasound waves (20 kHz–10 MHz) to 
the reaction solution. The reaction solution is subjected to the stream of 
the ultrasound waves that produces bubbles (cavities) through acoustic 
cavitation in the liquid medium. The acoustic cavitation involves bubble 
formation, growth and implosive bubble collapse, followed by the 
emergence of high-energy shock waves inside the collapsing bubble. The 
energy released by huge number of the collapsing bubbles is followed by 
the temperature increase (5000 K–25000 K) that is sufficient to break 
the chemical bonds of the starting material. The bubbles collapse very 
fast (< 1 ns) and the high rate of cooling process takes place which fa
vours the amorphous product formation, while the crystallization is 
disabled. Microemulsion synthesis [26,27] requires formation the mi
celles or the reverse micelles that serve as the nano-reactors where NPs 
formation takes place. The microemulsions are transparent, homoge
nous and thermodynamically stable systems composed of water, oil, 
surfactant and co-surfactant. The spontaneous mixing between two 
immiscible phases, water and oil is achieved by formation of a surfactant 
molecules monolayer at the interface between the oil and water. The co- 
surfactant is usually short-chain amine or alcohol that increases the 
fluidity of the interface and reduces the interfacial tension between oil 
and water, thus enabling the permeability of oil and water phases. 
Electrochemical synthesis [28,29] is achieved by applying the electric 
current between electrodes that are separated by an aqueous electrolyte 
solution. The electrochemical reaction takes place at the interface be
tween electrode and aqueous electrolyte solution. The final product 
(coatings, thin films or powders) is deposited on the electrode surface. 

Gas-phased methods are chemical vapor deposition, thermal 
decomposition/ thermolysis and template/surface mediated. Chemical 
vapor deposition [30,31] is a synthesis approach where substrate in the 
reaction chamber is exposed to gas volatile precursors that are intro
duced in the reaction chamber. The gas precursors react with substrate 
and the coated substrate with desired composition is fabricated. The 
residues produced after the synthesis, are removed by gas-flow through 
reaction chamber. Thermal decomposition/ thermolysis [32,33] is a 
method where the metallic precursor in the reaction vessel is heated, 
heating cause breaking of the chemical bonds of the starting material. 
The decomposition of the starting material is followed by the formation 
of the NPs. Metallic precursor is usually salt in form of carbonate or 
acetate. By addition of the capping agents (surfactants, carboxylic acids 
and alkyl amines) the NPs are stabilized. Template/surface [34,35] 
mediated method is used for the synthesis of the nanorods, nanowires 
nanotubes and hollow spheres. The synthesis of the nanomaterial is 
conducted within the pores of the nanoporous template. The templates 
used for this method can be soft templates (surfactants and polymers) 
and hard templates (polymer microspheres, porous membrane, carbon 

fiber, carbon nanotubes and porous anodic aluminum oxide). The size, 
morphology and structure are controlled by the template used for the 
synthesis. 

Bio-assisted methods are based on the green chemistry principles 
(mild reaction conditions and nontoxic precursors) and usage of bio
logical sources such as bacteria, viruses, fungi, yeast, algae and plant 
extracts that are nano-factories (Table 1). The bio-assisted synthesis 
method is using the reduction enzymes and molecules such as poly
saccharides, phenolic acids, alkaloids, tannin, terpenoids, polyphenol of 
the employed biological entities to produce the NPs intracellularly or 
extracellularly. The biological source extract serves as the reduction 
agent of the metallic starting material as well the capping agent that 
stabilize the NPs and prevents their aggregation. 

The conventional “trial” and “error” nanoparticle synthesis (e.g. non- 
continuous bulk synthesis), mostly done in academic research, is limited 
due to batch-to-batch reproducibility. However, this approach repre
sents the foundation for the better understanding and optimization of 
the scaling-up processes for the industrial needs. The high-throughput 
production, e.g. continuous production of NPs with controllable 
physico-chemical properties still presents a challenging task but also the 
most crucial step for the efficient translation of the nanomedicines from 
the academic batch-based research to an industry large-scale produc
tion. The state-of-the-art in the NPs production and the alternative for 
the versatile NPs synthesis are continuous flow techniques, e.g. micro
fluidic reactors. The main driving force in the microfluidic reactors is 
hydrodynamic force. The stable flow profile, e.g. laminar flow in the 
channels is determined by the delicate interplay between inertial, 
viscous and interfacial forces [50]. The fluid flow in the microfluidic 
reactor depends on the channel geometry, properties of the fluids and 
flow conditions [51]. Microfluidic reactors serve as the platform 
developed to control fluid flow in the microreactors by minimization of 
the reagents volume, facilitate efficient transfer of mass and heart due to 
large surface to volume ratio and increase the mixing rates at the 
interface between two phases [52]. The precise control and modification 
of the synthesis conditions (volume, temperature, pH, duration of the 
reaction), process parameters (flow rate of the reactants, total flow rate, 
method for the energy transfer) and the microreactor characteristics 
(inlet design, length, diameter) define the final NPs properties in se
lective manner so they can meet the quality control criteria for the 
further application [53]. 

Nanomaterials display unique physico-chemical properties such as 
crystallinity and composition, morphology, size, and surface properties 
with promising application in various fields. The NPs are then subjected 
to conjugation with polymers, proteins, drugs, etc. that alter the initial 
NP properties. The available state-of-the-art techniques give the insight 

Table 1 
Selected examples for the bio-assisted synthesis of the NPs.  

Biological 
source 

Biological extract NPs Size(nm)/Shape Ref 

Plant Asparagus racemosus 
root 

Fe2O3 30–40 / spherical [36] 

Plantain peel Fe3O4 50 / spherical [37] 
Plectranthus amboinicus 
leaf 

ZnO 50–180 / rod-like [38] 

Calotropis gigantean leaf ZnO 10 / spherical [39] 
Annona squamosal peel TiO2 25 / spherical [40] 
Moringa oleifera peel CeO2 45 / spherical [41] 
Hibiscus Sabdariffa 
flower 

CdO 113 / cuboid [42] 

Kalopanax pictus leaf MnO2 20 / spherical [43] 
Carica papaya leaf CuO 140 / rod-like [44] 

Algae Gracilaria edulis ZnO 65–95 / rod-like [45] 
Sargassum muticum Fe3O4 20 / cube-like [46] 

Bacteria Aeromonas hydrophila ZnO 60 / spherical [47] 
Bacillus subtilis TiO2 75 / spherical [48] 
Microbacterium sp. MRS- 
1 

NiO 100–500 / flower- 
like 

[49]  
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about the relevant parameters in order to describe the physico-chemical 
properties in detail for the further application (Table 2). The crystal 
structure and composition of fabricated NPs is the first step in the work 
flow of the NP characterization. Many available techniques such as X-ray 
diffraction (XRD), Fourier-transform infrared (FTIR) and Raman spec
troscopy, nuclear magnetic resonance (NMR) are the methods of choice 
to identify the composition, crystal structure and the influence of the 
coating agent and conjugated drug on NP properties. The morphology of 
NPs significantly affects the interaction with cells and in vivo uptake and 
the microscopy techniques such as scanning (SEM) and transmission 
electron microscopy, (TEM) as well as atomic force microscopy (AFM) 
provide detailed insight about NP morphology. 

The size and size distribution of NPs that reflects stability in various 
media relevant for the biomedical application is studied extensively by 
scattering techniques (static (SLS) and dynamic light scattering, (DLS), 
nanoparticle tracking analysis (NTA), small-angle X-ray scattering 
(SAXS) but also with support of microscopy-based techniques. The sur
face charge of NPs is the crucial parameter for the estimation of the 
interaction with cells. When in contact with biological fluids, NPs 
interact with the biological molecules and lose their identity. Determi
nation of surface charge (i.e. zeta potential) upon the incubation with 
biological fluids with electrophoretic light scattering (ELS) or streaming 
potential methods is fast and robust way to predict the NP behaviour and 
stability. The concentration of NPs as well their dissolution upon 
exposure with biological fluids is a critical step that determine their 
uptake and toxicity. Despite the numerous experimental techniques 
available for the NPs characterization, to the best of our knowledge, 
there are no tandem or integrated techniques available to asses all of the 
relevant NPs physico-chemical properties simultaneously. This multi- 
method set-up with powerful analytical detection platforms would 
significantly improve quality control of the NPs. 

3. Stability of nanoparticles and their interactions with 
macromolecules 

A very vital issue related to the application of nanoparticles is a 
requirement for their stable dispersion. Due to the large specific surface 
area, nanoparticles tend to agglomerate over time which results in a 
separation of the dispersed phase from the continuous phase [65]. The 
stability of nanoparticles could be manipulated through changes in 
various stimuli, allowing a transition between the stable dispersion and 
aggregated clusters [66]. That is particularly relevant if experiments are 

intended to be performed at physiological pH or in complex biological 
fluids. It is well known that the stability of nanoparticles, in addition to 
pH and ionic strength of the solution, depends on the intrinsic properties 
of NPs (e.g. size, shape, surface charge, porosity, roughness, hydropho
bicity) [67]. 

Various pathways are being used for stabilization of nanoparticles. 
Previously, low-molecular organic compounds (e.g. carbonic acids, al
cohols, amides) and natural polymers (e.g. gelatin, gum arabic, cellu
lose) were commonly used. Later on, synthetic polymers were also used 
[68]. For example, it was shown recently that suspensions of metal oxide 
nanoparticles could be stabilized using lipid-based nanovesicles (lipo
somes) [69] or aminopolycarboxylic acids [70]. In this sense, one of the 
most promising tools for stabilization of nanoparticles is the adsorption 
of polyelectrolytes [71]. In terms of applications it should be stressed 
here that polyelectrolyte-stabilized Pt nanoparticles were applied as new 
electrocatalysts for low temperature fuel cells [72]. Moreover, Seal and 
coworkers studied the stability of ceria nanoparticles induced by 
adsorption of weak polyanion polyacrylic acid (PAA) and showed that 
PAA-coated ceria nanoparticles efficaciously preserved the stability and 
surface chemistry of nanoparticles [73]. Oćwieja, Adamczyk and co
workers showed that polyelectrolytes could also be applied as the layers 
that enable the pronounced stability of e.g. silver nanoparticle coatings 
[74]. Such effects have also practical implications indicating the possi
bility to regulate the rate of nanoparticle release by a proper choice of 
the polyelectrolyte acting as the supporting layer. The same authors 
showed additionally that polyelectrolyte-modified polystyrene micro
particles could be used as substrates for silver nanoparticle immobili
zation [75]. In that case, a large stability of the silver particle 
monolayers was confirmed. Such monolayers of well-defined coverage 
and acid-base properties can be used for controlled delivery of silver 
nanoparticles. 

The influence of polyelectrolytes on the stability of nanoparticles 
was additionally explored in our recent study [12] where the in
teractions of ceria nanoparticles with a strong polyanion, sodium poly 
(4-styrenesulfonate) were examined. For the interpretation of the 
experimental results obtained in our study we applied electrophoretic 
soft particles model, so called modified Ohshima model based on the 
measurements of mobility, μ, of nanoparticles coated with a poly
electrolyte layer. The expression for the mobility derived by Ohshima 
[76,77] is given by 

μ =
ε0εr

η

ψ0
κm
+

ψDON
λ

1
κm
+ 1

λ
f
(

Dcoated

DCNP

)

+
ZeN
ηλ2 (1)  

where εr and ε0 represent the relative permittivity and the permittivity 
of the free space, respectively, e is the elementary charge, η is the vis
cosity of solvent, κm is a modified Debye parameter accounting for the 
effect of charges in the polyelectrolyte layer, and f(Dcoated/DCNP) is a 
function which ranges from 2/3 to 1. The number density and valence of 
charge present on polyelectrolyte-coated layer are denoted by N and Z, 
respectively, while surface potential at the boundary between the sur
face layer and the surrounding electrolyte solution and the Donnan 
potential are represented by ψ0 and ψDON, respectively. The diameter of 
the bare nanoparticle is denoted by DCNP and the diameter of 
polyelectrolyte-coated nanoparticles is represented by Dcoated. Finally, δ 
presents the thickness of the polyelectrolyte layer, as schematically 
presented in Fig. 2. 

The interpretation of the results on the basis of the Ohshima model 
leads to the value of the electrophoretic softness (i.e. the softness of the 
polyelectrolyte layer) of 1/λ = 3.03 nm, while the charge density of the 
polyelectrolyte is equal to ZeN = − 0.032 mol dm− 3. Finally, the 
adsorption density of polyelectrolyte on nanoparticle surface [73] was 
obtained using the equation 

Γ = N
(DCNP + 2δ)3

(DCNP)
2 M (2) 

Table 2 
The most common techniques for NPs characterization.   

Technique Analytical information Reference 

Electron 
microscopy 

TEM morphology, elemental 
composition, size 

[54] 

SEM morphology, size [55] 
Spectroscopy XRD composition, crystal structure, 

crystallite size 
[56] 

FTIR surface chemical composition, 
nature of bonds and 
functionality 

[55] 

Raman chemical structure, 
crystallinity and molecular 
interactions. 

[57] 

UV–Vis optical properties, size, 
concentration, agglomeration 
of NPs 

[58] 

Scattering 
techniques 

DLS size, size distribution, 
agglomeration of NPs 

[59] 

NTA size and size distribution [60] 
SAXS size, size distribution, growth 

kinetics 
[61] 

Surface charge 
determination 

ELS zeta potential [62] 
streaming 
potential 

zeta potential [63] 

Surface analysis BET specific surface area [64]  
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where Γ represents the adsorption density and M is monomer molar 
mass. On the basis of performed experiments and calculations the 
adsorption density of polyelectrolyte adsorption on ceria nanoparticles 
was found to be Γ = (5.42 ± 2.73) mg m− 2. 

The importance of presented adsorption experiments combined with 
appropriate interpretation lies in possible predictions of the behaviour 
of nanoparticles in polyelectrolyte solution in terms of known values of 
adsorption density and electrophoretic softness. These findings could 
enable the preparation of suspensions having satisfactory stability which 
could lead to the improved applications of nanoparticles in various 
research fields. 

The stability of nanoparticles in the complex biological matrices and 
their internalization within cells is a delicate interplay between intrinsic 
NP properties (e.g. size, shape, surface charge, hydrophobicity, porosity) 
and external biological characteristics of the medium (pH, ionic 

strength, temperature, composition and concentration of the biological 
molecules) as shown in Fig. 3. The intrinsic NP properties could be tuned 
during the synthesis, but also afterwards with post-treatment proced
ures. However, the unpredictable and uncontrollable interactions with 
biological molecules alter the stability and final fate of NPs. 

NPs in contact with biomolecules form a layer on the surface of NPs 
(e.g. protein corona), and NPs-PC complex is formed [78]. PC screens the 
surface of NPs and affects the cellular uptake, circulation lifetime, 
signaling, kinetics, transport, accumulation, toxicity and immune 
response [79]. The nano/bio interface, i.e. NPs-PC complex, is an 
interactive and dynamically changeable interface. The number of re
actions and interactions that occur at the nano/bio interface are still 
challenging to describe. It is established that NPs-PC complex reduces 
the efficacy of NPs as the drug delivery vehicle. Recent published data 
are oriented to in vitro studies which enable the insight on the in
teractions between NPs and biological molecules, but often fail to the 
predict and explain the fate of NPs in vivo [80,81]. The complexity of in 
vivo studies is the limiting factor for understanding the special events 
that occur between NPs and biomolecules and for the further progress in 
the field of nanomedicine. 

4. Charge regulation 

Most nanoparticles are charged and immersed in an electrolyte so
lution. The generic structure for many of NPs is a body of low dielectric 
constant with attached surface charges. The charges at the surface are 
fixed or mobile. Some NPs possess charged moieties that have a complex 
internal structure. The generic structure of the electrolyte solution is an 
ensemble of ions and water molecules leading to a high dielectric con
stant of the solution (ε = 80). NPs attract ions of the opposite charge 
sign. These ions are called counterions, while ions of the same charge 
sign as NPs are called coions and are depleted from NPs. A diffusive 
electric double layer arises [82]. 

Metal oxide surfaces of NPs are charged due to interactions between 
active surface sites and two types of ions: protons H+ and hydroxide ions 
OH− [83]. In the simplest case, the surface charge of NPs is the result of 
the two-step protonation of active surface groups (Fig. 4) 

≡ MO− +H+→ ≡ MOH (3)  

≡ MOH+H+→MOH+
2 (4) 

The corresponding thermodynamic equilibrium constants of the 
surface reactions are K1 and K2. 

The spatial distribution of mobile ions near NPs can be predicted by 
the classical Poisson-Boltzmann theory, which is based on a mean-field 
approximation where correlations due to steric effects and fluctuations 
are neglected. Within the Poisson-Boltzmann theory the free energy F 
can be written as [5] 

Fig. 2. Schematic presentation of the model applied for the interpretation of 
adsorption of polyelectrolytes on spherical NPs; radii of the bare nanoparticle 
and of polyelectrolyte-coated nanoparticle are denoted by rCNP and rcoated, 
respectively, while δ presents the thickness of the polyelectrolyte layer. 

Shape

Size

Surface 
chemistry

Surface 
charge

pH

Temperature

Ionic strength

Concentration of 
biological molecules

Fig. 3. The intrinsic NP properties and external biological characteristics that 
affect the stability of NPs in the biological media. Fig. 4. Surface reactions at the NPs/aqueous media interface.  
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F =
1

8π lB

∫

V

(∇ψ)2dV + kBT
∫

V

∑N

i=1
(nilnni/n0i − ni + n0i)dV (5)  

where the first term on the rhs of Eq. (5) corresponds to the energy 
associated with the presence of an electrostatic field E→ = − ∇ϕ, where 
ϕ is the electrostatic potential, ∇ is the nabla operator and ψ = eϕ/kBT is 
the reduced electrostatic potential, with kBT being the thermal energy. 
The second term corresponds to the translational entropy contributions 
of ions coions and counterions in the aqueous solution. The ion con
centration of the i-th type is denoted as ni and the sum goes through all 
ion species from 1 to N. n0i are the ion bulk concentrations. The integrals 
go through the full space V. The distance between two elementary 
charges at which their Coulomb interaction equals the thermal energy is 
the Bjerrum length lB. 

In thermodynamic equilibrium the free energy functional F(ψ,ni) 
adopts a minimum with respect to the electrostatic potential and ion 
concentrations. The minimization procedure of F results into Boltzmann 
distributions for ion concentrations which are inserted into Poisson 
equation leading to the Poisson-Boltzmann equation for the electrostatic 
potential ψ [5] 

d2ψ(r)
dr2 +

a
r

dψ(r)
dr

= − 4 πlB

∑

i
zin0i e− ziψ(r) (6)  

where zi is the ion valency of the i-th species. The parameter a is con
nected with the geometry, for spherical NPs a = 2, for cylindrical NPs 
a = 1 and for planar NPs a = 0. The differential Eq. (4) can be solved 
together with two boundary conditions 

dψ
dr

(r = R) = − 4π lB
σ
e

(7)  

ψ(∞) = 0 (8)  

which follows from the electro-neutrality of the system. The last 
boundary condition fixes the electrostatic potential to zero far from the 
charged surface. The surface charge density σ is 

σ =
∑M

k=1
Гke zk (9)  

where Гk is the surface site concentration of the charged group of the k- 
th type. The sum runs over all type of charged groups on the NPs from 
k = 1 to M. 

The charge regulation is especially important to understand and 
interpret the experimental data of the NP’s charge. Fig. 5. shows the 
surface charge density as a function of pH for three different adsorption 
site densities. At lower pH the NP’s surfaces are positively charged 
whereas at higher pH the surfaces are negatively charged. 

The finite size of ions is especially pronounced close to NPs surface 

[84]. Stern has improved the PB theory by dividing the electric double 
layer into two domains, one that encompasses a shell of adsorbed 
counterions and another one that represents the diffusive part of the 
electric double layer in the vicinity of the NP’s surface. The lattice gas 
and Carnahan-Starling equations of state are the two most frequently 
used self-consistent approaches to incorporate excluded volume 
interactions. 

Efforts to consider correlations were made in two ways: strong and 
weak electrostatic couplings [85]. The former case is very relevant for 
multivalent ions. Shklovskii proposed an approximate method to 
describe inter-ionic correlations through the formation of a Wiegner 
crystal. The weak correlation regime is connected to the modification of 
the classical PB theory: integral-equation theories, perturbative expan
sions around the classical PB model, local density-functional theory, and 
field theoretic methods. Intra-ionic correlations need to be introduced in 
the case of ions or molecules with spatially distributed charge [86]. 

To verify some of the predictions of the present modified PB model 
against computational results, Monte Carlo (MC) simulations need to be 
performed including electrostatic and short-range interactions. The re
sults of Monte Carlo simulations are ionic distribution profiles along 
with some thermodynamic quantities (excess internal energy and 
chemical potential of ions). One of the aims of computer simulations is 
to verify validity range of the modified Poisson-Boltzmann theory. More 
realistic models in terms of shape and positions of charged groups on 
NPs can be modeled. Molecular dynamics (MD) simulations can also 
deliver important insight of the system. Compared to MC simulations 
MD simulations can give a more detailed prospect of the complicated 
systems. MD simulations are also very useful to describe biological 
systems where water ordering plays a very important role. 

5. Interactions between nanoparticles and interfaces 

Interactions between nanoparticles and interfaces in aqueous solu
tions (Fig. 6) play an important role in different fields of science that find 
applications in a wide variety of fields, including paints, ceramics, drug 
dispersions, soils or food processing. The charged interfaces could be 
lipid membranes, mica, DNA, colloids, metal oxides, actin molecules, 
proteins, viruses, and even cells. The charge structure of NP and their 
internal degrees of freedom as well as charge structure of interfaces 
influence the interaction strength between NP and different type of in
terfaces [8,87,88]. 

The following mechanisms of the interface charging exist: the pref
erential adsorption/desorption of the surface lattice ions, specific 
adsorption of ions, ionization of surface functional groups, isomorphic 
substitution and accumulation/depletion of electrons at the surfaces. 
Most of these cases can be considered as described in subsection 4. Here 
we consider an example of the structured surface, which includes groups 
with spatially extended charge. The simplest case of such groups is 
zwitterionic lipid consisting of a negatively charge phosphate group at 
the polar-apolar interface and a positively charged choline or ethanol
amine group. Both entities are separated by a distance l. The contribu
tion to the free energy of the zwitterionic lipid layer (in addition to eq. 5) 
is [95] 

Flipid = kBT (1 − φ)
1
l

∫ l

0
W(x)lnW(x)dx (10) 

This term is the entropic contribution of the zwitterion’s orienta
tional degree of freedom. The fraction of charged lipids is denoted by φ 
and W(x) is the conditional probability density for the terminating 
charge of the zwitterionic lipids to be located at x. Let’s note that in this 
case the functional depends also on the conditional probability density F 
(ψ,ni,P).The functional needs also to be minimized with respect to W 
leading to the modified Boltzmann distribution. 

NPs have generally different charge distributions on the surface. In 
recent studies, we approximate NPs by charged spherical particles with 

Fig. 5. Surface charge density σ as a function of pH for three different 
adsorption site densities Γ. The calculation was made for spherical NPs. The salt 
concentration is 2 mM. 
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discrete and continuous charge distributions. The classical PB theory has 
been generalized to consider the system of nanoparticles near charged 
interfaces [6,89,90,91,92]. 

F
AkBT

=
1

8πlB

∫ ∞

− ∞
dx Ψ

′

(x)2 +

∫ ∞

− ∞
dx

1
2l

∫ l

− l
ds n(x, s)[lnn(x, s)v − 1 − U(x, s) ]

(11)  

where the ion distribution function n(x, s) is defined as joint probability 
for the positional and orientational degrees of freedom. Integration over 
all possible orientations s gives the concentration function of NPs 

n(x) =
∫ l

− l
n(x, s)ds (12) 

The external potential U(x, s) prevents that NPs cannot penetrate 
through the charged walls. The results of theoretical considerations are 
the electrostatic potential, concentration profiles, orientation profiles 
and equilibrium free energy. A large impact is made by the salt addition. 
The results showed that the attractive interactions between like charged 
interfaces corroborates the possibility of condensation induced by NPs 
with spatially distributed charges. The attractive force between like 
charged interfaces is the result of intra-ionic correlations introduced 
through the uniform surface charge density of the NPs. Inter-ionic cor
relations can further enhance the degree of attraction. The increasing 
salt concentration of the system has a large influence on the surface 
charge screening and on the concentration of nanoparticles close to the 
charged surface. The salt addition decreases the nematic order param
eter of NPs [7,93,94]. 

Interactions between NPs and lipid layers are especially important 
from biological point of view where all possible orientational degrees of 
freedom and shapes can be considered. Recently we showed that the 
adsorption of NPs onto the lipid layer is mainly driven by the electro
static interactions [95,96]. Similar effects were observed also with DNA 
adsorption onto lipid layers. 

Electrostatic interactions affect the immersion depth of NPs trapped 
at an air water interface. Experiments showed that upon adding salt 
negatively charged NPs penetrate deeper into the water. The positively 
charged NPs exhibit opposite quite behaviour. In agreement with ex
periments, the modified PB theory predicts opposite behaviors of 
negatively versus positively charged NPs: adding salt increases/de
creases the water immersion depth of NPs with negative/positive charge 
[97]. 

6. Applications 

Recent advances in the synthesis, characterization and interpretation 
procedures related to nanoparticles presented in previous chapters 
facilitated the production of versatile and high-quality NPs. The struc
ture, size, antioxidative and catalytic properties, biocompatibility, 
permeability and prolonged retention time at the targeted place of de
livery of such NPs enabled their widespread usage in the various sci
entific fields, primarily in biomedicine, biosensing and bioimaging 
applications (Fig. 7). The numerous options are available for tailoring 
and improving the physico-chemical properties of NPs. That allows the 
design of more efficient nano-based drug delivery systems that have 
predetermined surface properties, size distribution and morphology for 
the controlled therapeutic efficiency [98]. 

Biomedicine is demanding sophisticated high-throughput nano drug 
delivery systems that are safe and efficient. The promising options are 
nanomedicines based on the rational design of pharmacologically active 
multifunctional nano-scale drug delivery systems that consider nano-bio 
interactions and appropriate biological response. The development of 
targeted nano-scale drug delivery systems enables the establishment of 
innovative platforms for the improvement of already existing medicines 
or design of the novel therapeutics’ strategies. NPs conjugated or func
tionalized with anticancer drugs, peptides, proteins, genes or vaccines 
display enhanced activity and therapeutic effect. Smaller dose, efficient 
response and low systemic toxicity are the key elements for overcoming 
the intrinsic limitations of drugs [99]. Currently, state-of-the-art in the 
precise NPs engineering is oriented towards the design of personal 
nanotherapeutics, i.e. personal medicine that could overcome the pa
tient heterogeneity, one of the main limits of the traditional medicine 
[100]. In addition, an efficient drug delivery vehicle should avoid rapid 
clearance of the reticuloendothelial system, pass across biological bar
riers and overcome the pharmacokinetic limitations related with asso
ciated conventional medicines. Many studies are oriented towards the 
development of nanomedicines that could improve patient’s response to 
applied therapy. These nanomedicines are based on the innovative 
strategies that fabricate engineered NPs with precise properties. More
over, the patient’s medical history is also taken into account. The 
combined approach facilitates the progress towards the personalized 
therapy that is the main goal in the advanced nano-therapy. 

Inorganic NPs such as mesoporous silica, as well as iron, titanium 
and zinc oxides, display strong potential for the applications in the 
biomedical fields such as diagnostics, theranostics and therapy. In this 
section the overview of selected NPs and their biomedical applications 

VirusesBacteria

ProteinsNucleic acidsAntibodies Cells

Flat surfaces
(mica, SiO2 wafer)

Cell membrane

Fig. 6. Interaction between NPs and different interfaces: bacteria, viruses, metal oxide surfaces, cells, antibodies, nucleic acids and proteins.  
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will be presented. 
Mesoporous silica nanoparticles (MSNs), as highly ordered structures 

containing large pores with uniform porous dimensions ranging from 2 
to 50 nm, are among the most exploited nano-platforms with huge po
tential for the biomedical applications [101]. The extraordinary 
intrinsic properties and high loading capacity of MSNs, together with 
their physical and chemical functionalization, enhanced the biocom
patibility of such nanoparticles. All of that, including their interactions 
and conjugation with biomolecules, promoted MSNs as the candidates 
with extraordinary biomedical potential [102–107]. Ren et al. devel
oped nanoreactors for multi-synergistic cancer therapy comprised of 
MSNs‑palladium (SP) and doxorubicin-cyclodextrin complex (pDOX- 
CD) [108]. Design of that nanoreactor is based on glucose oxidase (GOD) 
mediated cancer starvation therapy, H2O2

− mediated orchestrated 

oxidation therapy and DOX induced chemotherapy [109,110] (Fig. 8). 
Liu and co-workers prepared sustainable reactive oxygen species 

(ROS) generator by encapsulation of nano-sized manganese tetrox
ide‑chlorine e6 conjugates (Mn3O4-Ce6) into dendritic MSNs followed 
by coating with hyaluronic acid for the photodynamic therapy (PDT) 
[111]. The sustainable ROS generator required for the PDT presents an 
innovative strategy for enhanced ROS-mediated anti-cancer therapy. 

Magnetic iron oxide NPs (IONPs; maghemite, γ-Fe2O3 and magnetite, 
Fe3O4) are extensively exploited in biomedicine due to their specific 
properties that provide size-dependent magnetic targeting. They are 
nontoxic, biocompatible and biodegradable [112]. Iron oxide NPs are 
widely used as contrast agents for magnetic resonance imaging (MRI), in 
magnetic hyperthermia treatment, for drug and cell targeting and as 
nanozymes due to intrinsic enzyme-like activity [113–115]. Li et al. 

Viruses

Bacteria

Nanoparticles

Therapeutics

Theranostics

MRI
Photothermal 

therapy

PET

Antibodies

Proteins

Nucleic acids

Metal oxide 
NPs embeded in 
biocompatible 

polymers

Chemotherapy
Cancer cells

Mesoporous silica
Doxorubicin 

loaded

Fig. 7. Overview of NP applications in the fields of biomedicine, biosensing and bioimaging.  
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fabricated polydopamine functionalized Fe3O4 nano-composites for the 
MRI-guided photothermal therapy (PTT) cancer treatments [116]. Pol
ydopamine coating enabled improved biocompatibility, stability and 
photothermal response. The nanocomposite exhibits long-term stability, 
excellent MRI contrast enhancement effect and performance. In vivo 
studies on 4 T1 tumor-bearing mice display high antitumor activity 
where tumors were removed which represents a great potential for the 
further clinical applications. IONPs functionalized with metronidazole- 
conjugated dendrons which are used as radiopharmaceuticals that 
recognize hypoxia in tumors was prepared by Filippi et al. [117]. The 
biological activity of metronidazole, i.e. tracing of hypoxia within cells 
and tissues combined with IOPNs could facilitate MRI diagnosis and 
tumor recognition. In vitro studies showed that obtained NPs are 
biocompatible with negligible cytotoxic effect, they favour bio- 
interactions and selectively accumulate in the less oxygenated tissue. 
The developed innovative theranostic nanoplatform enables the active 
recognition of hypoxia levels and safe and versatile imaging and di
agnostics that can distinguish normal vs hypoxic tissues. 

Titanium oxide (TiO2) NPs have attracted significant interest among 
scientists due to their biocompatibility, chemical stability, photo
catalytic properties and plethora of shapes that find usage in numerous 
applications in the fields such as biosensing, medical implants, drug 
delivery and antibacterial applications [118]. In addition, the possibility 
to generate ROS in the presence of UV-light and damage cancer cells has 
a huge potential in various therapies. Multimodal TiO2 nanocorals with 
light-triggered drug release for the cancer chemotherapy were devel
oped by Yadav et al. [119]. It was shown that the amount of released 
DOX can be tuned by UV-light irradiation which can be used for the 
further development of the TiO2 NPs as the light-triggered drug delivery 
system for cancer treatment. Ge and co-workers fabricated gold/carbon/ 
TiO2 (Au@C/TiO2) nanorod array photoelectrochemical glucose 
biosensor [120]. Photoelectrochemical biosensors have attracted huge 
interest due to many advantages like low noise to signal ratio, low cost 
and high sensitivity. The photoactive properties of the semiconductor 
determine the sensitivity of the sensor. Combination of Au, C and TiO2 
nanorods immobilized with glucose oxidase displayed good stability and 
reproducibility and excellent efficiency for the glucose detection. 

Zinc oxide (ZnO) NPs also emerged recently as promising drug de
livery systems as presented in the study by Ghaffaria and co-workers 
[121]. Curcumin loaded zinc oxide, ZnO-β-CD nanoflowers functional
ized with mercaptopropionic acid and conjugated with folic acid were 
designed to enhance the distribution, targeting, bioavailability and 

release profile of curcumin into breast cancer cells. The overexpressed 
folate receptor has been found in many tumors and serves as a biomarker 
for the cancer cells. Therefore, design of many advanced drug delivery 
vehicles includes conjugation of folic acid that targets the folate receptor 
which results in elevated anti-cancer drug uptake and improved anti- 
cancer efficacy. Briones et al. reported fluorometric ZnO nanowires- 
enzyme bioconjugate assay for the lactate and cholesterol oxidase 
detection in human serum [122]. Determination of lactate oxidase 
concentration in serum is of huge importance for the detection of several 
conditions such as haemorrhage, respiratory failure, hepatic disease, 
sepsis and tissue hypoxia. Elevated cholesterol level in blood is a 
biomarker for the cardiovascular diseases, high blood pressure and 
diabetes type 2. Conventional methods for lactate and cholesterol 
determination are time-consuming and less accurate. In the presented 
research fast fluorometric assay is based on the detection of formed 
hydrogen peroxide during oxidation of lactate or cholesterol. Hydrogen 
peroxide quench the ZnO nanowires photoluminescence signal, which 
corresponds to the lactate and cholesterol concentration in the serum. 
Promising analytical properties, i.e. low detection signal, good selec
tivity and reproducibility, enable development of the high-throughput 
nanoplatforms for the future applications in the detection of lactate 
and cholesterol in various samples. 

Besides their enormous potential in the field of biomedicine, NPs 
emerged as the antiviral and antibacterial functional agents. NPs multi- 
modal mechanism against microbe’s homeostasis is comprised of direct 
interaction with the bacterial cell wall or a capsid in viruses, inhibition 
of the biofilm formation, release of metal ions, triggering reactive ROS 
formation, interference with DNA or protein synthesis [123]. Nano
particles are also advantageous in treating bacterial infections and can 
be used in antibacterial coatings for implants and medicinal materials to 
prevent infection, as well as for promoting wound healing [124–127]. 

Valuable information about the possible applications of coated NPs 
as antibacterial coatings could be deduced from the corresponding sys
tems containing metal oxide plates or similar surfaces. For example, 
polyelectrolyte multilayers (PEMs) could influence the promotion or the 
disruption of the bacterial biofilm due to their high surface charge 
density. If the terminating layer of a PEM has an opposite charge than 
bacteria, the interaction between bacteria and PEM is promoted. In the 
recent study, we showed that the PEMs formed of poly(allylamine hy
drochloride) and sodium poly(4-styrenesulfonate) could increase the 
antibacterial properties of a surface [128]. On the other hand, in the case 
where the terminated layer of a PEM is a protein, bacterial adhesion 

MSN

K2PdCl4

a)

b)
O2

GOD

H2O2

Glucose

Gluconic
acid pDOX DOX

Pd-catalysis

pDOX-CD-MSN 

GOD 

G-MSN-pDOX-CDSP

pDOX-CD NaBH4

Fig. 8. Design of the nanoreactor based on palladium-doxorubicin-cyclodextrin complex and MSNs activated in situ by the combination of glucose oxidase activity 
and palladium to achieve multi-synergistic cancer therapy. Copyright permission from American Chemical Society. Figure adopted and modified from Ren 
et al. [108]. 
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strongly depends on the specificity of the used protein, while the surface 
physical properties do not play the key role in the adhesion process 
[129]. Finally, we studied also the bacterial adhesion capacity of uro
pathogenic Escherichia coli to PEM-coated urinary catheter surface 
[130]. It was shown that the biofilm is easily formed on non-treated PVC 
surfaces, which was not the case for multilayer coated surfaces. PEM 
terminating with sodium poly(4-styrenesulfonate) layer showed the 
lowest bacterial adhesion which could be helpful in prevention of bio
film formation. 

Since 2020, the world is facing the Covid-19 pandemic caused by the 
SARS-CoV-19 virus. The nanotechnology addresses numerous issues 
related with Covid-19 infection. The multifunctional antiviral coatings, 
sensors that detect Covid-19 and self-cleaning personal protective 
equipment based on the NPs displays high potential against it 
[131–133]. Recent publications highlight sensors based on gold NPs as 
the efficient tool for the diagnosis of Covid-19 infection [134,135]. 
Covid-19 virus remain on the surfaces (plastic and steel) for a longer 
period of time, thus giving rise to infections. Copper and coper oxide NPs 
covered surfaces display significant antibacterial and antiviral activity 
through copper ions release and triggering the ROS production 
[136,137]. The photocatalytic activity of TiO2 NPs can be used for 
deactivation of Covid-19 through UV-radiation [138,139]. Even though 
NPs displayed promising potential against Covid-19, more research has 
to be done in order to alleviate the serious consequences on the global 
health. The aim is to capture and inhibit the virus before it infects the 
host and to prevent the mutation of the virus. The prevention and con
trolling of the current Covid-19 outbreak, but also issues related to an
tibiotics resistance, are currently one of the highest priorities in science 
and modern medicine. Nanotechnology, as a highly versatile platform, 
displays great potential for the development of antiviral and antibac
terial agents that could mitigate the current health crisis. 

7. Conclusions and future prospects 

In this article we attempted to give an insight into the contemporary 
state-of-the-art in the field of NP’s synthesis, characterization and ap
plications, with a special emphasis on the benefits that could be gained 
from theoretical considerations of NPs in solution and at the interfaces. 
In modern science it is indispensable to combine the efforts of the sci
entists dealing with experimental and theoretical approaches on various 
topics. It is especially important to find a theoretical model that can 
adequately describe systematically obtained experimental data. We 
showed earlier [9] on the example of cerium oxide NPs that the 
dependence of experimentally obtained surface charge density of trun
cated octahedron CeO2 NPs on pH is in a good agreement with the re
sults obtained by the density functional theory. Such a holistic approach 
that relates the experiment with the theory could significantly 
contribute to a profounder understanding of the investigated systems. 
These results could even provide a framework for various tuned appli
cations, especially in the field of biomedicine. 

Regarding the future prospects in the field of nanoparticles it should 
be stated that currently the focus in the NPs production and translation 
from bench to bedside, is a design and development of the personalized 
nanomedicine. The precise tuning of NP properties which enables the 
transport through biological barriers, their conjugation with drugs, an
tibodies, proteins, nucleic acids, etc., in combination with genetic profile 
of patient and patient’s medical history could generate NPs for the in
dividual treatment. This strategy could greatly improve the drug de
livery and patient’s response in the applied therapy. 
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Chem Acta 2012;85:391. https://doi.org/10.5562/cca2062. 

[84] Macdonald JR. J Electroanal Chem 1987;223:25. https://doi.org/10.1016/0022- 
0728(87)85249-X. 

[85] Vlachy V. Annu Rev Phys Chem 1999;50:145. https://doi.org/10.1146/annurev. 
physchem.50.1.145. 

[86] Bohinc K, Grime JMA, Lue L. Soft Matter 2012;8:5679. https://doi.org/10.1039/ 
C2SM07463J. 
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Šmejkalová D, et al. Carbohydr Polym 2013;92(2):1177. https://doi.org/ 
10.1016/j.carbpol.2012.08.098. 
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