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ABSTRACT

Drug delivery is a promising ˛eld, directed for a transfer of

desirable chemical or therapeutic substances to a certain point.

For this case di¸erent systems can be used and capsules synthe-

sized by layer-by-layer technique are among the most promising

ones.

These capsules can be synthesized using di¸erent polymers

for the shell formation and di¸erent templates, where this shell

will be formed. It is quite important to study the structure of

these objects. Moreover, it is necessary to study the capsules

in their natural surroundings, in a liquid one. For the ˛rst time

these types of objects were studied in a liquid medium by Coher-

ent X-ray Di¸raction imaging. There is a signi˛cant di¸erence

in images that were obtained for dried and liquid samples.

When hollow capsules are synthesized, they can be loaded

with di¸erent substances. In this work the capsules were loaded

with such biologically active compounds as aquacobalamin (Vi-

tamin B12) and dimeglumine chlorin E6. These compounds

were encapsulated for the ˛rst time into this type of micro-

containers. For a better and more precise delivery the shell of

the capsules can be functionalized. For this reason, magnetite

nanoparticles were incorporated into the shell. This allows to

use external magnetic ˛eld for targeted delivery. Moreover, this
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incorporation of magnetite nanoparticles made it possible to

bring two types of capsules, loaded by di¸erent substances, in

one zone. After the targeted delivery, encapsulated substances

were released in this targeted zone by varying the pH of sur-

rounding solution.
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1.1. DRUG DELIVERY SYSTEMS 2

The human or animal body is a complicated system. In

some moments of life, when the organism is not able to re-

solve appeared problems by itself , it needs help, e.g., that is

treatment with external therapeutical compounds. This hap-

pens when our immune system can’t resist any infection or it

need an external help. In this case di¸erent drugs can be used.

The problem appears when we are facing with some grave situ-

ations, because this cases requires more concentrated, harmful,

considerable quantity of the pharmaceuticals. However almost

all pharmaceuticals can have some undesirable e¸ects. For ex-

ample, in the case of the serious illness, the used drugs not

only help to repair desired zones of the organism but also make

harms on other areas. That is why nowadays di¸erent systems

are invented in order to reduce this harmful e¸ect, to reduce

the concentration of the drug, to develop a more targeted de-

livery system. As one of the options nanoengineered polymeric

capsules (NPCs) can be used. This system is unique due to the

fact that di¸erent compounds can be used for their preparation,

we can functionalize it with di¸erent substances, we can deliver

them easily to the certain zone, we can control release of the

drug, etc. (Pastorino et al., 2013)

1.1. DRUG DELIVERY SYSTEMS

Drug delivery systems (DDS) is based on recently devel-

oped technologies which allows the targeted delivery and/or

controlled release of chemical substances, e.g., drugs. It is a

kind of smart interface between the patient and the drugs. In

the ˛eld of drug delivery, it’s important to ˛nd a perfect system

that can behave itself like a vehicle in the circulatory system

and move through cells and tissues. The other important thing

in DDSs is that during drug delivery some therapeutic agents

can in‚uence on the healthy tissues that are not the target of
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the drug. These side e¸ects limit the ability to make optimal

drugs for many diseases such as cancer, infectious diseases, etc.

(Patra et al., 2018)

Usually in DDSs not only the drugs themselves are impor-

tant but also the container for their delivery. This container

should be stable during the delivery. It can be fabricated from

a plenty number of polymers. However, considering the fact

that these containers would be used in a body, the polymers

should respond to some requirements like biocompatibility and

biodegradability. Moreover, if we are speaking of the operation

inside the human body, the size of a DDS should correspond to

micro- or even nano- sizes. The synthesis of a such system that

corresponds to all necessary requirements is a complicated task.

(Zhang et al., 2013)

Some drugs are only e¸ective if their bioactivity is within

the therapeutic window. Bioavailability is the portion of the ad-

ministered dose that enters the systemic circulation unchanged.

The bioavailability of a drug is largely determined by the prop-

erties of the dosage form, which partly depend on its design

and production. Di¸erences in bioavailability between dosage

forms of a given drug may be of clinical signi˛cance; therefore,

it is important to know whether the dosage forms are optimal.

(Hebert, 2013) Therapeutic window is the time range between

wound and treatment during which the drug is still e¸ective.

(Danton and Dietrich, 2005)

To calculate the proper amount of the drug it is neces-

sary to know the therapeutic index (TI), which is the ratio of

the drug’s amount that gives therapeutic e¸ect to amount that

causes toxicity. (Trevor et al., 2010) For almost all therapeutic

agents, this range is wide enough. The maximum concentra-

tion of the drug in plasma is high enough above the minimum
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therapeutic dose and su‹ciently below the toxic concentration.

(Rei¸el, 2000) The larger therapeutic index, the safer is drug.

Conversely, a drug with a narrow therapeutic index usually has

a strong concentration dependence. There is only a narrowly

de˛ned range of doses of a drug in which the drug has a bene˛-

cial e¸ect without causing serious consequences. In other words,

small ‚uctuations in concentration values can have a toxic ef-

fect on the body or insu‹cient therapeutic e¸ect. (Tamargo

et al., 2015)

In addition, it is clear that the need for DDS is important.

Since many drugs have already been invented, the attempts and

the dose of their usage is already known. The remain problem

was in their safety and less toxic lateral e¸ects. Moreover, the

synthesis of a new drugs which would be more \friendly" to the

human’s body is more expensive and takes more time because of

clinical tests. Therefore adequate design of "smart" containers

is an easier solution of this task.

DDSs can be capable to control the rate of drug deliv-

ery, the frequency of drug releasing, can sustain the duration of

therapeutic action, can be placed to speci˛c, necessity points.

(Lankalapalli and Kolapalli, 2009)

So, the main requirements to DDS are:

Ĺ Should protect from degradation in the bloodstream.

Ĺ Should provide controlled release.

Ĺ Should enhance drug stability.

Ĺ Should provide targeted drug delivery.

Ĺ Should decrease toxic side e¸ects.

Ĺ Should improve pharmacokinetic and pharmacodynamic drug

properties.
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Ĺ Should be biodegradable and biocompatible.

Ĺ Should be scalable according to required volume of the en-

capsulated drug. (Lankalapalli and Kolapalli, 2009)

Recently, there was an important breakthrough in the ˛eld of

DDS realization. Various container types have been developed

and, moreover, many of them have been tested clinically. These

systems are layer-by-layer (LbL) capsules (Sukhorukov et al.,

1998a), liposomes (Allen and Cullis, 2013), polymersomes (Lee

and Feijen, 2012), Particle Replication In Nonwetting Templates

(PRINT) (Rolland et al., 2005), gels, prodrugs, cyclodextrins

(Tiwari et al., 2012), etc.

The ability to control physico-chemical properties such as

size, shape, surface functionality, and release mechanisms strongly

supports the prospects of the particle design for a wide range

of biomedical applications. (Si et al., 2016; Wang et al., 2016)

In the future, it is expected that new types of containers, as

well as drugs, will be improved and developed, allowing to es-

tablish new, more e¸ective methods of treatment. Moreover,

thanks to the development of DDSs, it is possible to realise new

drugs that will be synthesized for a certain type of container,

thereby increasing the e¸ectiveness of the action and reducing

toxic e¸ects on the body. However, there is still a signi˛cant

gap in knowledge, since understanding of all the features of in-

teractions between particles and biological systems is far from

complete. (Gai et al., 2017; Yan et al., 2012)

1.2. LAYER-BY-LAYER TECHNIQUE

1.2.1. Polymeric drug delivery system

Polymeric drug delivery systems can be divided into biodegrad-

able and non - biodegradable ones. In general, there is no rigid
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borders between these two classes of polymers. The di¸erence is

in the time of degradation, matter of degradation degree, con-

ditions. Biodegradable polymers mostly are water-soluble or

natural biopolymers, non - biodegradable are water-insoluble

polymers, and the rate of their degradation is much slower.

(Steinbuchel, 2005) Moreover, almost all carbon-based poly-

mers are biodegradable. (Kyrikou and Briassoulis, 2007)

At the same time, it has been reported that there are

some polymers with a controlled lifetime have been synthesized.

These polymers should be stable during their usage and should

biodegrade at the end of the experiment. (Lucas et al., 2008)

Drug release from a polymeric system is in‚uenced by mul-

tiple factors such as drug properties, polymers properties and

the type of DDS. Each case requires a consideration which DDS,

polymers and drugs should be used. We should remember about

DDS shape, morphology and porosity of its surface, type of

polymers that are used, stability, charge, and solubility of a

drug. Moreover, in the case of polymers we should remem-

ber about biodegradation mechanisms, such as hydrolysis and

oxidation, and the rate of biodegradation. (Silverman et al.,

2002) These types of reactions can be caused by water, acids,

bases, salts, enzymes. The rate of biodegradation depends on

molecular weight, hydrophilic or hydrophobic character of the

polymers, crystallinity, glass transition temperature. Addition-

ally, the external factors like, for example, pH and temperature

can in‚uence on DDS.

1.2.2. Polyelectrolyte self-assembling technique

Polyelectrolyte self-assembling technique, also known as a

layer-by-layer (LbL) technique, is a powerful deposition method

that allows to fabricate thin ˛lms on substrates. (Decher, 1997)

This technique is easily reproducible. It does not require any
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speci˛c, inaccessible reagents and does not require any special

equipment. These ˛lms are formed by deposition of oppositely

charged objects from solutions with washing between each de-

posited layer. In 1966 this method was applied for the ˛rst

time by Iler. (Iler, 1966) He used oppositely charged colloidal

particles - silica and aluminium - and deposited them on the

glass surface. Afterwards this method was supplemented by

Prof. Gero Decher. (Decher and Hong, 1991) He synthesized

cationic and anionic amphiphile molecules. Then a solid sup-

port with positively charged surface was immersed in negatively

charged amphiphile solution. A monolayer is adsorbed, the sur-

face charge is reversed. Then the surface was washed in pure

water and after the sample was immersed into the solution of

positively charged amphiphiles. The second monolayer is ad-

sorbed, and the surface charge returned to its initial sign. By

repeating these steps one after the other, multilayered ˛lm is

fabricated. These steps are schematically shown in the Fig. 1.1.

Fig. 1.1 Schematic representation of the adsorption process

Due to the fact, that the technique is rather simple to use

and repeat, it was quickly spread to diverse scienti˛c commu-

nities. In particular, for the synthesis of regular assemblies of

multiple materials including polymers (Fujii et al., 2010; Lvov

et al., 1999), biomaterials (Caruso et al., 1998b; Lvov et al.,

1994, 1995a, 1998), inorganic substances (Ariga et al., 1999;

Lvov et al., 1996, 1997), and supramolecular assemblies. (Ariga

et al., 1997, 2011; Katagiri et al., 2002a,b)
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Later, the process of the ˛lm formation was mainly based

on the attraction of oppositely charged objects (e.g., polymer-

polymer, polymer-drug, polymer-drug-polymer, etc.) instead

of the use of amphiphile molecules. (Lankalapalli and Kola-

palli, 2009) At least two polyelectrolytes, which were oppo-

sitely charged, were used within the process. (Decher et al.,

1992) The adsorption of a polyelectrolyte on a charged surface

occurs due to comparatively high concentrations of polymers

in solution. This fact results in the excessive adsorption of

substances where charge neutralization and resaturation leads

to reversal of a charge. The alternation of the surface charge

leads to a formation of continuous complexes between di¸erently

charged polyelectrolytes, forming layers of oppositely charged

˛lms. (Ariga et al., 2011)

Polyelectrolytes, biological compound, magnetic nanopar-

ticles, metal nanoparticles, dyes, alumosilicates, zirconium phos-

phates, etc., are used as molecules that form layers in LbL

technique. (Kotov, 1999) The driving forces for the LbL as-

semblies are not only electrostatic interactions, but also metal

coordination (Lee et al., 1988; Wanunu et al., 2005), hydrogen

bonding (Stockton and Rubner, 1997; Sukhishvili and Granick,

2000), covalent bonding (Chen et al., 1999; Such et al., 2006),

supramolecular inclusion (Ikeda et al., 2001), bio-speci˛c recog-

nition (Hoshi et al., 2002; Lvov et al., 1995b), charge transfer

complex formation (Shimazaki et al., 1998), and stereo-complex

formation. (Serizawa et al., 2004, 2000)

The main steps of the method are illustrated in the Fig.

1.2: adsorption of one polyelectrolyte, washing, adsorption of

second polyelectrolyte, that is oppositely charged to the previ-

ous one and ˛nal washing. The repetition of these steps allow

to fabricate a polyelectrolyte multilayer ˛lm (PEM).
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Fig. 1.2 Schematic representation of layer-by-layer technique

Synthesis of ˛lms by LbL technique does not require special

equipment, there are no special requirements on the physico-

chemical properties of the surface, the size and shape of the

substrate, the nature and topology of the surface, because the

process involves adsorption from an aqueous solution. In addi-

tion, this technique allows to use a wide range of reagents.

Later, a very important step in using this technique was

done in 1998. G. Sukhorukov and his colleagues had used LbL

assembly for covering a colloidal particles. They had used man-

ganese (II) carbonate MnCO3 as a core, PSS and PAH as a

polyelectrolyte for the shell. Subsequent dissolution of the core

leads to formation of hollow shells. (Caruso et al., 1998a; Do-

nath et al., 1998; Qiu et al., 2001; Sukhorukov et al., 1998a,

1999)

These experiments had shown that LbL assemblies can be

used for non-planar substrates thus opening great opportunities

for further development and study of this objects.

1.2.3. Layer-by-layer capsules for drug delivery

As it was stated above, in 1998 the LbL technique was used

for hollow capsule preparation. Melamine formaldehyde particle

(MF particles) with 3 —m diameter were used as a core. It was

possible to dissolve these core particles when the pH of the so-

lution was lower than 1.6. Polyanion and polycation molecules
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(PSS and PAH respectively) were used in the process of adsorp-

tion on the colloidal particles. (Sukhorukov et al., 1998b, 1999)

After the deposition of the layer, unadsorbed solution was re-

moved after the centrifugation of the sample in the tube. The

dispersed microparticles were washed with a water at least 3

times.

This method was the starting point for many studies, be-

cause after it became possible to synthesize hollow capsules of

various shapes and sizes, as well as their use in medicine and

pharmacology. Subsequently, variants of cores and polyelec-

trolytes were studied. Both organic and inorganic materials can

be used for synthesis of such objects.

1.2.4. Templates for capsule assembly

For templates the main requirements are:

Ĺ They should be stable during LbL deposition process.

Ĺ During the dissolution of the template, the stability and the

structure of the multilayer shell should not be interrupted.

Ĺ The dissolved template should exit from the hollow capsule

without any problem.

Ĺ For easier characterization, it is better that the templates

should have spherical shape and should be monodisperse.

(De Cock et al., 2010; Peyratout and Daehne, 2004)

Polystyrene (PS) (D«ejugnat and Sukhorukov, 2004; Elsner

et al., 2004), MF (Sukhorukov et al., 1998a), erythrocytes

(Moya et al., 2001; Neu et al., 2001) and polylactic acid (PLA)

(Shenoy et al., 2003) particles were used as organic templates.

The di‹culty of using organic templates is that there is a prob-

lem in dissolving the core. Unlike organic materials, inorganic

materials are easier to use. In addition, the cores can be dis-
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solved easily. In case of MF as a core, during dissolving MF

templates turn into protonated MF oligomers (Andres and Ko-

tov, 2010). Because of their slow di¸usion, the osmotic pres-

sure arises, the shell of PEM is subjected to high mechanical

stress that leads to the capsule rapture. Moreover, some part of

oligomers remains inside the capsule. In the case of PS and PLA,

these cores are dissolved in organic solvents, that can change

the structure and stability of PEM. (D«ejugnat and Sukhorukov,

2004) In addition, it was observed for these templates that the

particles swell due to osmotic pressure. If erythrocytes are used

as a core, capsules inherit a wide variety of di¸erent shapes and

sizes. (Neu et al., 2001) In order to dissolute these cores, they

are incubated in a basic hypochlorite solution. Due to these

reasons, polyelectrolytes in the shell can be oxidased. (Moya

et al., 2001)

On the other hand, there are inorganic cores such as sil-

ica nanoparticles, gold nanoparticles, cadmium carbonate, cal-

cium carbonate, manganese carbonate. They can be dissolved

in aqueous solution, and due to this, the resulting products of

dissolution can easily leave the interior part of the capsule. Un-

fortunately, these templates do not always have spherical shape

and they have high polydispersity; in addition, they can aggre-

gate. There is di¸erent types of the inorganic cores. Some of

them are more porous, respect to others, e.g., CaCO3. Due

to this, it is possible to insert some active molecules into the

capsules before the formation of the shell by adsorption of poly-

electrolytes. (Petrov et al., 2005; Volodkin et al., 2004b) At

the same time, SiO2 are smooth, spherical, monodisperse and

available in various sizes. But they can be dissolved only in HF.

(Adalsteinsson et al., 2004; Itoh et al., 2004; Schneider and

Decher, 2004; Schuetz and Caruso, 2003) Gold nanoparticles

are only available in nanoscale size and the only way to dissolve
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them is to use hazardous potassium cyanide solution. (Delcea

et al., 2011)

More typically used templates and some of their properties

are shown in the table 1.1. (Delcea et al., 2011; Peyratout and

Daehne, 2004; Skirtach and Kreft, 2009)

Table 1.1 Templates used for the preparation of hollow capsules

Parameter MF
PLA/PLGA

PS SiO2
Carbon-

ates
Size (—m) 0.5-12 0.2-20 0.1-1000 0.15-8 1-8

Shape spherical spherical spherical spherical
crys-

talline,
porous

Monodispersity excellent low excellent
Good-

excellent
medium

Template
solvents

HCl,
DMSO

NMP,
acetone

THF HF
EDTA,

HCl

Template
dissolution

Incom-
plete

Incom-
plete

Incom-
plete

Complete Complete

Drawbacks
Toxic

residues
Residues

Toxic
residues,
aggrega-

tion

No
problems

Aggrega-
tion

Biocompatibility
of encapsula-
tion

Low/medium
Very
good Low/medium

Medium
Very
good

MF = melamine formaldehyde; PS = polystyrene; PLA = polylactic acid;
PLGA = poly(lactic-co-glycolic acid); DMSO = dimethylsulfoxide; THF =

tetrahydrofurane; HF = hydro‚uoric acid; EDTA =
ethylenediaminetetraacetic acid; NMP = 1-methyl-2-pyrrolidinone.

1.2.5. Polymers

Multifunctionality of LbL technique is also determined by

the variety of materials that can be used for the capsule prepa-

ration, namely the numerous substances for the shell, such as

biocompatible polyelectrolytes (Itoh et al., 2004; Shenoy et al.,

2003), charged nanoparticles (B«edard et al., 2008; Caruso et al.,

1998c; Kotov et al., 1995; Skirtach et al., 2005, 2006), proteins

(Caruso and Mohwald, 1999), lipids (An et al., 2005; Moya
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et al., 2000), small dye molecules (Dai et al., 2001) etc.

Non-biodegradable or biodegradable polymers can be used

as a polyelectrolyte. Non-biodegradable polymers are known as

stable ones for an experiment time. (Kyrikou and Briassoulis,

2007) These polymers should be chemically inert. The main

advantage of biodegradable polymers that are used for DDS is

that after their usage they didn’t have to be removed from an

organism. These polymers protect the drug until its release and

sometimes can control the release rate. (Leja and Lewandow-

icz, 2010) However there is a stricter selection of these types of

polymers due to their biocompatibility and possible toxicity in

comparison to non-biodegradable ones. In the case of biodegrad-

able polymers we can distinguish natural and synthetic ones. As

an example of natural polymers we can list: chitosan, pectin, al-

ginate, cellulose; as a synthetic polymers { polylactides (PLA),

poly(amino acids), polycaprolactone (PCL), etc. (Ngwuluka

et al., 2014; Uhrich et al., 1999)

Polysaccharides are widespread in nature and can occur in

plants (e.g., pectin), animals (e.g., chitosan), algae (e.g., algi-

nate), microbes (e.g., dextran). (Sinha and Kumria, 2001) The

main reason why these types of polymers are widely used in drug

delivery is their safety, non-toxicity, stability, hydrophilicity, and

biodegradability. (Anwunobi and Emeje, 2011)

Up to date, the most often used non-biodegradable poly-

electrolytes for the shell formation are PAH, PSS, PEI and

PDADMAC. Due to the potential use of capsules in the pharma-

ceutical industry, there is a lot of studies of the applying natural

polyelectrolytes such as polysaccharides, for example, dextran

sulfate (Georgieva et al., 2002), chitosan (Berth et al., 2002),

sodium alginate, carboxymethyl cellulose. (Qiu et al., 2001)

Frequently used polyelectrolytes for fabrication of capsules
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are shown in the table 1.2.

Table 1.2 Some polyelectrolytes that are used as the shell in
capsule fabrication

poly(4-

styrenesulfonic

acid) (PSS)

Polyethylen-

imine (PEI)

poly(allylamine

hydrochloride)

(PAH)

poly(diallyl

dimethyl

ammonium

chloride) PAH

pectin (PE)
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chitosan (CHI)

alginate (ALG)

1.2.6. Stimuli for encapsulation and release

External stimuli play a role of trigger parameters that can

in‚uence the permeability of the shell of the capsules. There

are three types of external stimuli: physical (light, ultrasound,

magnetic ˛eld, mechanical deformation), biological (receptors,

enzymes) and chemical (pH, solvent, ionic strength). They are

schematically illustrated by the Fig. 1.3. (Delcea et al., 2011)

Fig. 1.3 Schematic illustration of stimuli for capsules opening
and closing.
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These types of stimuli can be associated with properties of

polymers, interaction with external ˛elds or actions, functions

of molecules, etc.

Chemical stimuli

Chemical stimuli like pH are often used. If weak polyelec-

trolytes are used for the shell fabrication, it is possible to open

capsules by pH through protonation or deprotonation of poly-

electrolytes’ charged groups. Namely, the usage of such poly-

electrolytes like PAH, poly(acrylic acid) (PAA) and poly(methactylic

acid) (PMAA) allows to apply variation of pH for changing of the

capsule shells’ permeability. In the case of protonation, capsules

swell, resulting in the increase of their permeability. Contrari-

wise, during deprotonation, the permeability is decreased due to

the reduction of polymers interactions. (Adalsteinsson et al.,

2004; Burke and Barrett, 2003; Sui and Schleno¸, 2004)

In terms of ionic strength, salt ions screen the electrostatic

interaction of oppositely charged polyelectrolytes in the shell.

Due to this, the capsules can be loaded with a substance and

then released in the presence of salt. However, the loading e‹-

ciency is low. Due to reduced electrostatic attraction inside the

polyelectrolyte layers of the shell, the salt-induced permeability

alterations are described. (Antipov et al., 2003b) Also, addition

of salt can in‚uence on the permeability, especially if one of the

polyelectrolytes has hydrophobic groups. If the ionic strength

is accrued, electrostatic interaction between oppositely charged

polyelectrolytes is reduced that leads to the compression of cap-

sules hydrophobic groups. This principle was used by Gao et al.

for encapsulation of dextran molecules inside the capsule made

of PSS and poly(diallyldimethylammonium chloride) (PDAD-

MAC) on MF particles. (Antipov et al., 2003b; Delcea et al.,

2011; Gao et al., 2004)
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The capsule permeability can vary by the use of organic

solvents. Lvov et al. had used the mixture of ethanol and water

(1:1) in order to encapsulate urease into PSS/PAH capsules.

The ethanol was removed from the sample and it allowed to

close the pores of the capsule. But the role of this solvent

is not completely studied in the question of shell permeability.

(Delcea et al., 2011; Lvov et al., 2001)

Physical stimuli

Temperature Temperature is one of the external stimuli.

It can a¸ect the properties of the material and the formation

of multilayer PEM. (Buscher et al., 2002) For the ˛rst time,

the e¸ect of temperature on microcapsules synthesized by the

LbL method was reported by Kohler et al. (Kohler et al., 2005)

PEMs are kinetically stable. In this regard, the temperature

increase can provide enough thermal energy to surpass the bar-

rier necessary for polymer ˛lm rearrangements. In the case of

capsules, the decrease in their shell’s permeability is due to the

interaction of electrostatic and hydrophobic forces. Accordingly,

the same mechanism of opening the pores was considered to be

the same as in the case when encapsulating with salt. (Delcea

et al., 2011; Gao et al., 2004)

Another requirement for this type of stimulation is that the

temperature must be higher than the glass transition tempera-

ture of the polyelectrolytes. (Kohler et al., 2005) The conse-

quent response to thermal shrinking occurs in conjunction with

the hardening of the shells and, consequently, an increase in

the mechanical strength of the microcapsules. (D«ejugnat et al.,

2007) Such shrinkage can also be controlled by the number of

bilayers in the shell or the balance of their charges. Capsules

with an odd number of layers swell, and with an even number-

shrink. (Kohler et al., 2005)
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Bedard and his colleagues have demonstrated that the in-

troduction of gold nanoparticles into the layers further increases

the rigidity of microcapsules. (B«edard et al., 2008) It was found

that microcapsules containing gold NPs’ need higher tempera-

tures to shrink to the same diameter as microcapsules without

gold NPs’. (B«edard et al., 2009)

The external stimuli mentioned above (pH, ionic strength,

solvent, and temperature) are useful for encapsulation, but can-

not be applied for drug delivering and release, since these pa-

rameters must be kept constant under physiological conditions.

Therefore, remote triggers or stimuli, based on external ˛elds,

become relevant. (Timko et al., 2010)

Magnetic ˛elds The key bene˛t of usage magnetic nanopar-

ticles (MNPs) in capsules is the possibility of targeted delivery.

Besides, the therapeutically e‹ciency of such containers can be

increased in the case of release due to magnetic ˛eld. However,

MF templates cannot be used in this case. Lu and cowork-

ers (Lu et al., 2005) have demonstrated the in‚uence of MNPs

aggregates by magnetic ˛eld on the shell permeability. The

PSS/PAH capsules were used. Ferromagnetic cobalt nanoparti-

cles, covered with a layer of gold, were inserted into the layers

of these capsules.

Due to the paramagnetic properties of magnetite nanoparti-

cles, it is possible to incorporate them into the shell of capsules

and move them by the external magnetic ˛eld. (Dyab et al.,

2009; Garc«“a-Alonso et al., 2010)

Laser light For biomedicine, the use of a laser to open

capsules must be carefully considered. It is necessary to load

the capsules with nanoparticles, that must absorb incident light

in the desired wavelengths range. In this case, the laser must

meet two main requirements: the light should have minimal
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absorption by cells/tissues and the maximum absorption of the

nanoparticles. This can be achieved by selecting such a laser

wavelength, called a biologically "friendly window", which uses

the near-IR part of the spectrum (near-IR). (Roggan et al.,

1999) The choice of this range is due to the fact that near

IR is less harmful to skin tissues and can penetrate deeper into

them, compared to visible light. (De Geest et al., 2007) Due to

this, light-sensitive capsules have the potential to release drugs

in vivo. This is possible by direct laser action, but only if the

microcapsules are located close to the surface. If the capsules

are located at a distance of more than a few millimeters from

the surface, this can be done using optical ˛bers.

This stimulus is universal for both release and encapsula-

tion. Encapsulation is caused by the rearrangement of polymers

and changes in the permeability of the shell due to exposure

to light. The e‹ciency of optical encapsulation increases with

increasing irradiation time. (Koo et al., 2010)

Light, magnetic ˛eld, and other physical stimuli can also

be used for the completely breaking the shell. (Delcea et al.,

2011; Radt et al., 2004; Skirtach et al., 2004)

Ultrasound In order to use this type of stimulation, it

is desirable to intocorporate ZnO NPs into the capsule shell.

This makes it possible to open the capsules under ultrasound.

(Kolesnikova et al., 2010) By changing the number of layers with

ZnO NPs, it is possible to control the mechanical properties and

high sensitivity to ultrasound processes. Additional layers with

ZnO NPs in‚uence on the thickness and roughness of the shell,

increase the fragility of microcapsules and their sensitivity to

ultrasound, and reduce the rigidity of the shell.

In addition to the fact that ultrasound is often used to

release the reagent from the capsule, it also has potential in
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the ˛eld of encapsulation. (Han et al., 2010) However, in order

to be e¸ectively applied in medicine the approach must consider

a necessity to reduce signi˛cantly its intensity. (Yashchenok

et al., 2010b)

Mechanical deformation Mechanical properties of micro-

containers were studied by applying structural and mechani-

cal characterization techniques. (B«edard et al., 2009; Dubreuil

et al., 2003; Fery and Weinkamer, 2007; Tzvetkov et al., 2008)

Due to the fact that capsules are often deformed upon intra-

cellular uptake, the capsules should be mechanically stable.

(Mu~noz Javier et al., 2008) Also, there are losses in total

amount of delivered drugs because of the deformation. If car-

bon nanotubes (Yashchenok et al., 2010a) or gold NPs (B«edard

et al., 2009) are used for the functionalization of the capsules,

the mechanical strength on the capsule shell is enhanced. Nan-

otubes or gold NP can be released upon mechanical rupture.

(Caruso et al., 2009; Delcea et al., 2011)

Biological stimuli

Enzyme-triggering release Another option for varying the

shell permeability for the release of chemical substances from

the core is the use of biological stimuli caused by the presence

of enzymes. The use of various enzymes to open the pores

in the capsules shell is of wide practical importance. (Zelikin

et al., 2006) In this case, instead of using of polycations for

the shell formation, the oligonucleotide sequences were used.

The biggest advantage of this type of capsule is that it does not

require an external trigger for intracellular drug delivery. (He

et al., 2009) However, there is a problem with a delivery of such

type of capsules and it is impossible to predict the release time

of the drug. (Pavlov et al., 2011)

Receptor-implementing targeting This method is used
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only for the delivery of capsules. Basically, it is necessary to

properly functionalize the capsules shell in order to use them

for a targeted delivery. The simplest class of receptors are an-

tibodies that allow speci˛c targeting. (Cortez et al., 2007)

1.3. COHERENT X-RAY DIFFRACTION IMAGING

Nowadays a huge part of a new materials is consisted as

nanomaterials. (Cao and Wang, 2011) It is necessary to ob-

serve and evaluate their structure. In this case the advanced

design of nanomaterials is required. (Richman and Hutchison,

2009) For the structural investigation of these materials X-ray

scattering methods are widely used. Moreover, these materi-

als can be studied both in bulk and at the interfaces. The

scattering contrast occurs due to the spatial di¸erence of the

electron density. The electron density is directly connected to

the atomic number of component elements. Small-angle X-ray

scattering (SAXS) gives structural resolution in the range from

1 to 100 nm (Narayanan, 2014) and is usually used for the de-

termination of sizes and shape of macromolecules in solutions,

as well as for determining spacing parameters of supramolec-

ular systems. Wide-angle X-ray scattering (WAXS) allows to

obtain structural elucidation at the atomic and molecular lev-

els in systems where there is no perfect crystalline order. The

X-ray re‚ectivity (XRR) is one of the surface scattering tech-

niques. It is used for studying the electron density pro˛le of

layered systems in the direction, perpendicular to the interface.

(Pershan and Schlossman, 2012) Later SAXS has been enhanced

and now also there is ultra small-angle X-ray scattering (US-

AXS) method which allows to reach length scales up to —m and

above. (Ilavsky et al., 2018; Narayanan et al., 2017) USAXS

is important for study long-range periodic order in soft matter

systems and self-assembled nanomaterials. (Petukhov et al.,
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2015) By X-ray scattering methods it is also possible to study

time-dependent processes and transient dynamics in real-time.

(Narayanan et al., 2017)

In the most of cases the best results of the structural

characterization with X-ray methods can be achieved using syn-

chrotron radiation, due to the high intensities and, therefore,

high signal-to-noise ratio in rational time intervals of the data

acquisition.

Coherent X-Ray di¸raction imaging (CXDI or CDI) is a lens-

less imaging. It is the 2D speckle pattern obtained when a non-

crystalline specimen is lightened by a coherent X-ray beam at

di¸erent angles of the incident ray illumination. (Miao et al.,

2015) After the application of suitable methods of tomographic

reconstruction, 3D images of micron sized objects with a resolu-

tion of about tens of nanometers can be obtained. (Narayanan

and Konovalov, 2020)

CXDI for the ˛rst time was applied in 1999 and has shown

great promise for the study of various biological objects. (Miao

et al., 1999) Thanks to this study, it is only necessary to mea-

sure the coherent di¸raction pattern of the sample. Using this

technique, it is possible to bypass the limitations imposed by an

X-ray optical system and obtain high-resolution images. The

idea of transforming the di¸raction pattern belongs to the as-

sumption of Sayre (Sayre, 1980; Sayre et al., 1998), and was

applied in 1999 by Miao et al. (Miao et al., 1999)

Then Miao proved that the reconstruction of the di¸rac-

tion patterns of the sample would allow obtaining full-‚edged

three-dimensional images in the future. (Miao et al., 1999;

Shapiro et al., 2005) At ˛rst, the CXDI measurements were

applied to metal test objects, what allowed to obtain two di-

mensional (Marchesini et al., 2003; Miao et al., 1999) and then



1.3. COHERENT X-RAY DIFFRACTION IMAGING 23

three dimensional images.(Miao et al., 2002) Later, images with

stained biological specimens (Miao et al., 2003) and microcrys-

tals (Williams et al., 2003) were reconstructed.

The method itself is relatively simple. However, it re-

quires the source, providing coherent X-ray beam. Therefore,

the method is possible to use only with synchrotron radiation.

The sample is placed on a thin ˛lm. Next, a coherent beam of

X-rays falls on it, and the far-˛eld di¸raction pattern is recorded

by the camera of the charge-coupled device (CCD). The inten-

sity measurements are converted to amplitudes and passed to

the iterative algorithm (Fienup, 1978) to extract the phases. As

CXDI is based on di¸raction, the image is reconstructed by an

inverse Fourier transformation. (Gallagher-Jones et al., 2014;

Lima et al., 2009)

Iterative algorithms based on Fourier transformations was

used for deriving the phases from the oversampled di¸raction

patterns. (Bauschke et al., 2003; Chen et al., 2007; Elser,

2003; Fienup, 1978, 1982; Luke, 2004; Marchesini, 2007) This

process usually consists of 4 steps. (Miao et al., 2011)

1. A random phase set and the measured Fourier modulus are

combined. The image is obtained by considering the inverse

fast Fourier transform (FFT).

2. For the image a support is determined. The electron density

beyond the support and the negative one within the support

are approaching zero. As a result, a renewed image is gained.

3. The FFT is applied to the renewed image. The Fourier

modulus and phases are calculated and then the new Fourier

modulus is substituted for the measured one, whereas the

new phases are remained constant.

4. The renewed image is obtained. For this the inverse (Fienup,

1978, 1982), error reduction (Fienup, 1978, 1982), di¸er-
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ence map (Elser, 2003), guided hybrid input{output (Chen

et al., 2007), shrink wrap (Marchesini, 2007), hybrid projec-

tion re‚ection (Bauschke et al., 2003), and relaxed averaged

alternating re‚ectors. (Luke, 2004; Miao et al., 2011)

Even if the principle of the CDI method is rather clear

and simple, the experimental part of it faces with some di‹-

culties. Primarily, the di¸raction patterns of a noncrystalline

sample have a weaker intensity distribution in comparison with

a crystal. Then, the incident beam must be coherent, and the

necessity coherent length is conjugated to the oversampling ra-

tio of the di¸raction pattern. (Miao et al., 1998, 2002) Thirdly,

in comparison with the images in the space, the di¸raction in-

tensity has a greater dynamic range. Because of this the data

acquisition turns into a challenging task. In their fourth, for

measuring di¸raction patterns of a ˛ne quality it is necessary

that there are area detectors with both a high dynamic range

and high quantum e‹ciency. Fifth, a beamstop should block

the direct beam. This is necessary because the intensity of a

direct beam is much higher than the di¸racted one. The miss-

ing intensity in the center of the di¸raction pattern because of

the beamstop shows the low-frequency information. This is cru-

cial to the phase-retrieval process. After all, the oversampling

method with iterative algorithms is complicated to represent the

experimental data because of the existence of a multiple kind

of noise. But this method is good for simulated data. (Miao

et al., 2011)

In 1999 Miao and his colleagues had resolved these di‹-

culties. (Miao et al., 1999) All di¸raction images were mea-

sured by a liquid nitrogen cooled charge-coupled device (CCD)

camera that had high quantum e‹ciency and very low noise

at used wavelengths. Then they had accumulated many pat-

terns at the same specimen orientation and after that they had
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summed up all acquired data. This was done to increase the

dynamic range of the di¸raction pattern. For dissolving the

problem with a missing center, they had used data, obtained

with a low-resolution tool such as an optical microscope im-

age of a sample. Subsequently they had calculated the Fourier

modulus received from the low-resolution image and after they

had ˛lled the missing intensity. Later the problem of a missing

intensity in the center was resolved and it was not necessary to

use low-resolution optical images. (Miao et al., 2005, 2011)

Lately CDI has developed into di¸erent methods.

1. Plane-wave CDI (Fig. 1.4(A)). In this method a sample is il-

luminated by a plane wave. As a result, the far-˛eld di¸rac-

tion image is measured. (Miao et al., 1999) The wavelength

of the incident beam, the sample size, the detector pixel

size and the distance between the sample and the detector

are the factors that de˛nes the oversampling ratio of the

di¸raction pattern. (Miao et al., 1998, 2003) For obtaining

3D images of an object, it is required to rotate around a tilt

axis the sample during the experimental set. This is done

for obtaining a set of 2D images of a di¸raction patterns

at di¸erent specimen orientation. In comparison with other

methods, this one has some bene˛ts, like:

Ĺ This method is insensitive to the vibration of a specimen

during the time when it is in the zone of illumination.

Ĺ It is quite easy to obtain a 3D reconstruction of the

sample structure.

Ĺ The di¸raction intensity is not encumbered by Poisson

noise in the direct beam and the di¸raction intensity from

upstream optics. (Xu et al., 2011)

Ĺ It can be used in a one-time experiment with intense co-

herent X-ray sources. That is why this method gave the
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highest spatial resolution (up to 2 nm) and a possibility

to construct 3D image. (Jiang et al., 2008, 2010; Miao

et al., 2002, 2005, 2006; Nishino et al., 2009; Takahashi

et al., 2009, 2010a,b)

The main disadvantage of this method is a requiring of a

well-de˛ned isolated objects. (Miao et al., 2011)

2. Bragg CDI (Fig. 1.4(B)). (Newton et al., 2010; Pfeifer

et al., 2006; Robinson and Harder, 2009; Robinson et al.,

2001; Williams et al., 2003) is mainly used for structure

study of nanocrystals. The di¸raction intensity distribution

at each Bragg re‚ection is corresponded to the deforma-

tion inside the nanocrystal and to the shape function of it

during the illumination of a nanocrystal by coherent X-ray

wave. Nanocrystals’ 3D shape function and the internal de-

formation ˛eld can be obtained in the case when numerous

di¸raction patterns around a Bragg re‚ection are acquired.

If three or four Bragg peaks are measured, the full deforma-

tion tensor can be obtained. In comparison to other CXDI

methods, only Bragg CDI allows to obtain the 3D deforma-

tion tensor and ion replacement inside nanocrystals at the

nanometer scale resolution. (Miao et al., 2011)

3. Scanning or ptychographic CDI (Fig. 1.4(C)). (Dierolf et al.,

2010; Giewekemeyer et al., 2010; Rodenburg et al., 2007;

Thibault et al., 2008) In this method for assessing an il-

lumination probe a circular aperture or focusing optics are

used. During scanning of a sample through an illuminating

probe, a sequence of two-dimensional di¸raction patterns

is obtained, each of which overlaps with neighboring ones.

This rede˛nition can improve the convergence of the phase

retrieval process. (Miao et al., 1998) The advantages of

scanning CDI are in its applicability to extended objects, it



1.3. COHERENT X-RAY DIFFRACTION IMAGING 27

gives a reconstruction not only of the probe but also of the

object simultaneously and with the fast convergence of the

algorithm.

However, compared to plane wave CDI, scanning CDI has

the following disadvantages:

Ĺ For obtaining each 3D image, 2D X-Ray probe scan is re-

quired. Moreover, any vibration of a sample can weaken

the 3D resolution.

Ĺ For weak di¸users (e.g., biological samples) Poisson noise

in the illumination probe can destroy the high-resolution

signal from the sample.

Ĺ 3D reconstruction turns out more complicated during

the interaction between the probe and the sample and

the curvature of the Ewald sphere. This is especially

noticeable at high resolution. (Miao et al., 2011)

4. Fresnel CDI (Fig. 1.4(D)). (Williams et al., 2006) In this

type of CDI, a focusing optics (zone plate) is applied for

creating a curved wave front to illuminate a sample. The

illumination function of the probe should be obtained in

advance in order to get the image of the sample. Usually,

a detector measures two types of patterns of a prepared

sample. At a higher scattering angles a di¸raction pattern

is measured. At a lower scattering angles a hologram or an

inference patterns are obtained. The hologram is obtained

by the interference of the scattered wave and the curved

incident wave from the sample. Then these two patterns are

merged into one. This is done for restoring the structure of

the sample at high resolution.

The main advantages of Fresnel CDI are:

Ĺ It is possible to reconstruct an image of a sample subre-
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gions from a single experimental data set.

Ĺ Rapid convergence of reconstructed images is due to the

curvature of the incident wave.

On the contrary for Fresnel CDI, it is required that the sam-

ple is stable against the incident beam. Also, Fresnel CDI

was applied to the scanning of a continuous sample. (Abbey

et al., 2008a,b) In this case the technique is called keyhole

di¸ractive imaging. This technique allows the option that

visual ˛eld can be zoomed in or out by changing the position

of the sample with the respect of beam focus. (Miao et al.,

2011)

5. Re‚ection CDI (Fig. 1.4(E)). In this case we obtain 3D

height maps of surface. The transverse resolution is a near-

wavelength, vertical resolution is a sub-nm, phase and am-

plitude contrast is very high because of the short wavelength

of the illumination light. (Robinson et al., 1999; Roy et al.,

2011; Seaberg et al., 2014; Sun et al., 2012) A coherent

X-ray beam lightens an object and as a result the di¸racted

light can be collected with very high numerical aperture.

Then this method is blended with ptychographic imaging

and only then images of an object are obtained. (Seaberg

et al., 2014) This method is supplement to other imag-

ing methods, such as scanning electron microscope (SEM)

and atomic force microscopy (AFM) but this method gives

less damage and higher contrast imaging in respect to other

methods. (Miao et al., 2015)

6. Phase retrieval algorithms (Fig. 1.4(F)). There are iterating

between real and reciprocal space. (Miao et al., 2015) Each

iteration includes 4 steps:

Ĺ At the beginning there is a random phase set. This set

is combined with the measured Fourier magnitude. An
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initial image is found by applying an inverse fast Fourier

transform (FFT).

Ĺ It is possible to estimate a contribution of a support from

the image. It depends on oversampling of the di¸raction

intensity. Outside the support the electron density is

lowered, inside the support the negative electron density

is changed.

Ĺ A new Fourier transform is formed by applying a FFT to

the enhanced image.

Ĺ The magnitude is replaced by measured data. Then a

more accurate assessment of the Fourier transform is

obtained and is used for the further iteration.

These steps are repeated till the correct phase set is re-

trieved. (Miao et al., 2015)

Fig. 1.4 Schematic layout of ˛ve main CDI methods and iterative
phase retrieval algorithms. (A) Plane-wave CDI. (B) Bragg CDI.
(C) Ptychographic CDI. (D) Fresnel CDI. (E) Re‚ection CDI.
(F) Phase retrieval algorithms. From (Miao et al., 2015).

The CXDI resolution, like in the case of crystallography, is

restricted by the wavelength of the radiation and by the angle

at which the scattered photons are counted. Despite the fact
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that the di¸raction imaging method dispenses with all the losses

in the e‹ciency and contrast of the lenses, we expect that the

radiation dose which is necessary to register a faint continuous

pattern will also limit the resolution (Shapiro et al., 2005; Shen

et al., 2004) However, at the beginning, the use of this method

for biological objects was limited due to the fact that the induced

radiation damage and the extended nature of biological samples

can damage samples structure, the latter limits the use of most

of the phasing algorithms. (Dixon et al., 2018)

In recent years, considerable progresses have been made

in the visualization of a wide range of objects, including small

particles and nanocrystals.(Chapman et al., 2006; Miao et al.,

1999; Pfeifer et al., 2006; Williams et al., 2003; Zuo et al.,

2003) However, most of the studied cases are related to non-

biological systems, with some notable exceptions, such as Es-

cherichia coli bacteria (Miao et al., 2003), freeze-dried yeast

cells (Shapiro et al., 2005), mineral phase in bones (Jiang et al.,

2008), unpainted viruses (Song et al., 2008b), and the human

chromosome. (Nishino et al., 2009) There are serious limitations

of the application of CXDI for studying biological samples: one

of them is the radiation damage of the samples under the in‚u-

ence of the X-ray beam. However, this problem can be resolved

by some speci˛c approaches, such as cryocooling or recording a

series of patterns from several identical samples. The latter one

corresponds to an approach to solving the problem of visualizing

a single molecule in future free electron lasers. However, some

biological samples can withstand the minimum radiation dose

required for their coherent imaging. (Dixon et al., 2018)

First CXDI experiments on biological samples had shown

the capabilities of the visualization of cells or subcellular or-

ganelles with a resolution of 20-40 nm. (Miao et al., 2003;

Nishino et al., 2009; Shapiro et al., 2005; Song et al., 2008b)These
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experiments were carried out on dried samples. The most of

biological samples are water-based and are very sensitive to ra-

diation damage. To bring the conditions of the most natural

state, the samples were frozen. (Glaeser and Taylor, 1978; Ner-

mut, 1988; Schneider, 1998; Wang et al., 2000) The samples

were prepared by rapid freezing in liquid ethane to minimize ice

crystal formation. (Huang et al., 2009)

Summarizing, CXDI is perfect for quantitative 3D charac-

terization of materials at the nanoscale. It is since X-rays have a

larger penetration depth than electrons. Also, CDI can retrieve

the mass density by quantifying the incident and di¸racted X-ray

‚ux. Hence, di¸erent phases in materials in 3D are recognized.

(Jiang et al., 2013) Moreover, in case when the shell absorbs

X-ray, the chemical contrast is provided. Magnetic contrast and

molecular orientation are provided when their polarization can

be used. So, CDI includes nanoscale chemical, elemental, and

magnetic mapping of complex matter. (Shapiro et al., 2014;

Song et al., 2008a; Tripathi et al., 2011) Finally, thanks to the

high temporal resolution of the new coherent X-ray sources, it

becomes possible to record the spin, fastest charge, and lattice

motions in matter in di¸erent time scales and length. (Miao

et al., 2015)

In this section we will consider the ˛rst application of CDI

method for studying the structure of nanoengineered polymeric

capsules, loaded with gold nanoparticles.

1.4. MAGNETIC NANOPARTICLES

The discovery of new methods for the use of magnetic nano-

materials increases the relevance of their study. Due to the easy

way of synthesis and cheapness of materials, the use of magnetic

materials is very perspective. (Gilchrist et al., 1957; Moghimi
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et al., 2001; Panyam and Labhasetwar, 2003; Wilkinson, 2003)

Quantum size e¸ects and the large surface area of magnetic

nanoparticles can vary some of the magnetic features. Since

each particle can be seen as a single magnetic domain, quantum

tunneling magnetization and superparamagnetic phenomena can

be shown. (Goya et al., 2003) Superparamagnetic nanoparti-

cles can be applied in a large ˛eld of biomedicine due to their

chemical, physical, mechanical, and thermal features. (Arbab

et al., 2003; Pankhurst et al., 2003; Reimer and Weissleder,

1996; Zborowski et al., 1997) For example: drug delivery, hy-

perthermia, magnetic resonance imaging (MRI), tissue repair,

magnetofection, cellular therapy, such as cell labelling, target-

ing etc.

To use these particles in the ˛eld of biomedicine, they

should include some features like biocompatibility, high mag-

netic saturation, and interactive functions at the surface. The

surface of such particles can be modi˛ed by its functionalization.

(Berry and Curtis, 2003) Modi˛ed magnetic nanoparticles have

a great potential in the ˛eld of in vivo and in vitro applications.

The e‹ciency of them depends on sizes of particles, high mag-

netic susceptibility, superparamagnetic behaviour etc. (Jordan

et al., 2001; Tartaj et al., 2003)

Magnetic nanoparticles have proliferated in the drug deliv-

ery sphere (Lubbe et al., 2001; Rudge et al., 2000; Schutt et al.,

1997), bioseparation (Neuberger et al., 2005), the immobiliza-

tion of peptides, proteins, enzymes, biosensors etc. (Gupta and

Gupta, 2005; Riggio et al., 2012; Rozhina et al., 2021) They

have ideal size for these purposes: from submicrometer (up to

several nanometers) to micrometer. In the last few years due

to the prompt growth of nanotechnology and nanomaterials in

medicine and biotechnology, nanoparticles have obtained signif-
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icant focus. For example, they are very promising in the ˛eld

for the delivery of anticancer drugs. One of the most used and

easy made MNP is magnetite Fe3O4. This is because of its bio-

compatible, low toxicity, catalytic activity, and strong magnetic

properties. Over last few years the usage of magnetite in the

˛eld of biotechnology and medicine was signi˛cantly increased.

(Curtis and Wilkinson, 2001; Dresco et al., 1999; Fang et al.,

2005; Huang et al., 2003)

It is quite important to prepare and store the colloidal solu-

tion of such particles. It is necessary to cover the nanoparticles

with some kind of surface coating because without this protec-

tion the magnetic iron oxide particles form agglomerates and

large clusters due to hydrophobic interactions between the par-

ticles. (Bailey, 1983; Charles and Popplewell, 1980; Hamley,

2003; Khalafalla and Reimers, 1980) As a result this clusters

increase the actual particles size. Moreover, these clusters form

a strong dipole-dipole interactions between them and show fer-

romagnetic behavior. (Hamley, 2003) Also, at the time when

two di¸erent clusters getting closer, each of them comes into

the magnetic ˛eld of the other one and gets further magnetized.

(Tepper et al., 2003)

For e¸ective stabilization of magnetic nanoparticles (MNPs),

it is necessity to ˛nd a fairly dense chemical substance for cov-

ering them. In some cases, stabilizers are added during the syn-

thesis of the particles. (Mendenhall et al., 1996) These coatings

may be consisted of a few materials, e.g., inorganic compounds

and organic polymers. (Daniel and Astruc, 2004; Merrill and

Salzman, 1983; Yu et al., 2003)

1.4.1. Magnetic nanoparticles in drug delivery

One of the most promising and perspective type of mag-

netite particles’ application is in drug delivery ˛eld. In fact, they
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could be used as a vehicle for a drug that could be transferred

to a target zone and released there. In this case the charge,

size and surface structure of magnetite are especially impor-

tant. (Chouly et al., 1996) Moreover, magnetic properties of

magnetite depend on their size. (Chatterjee et al., 2003) For

example, particles with the size from 10 to 100 nm are optimal

for human body, especially they are optimal for intravenous in-

jection. This is related to the fact that they can be e¸ectively

distributed in certain tissues, can prevent penetration into small

capillaries within the body tissues. In the case with particles’

sizes are less that 10 nm, they are removed fast through extrava-

sations and renal clearance. For the particles larger than 200

nm there are other problems. Most of them are insulated by the

spleen because of mechanical ˛ltration and then are eliminated

by the cells of the phagocyte system. (Pratsinis and Vemury,

1996)

In 1970 Widder et al. had provided an idea of magnetic

targeting. This concept includes the use of a magnetically sus-

ceptible material that is coated with a drug. Then this substance

is injected into the body and an external magnet is used to di-

rect the drug to the target area. For this, a su‹ciently strong

magnet must be used, since it is necessary to keep the particles

in the ˛eld ‚ow, for example, in the vascular network. (Rudge

et al., 2000; Widder et al., 1978)

Magnetite particles were used for targeted delivery for the

˛rst time as it is described in (Rudge et al., 2000; Widder et al.,

1983). They had been coated with crosslinked albumin. This

system was used for encapsulation of doxorubicin. Yoshida sar-

coma tumor was implanted in a rat tail and the complex of

MNP and doxorubicin was used for its treatment. But this type

of particles was not tested in humans’ body because of scaling

up and the problem of magnetic sensitivity. (Rudge et al., 2000;
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Widder et al., 1983)

However, the possible negative consequences of the pres-

ence of inorganic particles in the body like magnetic nanoparti-

cles should be taken into account. Experiments on the toxicity

of magnetic nanoparticles were done ex vivo. The result of the

experiments demonstrated that magnetite has rather low cyto-

toxicity and many side e¸ects. (Bouhon et al., 1997; Gupta and

Curtis, 2004) In any case to prevent capillary blockade the ˛nal

size of a drug delivery system should not be larger than 5 —m.

Gomez-Lopera et al. had described a method of synthesis

of colloidal particles formed by the magnetite particles and a

biodegradable polymer. (Gomez-Lopera et al., 2001) This ex-

periment was done using a double emulsion technique in order to

obtain polymeric spheres loaded with a drug. In this experiment

it was important to ˛nd \ideal" colloidal particles that could be

used in drug delivery sphere and magnetic ˛eld responsive. As a

result, they found out that biodegradable polymers are perfect

as drug carriers due to their minimum toxicity and immunological

response. (Chilkoti et al., 2002; Naja˛ and Sarbolouki, 2003;

Otsuka et al., 2003)

Incorporation of magnetic nanoparticles in the drug delivery

system can be useful to reduce the dose of drugs and to reduce

the side e¸ects on healthy tissues. Moreover, it can reduce the

price of a treatment.

1.4.2. NP in layer-by-layer technique

The usage of a complex of NP in LbL-technique allowed re-

ceiving of hybrid organic-inorganic multilayer composites. (Hol-

land et al., 1998) By varying the NPs size and type of polymer

in LbL complex, it is possible to achieve unique combinations of

mechanical, magnetic, optical, and electrical properties. These
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˛lms showed promising characteristics in preparation of sensors,

resists, light-emitting diodes, eclectically conductive ˛lms, non-

linear optical devices, gas separation membranes. (Aliev et al.,

1999; Mamedov et al., 2000)

The incorporation of Fe3O4 particles in the layer-by-layer

˛lms is also possible. (Lu et al., 2003) The ˛rst ˛lms that

had included magnetite were fabricated from cationic polydi-

allyldimethylammonium (PDDA)-coated Fe3O4 nanoparticles

and anionic polyimides. These ˛lms were deposited on crys-

tal silicon and quartz by LbL-technique. (Cao and Hu, 2006;

Liu et al., 1997)

As a result, layered complex of magnetic nanoparticles can

be synthesized on di¸erent substrates by the consecutive ad-

sorption of polyelectrolytes. These ˛lms can be used for di¸er-

ent applications. Moreover, the magnetic properties of Fe3O4

nanoparticles in the ˛lm are saved.
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2.1. Materials

Calcium chloride (anhydrous, granular), sodium carbonate

(anhydrous), poly(4-styrenesulfonic acid) (PSS, Mw ‰ 70000),

poly (allylamine hydrochloride) (PAH,Mw ‰ 56000), Polyethylen-

imine (PEI, 50% (w/v) in H2O), poly (diallyldimethylammo-

nium chloride) (PDADMAC, 20 wt. % in H2O), chitosan (CHI,

Mw ‰ 50000-190000), alginate (ALG, Mw ‰ 120000-190000),

pectin (PE, Mw ‰ 30000-100000), Rhodamine B were purchased

from Sigma-Aldrich Co.

Ethylenediaminetetraacetic acid (EDTA, 99%, pure), Iron(III)

chloride hexahydrate (99+%, for analysis, FeCl3´6H2O), Iron(II)

chloride tetrahydrate (99+%, FeCl2 ´4H2O), Sodium hydroxide

(98%, pure, ‚akes, NaOH) were purchased from Acros Organ-

ics.

Aquacobalamin (Vitamin B12) and demiglumine chlorin E6

were purchased from Alfa Aesar.

Fluorescein sodium salt was purchased from Carlo Erba.

Hydrochloric acid (1 mol/l (1 N), HCl), ammonia solution

(25%, NH4OH) were purchased from VWR Chemicals.

Gold NPs were synthesized previously in our scienti˛c group.

(Berzina et al., 2011) In this work the already prepared particles

were used. The capsules were loaded according this protocol

(Erokhina et al., 2013).

HEK293FT (ATCC CRL-11268) cell lines were used in the

work as templates. The cell lines were given by the lab "Gene

and Cellular Biomedical Technologies" (Kazan Federal Univer-

sity). (Gomzikova et al., 2018, 2019)

Water, used in the experiments for the solutions prepara-

tion and washing, was puri˛ed by Milli-Q system and had the
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resistance of 18.2 M˙ cm.

2.2. Methods

2.2.1. Fabrication of capsules by layer-by-layer technique

2.2.1.1. Synthesis of templates

Templates were prepared according to the protocol that is

described in literature (Volodkin et al., 2004a). In the beaker

1ml of 0.33M sodium carbonate Na2CO3 was added to 1 ml of

0.33M calcium chloride CaCl2 (the volume ration is 1:1) and

actively mixed on a magnetic stirrer for 20 sec. Immediately

after adding sodium carbonate, the solution turned white due

to the formation of a suspension of calcium carbonate CaCO3

microparticles. The microparticles were placed into Eppendorf

tubes, centrifuged at 1410 rpm for 1 min and washed three

times with water. It was done to prevent the crystallization of

CaCO3 microparticles. Moreover, it is necessary to cover the

CaCO3 microparticles with a polymer immediately after they

are produced. This step allows to avoid the process of forming

agglomerates and particles clumping. The synthesis tempera-

ture and the centrifugation temperature is 24‹C. The reaction

of the formation of microparticles is following:

CaCl2 + Na2CO3 !̀ CaCO3 + 2NaCl

2.2.1.2. Shell formation

The protocol of the NPCs fabrication is described in litera-

ture (Donath et al., 1998). We have followed it. The basic steps

of depositing layers to spherical objects using LbL technique are

shown in the Fig. 2.1.

After the third washing of templates (CaCO3 particles that

were synthesized on previous step), we have replaced water with



2.2. METHODS 40

Fig. 2.1 Scheme of shell formation. 1) Polyanion solution was
added to the templates. 2) Centrifugation. 3) Supernatant is
removed. Washed at least 3 times. 4) Adding of polycation so-
lution. 5) Centrifugation. 6) Supernatant is removed. Washed
at least 3 times. These steps are repeated till the required num-
ber of layers are received.

polyelectrolyte, speci˛cally, with a polyanion. As a polyanion

have been used:

Ĺ PSS;

Ĺ ALG;

Ĺ PE.

The suspension of templates with a polyanion was stirred

for 10 min. Then the polyelectrolyte solution was replaced

with water. The sample was washed three times to clean from

the unadsorbed polyelectrolyte. After each adding of polyelec-

trolyte and washing, the sample was centrifuged at 4240 rpm

for 1 min, the centrifugation temperature is 24‹C. One layer is

ready. When the sample is washed three times, 1 ml of the

polycation was inserted. As a polyanion have been used:

Ĺ PAH;

Ĺ PDADMAC;

Ĺ CHI;

Ĺ PEI.

The same procedure as for polyanion was done. The pro-
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cedure was repeated as many times as it was necessary for the

experiment, till reaching the desired number of layers in the

shell.

The concentration of all polyelectrolytes was 2 mg/ml ex-

cept CHI. The concentration for CHI was 0.5 mg/ml. Also,

some amount yellow(0.25 - 0.5 ml) of 1N HCl was added to

CHI solution before the salt is dissolved. The centrifugation

temperature is 24‹C.

2.2.1.3. The dissolution of a core

As soon as the required number of layers is formed, the

core should be dissolved to fabricate hollow capsules. Hollow

capsules can be used then for encapsulation. For dissolving,

1N HCl or 0.2M EDTA (pH 5-7) can be used. There are some

speci˛c features of using them. The Hydrochloric acid dissolves

the core faster, the reaction is visible due to the formation of

carbon dioxide. Unfortunately, it is more reactive and can de-

stroy the capsule completely or the upper polymer layers. This

behaviour can be explained due to the low pH that is required

for dissolution of the core. Vice versa, EDTA solution is a more

\sparing" acid and dissolute the core a little bit longer. In some

cases, several portions of EDTA are required for dissolving the

core. (Antipov et al., 2003a; Pastorino et al., 2015)

In case of EDTA, the 1 ml of 0.2 M solution was added to

the sample (Fig. 2.2).

It was incubated for 30 minutes, washed with a distilled

water 3 times. The procedure can be repeated for the second

time if it is necessary. The pH of EDTA should be 5-6. After

adding of EDTA/water, the sample was centrifuged at 5650 rpm

for 5 minutes.
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Fig. 2.2 The formation of a Ca-EDTA complex

Similarly, 1N HCl can be used. In this case, it was added

to the sample dropwise till the formation of CO2 bubbles.

CaCO3 + 2HCl !̀ CaCl2 + CO2 " + H2O

After the dissolution of the core, the solution turns from

white to transparent.

2.2.2. Sample preparation for CXDI

The capsules were prepared according to the protocol de-

scribed above (2.2.1.2.). There were 2 types of capsules: one

with 6 layers of polymers in the shell and the other { with 12

layers. CXDI measurements were carried out at ID10 station of

European Synchrotron Radiation Facilities (ESRF), 8.1 keV ra-

diation was used. The sample detector distance was 5280 mm.

(Narayanan and Konovalov, 2020; Stadler et al., 2008)

Hollow polyelectrolyte capsules were fabricated in 0.15M

NaCl solution by alternating adsorption of PSS/PAH layers on

CaCO3 microparticles. The template was dissolved at pH 4

with 1 ml of EDTA (0.2 M), centrifuged at 24‹C and washed

3 times. 1 ml of CdCl2 (0.125M) was added to each type

of specimens and stored overnight at 4‹C. This was done to

increase the contrast of the objects. Then, microcapsules were

centrifuged at 24‹C, washed (n = 3) and stored at 4‹C.

Fabricated hollow capsules were divided and loaded with 5
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nm and 50 nm gold nanoparticles, respectively. When pH was

4, the NPCs were open and loaded with gold nanoparticles, at

pH 9 { they were closed.

For CXDI measurements, silicon nitride windows with the

following parameters were used: frame:10.0ˆ10.0 mm, 200 —m

thick; membrane: 3.0ˆ2.0 mm, 100 nm thick, product code:

SiRN-10.0-200-3.0-100 (Silson, UK). In the case of dry sam-

ples, the drop of solution is poured and dried directly on the

membrane. For the measurements in liquid, a frame was built

with the 3D printer, in which the two membranes formed the

\chamber" to contain the drop. To prevent the evaporation of

the liquid, the whole perimeter of the double membrane system

was covered by the \vacuum grease". The sample was ˛xed in

a special frame with the window size, corresponding to the ex-

ternal sizes of the membrane frame (Fig. 2.3). (Erokhina et al.,

2017, 2021)

The scheme of the experiment is shown in Fig. 2.3. Sam-

ples were rotated with respect to the incident X-ray beam in the

range of

Ĺ -70‹{70‹.Di¸raction patterns were acquired after each 0.2‹.

Data acquisition at each point was 1 s.

Ĺ -64‹{64‹.Di¸raction patterns were acquired after each 0.25‹.

Data acquisition at each point was 2 s.

Ĺ -72‹{68‹.Di¸raction patterns were acquired after each 0.25‹.

Data acquisition at each point was 2 s.

Ĺ -68‹{70‹.Di¸raction patterns were acquired after each 0.25‹.

Data acquisition at each point was 2 s.

Ĺ -66‹{70‹.Di¸raction patterns were acquired after each 0.2‹.

Data acquisition at each point was 1 s.

Ĺ -68‹{68‹.Di¸raction patterns were acquired after each 0.2‹.
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Fig. 2.3 Scheme of the experiment: NPC solution is placed be-
tween 100-nm-thick silicon nitrate membranes, during the acqui-
sition it is rotated around the vertical axis and shifted along the
height for the position adjustment, when necessary. Di¸raction
patterns were acquired at each rotation angle. Reconstruction
of the capsules structure was done according to the protocol on
ID-10 beamline (ESRF).

Data acquisition at each point was 1 s.

Then the resulting di¸raction patterns were processed ac-

cording to the computer protocol of the ID10 line. As a result,

the reconstructed images were obtained.

Some points of the calculations, that are included in the

protocol, is described below. Firstly, it is necessary to remove

the background scattering. The di¸raction patterns were ac-

quired for each tilt angle by changing the position of the frame.

For acquiring correct intensities, the background pattern was

deducted from the di¸raction pattern. Some parts of the low-

resolution zone of the acquired di¸raction pattern were blocked

by a beam stop. (Fig. 2.4)

Pixels with missing values were left as unknown, others

were extracted according to the symmetry. All received pro-
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Fig. 2.4 The typical representation of the di¸raction pattern ac-
quired from a sample. The two-dimensional projection.

jections were studied in this way using a data analysis done in

Matlab. (Rodriguez et al., 2015; Xu et al., 2011)

2.2.3. Synthesis of magnetite

The magnetic nanoparticles were prepared according to the

protocol described in the literature (Lu et al., 2006; Shchukin

et al., 2003). The MNPs stabilized with polyelectolyte were

prepared. Initially, unstabilized magnetic particles were synthe-

sized following the protocol described by Lu et al. in 2006

(Lu et al., 2006) with minor alterations. Namely, 2 ml of 1M

FeCl3 ´6H2O and 0.5 ml of 2M FeCl2 ´4H2O were mixed, stirred

vigorously and heated up to 80‹C. A volume ratio of two salts

is 4:1. Then dropwise (1 drop/sec) was added 25 ml of 0.5M

NaOH or 1M NH3 ´ H2O during stirring of the mixture. While

the alkaline solution was added, a dark magnetic suspension

appeared immediately. The reaction of the process is following:

Fe2+ + 2Fe3+ + 8OH` !̀ Fe3O4 # + 4H2O

After adding of alkaline solution, the mixture was heated

up to 95‹C with vigorously stirring for 30 minutes. Then the

mixture was cooled to room temperature, the precipitate was
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collected by an external magnet, and the supernatant was re-

placed with water. The mixture was washed with water until

the pH was approximately 7.0.

Then 1 ml of the synthesized NP was placed into the solu-

tion of polycationate (PDADMAC, PAH, PEI) with its concen-

tration of 10 mg/ml. The mixture was sonicated for 20 minutes.

Then this sample was washed with a water 5 times. After it was

passed with a syringe through the 0.45 —m ˛lter. The particles

are ready to use.

2.2.4. Fabrication of capsules with MNP

The procedure of synthesis capsules with magnetic nanopar-

ticles in the shell is the same but there is the only di¸erence. It

is necessary to use a solution with stabilized by a polymer mag-

netic nanoparticles as one of the last layers. Then, as usual,

the sample was centrifugated and washed 3 times. After it, the

oppositely charged polyelectrolyte was added.

2.2.5. Transmission and ‚uorescent optical microscopy

Images were taken by Fluorescence Optical Microscope

Nikon Ni-E with Camera Type: Nikon DS-Qi2 in transmission

geometry. Exposure time was 300 ms. All images were acqired

and ellaborated according to NIS Elements Imaging software.

Samples were placed on glass supports. It was possible to study

objects in transmission mode of a microscope.

2.2.6. Scanning Electron Microscopy (SEM)

SEM measurements were carried out by Zeiss Supra micro-

scope with accelerating voltage of 1 kV. This low voltage was

used for investigation of thin dielectric samples without spatter-

ing a conductive layer on them. Samples were dried on silicon

supports. The surface of supports were treated by depositing of
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PEI` (PSS`PEI)2 layers for better adhesion of capsules and

particles. Silicon supports are quite good conductive materials

with a smooth surface.

2.2.7. Transmission electron microscopy (TEM)

TEM analysis was performed by a TEM JEOL JEM-2200FS

with Schottky ˛eld emission gun at 80 kV. For TEM observa-

tions the samples were prepared depositing a drop of the sus-

pension containing the magnetite nanoparticles on a commercial

TEM grid covered with a thin carbon ˛lm. The grid was kept

in air at room temperature until complete solvent evaporation.

2.2.8. Atomic force microscopy (AFM)

AFM images were obtained using a Dimension Icon micro-

scope (Bruker, USA), operating in Peak Force Tapping mode,

using a Scan Asyst-Air probe (Bruker) (nominal length 115m, tip

radius 2nm, spring constant 0.4N/m, 1{2 nN scanning force at

a scanning rate in the 0.8{0.9 Hz range). Scanning was carried

out in air at room temperature. The sample was prepared on

silicon supports. The core was dissolved, and the measurements

were done on dried samples.

2.2.9. Spectrophotometric experiments

Spectrophotometric experiments were performed with a UV/Vis

double-beam spectrophotometer (V730, Jasco, Tokyo, Japan) ,

by using 1 cm pathlength quartz cuvette.

2.2.10. Red Green Blue (RGB) color model

For characterization the color inside and outside the cap-

sules, we have used the RGB color model. It is an additive color

model. The red, green, and blue are primary colors of light.

They are mixed in di¸erent options for representing a wide se-
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lection of colors. (Hirsch, 2004) The RGB color model gives

the response of a point to the individual red, green, and blue

levels. The color is represented as values triplet of red, green,

and blue. Each value varies from zero to a de˛ned maximum. In

the case when all the components are zero, it means the black

color. The red, green and blue use 8 bits each, which have inte-

ger values from 0 to 255. In this case there are 256ˆ256ˆ256

= 16777216 possible colors. This system is widely used in com-

puter graphic.

In any graphic editor, it is required to use such tool as

a pipette. By placing this tool at the desired point, we get

the RGB triplet for this point. That is, we get three numbers,

namely, the number of bits corresponding to red, green, and

blue shades, that are used for obtaining the original color.
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3.1. Synthesis of microcapsules by LbL technique

The capsules that can be used as a container for delivery of

chemical substances were synthesized according to the scheme

described previously (Fig. 2.1).

As the ˛rst step of these process, calcium carbonate (CaCO3)

particles for their successive utilization as templates were fabri-

cated according to 2.2.1.1. Their shape and size were analyzed

by optical microscope (Fig. 3.1). The particles size varies in

range from 3.64 —m to 6.03 —m. The shape of capsules is

mostly spherical, but in some cases deviations are observed and

the capsules are more faceted. The size distribution of CaCO3

particles, obtained after analysis of 10 acquired images, is in

Fig. 3.2.

Fig. 3.1 CaCO3 particles. Images captured by optical micro-
scope.

As a next step, these particles were covered by polymers.

The minimum required number of layers in the shell was 6, as

it was shown that after this thickness the shell is continuous

and stable. For one type of NPCs PSS solution and PAH so-

lution were used, for the other { PSS solution and PDADMAC
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Fig. 3.2 Size distribution of CaCO3 particles in —m

solution. The formation of these shells was veri˛ed by scanning

electron microscope (SEM) and optical microscope. The results

are reported in Fig. 3.3-3.6. The size distribution of CaCO3 `
(PSS ` PAH)3 particles vary in range from 2.537 —m to 6.016

—m. The size distribution of CaCO3 ` (PSS ` PDADMAC)3

particles vary in range from 9.956 —m to 13.823 —m. As it is

reported in litterature ((Gong et al., 2005; Guzm«an et al., 2009)

the thickness of (PSS ` PAH)3 is in range from 8 nm to 8.8

nm, the thickness of (PSS`PDADMAC)3 is in range from 9.2

nm to 12.1 nm. In this regard, there are di¸erences in the size

of capsules in Fig. 3.3 and 3.5. Also, the structure of PAH

and PDADMAC molecules (table 1.2) is di¸erent. PAH is more

linear compared to PDADMAC. Therefore, there is a di¸erence

in the external appearance and thickness of the capsules in Fig.

3.3 and 3.5.

Then the templates were dissolved by EDTA solution.
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Fig. 3.3 SEM images of CaCO3-(PSS ` PAH)3 surface.

Fig. 3.4 Images of CaCO3-(PSS ` PAH)3 from optical micro-
scope.
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Fig. 3.5 SEM images of CaCO3-(PSS`PDADMAC)3 particles.

Fig. 3.6 Images of CaCO3-(PSS ` PDADMAC)3 from optical
microscope.

NPCs were studied by atomic force microscopy (AFM). Fig.

3.7 (A) reports the surface topography of the sample. It can be

seen that the height of a dried capsule is 1.2 —m. These data

were obtained through contact or tapping mode. By comparison,

with the peak force error technique it is possible to obtain infor-

mation about mechanical deformation and energy dissipation, as

well as data about surface morphology. Thus, the peak force er-

ror mode is much more e‹cient than the tapping or the contact

mode. Peak force error images are the characteristic feature of
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PeakForce Tapping AFM mode, where the maximum value of

the tip-surface interaction force is used as a constant set point

for each pixel of the scanned area. Due to the surface topogra-

phy in homogeneity, a non-zero di¸erence between the real peak

force value and the set point exists. Therefore, peak force error

imaging is sensitive to topography deviations and demonstrates

the best lateral resolution, yielding in most spectacular images

during lateral scanning, as seen in Fig. 3.7 (B) During the scan-

ning of capsules, a force curve is recorded at each scan point,

which describes the dependence of the interaction force between

the AFM probe and the sample on the distance between them.

The software processing of the force curves and their analy-

sis are carried out directly during the scanning process, which

makes it possible to simultaneously obtain information about

the surface relief of the sample and its mechanical parameters,

including the force of adhesion between the probe and the sam-

ple. (Fakhrullina et al., 2017; Xu et al., 2018) Fig. 3.7 (C)

shows the Young’s modulus distribution of the sample. Young’s

modulus characterises the material’s sti¸ness in Pascals. Fig.

3.7 (D) shows the adhesion force distribution of the material.

The height of the capsule was about 860 nm, and the di-

ameter was about 3 —m. The results are reported in Fig. 3.8.
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Fig. 3.7 Atomic force microscopy (Peak Force Tapping mode) of
(PSS ` PAH)3 capsules. (A) Sensor height (topography); (B)
Peak Force Error map; (C) the logarithm of the elastic modulus
based on the Young’s Modulus; (D) adhesion.
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Fig. 3.8 Height pro˛le of a single capsule obtained using atomic
force microscopy.

Also, we tried to use as a template HEK-cells instead of

calcium carbonate. The structure was studied by SEM. Fig. 3.9

shows these HEK cells covered with polymers.

In this case we have obtained the ˛nal structure HEK `
(CHI ` ALG)3.

Fig. 3.9 SEM images of NPCs where is HEK cells used as tem-
plates. Left - the single particle. Right - the complex of particles
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3.2. Coherent X-Ray di¸raction Imaging

Images of the polymeric capsule under dry conditions are

shown in Fig. 3.10 in three projections and appropriate cross

sections: a) and d) are top views; b) and e) are front views;

c) and f) are side views for the cross section (a, b, c) and the

plane projection (d, e, f). The same analogy is for subsequent

images.1

It can be mentioned that the images are similar to those

that were received previously using SEM. The measurements

were carried out for dried samples, while their natural environ-

ment is liquid. Due to the drying of the sample on solid supports,

there is a deformation of their shape and size. It is impossible to

build a reliable 3D model of the sample in natural conditions.

All these issues were later eliminated by measuring in a liquid

medium.

Reconstructed images of NPCs in liquid medium are shown

in Fig. 3.11 in three projections and appropriate cross sections.

As is clear from the ˛gure, the shape in this case is practi-

cally ideal sphere slightly disturbed due to the presence of gold

nanoparticles in the core. The presence of these particles is

visible in images of the cross sections.

For the ˛rst time CXDI technique was applied for studying

NPCs. The structure of these kind of objects is quite di¸erent

under dry and liquid conditions. Therefore, it can be considered
1The results of this chapter were partially reported in these journal articles:

Ĺ Erokhina, S., L. Pastorino, D. Di Lisa, A. G. Kiiamov, D. A. Tayurskii, S. Iannotta,
V. Erokhin, and A. R. Faizullina. "3D structure reconstruction of nanoengineered
polymeric capsules using Coherent X-Ray di¸raction imaging." MethodsX 8 (2021):
101230.

Ĺ Erokhina, S., L. Pastorino, D. Di Lisa, Airat Gazinurovich Kiiamov, A. R. Faizullina,
Dmitrii Al’bertovich Tayurskii, S. Iannotta, and V. Erokhin. "Coherent X-ray di¸raction
imaging of nanoengineered polymeric capsules." JETP Letters 106, no. 8 (2017):
540-543.
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Fig. 3.10 Reconstructed images of 5-—m NPC loaded by 50-nm
gold nanoparticles under dry conditions. . a, b, c { are the cross
sections, d, e, f { are the plane projections. a, d are top views;
b, e are front views; c, f are side views. The same analogy is for
subsequent images.

as direct evidence that CXDI is a powerful tool for characterizing

objects in liquid medium, that is natural for them. Moreover,

it can visualize not only the shape of the objects but also the

structure of their inner part. As it is obvious from two images,

presented above, there is a signi˛cant di¸erence of a dried sam-

ple from its liquid one in shape, sizes etc.

Moreover, NPCs at di¸erent pH were studied. In other

words, NPCs were considered in detail at pH 4.0, pH 6.5, and

pH 8.5.

As it was shown earlier, depending on the pH of the medium,

this object can be in di¸erent states. Namely, at pH 4.0 the cap-

sules are open, at pH 6.5 they are in intermediate state, and at

pH 9.0 they are closed. This related to a permeability of the

shell. Analyzing the X-ray coherent di¸raction imaging data,
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Fig. 3.11 Reconstructed images of 5-—m NPC loaded by 50-nm
gold nanoparticles in liquid medium.

this dependence can also be visualized.

The permeability properties of not decorated polyelectrolyte

capsules have been investigated as a function of pH by means

of CXDI.

Fig. 3.12 shows reconstructed images of NPC loaded by 5-

nm gold nanoparticles at pH 6.5. Gold nanoparticles are present

both in the shell and in the core of capsules. It is noticeable

that the capsules shells are closed, preventing gold nanoparticles

release from them.

In contrast, for the same type of NPCs at pH 4.0, the re-

constructed image, shown in Fig. 3.13, demonstrates that gold

nanoparticles are distributed throughout the capsule volume.

There is no clear border of the capsule. Very likely, some of

them were released to the surrounding liquid medium. In ad-

dition, the shape of the capsule is signi˛cantly disturbed, what

indicates also the formation of pores in their shells.
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Fig. 3.12 Reconstructed images of 6 PSS/PAH layers NPC loaded
by 5-nm gold nanoparticles at pH 6.5 in liquid medium.

Fig. 3.13 Reconstructed images of 6 PSS/PAH layers NPC loaded
by 5-nm gold nanoparticles at pH 4 in liquid medium.

The same analogy can be done for the capsules, loaded

with 50 nm gold nanoparticles. Under acidic conditions, it is
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possible to observe the distribution of gold nanoparticles over

the entire volume and there is no de˛ne shape of the capsules

(Fig. 3.14), at pH 6.5 (neutral medium) (Fig.3.15) the shape

of capsules approaching to spheric one, the gold nanoparticles

are going to the center of the core, and then at pH 8.5, which

corresponds to alkaline conditions, the gold nanoparticles are

concentrated in the core, the shape is spheric (Fig. 3.16).

In these experiments two sizes of gold nanoparticles were

used. Some capsules were loaded with 5 nm gold nanoparticles,

one with 50 nm. This was done in order to control the kinetics of

capsule pore opening but due to some technical problems during

the experiment and lack of the time (allocated time was 5 days

only) , we were not able to study these kinetic dependences.

Fig. 3.14 Reconstructed images of 12 PSS/PAH layers NPC
loaded by 50 nm gold nanoparticles at pH 4 in liquid medium.
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Fig. 3.15 Reconstructed images of 12 PSS/PAH layers NPC
loaded by 50-nm gold nanoparticles at pH 6.5 in liquid medium.

Fig. 3.16 Reconstructed images of 12 PSS/PAH layers NPC
loaded by 50-nm gold nanoparticles at pH 8.5 in liquid medium.

In an alkaline environment, the capsule shell is completely
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closed. This is noticeable considering that gold particles are

concentrated exclusively in the core of capsules.

Therefore, under acidic conditions, it is clearly shown that

the gold nanoparticles are randomly distributed throughout the

entire volume, there is no clearly de˛ned shape of the capsule,

and there is not a sharp boundary between capsule and surround-

ing liquid. We can conclude that the shell is open and partial

release of gold nanoparticles occurs. At pH 6.5 which corre-

sponds to neutral medium, as it is seen on Fig. 3.12, the shell

pores of NPCs are closed, AuNPs are in both states: they are

present both in the center of the core and close to the shell. It

may be due to the beginning of the pores opening and starting

of the release of encapsulated particles. In this case, the spher-

ical shape of the capsules is more clearly visible. At pH 8.5 the

pores are closed, the AuNPs are in the entire inner volume of

capsules, the particle distribution is chaotic, but we can see that

they are more concentrated in the center of the core.

Hence, according to this dependence, the shell permeability

is well described as a function of pH.

Thereby, we can conclude that CXDI can be used for study-

ing the objects in liquid media. Moreover, it is also possible

to study their properties by changing environmental conditions,

such as pH (what was done in this work), composition, ionic

strength, temperature, etc. (Erokhina et al., 2021, 2017)

3.3. Magnetite nanoparticles characterization

The magnetic nanoparticles were prepared according to

2.2.4. After stabilization of FeNPs with a polycationate, the

sample was washed 5 times with water. The solution contains

visible aggregates of iron particles (Fig. 3.17).

Firstly, SEM measurements were done. As it is clear from
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Fig. 3.17 Magnetic separation of the prepared black product sus-
pended in water without (left) and with (right) a magnetic ˛eld.

Fig. 3.18, the sample is quite aggregated.

Fig. 3.18 SEM images of MNP’s.

Then, after washing, the solution was passed with a sy-

ringe through the 0.45 —m ˛lter to obtain a more homogeneous

solution of magnetic particles. After the ˛ltration, the solu-

tion was less concentrated, the particles were distributed in the

whole volume, the solution was brown but through it the light

could be passed (before ˛ltration it was brownish black, it was



3.3. MAGNETITE NANOPARTICLES CHARACTERIZATION 65

impossible to pass light through it). No big aggregates have

been observed, the shape of particles was more de˛ned. The

size distribution was within 27-50 nm range (Fig. 3.19).As it

is described in (Garc«“a-Alonso et al., 2010) and in (Lu et al.,

2006), the size of obtained MNPs, that they have obteined, are

15 ˚ 2 nm and 40 ˚ 3 nm respectively. For the characterization

of these MNPs in this papers TEM imaging was used.

Fig. 3.19 SEM images of MNP’s after ˛ltration. Top { overall
picture. Bottom { overall picture with signed particles’ dimen-
sions.

For more precise visualization and characterization, TEM
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measurements have been carried out. (Fig. 3.20)

Fig. 3.20 TEM images of MNP’s. Left { more concentrated zone,
right { less concentrated zone.

The size distribution of FeNPs (Fig. 3.21) was found to be

within 10-40 nm range, what is comparable with values, esti-

mated from SEM images. As it is clear from the images, mag-

netite nanoparticles form agglomerates with each other. The

shape of FeNPs is mainly spherical.
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Fig. 3.21 Size distribution of FeNPs in nm.

SEM images of NPCs with MNPs in the shell is presented

in Fig. 3.22.

Fig. 3.22 SEM images of CaCO3-(PSS ` PAH)2-(PSS `
MNP=PAH)` PSS particles.

TEM image of the capsules with FeNP is shown in Fig.

3.23. In the complex of FeNPs and capsules, we can see that

magnetite nanoparticles are in the shell. Analizing this image it

is possible to claim that some part of the core was not disolved

(black zone on the left).
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Fig. 3.23 TEM images of MNP’s after ˛ltration. Top { overall
picture. Bottom { overall picture with signed particles’ dimen-
sions.
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3.4. Energy-dispersive X-ray analysis

For the elemental analysis of the complexes composition

energy-dispersive X-ray analysis (EDX) experiments have been

applied. Analysis of the acquired spectra allowed to identify

elements that presented in the sample.

Top images of the Fig. 3.24 represent CaCO3-(PSS `
PAH)2-(PSS`MNP=PAH)`PSS complex (left) and (PSS`
PAH)2-(PSS `MNP=PAH) ` PSS complex, where the core

was dissolved with a 1N HCl (right). EDX spectra of appropriate

samples are shown in the bottom images. Analysing these data

it is possible to see that on Fig. 3.24 left there are traces of

calcium that arrives from the core, silicon that arrives from a

support, sulfur comes from PSS, iron from magnetite, carbon

and oxygen are in both polymers. On the contrary, in Fig 3.24

right, where the core was dissolved, we don’t have the traces

of calcium, but chlorine arrives from hydrochloric acid. Sulfur

signal lost due to the low concentration and its damping due to

the vicinity of chlorine peak. The estimated percentage of each

element’s concentration within the sample for the Fig. 3.24 left

is presented in table 3.1, and for Fig. 3.24 right is table 3.2.

Table 3.1 Quantitative distribution of elements for CaCO3-
(PSS ` PAH)2-(PSS `MNP=PAH)` PSS.

Element Weight % Atomic %
C 15.71 29.21
O 17.8 24.84
Si 48.62 38.65
Ca 0.17 0.09
Fe 17.26 6.9

Total 100
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Table 3.2 Quantitative distribution of elements for (PSS `
PAH)2-(PSS `MNP=PAH)` PSS.

Element Weight % Atomic %
C 9.08 17.77
O 20.23 29.72
Si 53.5 44.78
Cl 1.98 1.31
Fe 15.21 6.4

Total 100

Fig. 3.24 SEM images (upper panels) and EDX spectra (bottom
panels) of CaCO3-(PSS`PAH)2-(PSS-MNP/PAH)-PSS (left)
and (PSS ` PAH)2-(PSS-MNP/PAH)-PSS (right).

3.5. Ultraviolet{visible spectroscopy (UV-VIS)

UV-VIS measurements were carried out to ˛nd out the char-

acteristic wavelength of FeNPs, to ˛nd out is there any in‚uence

of the polymer that is used for stabilisization of MNPs and to
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see any in‚uence of the concentration.

Fig. 3.25 presents the UV-VIS spectra of the synthesized

MNP. The absorbance of the particles was measured in the range

of 200 { 1000 nm. In the literature the absorption peak for this

type of particles is in range 220 - 350 nm. (Aguilar-M«endez

et al., 2020; Chaki et al., 2015; Razack et al., 2020) The ab-

sorption peak that was measured for our sample is at 294 nm

that corresponds to the results obtained in literature. The broad

distribution of peaks values depends on the particle size. With

decreasing particle size, the maximum absorbance is found at

shorter wavelength. (Vollath, 2013)

Fig. 3.25 UV-VIS spectra of the magnetite nanoparticles.

In the work of Villegas et al. (Villegas et al., 2020) there

was a comparison of UV{Vis spectra of magnetic nanoparticles

dispersed in di¸erent mediums. That is why we have compared

the absorption peak of MNPs stabilized with di¸erent polymers.

We compared the MNPs dispersed in PEI solution and in water.

As it is clear from Fig. 3.26, the absorbance peak in the UV

region at the wavelength of 294 nm is present for both speci-
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mens. However, in the case of nanoparticles, stabilized with a

polymer MNPs, the absorbance peak is more ‚at, compared to

pure particles. Also the peak height is less than in case of wa-

ter solution. Thus, we can conclude that polymer stabilization

makes in‚uences on the type of the peak, but does not a¸ect

the absorption wavelength.

In (Villegas et al., 2020), the authors have mentioned, that

depending from the medium the type of the peak can change.

Fig. 3.26 UV-VIS spectra of the utilized reagents: black { pure
MNPs, red { MNPs stabilized with PEI.

Likewise, it was interesting to see any dependence of the

solution concentration on the wavelength. For this case we

started our measurements with a concentrated solution of MNPs

dispersed in PAH. In the Fig. 3.27 the green line corresponds

to the concentrated solution. As in the case of PEI, the ab-

sorbance peak is ‚at. The violet line corresponds to dillution 1

to 2. The solution was dilluted gradually. But in any case the

characteristic wavelength was the same. The gradual dilution

does not a¸ect the absorption wavelength, the peak shape does

not change.
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Fig. 3.27 UV-VIS spectra of the MNPs stabilized with a PAH:
the green is dilluted solution 1 to 1, the violet is 1 to 2.

3.6. Loading and delivery of capsules. Release of inner

substance

For this experiment CaCO3 particles were soaked in the so-

lutions with the ‚uorescent dyes. The prepared CaCO3 particles

were placed in the Rhodamine B solution and in the Fluorescein

sodium salt solution. The concentration of the ‚uorescent dyes

solutions was 2 mg/ml. The particles were left in the solution

for 24h. This was done for allowing dyes to enter inside the

pores of CaCO3 particles.

First of all, we have checked that both types of dyes have

entered inside the pores of CaCO3 particles. This fact is clearly

con˛rmed by Fig. 3.28 for ‚uorescein sodium salt. The similar

picture was con˛rmed for Rhodamine B. This image was ac-

quired by the ‚uorescence optical microscope using FITC ˛lter.

The presence of the green background indicates that some of

dye molecules are still in the solution.
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Fig. 3.28 Optical ‚uorescent microscope image of CaCO3 parti-
cles with associated ‚uorescein sodium salt using FITC ˛lter.

Images were acquired by Fluorescence Optical Microscope

Nikon Ni-E with Camera Type: Nikon DS-Qi2 in transmission

geometry. Exposure time was 300 ms. Samples were placed as

a liquid drop on a glass substrate. Then, directly on the glass

supports, the templates were dissolved by adding EDTA solution

(0.2 M). The general scheme of the experiment is represented

in Fig. 3.29.

Fig. 3.29 General scheme of the experiment.

After soaking the particles for 24h, the supernatant was

replaced with a polymer solution. As a ˛rst layer PSS was
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used. The ˛nal structures were:

Ĺ CaCO3/Fluorescein sodium salt -(PSS ` PDADMAC)2 `
(PSS `MNP=PDADMAC);

Ĺ CaCO3/ Rhodamin B -(PSS ` PDADMAC)2 ` (PSS `
MNP=PDADMAC).

Two types of samples, loaded with di¸erent ‚uorescent

dyes, were fabricated. Images of these samples were acquired

by the ‚uorescence optical microscope, using a FITC ˛lter for

samples with ‚uorescein sodium salt dyes and TRITC ˛lter for

samples with rhodamine B dyes. The images are shown in Fig.

3.30 and Fig. 3.31 respectively.

Fig. 3.30 Optical ‚uorescent microscope image of CaCO3/ Flu-
orescein sodium salt -(PSS ` PDADMAC)2` (PSS `MNP=
PDADMAC) using FITC ˛lter.

As it is clear from Fig. 3.30 and Fig. 3.31, dye molecules

are mainly present in the core of fabricated objects.

During the shell fabrication, magnetite nanoparticles were

incorporated to the last layer. Two drops of capsule solutions

were placed onto the glass support for the microscope, as it is

schematically shown in the Fig. 3.32. These solutions contained

CaCO3/ Fluorescein sodium salt `(PSS ` PDADMAC)2 `
(PSS`MNP= PDADMAC), and CaCO3/ Rhodamin B`(PSS`
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Fig. 3.31 Optical ‚uorescent microscope image of CaCO3/ Rho-
damin B -(PSS`PDADMAC)2` (PSS`MNP= PDADMAC)
using TRITC ˛lter.

PDADMAC)2`(PSS`MNP= PDADMAC), respectively. Af-

ter placing, the capsules in both solutions were moved by the

external magnet to a desirable area under the microscope focus.

Fig. 3.32 Schematic view of the experiment. 1) Two di¸erent
drops with loaded dyes in the core of containers are placed on
the glass. The drops are placed near each other. 2) With an
external magnet the particles are moved to one point. 3) Two
types of containers are mixed between each other.
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It was di‹cult to capture this process of movement by the

‚uorescence optical microscope. So there is only the picture of

mixture of two drops (Fig. 3.33).

Fig. 3.33 Mixture of CaCO3/Fluorescein sodium salt -(PSS `
PDADMAC)2`(PSS`MNP=PDADMAC) and CaCO3/ Rho-
damin B -(PSS`PDADMAC)2`(PSS`MNP=PDADMAC),
delivered to the focus area by external magnet

Imaging in a normal (not ‚uorescent) mode (Fig. 3.33)

did not represent any di¸erence among capsules after their dis-

placement and delivery to the de˛ned area. It was possible to

see the di¸erence of objects distribution only in the ‚uorescence

mode, using di¸erent ˛lters. TRITC ˛lter was used for imaging

objects with Rhodamine B dyes inside it, while FITC ˛lter was

used for imaging containers with ‚uorescein sodium salt. Of

course, it was impossible to visualize both types of containers

simultaneously, because dyes have di¸erent ‚uorescent spectra

what required the change of ˛lters.

Images were acquired in the same point, using di¸erent

˛lters, where two di¸erent types of containers were delivered

(Fig. 3.34).
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Fig. 3.34 Optical ‚uorescent microscope images of mixture
of CaCO3/Fluorescein sodium salt -(PSS ` PDADMAC)2 `
(PSS`MNP=PDADMAC) and CaCO3/ Rhodamin B -(PSS`
PDADMAC)2`(PSS`MNP=PDADMAC). Top{ using FITC
˛lter. Bottom { using TRITC ˛lter.

As it is clear from Fig. 3.34, both types of capsules were

e¸ectively delivered to the same area. In order to show the e‹-
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ciency of the encapsulation, we compared RGB values of inner

zones of capsules and of a medium surrounding it. Analysing

images, we have found out the RGB values of di¸erent points,

marked in Fig. 3.34 as 1 - 4. The values of the intensities in

di¸erent points are presented in Table 3.3, , allowing to make

conclusions about the e‹ciency of the encapsulation of dyes.

Table 3.3 The distribuition of dyes in the core and in the solution
by comparison RGB values.

No. in the Fig.3.34
Fluorescein sodium

salt (Red Green
Blue)

Rhodamin B (Red
Green Blue)

1 39 138 0 144 1 0
2 0 51 0 0 0 0
3 0 0 0 98 1 0
4 0 0 0 0 0 0

Analyzing these data, we can conclude that dyes are mainly

concentrated inside the core of the fabricated objects. For the

characterization of an inner substance the bold value is more in-

teresting. Fluorescein sodium salt gives green color, Rhodamine

B { red one. In the RGB triplet, Green characterizes ‚uorescein

sodium salt, red { Rhodamine B. As we can see the value of

these numbers is the maximum for corresponding color. RGB

values of the surrounding solution is aspires to zero which cor-

responds to the black color.

As the next step, we have dissolute the CaCO3 cores by

adding EDTA solution (pH=6-7).Optical transmission image of

the resultant solution is shown in Fig. 3.35.

Similarly, to the previous case, no special features can be

seen in the transmission mode: therefore, we have changed the

mode to a ‚uorescent one using two types of ˛lters. The ac-

quired images are shown in Fig. 3.36. It is to note that there are

spheric particles which has colored shell due to the incorpora-

tion of dyes. The presence of colored background indicates that
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Fig. 3.35 Optical image of the sample after the core dissolution
by adding EDTA solution.

a part of dye molecules has left the core, that can be connected

to the fact that dyes have rather small sizes (around 1 nm). In

any case in this colored medium, we can explicitly distinguish

capsules (Fig. 3.36, points 1) and 3)).

As it is clear from Fig. 3.36, there is an intermediate state.

Some dyes are inside the capsules, some of them are out. To

show the release of dyes, again we compared RGB values in

chosen points (Fig. 3.36 1)-4)). The comparison of these values

allow to see the e‹ciency of the release (table 3.4).

Table 3.4 The distribuition of dyes in the core and in the solution
by comparison RGB values after dissolving the core with EDTA

No. in the Fig.3.36
Fluorescein sodium

salt (Red Green
Blue)

Rhodamin B (Red
Green Blue)

1 19 53 6 67 0 0
2 8 31 0 45 0 0
3 45 82 17 96 0 0
4 8 31 0 45 0 0

Analyzing these data (the bold ones), we can conclude that
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Fig. 3.36 Optical ‚uorescent microscope images of the mixture
of two types of capsules loaded with di¸erent dyes after core
dissolution. Top { FITC ˛lter, bottom { TRITC ˛lter.

inside the core the concentration of dyes is higher than in the

solution. Moreover, it shows that a signi˛cant amount of dyes

was released in the solution.
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After that, hydrochloride acid was added to this mixture

for opening pores in the capsules with disolved templates, what

must result in the fact that the dyes are completely in the so-

lution. Taking into account that the material of the template

is still present in the solution, we can expect the formation of

a crystall of CaCl2 ´ 2H2O. during drying of the solution un-

der the illumination. 10 minutes of the sample illumination has

resulted into the crystal formation, as it is shown in Fig. 3.37.

Fig. 3.37 CaCl2 ´ 2H2O crystal formed after drying of the sur-
rounding water.

If the release of dyes from capsules was successful, they

will remain in the solution and will settle down on the formed

crystal. In Fig. 3.38 we see how the dyes were distributed on

the formed crystal.

Comparison of images, shown in In Fig. 3.38, demon-

strates that these two di¸erent dyes were adsorbed on the formed

CaCl2 ´ 2H2O crystal in di¸erent ways, very likely due to the
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Fig. 3.38 CaCl2´2H2O crystal. Left { FITC ˛lter, right { TRITC
˛lter.

di¸erence in the initial encapsulation e‹ciency (as the result,

di¸erence in the concentration in the solution before drying).

However, these images demonstrate the fact that the release

was done and all dyes molecules were released into surrounding

solution and adsorbed on the CaCl2 ´ 2H2O crystals. It is to

note that no spherical objects with sizes, corresponding to that

of templates were observed in these images.
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3.7. Loading of capsules with aquacobalamin (vitamin B12)

and dimeglumine chlorin E6 inside capsules

For the encapsulation of aquacobalamin and dimeglumine

chlorin E6, hollow capsules with magnetite nanoparticles in the

shell were prepared. The polymers that were used in layer-by-

layer technique were biodegradable and biocompatible. In this

case chitosan and alginate were taken. The shell is composed

by 3 bilayers of CHI-ALG, penultimate layer included magnetite

nanoparticles. The ˛nal structure of the shell is (ALG`CHI)2`
(ALG`MNP=CHI)`ALG. Also, there were capsules without

magnetite in the shell and in this case the ˛nal structure of the

shell was (ALG `CHI)3. As a core CaCO3 particles were used

as a core, then the core was dissolved by EDTA solution as it was

described above. Loading was performed by leaving the formed

hollow microcapsules in aquacobalamin solution (3 mg/ml) for

24 h with continuous shaking. Afterward, the capsules were

precipitated, and the water was replaced by a bu¸er at pH =

9.6. For the characterization, capsules were dried on silica slide

whose surface was previously charged by deposition of PEI `
(PSS ` PEI)2 layers.

Vitamins are one of the most important classes of micronu-

trients that are essential for human life. Each vitamin needs

a di¸erent number of genes, proteins, enzymes. Vitamin B12

mainly performs its role in bone marrow, liver, intestinal ep-

ithelium, and neurocites. In medicine it is quite important to

use it for painful syndrome treatment, for myelin restoring and

for anemia prevention. It is important for folate metabolism

and homocysteine neutralization, DNA methylation, nucleotide

biosynthesis, and anemia prevention. (Gromova et al., 2021;

Maiorova et al., 2019)

Derivatives of chlorine E6 are used as a basis for the syn-
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thesis of cationic photosensitizers. These photosensitizers are

usually applied for photochemical destruction of pathogenic mi-

croorganisms. This reaction is the basis of photodynamic ther-

apy. The objects of this therapy are viruses, bacteria, fungi, and

protozoa. (Carpenter et al., 2012; Plaetzer et al., 2009)

As a result of encapsulation, loaded capsules were fab-

ricated. This demonstrates the e¸ectiveness of encapsulation

process and demonstrates the ˛rst steps in the ˛eld of targeted

delivery. The incorporation of magnetite nanoparticles in the

shell allows to use external magnetic ˛eld for their delivery in

the body. Opening of the pores in the targeted zone can be

achieved by changing pH, temperature, laser etc.

SEM images of capsules (ALG`CHI)2`(ALG`MNP=CHI)`
ALG and (ALG ` CHI)3 loaded with aquacobalamin (vitamin

B12) are shown in Fig. 3.39.

SEM images of capsules (ALG`CHI)2`(ALG`MNP=CHI)`
ALG and (ALG ` CHI)3 loaded with dimeglumine chlorin E6

are shown in Fig. 3.40.

As it is clear from these ˛gures, capsules have spherical

shape that indicates that there are some inner substances inside

them. As it is well shown in literature (Erokhina et al., 2009,

2013), drying of hollow capsules results in the smooth objects on

the support. Therefore, spherical form of dried sample of these

objects indicates that some substance was really encapsulated

into them. The are two other arguments that proofs that inner

substance had entered inside the capsules. First, the capsules in

eppendorf were colored in rose and green, which corresponds to

the color of Vitamin B12 and chlorin E6, respectively. Second,

during the measurements on optical microscope it was seen, that

the inner substance of capsules were colored.

In the case of capsules with magnetite nanoparticles in the
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Fig. 3.39 SEM images of: top { (ALG`CHI)2`(ALG`MNP=CHI)`ALG
{ B12; bottom { (ALG ` CHI)3 { B12.

shell, we see inhomogeneity of the surface due their presence.

The prepared and loaded capsules are ready for further use.
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Fig. 3.40 SEM images of: top { (ALG`CHI)2`(ALG`MNP=CHI)`ALG
{ E6; bottom - (ALG ` CHI)3 { E6.



CHAPTER 4

GENERAL CONCLUSIONS

88



CHAPTER 4. GENERAL CONCLUSIONS 89

The LbL technique was used for synthesizing of a hollow

capsules that can be used for drug delivery. In order to fab-

ricate them di¸erent polymers, including biodegradable ones,

were used. During this work these capsules were studied by dif-

ferent methods. This allowed to obtain new information about

them. Moreover, the complicated and powerful method, such

as coherent X-Ray di¸raction imaging, was applied for studying.

In the present work this method was applied for the ˛rst time for

the investigation of polymeric capsules. Reconstructed images

have revealed a signi˛cant di¸erence with images, obtained in

dried conditions using SEM: the shape of capsules was found to

be practically a spherical one. Moreover, CXDI allowed to study

the variation of the shell permeability as a function of the pH

of a medium, revealing redistribution of the encapsulated gold

nanoparticles.

The internal part of capsules can be used for encapsula-

tion of active compounds, such as pharmaceutical preparations.

The architecture of the shell, instead, can provide functional

properties to these objects, allowing their targeted delivery and

induced release of encapsulated substances. For example, the

shell can be functionalized by the incorporation of magnetite

nanoparticles. This option allows to use an external magnetic

˛eld for the delivery of capsules in a de˛ned area in the body.

For some speci˛c industrial or therapeutic applications, it is nec-

essary to deliver two or more di¸erent compounds to the ˛xed

point and provide their simultaneous release. If it happens be-

fore the target point, the compounds can react with surrounding

medium products and, therefore, they will not be able to per-

form the required action in the desirable zone. Therefore, in

the framework of this thesis work we have fabricated two types

of capsules with magnetic nanoparticles in the shell, loaded by

di¸erent dye molecules. These two types of capsules were deliv-
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ered to a de˛ned zone by the application of external magnetic

˛eld. The release of the encapsulated dyes was done by the

variation of pH of the liquid medium, what was revealed using

‚uorescent microscopy. This experiments have demonstrated

the possibility of using di¸erent types of capsules, bringing them

to a desirable zone and releasing of encapsulated substances in

the desirable point. The release of several di¸erent compounds

has resulted in a reaction between them, what can be used in

industry and/or pharmaceutics, when two or more compounds

must be safely delivered to a de˛ned zone and make a reaction

only in this restricted area.

Obviously, the main aim of the capsules using is delivery

and release of encapsulated substances, that has a practical im-

portance. For these reasons, two essential bio-active substances

were selected. Aquacobalamin (Vitamin B12) and dimeglumine

chlorin E6 are two promising and important compounds. Aqua-

cobalamin (Vitamin B12) is quite essential in a human body and

dimeglumine chlorin E6 is used as a catalysator in photodynamic

therapy. They were successfully loaded in capsules, the shell of

which was fabricated using also biocompatible polymers. More-

over, the shell of these capsules was functionalized by magnetite

nanoparticles incorporation. As a result, encapsulated samples

functionalized by magnetite were synthesized and are ready to

use in biomedical sphere.

Summarizing, the following results were obtained in this

thesis work:

1. Hollow capsules of micron and submicron sizes were fabri-

cated, using also biocompatible polymers for the shell for-

mation.

2. The capsules were loaded with di¸erent substances, such as

gold nanoparticles, dyes, and Vitamin B12 and dimeglumine
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chlorin E6 for the ˛rst time.

3. The shell of the capsules was functionalized by magnetic

nanoparticles and the possibility of targeted delivery using

external magnetic ˛eld has been demonstrated.

4. The capsules were characterized at each stage of their for-

mation.

5. For the ˛rst time the coherent X-Ray di¸raction imaging

technique was applied for studying these objects.

6. It has been demonstrated a signi˛cant di¸erence in the struc-

ture of capsules in dry and wet conditions.

7. It has been directly demonstrated the variation of shells per-

meability (redistribution of encapsulated gold nanoparticles)

in natural liquid conditions.

8. It has been demonstrated the possibility of the delivery of

two di¸erent types of capsules, loaded by di¸erent dyes, to

a desirable area with their successive simultaneous release,

induced by the pH variation.
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