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Abstract

Gene therapy is a rapidly developing medical field, which focuses on the utilization of therapeutic
delivery of recombinant nucleic acids into a patient's cells to treat or prevent a broad spectrum of
diseases. However, several important obstacles remain before its wide introduction into clinical
application can be implemented. One of the biggest bottlenecks is a lack of efficient and safe
delivery technologies, particularly, for in vivo distribution. Additionally, standard requirements
for carriers are still an open question (safety, minimal/absent toxicity and immunogenicity,
sufficient packaging capacity, targeting, straight and low-cost large-scale Good Manufacturing
Practice (GMP) production). Therefore, a growing variety of non-viral delivery platforms
represent a promising alternative. Nanotechnology opens new possibilities for resolving
biomedical issues. Polymer and hybrid micro- and core–shell nanoparticles are currently under
development as a platform for safe and efficient gene delivery.

The present thesis describes the development of new safety gene delivery system based on
polymer nanoparticles. The results show that nucleic acids (DNA/RNA) can be successfully
imbedded into the nanoparticle structures and delivered to various types of cells. For the
characterization of the biocompatibility of nanoparticles in vitro, two optical methods were
considered. Compatibility with red blood cells (important for intravenous delivery) was assessed
using optical tweezers. Capsule biodistribution in vivo was studied with fluorescence
spectroscopy and a radiolabeling technique. The data and experience gained from this research
open new prospects in the fields of delivery systems areas, gene therapy, and diagnostics in vivo
and new possibilities for future clinical applications.

Keywords: in vivo visualisation, diffraction analysis, gene delivery, optical tweezers,
polymer capsules, radiolabelling
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Tiivistelmä

Geeniterapia on nopeasti kehittyvä lääketieteellinen ala, joka keskittyy rekombinanttisten nukle-
iinihappojen terapeuttisen annon hyödyntämiseen potilaan soluihin laajan kirjon tautien hoitami-
seksi tai ehkäisemiseksi. On kuitenkin olemassa useita tärkeitä esteitä, ennen kuin sen laajaa
käyttöönottoa kliinisessä sovelluksessa voidaan toteuttaa. Yksi suurimmista pullonkauloista on
tehokkaiden ja turvallisten jakelutekniikoiden puute etenkin in vivo -jakelussa. Myös kiistanalai-
nen vakiovaatimukset operaattoreille ovat edelleen avoin ongelma (turvallisuus, vähäinen / puut-
tuva myrkyllisyys ja immunogeenisuus, riittävä pakkauskapasiteetti, kohdennus, suora ja edulli-
nen laajamittainen GMP-tuotanto). Siksi kasvava valikoima ei-viraalisia jakelualustoja on lupaa-
va vaihtoehto. Nanoteknologia avaa uuden mahdollisuuden ratkaista biolääketieteelliset kysy-
mykset. Polymeerisiä ja hybridimikro- ja ydin-kuori-nanohiukkasia kehitetään parhaillaan tur-
vallisen ja tehokkaan geeninsiirron alustana.

Tässä opinnäytetyössä kuvataan polymeerisiin nanohiukkasiin perustuvan uuden turvalli-
suusgeenin kuljetusjärjestelmän kehittäminen. Tulokset osoittivat, että nukleiinihapot (DNA /
RNA) voidaan upottaa onnistuneesti nanohiukkasten rakenteeseen ja toimittaa erityyppisiin
soluihin. Nanohiukkasten biologisen yhteensopivuuden in vitro karakterisoimiseksi otettiin huo-
mioon kaksi optista menetelmää. Yhteensopivuus punasolujen kanssa (tärkeä laskimoon annetta-
essa) arvioitiin optisilla pinseteillä. Kapselien biologinen jakautuminen in vivo mitattiin ja tut-
kittiin fluoresenssispektroskopialla ja radioleimaustekniikalla. Tästä tutkimuksesta saadut tiedot
ja kokemukset avaavat uusia näkymiä jakelujärjestelmiin, geeniterapiaan ja diagnostiikkaan in
vivo ja avaavat uusia mahdollisuuksia tulevassa kliinisessä sovelluksessa.

Asiasanat: in vivo visualisointi, diffraktioanalyysi, geenien kuljettaminen, optiset
pinsetit, polymeerikapselit, radioleimat
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Abbreviations and symbols  

ADA  adenosine deaminase  

AFM atomic force microscopy 

BCSC breast cancer stem-like cells 

Cas CRISPR-associate 

CLSM confocal laser scanning microscopy  

CMOS complementary metal-oxide-semiconductor camera 

COVID-19 corona virus disease 2019 

CRISPR clustered regularly interspaced short palindromic repeat   

DAPI diamidino-2-phenylindole 

DLS dynamic light scattering 

DNA deoxyribonucleic acid 

DPM diffraction phase microscopy 

DS dextran sulfate 

EDTA ethylenediaminetetraacetic acid 

EG ethylene glycol  

FDA Food and Drug Administration 

FITC fluorescein isothiocyanate  

GMP Good Manufacturing Practice  

GO graphene oxide 

HDR homology-directed repair  

HIV human immunodeficiency viruses 

HMEJ homology-mediated end joining 

hMSCs human mesenchymal stem cells 

HR homologous recombination 

IR infrared filter 

IAV influenza A virus 

LASN long terminal repeat promoter 

LbL layer-by-layer 

LED light-emitting diode  

MMEJ microhomology-mediated end joining 

MOFs metal-organic frameworks 

mRNA messenger RNA 

MRI magnetic resonance imaging 

NA nucleic acids 

Nd:YAG neodymium-doped yttrium aluminum garnet 
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NHEJ non-homologous end joining  

NIR near-infrared 

NP influenza A virus gene encoding nucleoprotein 

NPs nanoparticles 

NS influenza A virus gene encoding non-structure protein 

OCT optical coherence tomography 

OM optical microscope 

OT optical tweezers system 

PA influenza A virus gene encoding RNA polymerase subunit 

PARG poly-L-arginine 

pDNA plasmid DNA 

PDI polydispersity index 

PET positron emission tomography 

qPCR quantitative real-time polymerase chain reaction  

RBC red blood cells 

RISC RNA-induced silencing complex 

RNA ribonucleic acid 

RNP ribonucleoprotein 

SEM scanning electron microscopy 

STING stimulator of interferon genes 

TALENs transcription activator-like effectors nucleases  

TEM transmission electron microscopy 

TLR toll-like receptor 

TRITC tetramethylrhodamine 

T-cells T-lymphocytes  

US ultrasonication 

XRD x-ray diffraction  

ZFN zinc-finger nucleases 

 

Au gold 

CaCO3 calcium carbonate 

CaCl2 calcium chloride 

H2O water 

NaCO3 sodium carbonate 

SiO2 silica 
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1 Introduction  

1.1 Background  

One of the rapidly developing directions of biomedical research and nanotechnology is 

the design of new delivery systems for the delivery of genetic information. Complex 

application schemes in diagnostics and therapy demand a high degree of control of a 

wide range of carrier properties. Besides efficient substance loading, storage, and 

delivery to targeted cells, adjustable timing of the substance release has also become a 

development objective. High cost-effectiveness and biocompatibility complement the 

list of prerequisites for a successful carrier system.  

Gene therapy is gaining wide popularity and the main open problem is the lack of 

a universal system for the delivery of genetic material. The delivery problem stems 

from the biological properties of nucleic acids. mRNA and DNA are biopolymers that 

cannot freely cross the biologic membranes and are readily degraded by the intracellular 

and extracellular nucleases [1]. Thus, nucleic acids require delivery systems to be 

transported through the cell membrane and to be protected against enzymatic 

degradation. Either viral transduction or electroporation-based methods have been 

shown to be most successful regarding transfer efficiency [2]. However, these methods 

have unwanted side effects hampering translation of in vitro findings to in vivo models. 

More complexity is expected in the translation of this technique to clinical practice, 

which requires additional features such as the regulated duration of substance release, 

cost-effectiveness, and biocompatibility. Among a variety of non-viral delivery vectors 

[3], nanoparticles (NPs) are considered to hold the greatest potential. Various 

polypeptides may form complexes with nucleic acids and provide a platform for their 

delivery [4–6] and show a high transfection efficiency. However, polypeptides as a 

platform for delivery are not capable of long-term protection of the carried material. 

Liposomes [7–8], being a natural system of cell interactions, hold great potential as a 

system to address delivery [9]. The main advantages of liposomes compared to other 

common carriers, for example, lipid-based nanoparticles, are their high penetrating 

ability, delivery efficiency and biocompatibility [10]. However, since they have a low 

loading efficiency, especially for RNA molecules [11], and because the complex 

manipulations of the formation of liposomes and nanovesicles [12] are costly and time-

consuming procedures, a system which shares the benefits but lacks the disadvantages 

of liposomes, could be an attractive alternative. 
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Furthermore, a successful method to fabricate a delivery system should be 

reproducible and manufacturable, and thus adaptable for industrial production. 

Regarding these criteria, porous inorganic micro- and nanoparticles offer high stability, 

at the same time providing the necessary upload capacities and release rates for the 

specific substance. One of these materials are calcium carbonate-based structures. In 

the last decade, natural or synthesized CaCO3 has been widely used in tissue 

engineering, for cartilage repair [13], especially for bone repair, where carbonate 

scaffolds advantageously substitute bone grafts by providing 3D support [14]. Calcium 

carbonate is a biodegradable material and has excellent cytocompatibility, either alone 

[15] or in combination with other materials [16–19].  

Vaterite is a polymorph of CaCO3 and possesses properties for cell application such 

as porosity, a large surface area, pH response and negative zeta potential. These 

properties as well as biocompatibility and high efficiency cell uptake [20] make vaterite 

particles prospective smart containers for biomedical applications [21], especially for 

drug encapsulation [22–29]. They could be used as templates for the formation of 

polymer capsules [30]. 

Polymer hybrid micro and nano capsules synthesized using the layer-by-layer 

(LbL) technique are currently being developed as a platform for safe and efficient gene 

delivery [31]. The biggest advantages of these biodegradable nanoparticle compared to 

other non-viral carriers include their superior loading capacity, low toxicity, and high 

colloidal stability. Therefore, the size of the polymer capsules can be easily controlled 

by the template size. Such carriers can load different types of bioactive compounds in 

the cavity or within the polymer wall [32–34].  

According to the LbL method, the cargo can be loaded into a capsule within its 

wall, into the capsule cavity using a template preloading technique, or just simply be 

attached onto the LbL capsule surface [35]. Capsules can be composed of various 

materials that allow controlling their shell degradability. Moreover, the LbL approach 

enables the possibility for a wide range of carrier modifications [36]. Size variation of 

the core-particles leads to the fabrication of a range of capsules [37]. Since cell 

internalization pathways usually depend on the particle size [39], microcapsules are 

primarily internalized by cell types with active phagocytosis such as macrophages, 

mesenchymal stem cells, and tumor cells. However, for a wide range of cell types, 

including hard-to-transfect for clinically relevant populations such as lymphocytes and 

hematopoietic stem cells, nanosized capsules have been demonstrated to be more 

efficient and less toxic. A wide range of bioactive compounds can be successfully 

delivered into cells, such as small molecule pharmaceutical agents [40], 
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antigens/vaccines [28], growth factors [20], as well as genetic materials [41], or 

combinations of the mentioned molecules. 

This thesis presents the results of the development of a new gene delivery system, 

based on polymer capsules with subsequent optical characterization in vitro and in vivo.  

1.2 Motivation of research and objectives 

Nucleic acid-based technologies are currently transforming the field of precision 

medicine and an increasing number of gene therapies have been approved over the 

last decade. Yet the efficient intracellular delivery of genetic material into target 

cells remains a limiting step in the creation of novel gene therapy products. Thus, 

there is an urgent need for a delivery system with good biocompatibility, high cell 

uptake, controlled release, and a high load capacity for genetic material and its 

long-term protection. Development of non-viral gene delivery methods for stable 

gene transfer is the main task in gene therapy. 

The main research objectives of this thesis: 

– One of the objectives of the present thesis is the development of a universal 

gene delivery system based on the polymer nanoparticles (polymer capsules). 

– The next objective of the thesis is the optimization of the physical parameters 

(time of synthesis, temperature, ultrasonic influence, rpm speed, additional 

viscous solutions [ethylene glycol and glycerol], salt solution variations, 

molarity, and concentration for production of CaCO3 cores) and the 

composition of the polymer capsules (capsules shell structure) to produce a 

stable delivery system based on the polymer capsules. Additionally, an 

estimation of the structural stability, loading capacity of genetic materials, and 

the control of target delivery to achieve an optimal biological effect in vitro 

will be investigated. 

– An additional objective of the thesis is the estimation of the loading of genetic 

materials and an estimation of the delivery to cells with improved cell 

transfection efficiency >60% and cell viability >90%. The efficient and safe 

delivery of nucleic acid (DNA/RNA) remains a key problem in the 

development of gene therapy. 

– A further objective of the present thesis is new synthesis of CaCO3 and 

producing capsules of 200 nm and 50 nm in size, which will be performed and 

tested in vitro. For gene delivery and clinical application, carriers should be 

around 100 nm in the case of clinically relevant cells. 
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– One more objective of the thesis is the estimation of the effect of polymer 

capsules on the cell’s morphology (cell shape, structure, size) using optical 

methods (diffraction phase microscopy and optical tweezers). 

– The last objective of this thesis work is the estimation of the capsule 

distribution and localization in vivo using fluorescence tomography. The 

introduction of nanomaterials into clinical practice requires estimation of the 

nanoparticle distribution after injection in vivo, as well as understanding the 

influence of the size, charge, shape, and the surface functionalization on the 

biodistribution and localization in vivo.  

1.3 Outline of the thesis 

In Chapter 1 (Introduction), the background, motivation, objectives, and 

research questions of the thesis are presented. 

Chapters 2–3 present key concepts of the research and a literature review. Chapter 

2 of the thesis introduces gene therapy and existing gene editing tools. Additionally, 

current problems of gene delivery are described.  

In Chapter 3, a brief overview of existing delivery systems is described. 

Perspectives, principles, and disadvantages of viral and non-viral delivery systems 

are overviewed. 

Chapters 4–7 present the results of the research work performed within the 

doctoral training. Chapter 4 describes the results of the development of the polymer 

capsules. Factors are investigated concerning the stabilization of vaterite particles 

which are formed when mixing salt solutions. A new synthesis method for 

nanosized vaterite particles was developed. Nanosized capsules were obtained 

using LbL technology. Methods for loading biologically active substances are also 

investigated. 

Chapter 5 describes the application of optical and complementary methods for 

an evaluation of the structure and morphology of polymer capsules. All synthetic 

carriers produce an immune response in living organism and can modify the cell 

structure after penetration. An investigation of the effect of nanoparticles on the 

cells is the most important factor for the introduction of nanoparticles into clinical 

practice. Two optical methods (DPM and OT) were applied for an evaluation of 

how the capsules influence cell morphology. OT technology allows a fast 

evaluation of the NPs’ influence on the aggregation state of individual red blood 

cells (RBCs). Phase microscopy provides an estimation of the capsules’ influence 

on the morphology of hMSC cells (cell shape).  
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In Chapter 6 the results are described for the development of functional 

polymer capsules for gene delivery. The thesis data shows that polymer capsules 

resembling natural extracellular vesicles in terms of their size and charge can 

universally be applied for the transfer of functional RNA/DNA molecules to any 

type of cell with yet unmet efficiency, representing a new unique concept of 

biomimetic nano-transfer for a broad range of applications in vitro. 

Chapter 7 presents results of the capsules’ biodistribution in vivo obtained by 

fluorescence tomography and PET/CT techniques. The biodistribution profile of 

polymer capsules opens up opportunities for their use in treatment of primary 

oncological diseases in the lungs, and a number of primary liver cancer and 

metastatic liver diseases. 

Chapter 8 contains conclusions and further perspectives of the research. 
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2 Introduction to application of delivery 
system of genome materials for gene therapy 

2.1 Gene therapy perspectives 

Gene therapy is a breakthrough technology of treatment targeting not only protein 

metabolism but also underlying nucleic acids of the proteins’ biosynthesis. 

Historically and logically, the first pathologies to which gene therapy was applied 

were hereditary diseases. In 1990 Drs. Kenneth Culver, French Anderson, and 

Michael Blaese treated two girls with severe combined immunodeficiency disease 

(SCID) resulting from a lack of adenosine deaminase (ADA) with injections of 

autologous ADA gene-corrected T lymphocytes [42]. To transfer the ADA gene, the 

child’s leukocytes were cultured with the long terminal repeat promoter LASN 

retroviral vector containing a normal human ADA gene. The vector entered the cell 

and inserted the human ADA gene randomly into the chromosome and thereafter 

was passed on to all the daughter cells as the cells grew in number. Four years of 

follow up studies showed that the expression of the ADA gene in T-cells continued 

even after injection treatment was halted [43]. However, this first experience of a 

successful cure by means of gene therapy was overshadowed by the tragic 

outcomes of later clinical trials. In 1999 Jesse Gelsinger, who was suffering from 

ornithine transcarbamylase (OTC) deficiency, died four days after the injection of 

a recombinant adenoviral vector carrying a corrected gene [44]. Prior to his death, 

the boy experienced a massive immune reaction, which led to multiple organ failure. 

Later in 2002, a group of scientists presented successful results of gene therapy in 

four patients with SCID using retroviral vectors [45]. However, 30 months after 

gene therapy one out of four patients developed lymphocytic leukaemia [46]. This 

sorrowful outcome occurred due to the lack of targeting and consequently led to 

the development of more precise methods of genome editing. 

2.2 Genome - editing tools 

Genome editing is a technology that allows specific changes to be made in the 

genes of interest. This approach can manipulate the genome of living cells or 

organisms in various ways: to make insertions or deletions of chosen genes; 

induction of point mutations, knockout or correction of specific genes [47]. The 

broad spectrum of applications of this technology are used in the fields of medicine 
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and biotechnology for drug development, gene surgery, the creation of new animal 

models, as well as the development of new fuels, food, and materials [48, 49]. 

Genome editing became possible with the development of engineered or 

programmable nucleases (Fig. 1). These constructions consist of two main parts: 

the DNA-binding domain and the effector domain [50]. The DNA-binding domain 

is responsible for the selection of gene regions. It can connect to the needed place 

in the DNA chain because of the ability to attach to specific DNA sequences. The 

effector domain plays the role of a nuclease and creates DNA double-strand breaks 

(DSB) in the genome [51]. These DSBs can be fixed by cellular repair mechanisms 

in two ways: without the addition of other genetic material by non-homologous end 

joining (NHEJ) or with the insertion of the introduced DNA via the mechanism of 

homology-directed repair (HDR) [52]. The second mechanism of repair plays the 

main role in the application of genome editing tools. 

The first engineered nuclease was discovered in the 1980s and was called 

“meganuclease” or “homing endonuclease”. These proteins are natural sequence-

specific restrictive and combine both DNA-binding and nuclease sites in the same 

protein domain [53]. They have long recognition sequences (12–40 base pairs) and 

low toxicity [54]. One of the most commonly used meganucleases in research with 

mammalian cells was the I-SceI meganuclease due to its lower tolerance of base 

substitutions within its recognition site [55]. As a result of studies made with the 

help of I-SceI cellular mechanisms of DSB repair were analyzed, which became a 

foundation for all main genome engineering strategies [56–58]. However, each 

meganuclease has a small number of sites for binding and restriction, which leads 

to the need for artificially engineered meganucleases. Since 1999 a large collection 

of several hundred protein domains from different meganucleases scaffolds have 

been developed to be further combined for research purposes [59]. For example, 

they were used to promote site-specific integration at a chosen locus with a low 

probability of insertional mutagenesis and long-term and high-level transgene 

expression [60]. Another successful application of meganucleases is to damage or 

eliminate viral DNA from infected cells to reduce viral replication [61]. However, 

all meganucleases share the lack of clear correspondence between their protein 

residues and specificity towards targeted DNA sequences, therefore they have not 

been widely used as a genome engineering platform and this has led to the search 

for new agents for genome editing [58,62]. 

Another type of engineered nucleases have a different principle of structure 

organization and consist of separated main parts. These are zinc finger nucleases 

(ZFNs) and transcription activator-like effector nucleases (TALENs). The DNA-
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cutting catalytic domain in their case consists of an Fok1 endonuclease, which 

demonstrates nuclease activity only when dimerized [63]. This means two Fok1 

domains from different engineered nucleases cut a selected segment of a gene off 

only when they come close to one other, thus resulting in increased target 

specificity [64]. The DNA-binding domain is represented by several DNA 

sequence-recognizing peptides Each of these peptides can complimentarily bind to 

3 (in ZFNs case) or 1 (in TALENs) nucleotides at both ends of the DNA segment 

which is about to be deleted [65]. This mechanism of DNA binding means that to 

target new sequences these programmable nucleases require protein engineering of 

the DNA-binding domains. This gives researchers flexible genome-editing 

platforms with potentially high specificity and variability. However, in case of 

ZFNs, there are several difficulties related to the production of these proteins: firstly, 

they demonstrate high toxicity in cells; secondly, ZFNs cannot be developed for all 

genome sequences; thirdly, in certain cases they demonstrate nonspecific activity; 

and lastly the process of creating ZFNs is relatively long, laborious and expensive 

[66–68]. These problems do not exist when it comes to TALENs: they are generally 

more effective, their proteins can be engineered for almost all genome sequences, 

their level of nonspecific activity is significantly lower, and the production of 

TALENs is a lot faster and cheaper [69]. 

The last type of engineered nucleases called RNA-guided engineered nucleases 

(RGENs) are usually represented by clustered regularly interspaced short 

palindromic repeat (CRISPR)–Cas (CRISPR-associated) systems [70]. Similarly to 

the case of meganucleases, only one DNA-binding and one effector domain 

complex are needed for gene restriction. However, unlike other engineered 

nucleases, which all recognize specific DNA sequences through protein-DNA 

interactions, CRISPR-Cas attaches to the DNA by short guide RNA. Connected to 

the complex of Cas proteins, this domain complimentarily binds to the DNA 

segment near the place of planned double-strand break and initiates the DSB 

creation (Fig.1) [71]. Effector modules are highly variable between CRISPR-Cas 

types and subtypes [72]. This method has easier targeting and higher efficiency as 

a site-specific nuclease with minimal adverse effects compared to other types of 

programmable nucleases. Moreover, the process of engineering a new RNA 

sequence for DNA sequence targeting is straightforward and inexpensive, which 

makes CRISPR-Cas a very convenient tool for the introduction of stable changes 

into genomes, activation or suppression of a chosen gene expression, visualization 

of specific sites in the genome etc. [73]. 



26 

Fig. 1. Schematic illustration of (A) different types of first-generation gene editing (GE) 

tool (meganucleases, ZFNs, TALENs, CRISPR-Cas) systems and (B) mechanisms of 

DSB repair. (Reprinted, with permission, from Ref. [71] © 2020 Elsevier Ltd.). 

2.3 Current problems of gene delivery 

The efficient and safe delivery of genetic material, including GE tools, remains a 

key problem in the development of gene therapy [72]. All delivered genetic 

material should perform its function in the nucleus of the cell. Therefore, effective 

and safe delivery of the genetic material, requires spatiotemporal control of the 

delivery and stability of several different biological molecules [73,74]. The 

problem is even more complex in the application of gene delivery in vivo, where 

the mentioned components should be targeted to act in the cells of interest and 

therefore need to overcome numerous biological barriers, such as endothelium, 

extracellular matrix, cell, and nuclear membrane, as well as aggressive components 

of the extracellular and intracellular environment, in particular recognition and 

rejection by the host immune system [75]. 

Today, a variety of gene delivery methods are available, but none can be 

considered ideally suited for the gene therapy. To assess the potential of given gene 

delivery methods for the introduction into clinical practice, one should consider 
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crucial preconditions for any clinical-grade gene delivery system. Such 

requirements include total biodegradation and minimal retention of the delivery 

vehicle in the body, minimal immunogenicity and genotoxicity, high loading 

capacity, economic efficiency, particularly simple and scalable production. 

Importantly, whereas some gene therapy applications can be performed ex vivo with 

cell manipulations performed outside the patient’s body, the greater and key 

challenge for any gene delivery platform is the potential to be applied in vivo. In 

general, there are two main categories for gene delivery—viral and non-viral 

methods [76]. In the following the data regarding different viral and non-viral 

delivery methods of genetic materials, including GE tools focusing on their clinical 

potential is summarized (Fig. 2). 

 

Fig. 2. Schematic illustration of (A) GE tool delivery methods (viral and non-viral 

(chemical and physical)) and (B) ways of their application into clinical practice. 

(Reprinted, with permission, from Ref. [71] © 2020 Elsevier Ltd.). 
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3 Delivery systems of genome materials 

3.1 Viral vectors  

The first delivery of genetic material was achieved by means of a viral vector. In 

1972 David A. Jackson, Robert Symons and Paul Berg covalently integrated non-

viral DNA into a simian virus 40 (SV40) DNA molecule segment, which served as 

a vector to transport and stabilize non-viral DNA sequences in the cell genome [76]. 

Nowadays, there are other types of viral vectors: retroviruses, lentiviruses, 

adenoviruses, and adeno-associated viruses [77, 78]. However, the usage of viral 

methods of gene material delivery has several limitations. The main one being the 

risk of insertional mutagenesis and inflammatory response [79]. 

Despite all efforts, a safe and effective intracellular gene delivery remains a 

long-standing challenge of gene-based therapy. Carriers should ensure safe delivery 

of endonucleases to the places of interest and therefore they need to prevent 

degradation of the endonucleases by biological media, evade immune detection, 

reduce renal clearance, eliminate nonspecific interactions, promote the transition 

of the cargo from the bloodstream to the target tissues, mediate cell entry and 

afterward endosomal escape [80].  

3.2 Non-viral delivery systems 

3.2.1 Physical methods for gene delivery 

The main principles underlying these methods include the application of diverse 

physical phenomena such as ultrasonic waves, light, or other electromagnetic 

waves for delivery of genetic material into the cell. Genetic material is delivered 

directly into either the cytoplasm or the nucleus by physical force, with minimal 

interaction with the plasma membrane. The principles of gene delivery possess 

differences depending on the physical effect, which are described below (Fig. 3).  
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Fig. 3. Physical methods of intracellular delivery of genetic materials (clockwise): 

electroporation, microinjection, sonoporation, magnetofection, microfluidics, and 

optoporation. (Reprinted, with permission, from Ref. [71] © 2020 Elsevier Ltd.). 

Electroporation 

The principle of electroporation is based on nanometre-scale pore formation in a 

cell membrane under the influence of external electric potential. The 

electroporation probability of the cell membrane increases when the potential 

difference acquires a definite voltage and as a result, nanometre-sized membrane 

pores open for a few minutes and free DNA/RNA are caught by cells from the cell 

medium. Electroporation has also been investigated and tested for in vivo delivery 

of genetic material [81–83]. In vivo electroporation has been demonstrated to be 

effective for a wide range of cells, including tumour cells [84], skin [85], liver [86], 

lung [87], kidney [88], thymus [89], bladder [90], adipose tissue [91], vasculature 

[92], retina [93], brain [94], skeletal muscle [95] and testis cells [96], for delivering 

genetic material. In vivo plasmid electroporation has also been applied for 

vaccination system that increase a cell-mediated immune response [97]. 

Electroporation is also widespread for GE applications in vitro [98] and in vivo [99]. 

To produce mutant mice lines, a CRISPR/Cas9 system was delivered into zygotes 
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by electroporation for an in vivo system instead of microinjection [100–102]. 

Electroporation was applied for the delivery of GE tools and a Cas9/RecA-

mediated homology-directed repair pathway to restore photoreceptor degeneration 

in retina cells [103] and an optimized CRISPR/Cas9 was used to monitor the 

dynamics of endogenous proteins in mouse neural tissues (retina and brain) [104]. 

Electroporation can be applied equally to all cell types and at all stages of the cell 

cycle. Additionally, electroporation is a simple method for cell transfection. 

Although electroporation has been widely studied and applied for many established 

cell lines, it is still limited by its low cell viability (30–40%) [105], and limited 

potential for ex vivo application: it requires surgical intervention to transfer genetic 

material to most tissues, and the high voltage can disrupt the genetic material 

structure. 

Sonoporation 

In recent years, there has been increased interest in the research into the pore 

formation in the plasma cell membrane using sonoporation. Sonoporation is a 

method of transferring genetic material into the cells by sonication. This method is 

commonly applied in molecular biology and non-viral gene therapy to allow the 

uptake of large molecules such as DNA into the cell during the transfection process. 

Sonoporation is similar to electroporation where molecules are moved by an 

electric force along an electric field. Sonoporation is mediated by passive diffusion. 

This effect may be enhanced by the addition of microbubbles, contrast agents used 

in ultrasound imaging. During sonication, the microbubbles undergo oscillations, 

thereby enhancing local membrane deformation and pore formation. After 

formation of a pore, the genetic material presented in the extracellular medium is 

transferred directly to the cytoplasm by diffusion [106]. The main advantages of 

sonoporation are non-invasiveness and the ability to transfer genes to internal 

organs without surgical intervention [107]. Targeted gene transfer can be relieved 

by ultrasonic treatment of selected tissues after systemic administration [108]. 

Sonoporation is a practical method that has been well established for in vitro gene 

transfer [109–110]. In vivo studies have focused on organs and tissues that are 

easily available at diagnostic echography, such as the heart, muscle, and tumor 

[111]. In vivo application is followed by possible damage of living tissue after 

ultrasound treatment [112]. However, plasmid DNA has been delivered to brain 

cells in embryonic and new-born mice by sonoporation methods and the 

transfection efficiency was approx. 50% in embryos with hydrocephalus [113]. On 
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the other hand, the sonoporation method improved gene delivery in the 

subventricular zone of adult mice in vivo [114, 115]. The disadvantages of this 

method include the following: its’ time-consuming nature leads to the destruction 

of the treatment area structure; low transfer efficiency (about 40%) [116], and cell 

damage [117]. 

Magnetoporation and magnetofection 

Magnetoporation and magnetofection are based on the application of magnetic 

fields to the cells. Magnetofection allows the delivery of nucleic acid vectors and 

also special complexes, including genome material and magnetofection reagents 

(e.g., magnetic nanoparticles) [118]. Both methods can be applied for delivering 

plasmids, small interfering RNA, short hairpin RNA, and antisense 

oligonucleotides for in vitro models [119]. Efficiency of magnetoporation and 

magnetofection in vivo experiments (about 17%) was verified and shown that they 

may become efficient methods for in vivo gene- and nucleic acid-based therapies 

[120, 121]. The main advantage of magnetofection methods lie in overcoming the 

problem of transfection for many cell lines and primary cultures [122]. Additionally, 

the magnetic technique requires a low vector dose and a short time of incubation 

for transfection improvement. Both methods are non-invasive and non-contact 

[123]. However, the transfection efficiency in the case of magnetoporation and 

magnetofection is lower than for electroporation (approx. 25–40%). In the case of 

magnetofection, the problem is the requirement for NPs and particle aggregation 

after the magnetic field collapses. 

Optoporation 

Optoporation is a method for direct, gentle, and controlled delivery of genetic 

materials into the cell membrane. Optoporation technology avoids direct contact 

with the sample and does not require chemicals or physical mediators. Laser pulses 

interact with the cell membrane and the environment, which leads to the formation 

of transition pores in the membrane for molecules to be absorbed by the cell [124]. 

Optoporation has a direct application to the delivery of genetic material to specific 

kinds of cells. Optoporation for clinical applications is represented by the delivery 

of impermeable molecules into retinal explants after a laser microbeam-assisted 

injection [125]. Optoporation of functional cortical neurons has been used for 

visualization of the actin network in the growth cone via the delivery of 
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impermeable molecules into targeted retinal cells in a rat’s eye [126, 127]. 

Furthermore, local ablation and injury to individual cells by laser light were used 

to study the calcium metabolism surrounding epithelial wounds [128].  

Optoporation is the best candidate for gene delivery which can be applied for 

single cell poration with a high transfection efficiency (80–90%) and cell viability 

(90–98%). It is worth mentioning that this delivery method provides an opportunity 

of detailed visualization after the transfection. However, laser poration has a lower 

transfection efficiency when targeting large populations of cells [129], leads to 

tissue damage, and has a low penetration capacity. Additionally, the laser-

microscope setup is expensive. 

Microfluidics 

Microfluidics is a rapidly developing scientific field which is focused on the 

manipulation of liquids in microliter volumes. Many methods developed in this 

field have found their applications in life sciences where a precise control over a 

reaction or a process is required. In genome editing microfluidics is mainly used 

for the intracellular delivery of genetic material. Due to the specifics of the 

microfluidics method, it cannot be used in vivo. However, this method seems to 

have great potential ex vivo in combination with other physical methods of 

intracellular genome material delivery [130]. It has been shown that a combination 

of microfluidics, microscale electroporation, and magnetofection is very promising 

for efficient gene delivery [131]. Additionally, a new method has been suggested 

which allows combining the high cell processing speed from electroporation with 

the good transfection rate and cell viability from microfluidics [132]. This was 

realized via the integration of large-sized flow tubes and a small-spaced distributed 

needle electrode array. This method has demonstrated the efficient nucleic acid 

transfection in ex vivo assays. Cell transfection by mechanical deformations in 

microtubes has also been successfully tested in ex vivo experiments [133,134]. The 

main advantages of microfluidics, compared to conventional electroporation are a 

higher cell viability rate, high transfection efficiency, and smaller Joule heating 

effect [135]. It allows not only single-cell electroporation but also the localization 

of electroporation to a specific region of the cell membrane [136]. Due to computer-

controlled cell scanning there it is now possible for electrical field and reagent local 

delivery to a specific area of individual cells. Cell scanning systems make real-time 

monitoring possible of the intracellular response to the external electric pulses, as 
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well as in situ visualizations of the molecular uptake, and maintenance of the 

electric field properties.  

Microfluidics have shown promising results for reprogramming, refunctioning, 

and transfection of a variety of cells such as stem cells, primary immune cells, and 

cultured neurons [137]. Microfluidics delivery cannot be applied in vivo due to the 

specific system properties. However, this method seems to have great potential ex 

vivo in combination with other physical methods of intracellular genome material 

delivery mediating transfection efficiencies of 70–90% and cell viability of about 

50–60% [138]. 

3.2.2 Chemical delivery systems  

Chemical methods based on NP carriers represent an interesting alternative for the 

gene delivery. NP-based delivery platforms have a few useful features compared to 

other delivery methods. NPs can be designed to possess certain functions, such as 

the ability for gene delivery to the cell cytosol to promote site-specific 

accumulation, and to reduce off-target effects. Additionally, several types of NPs 

can act as contrast agents enabling the visualization of NPs biodistribution in vivo. 

NPs can be composed of a wide range of materials. Here, we categorize them as 

organic and inorganic NPs. 

To date, a lot of studies have focused on the fabrication and application of 

organic NPs for gene delivery. Several classifications have been introduced to 

organic NPs for the delivery of bioactive compounds. In the case of gene delivery, 

organic-based carriers generally include lipid-based polymer NPs, cell-penetrating 

peptides, and others. In addition, cell-membrane derived vesicles can be regarded 

as a separate type of organic carriers for gene delivery.  

Inorganic NPs have several advantages over other non-viral delivery systems. 

Compared to polyplexes and lipoplexes, inorganic NPs are more stable in 

biological fluids. The unique properties of inorganic NPs are determined by their 

composition and morphology. For example, gold (Au) NPs can be utilized not only 

as a carrier for bioactive compounds but also as a contrast agent for X-ray and 

photoacoustic imaging. Magnetic nanocarriers enable their application in magnetic 

resonance imaging (MRI). Moreover, the physicochemical properties of inorganic 

NPs such as their size and shape, as well as their chemical composition can be tuned, 

and this will affect their internalization process, loading, and release kinetics [139]. 

Nevertheless, as of today there are a limited number of reports using inorganic NPs 

for the gene delivery.  
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Among a variety of non-viral delivery vectors [3], NPs are considered to have 

the greatest potential [140]. Various polypeptides may form complexes with nucleic 

acids and provide a platform for their delivery and show a high transfection 

efficiency (approx. 67%) [141]. However, polypeptides as a platform for delivery 

are not capable of long-term protection of carried materials.  

Liposomes, being a natural system of cell interactions, have great potential as 

a system to address delivery [8]. The main advantages of liposomes compared to 

other common carriers, for example, lipid-based nanoparticles, are their high 

penetrating ability, delivery efficiency and biocompatibility. However, since they 

cannot provide stable loading of genetic materials, especially for RNA molecules 

[142], and because of the complicated manipulations for formation of liposomes 

and nanovesicles (costly and time-consuming procedures), a system that shares the 

benefits, but is lacking the disadvantages of liposomes, could be an attractive 

alternative. 

Lipid-based carriers 

The main mechanism of genetic material loading is based on the formation of lipid-

DNA/RNA complexes via electrostatic interactions between negatively charged 

nucleic acids and positively charged lipids. These complexes are further 

internalized by the cells with subsequent release of the cargo. Lipid NPs have 

previously shown their high potential for the delivery of plasmid DNA as well as 

mRNA. However, in the case of CRISPR-Cas9, the efficiency of gene delivery was 

low in comparison to physical methods (e.g., electroporation) [143]. This is due to 

the highly positive charge of the Cas9 protein, which cannot form stable complexes 

with lipid NPs which have the same surface charge. Therefore, the incorporation of 

CRISPR-Cas9 complexes into lipid-based NPs is highly challenging, even though 

there are several commercially available cationic lipids for GE in vitro. Basically, 

two approaches have been developed to ensure strong binding of nucleic acids with 

lipid NPs. The first approach is based on cationic lipid NPs that can be effectively 

applied for gene loading when nucleic acids are negatively charged.However, 

despite the stability of the formed lipid-DNA complex, high transfection 

efficiencies have not been achieved with plasmid DNA (especially, in the case of 

primary cells), due to high toxicity [144]. Another approach to load genetic material 

using cationic lipid NPs is based on engineering Cas9 or TALENs fused to anionic 

(e.g., eGFP) proteins to obtain negatively charged Cas9 and TALEN (fusion) 

proteins. This modification has allowed Cas9 loading using the commercially 
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available cationic lipid transfection reagent Lipofectamine 2000 [145]. However, 

the main drawback of using commercial lipids is associated with their toxicity and 

inflammation side effects (if applied in vivo) [146]. Therefore, many studies have 

focused on the fabrication of lipid-based NPs with lower toxic effects. 

Polymer-based carriers 

Polymer-based carriers are another class of organic NPs which are used to deliver 

peptides [147] and genetic material as DNA, mRNA, and oligonucleotides. 

Polymers, and particularly polyethylenimine (PEI), have been broadly used for 

gene delivery for many years. They are the most used alternative to viral vectors 

for CRISPR- Cas9 plasmid delivery. Polymer NPs have very good encapsulation 

capacity and can stabilize genetic materials in biological fluids to prevent 

aggregations [148]. One of the important properties of polymers and polymer-based 

NPs is their response to internal and external stimuli. Many stimuli-responsive 

polymer delivery systems that can remotely trigger the release of bioactive 

molecules have been developed [149]. However, polymers with a high molecular 

weight often have increased cytotoxicity. To overcome this limitation, Kretzmann 

et al. developed linear dendrimer-like polymers that can be applied for the 

fabrication of non-toxic polymer carriers for the delivery of plasmids encoding 

Cas9 proteins and sgRNAs [150]. Generally, cationic polymers are used for gene 

delivery. After the formation of strong electrostatic complexes with plasmid DNA, 

local delivery in vivo can be performed, but clinical applications require a relatively 

long circulation for sufficient transport and therapeutic efficacy of delivered GE 

tools. To increase the circulation time, PEGylation strategies have been applied. 

Besides electrostatic interaction, the covalent binding of polymers, as well as 

targeting ligands should be considered [151]. 

Cell-derived vesicles 

Naturally obtained vesicles derived from cells (exosomes, microvesicles, and 

apoptotic bodies) have drawn significant attention for the delivery of genetic 

materials, particularly CRISPR-Cas, since they are nonimmunogenic and can 

specifically target selected cell types [152]. Moreover, the lipid bilayer membrane 

of cell vesicles protects the genetic materials from premature degradation during 

circulation in the bloodstream [153]. There are several techniques used for loading 

genetic materials into cell vesicles. The first approach is based on loading the cells 
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with genetic materials before extracellular vesicle isolation. The second method 

includes the loading of cell vesicles with genetic materials after their isolation using 

electroporation. It has been shown that electroporation can provide successful 

encapsulation of genetic materials without affecting the function of the cell vesicles. 

Alternative loading strategies have been developed based on sonication, freeze-

thaw cycles, extrusion, and others [154] However, all the mentioned loading 

methods have a relatively poor encapsulation efficiency. 

Gold NPs 

Au NPs have unique optical properties and good biocompatibility [155]. Moreover, 

these NPs provide a highly multifunctional platform that can be used to visualize 

and diagnose diseases, to deliver therapeutics, and to heat under light irradiation 

[156]. Au NPs are usually synthesized using wet chemistry approaches with narrow 

size and shape distributions [157]. The surfaces of Au NPs can be modified, e.g., 

with amino groups, for further functionalization with genetic material. It is worth 

noting that Au NP surfaces can also be modified with active ligands at densities 

that are much higher than those of some organic NPs. Gold nanoparticles have a 

major impact in plasmonic photothermal therapy because of their simpler synthesis, 

easy surface functionalization, and diverse morphologies. Nevertheless, Au-based 

nanomaterials have failed in clinical trials. The problems involve critical 

parameters such as how Au-nanomaterials behave at the cellular level, compatible 

biodistribution, as well as the detoxification and clearance of the nanoparticles. 

Non-plasmonic NPs 

To date, non-plasmonic NPs are also under intensive investigation in view of their 

unique physical properties [158]. For example, graphene oxide (GO)-based 

nanomaterials possess increased surface areas and allow easy surface modification 

[159]. Silica (SiO2) NPs can be synthesized via wet chemistry approaches with 

well-controlled particle physicochemical properties. Based on their porosity, Si 

NPs possess increased loading capacities: in combination with their 

biodegradability, this makes them good candidates as gene delivery carriers [160]. 

Metal-organic frameworks (MOFs) are produced by self-assembly synthesis from 

metal clusters surrounded by organic ligands. Given the tunable high pore volumes 

of MOFs, their large surface areas and surface chemistry, these compounds can 
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efficiently encapsulate and deliver genetic material. Non-plasmonic NPs cannot be 

used for clinical applications due their high toxicity. 

Thus, there is an urgent need for a delivery system that resembles liposomes in 

terms of biocompatibility, cell uptake and controlled release, but which is also 

capable of transferring more genetic material and providing its long-term protection. 

Polymer and hybrid micro and core–shell NPs are currently being developed as a 

platform for safe and efficient gene delivery [161, 162]. The biggest advantages of 

these biodegradable core–shell NPs compared to other non-viral carriers include 

their high loading capacity, low toxicity, and colloidal stability. Such carriers can 

be obtained using the layer-by-layer application of polyelectrolyte layers on various 

templates like polystyrene, SiO2 and CaCO3 particles [15]. 
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4 General properties of polymer multilayer 
capsules for delivery of genetic material 

The objective of this study is the development of the stable synthesis of hollow 

nanostructured capsules of 50 nm to 5 µm in diameter using an LbL technique based 

on the deposition of complementary biopolymers on the porous surface of vaterite. 

Any colloidal particles can proceed as a template for a polymer multilayer capsule 

or core-shell particles. Materials for capsule manufacturing and material, 

morphology, and size of the template particles are selected based on specific 

research problems. 

4.1 Features for obtaining and controlling the size of vaterite 

particles 

Vaterite is an optimal template for producing multilayer polymer capsules owing to 

its spherical shape and porous internal structure. Vaterite has several important 

advantages for material encapsulation, namely: high porosity, biocompatibility, 

biodegradability, and a high loading efficiency in comparison to other CaCO3 

polymorphs (aragonite and calcite) [162, 163]. Despite its many advantages, 

vaterite has an important disadvantage which is the formation of stable particles at 

nanosized range. The method of coprecipitation of a two-salt solution containing 

Ca2+ and CO3
2- groups allows particles of CaCO3 to be obtained from 1 to 15μm in 

size [165], while the best reproducibility and a narrow size distribution were 

achieved for particles in the range of 300−600 nm for the same synthesis 

modification [166] (Fig. 4).  

Fig. 4.  Carbonate particle assessment. Synthesis of CaCO3 microparticles (left part) 

and nanoparticles (right part).  
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Mixing calcium and carbonate-containing salt solutions leads to the formation of 

CaCO3 particles in one of three polymorphic modifications (vaterite, calcite or 

aragonite) according to reaction  

 CaCl2 + Na2CO3 → CaCO3 + 2NaCl. (1) 

Vaterite is the least thermodynamically stable polymorphic modification of CaCO3. 

Therefore, additional measures must be used to prevent vaterite recrystallization 

into more stable crystal forms [167]. Particles of CaCO3 are instantly formed after 

CaCl2 and Na2CO3 solutions are mixed. At the start, the precipitate is amorphous 

and then transforms during subsequent dissolution-recrystallization processes. The 

formation of a polymorph depends on the reaction conditions. Vaterite formation is 

promoted by a high degree of supersaturation in the solutions, magnetic stirring, an 

alkaline pH, temperatures ranging from 25 °C to 45 °C, and various impurity 

elements [168]. Moreover, impurities contribute to the reduction of crystal sizes. 

Thus, in the presence of polyvinyl sulfonic acid, particles with a diameter of 150 to 

500 nm are formed [169,170]. Additionally, the effect of polyols, temperature 

control, the salt concentration range, volumetric content of the impurity, alcohol 

groups, and viscosity have been detailed in Paper VI. As a proof of concept, the 

formation of vaterite particles in different condition of synthesis have been found 

(Fig. 5).  
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Fig. 5. Qualitative and quantitative comparison of different synthesis types for 

evaluating changes in vaterite particle size. (a) Schematic illustration of various 

synthesis conditions; (b–h) SEM images and size distribution obtained by dynamic light 

scattering (DLS) for various synthesis reaction mixtures and methods of agitation, (b) 

reaction mixture of ethylene glycol (EG), magnetic stirring, (c) glycerol, magnetic 

stirring, (d) gelatin + EG magnetic stirring, (e) gelatin + glycerol magnetic stirring and 

(f) EG + gelatin ultrasound agitation, scale bar: 200 nm; (h) TEM image and size 

distribution for synthesis in a reaction mixture of glycerol and gelatin under ultrasonic 

(US) agitation; and (i) bar chart of the size distribution based on DLS data for each type 

of synthesis (Reprinted, with permission, from Paper VI © 2020 The Royal Society of 

Chemistry). 

The crystallization of vaterite particles decreases when the external environment is 

dense due to the addition of polyols such as ethylene glycol and glycerol. 

Temperature begins to play a key role in the crystallization of vaterite particles after 

the addition of gelatin, thereby reducing the particle size. The clear dependence of 

vaterite particles on environmental parameters such as the viscosity, temperature, 

mixing time and exposure conditions can be used to control the particle 

characteristics (Fig. 5b–d). The salt concentration has been set to an optimal ratio 
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wherein 50 nm vaterite particles were produced (0.001 M, 0.05 M, 0.1 M, 0.33 M, 

0.5 M). Additionally, homogeneous mixing (magnetic stirring and ultrasonic [US] 

agitation) of the reaction solution ensures a uniform distribution of growth centers 

and leads to formation of uniform particles of CaCO3. The known methods of 

vaterite synthesis generally cannot provide the formation of particles with a narrow 

size distribution. The results obtained in my study demonstrated that the 

combination of US agitation and magnetic stirring provided the quick formation of 

the smallest vaterite polycrystals (50–200 nm).  

The synthesis of vaterite particles of 50 nm was first developed in this thesis 

[Paper VI] (Fig. 5h and 6). All methods (TEM, DLS, Raman spectroscopy, X-ray 

diffraction [XRD] analysis) for assessing the morphology and crystal structure of 

vaterite which were performed as part of this study are discussed in Chapter 5. 
 

Fig. 6. Estimation of influence of salt concentration ratio (a-b) and synthesis time(c-d) 

on the size of CaCO3 particles. DLS measurements (a) and TEM images (b) of obtained 

CaCO3 particles at different salts concentrations. (c) The particle size decreases with 

the increasing reaction time, which allows selecting the optimum synthesis time; (d) 

TEM images of the particles obtained at different synthesis time confirm morphology 

and size of vaterite particles. (Reprinted [adapted], with permission, from Paper VI and 

Supporting Information of Paper VI © 2020 The Royal Society of Chemistry).  
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4.2 LbL technology for polymer capsule formation 

As a method for engineering properties of colloidal particles LbL techniques were 

introduced almost two decades ago [171]. A range of colloidal particles of different 

nature, and surface modification, can be coated with a multilayer film of polymers, 

which brings a specific function to the obtained structure. Indeed, emanated from 

alternated charge overcompensation at each stage of the polymer layer adsorption, 

the technique moved towards other driving forces to secure multilayer assembly, 

for instance, hydrogen bonding and complementary interaction. The main 

advantage of the LbL approach is based on the broad functionality currently offered 

by polymer chemistry and macromolecules, bearing enough charges or other 

bonding groups that can introduce additional sensitivity to pH, optical or 

temperature-driven responses [172]. All of this comes together with options to 

sandwich various functional inorganic NPs between polymer layers, as they also 

have charges and mainly recharge the surface upon adsorption.  

Examples of NPs that can be used to functionalize the coated colloidal particles 

are fluorescent nanocrystals for particle encoding and magnetic NPs for imparting 

magnetic properties to entire colloidal vehicles [173, 174]. 

Fig. 7. The process of assembling a polymer multilayer film of pairs of oppositely 

charged polyelectrolytes: polycation- poly-L-arginine (A) and polyanion-dextran 

sulphate (B) on the template surface. (C) Schematic illustration of capsule formation 

(Fig. 7C reprinted under CC BY 4.0 license from Supporting Information of Paper V © 

2019 The Authors). 
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The process begins with the adsorption of a polycation in aqueous solution onto a 

negatively charged template surface of CaCO3. Then the template is washed with 

water to remove unbound polycation molecules. In the next step, the polyanion 

adsorbs onto the positively charged layer of the template surface to make the charge 

to negative. The LbL procedure leads to the formation of insoluble 

polyanion/polycation complexes on the vaterite template surface. Then, the 

template is dissolved when the pH changes for formation of hollow polymer 

capsules (Fig. 7). Biodegradable capsules were first obtained in 2006 with a 

polymer pair of poly-L-arginine (PARG)/dextran sulphate (DS) [175] for 

biomedical applications (Fig. 7A and B). This system is nontoxic and is actively 

applied to encapsulate a wide range of substances, including magnetic particles, 

fluorophores, anti-cancer drugs, proteins, and nucleic acids. 

4.3 Methods of encapsulation of (non)/genetic materials 

Loading of active substances into capsules is carried out by co-precipitation, 

physical adsorption, and freezing-induced loading methods (Fig. 8).  

 

Fig. 8. Encapsulation methods of active substances and genetic materials (Modified 

from Ref. [176]). 

The method of co-precipitation of active substances to the polymer capsule 

structure is based on loading molecules during the CaCO3 core formation. This 

method allows loading molecules at large concentrations and volumes. The 

physical adsorption method involves electrostatic interaction of loading substance 

with CaCO3 surface. The method is available for loading sensitive materials. The 

freezing-induced loading method represents molecular adsorption to the CaCO3 

structure under influence of gradient crystallization front [177] that allows loading 
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of low molecular weight compounds and specific classes of peptides with high 

efficiency. More experimental details performed in this study are provided in [176]. 

4.4 Summary and conclusions 

This chapter described the characterization of polymer nanoparticles. A new means of 

CaCO3 synthesis for producing of capsules 200 nm and 50 nm in size was 

developed. Optimal conditions including: time (10 min), temperature (70 oC), the 

combination of magnetic stirring (700 rpm) with US agitation (20 kHz), additional 

viscous solutions (Ethylene glycol and glycerol), the salt solution ratio (1:1), and 

molarity (0.1 M) were obtained. The capsule loading capacity was estimated using 

different means of loading, including: physical adsorption, a co-precipitation 

technique and a freezing-induced loading method. It was shown that the loading 

efficiency, release characteristics and bioactivity of incorporated biomolecules 

strongly depend on the chosen strategy of their incorporation into delivery systems. 
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5 Optical and complementary methods for the 
evaluation of the structure and morphology 
of polymer carriers 

The development of new drug delivery systems has opened new possibilities for 

the delivery of a wide range of synthetic and biomolecular therapeutic objects to 

specific areas using nanoparticles [178]. The study of these nanocomposites and 

the nanostructure changes during synthesis, as well as an assessment of their 

stability, and biological delivery is still an important factor in the success of this 

approach to drug transportation [179]. In this case, modern characterization 

methods are required. The main methods for characterizing polymer capsules 

include: dynamic light scattering (DLS) (for determination of particle size, 

polydispersity index [PDI] and zeta potential), X-ray diffraction and Raman 

spectroscopy (for the estimation of the particles core crystallization), scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), confocal 

laser scanning microscopy (CLSM) and atomic force microscopy (AFM) (for 

revealing of capsule morphology). Microscopy images of capsules obtained by 

different imaging methods are shown in Figure 9. 

5.1 Microscopy methods of characterization (OM, CLSM, SEM, 

TEM) 

An optical microscope (OM) is a type of microscope that uses visible light and a 

lens system to measure particle size and shape. However, OM is not a suitable 

technique for measuring the size of NPs because the OM resolution is limited (Abbe 

diffraction limit). Electron microscopy (SEM, TEM) with its high-resolution and 

magnifying capacity is one modern technique which is being applied to study of 

particle morphology with a size range of about 0.4–800 nm [180,181]. 

For measuring the surface roughness of particles AFM has been widely used 

[182,183]. In the case of capsule visualization, CLSM can be applied for a quality 

analysis of the cellular uptake, capsule penetration through the cell membrane, the 

transdermal penetration pathway of NPs, and for a structural elucidation of the skin 

after treatment with the formulation and for proof of loading of labelled genetic 

material into the capsule structure, etc. [184,185].  
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Fig. 9. Estimation of polymer capsule morphology. SEM (A) and TEM (B) provide 

evaluation of capsules size and structure. The wall and roughness of capsules revealed 

by AFM (C). Scale bar: 1 µm. Visualization of fluorescence labelled capsules can be 

performed by CLSM (D) red colour correspond to Rhodamine dye. Scale bar: 5 µm. 

5.2 Basic methods for the determination of the CaCO3 particle 

crystal structure 

5.2.1 Dynamic light scattering 

Measuring physical characteristics of polymer capsules is important for evaluating 

their future applications [186]. Polymer particles can be analysed with various 

methods that lead to the estimation of related parameters such as the particle shape, 

size, distribution width, and crystal structure. Experimental observations differ 

depending on the capsules’ shape: for example, rectangular particles will exhibit 

different instrumental responses compared to spherical particles, and ultimately this 

will also affect the values of the coordinates of the size distribution, such as the 

projected area, hydrodynamic diameter, Feret’s diameter, or the calliper diameter 

[187]. Of all the existing methods, dynamic light scattering (DLS), also known as 

quasi-elastic light scattering, is the most common method currently used to estimate 
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polymer capsule sizes and their distribution. DLS measures hydrodynamic 

quantitative values of rotational and translational diffusion coefficients that 

correspond to the shapes and sizes of particles [188]. The measurement of particle 

size is based on the intensity changes of the light scattering particles, which interact 

with each other under Brownian motion. A fluctuating light intensity response 

occurs depending on the continuous change of the particle’s position. Thus, DLS 

analyses the velocity distribution of the particle movement caused by their 

Brownian motion in the form of dynamic fluctuations of the light scattering 

intensity. The signals are computed electronically using an autocorrelation function 

[189]. The sizes of the NPs are calculated using Stokes-Einstein equations, where 

the spherical particles’ translational self-diffusion coefficient is related to their 

hydrodynamic radius, R [190]. The DLS setup used in the current study is shown 

in is shown in Figure 10A. 

Additionally, capsules polymer shells have been formed using LbL techniques 

with oppositely charged polymers. Z-potential measurements apply for controlling 

capsules shell formation (Figure 10B). The zeta potential of polymer capsules in a 

dispersed medium provides a conception of their electro potential status in a liquid 

environment. This technique works by using a laser light that is passed through the 

sample in the medium to measure the velocity of the particles in an applied electric 

field. Additionally, DLS can be applied to study the homogeneity of proteins [191], 

nucleic acids [192] or protein–nucleic [193] acid preparations as well as to study 

protein–small molecule interactions [194]. Furthermore, DLS techniques have been 

utilised for cerebral blood flow imaging in vivo [195]. 
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Fig. 10. Schematic illustration of dynamic light scattering. (A) The instrument contains 

a laser providing a monochromatic light source to a cuvette containing sample with 

particles. Scattered light from the particles enters the detector (photomultiplier tube). 

The processor collects the digital signal, and the resulting image is displayed onto a 

screen in a graphical form. (B) The Z potential of polymer capsule layers (Reprinted, 

with permission, from Paper VI © 2020 The Royal Society of Chemistry). (C) Malvern 

Zetasizer Nano ZS90 equipment. 

Also, capsules polymer shell has been formed by LbL techniques with oppositely 

charged polymers. Z-potential measurements apply for controlling capsules shell 

formation (Fig. 10B). The zeta potential of polymer capsules in a dispersed medium 

gives a conception of their electro potential status in a liquid environment.  This 

technique works by using a laser light that is passed through the sample in the 

medium to measure the velocity of the particles in an applied electric field. Also, 

DLS can be applied to study the homogeneity of proteins [191], nucleic acids [192] 

or protein–nucleic [193] acid preparations as well as to study protein–small 

molecule interactions [194]. Further, DLS techniques have perspectives to cerebral 

blood flow imaging in vivo [195]. 
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5.2.2 X-ray diffraction (XRD) 

XRD reveals the atomic and molecular structure of a crystal, in which the crystal 

structure redirects an incident scattered X-ray beam in many specific directions. By 

measuring angles and intensities of these diffracted beams, a three-dimensional 

picture of the electron density picture inside the crystal is created. This electron 

density can be used to determine the average positions of atoms in a crystal, as well 

as their chemical bonds, their crystallographic disorder, and other information. 

XRD is the main method for the characterization of the crystal structure of CaCO3 

[196]. Calcium carbonate exists in various polymorphic phases, which in the order 

of decreasing solubility are calcium carbonate hexahydrate (CaCO3, 6H2O), 

calcium carbonate monohydrate (CaCO3–H2O), vaterite, aragonite and calcite. The 

first of the polymorphs is extremely unstable and cannot be identified in aqueous 

solutions. XRD analysis can identify the crystal structure of CaCO3 and various 

synthesis modifications. Theoretical positions of vaterite Bragg reflections 

corresponding to the P63/mmc space group [197] are shown as dashed lines in 

Figure 11. All samples exhibit characteristic patterns comprising three major 

vaterite reflections at 2θ angles of 24.9°, 27.1° and 32.7°, indicating almost 

exclusive vaterite crystal phase compositions.  
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Fig. 11. X-ray diffractograms of CaCO3 particles obtained via different types of 

synthesis: theoretical positions of vaterite (black) and calcite (red) are shown as dashed 

lines (Reprinted, with permission, from Paper VI © 2020 The Royal Society of Chemistry). 

5.2.3 Raman spectroscopy  

In recent years, impressive progress has been made in the study of Raman 

spectroscopy, which has proven to be a valuable tool capable of providing 

fingerprint-like information about the composition and structural conformation of 

specific molecular species. Numerous features of vibration spectroscopy, namely 

high sensitivity to changes at the molecular level, non-invasiveness, non-

destructiveness, as well its ability to provide a reagent- and waste-free analysis, 

illustrate its potential in the field of biomedicine. A combination of vibrational 

spectroscopy with a few complementary techniques applied to the same sample, 

such as X-ray fluorescence microscopy, histological staining and 

immunofluorescence procedures, provides a valuable clinical methodology for 

verifying the comparison of sample chemistry with trace element distribution [198]. 

Raman spectroscopy is based on the Raman effect, where incident laser light 
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excites molecules in a sample, and the molecules scatter light at different 

wavelengths. Raman spectroscopy is an effective non-destructive method of 

chemical analysis for the investigation of the composition and structure of 

substances. Analysis allows the identification of chemical constituents and 

studying intramolecular interactions based on the position and intensity of the 

bands in the Raman spectrum. Additionally, Raman spectroscopy can show changes 

in the polarizability of molecular bonds. The electron cloud of molecules can be 

deformed by laser light and this deformation induces a polarizability change. At 

certain energy transitions accompanied with changes in the polarizability of 

molecular bonds, active Raman modes arise. For example, changes occur in 

polarizability when interacting with photons in molecules with homonuclear bonds: 

carbon–carbon, sulfur–sulfur, or nitrogen–nitrogen. All these bonds give rise to 

active bands in the Raman spectrum. Raman spectroscopy can identify types of 

CaCO3 polymorphs. Vaterite is a suitable platform for capsule formation, but 

CaCO3 is an unstable crystal system. CaCO3 precipitates from an aqueous solution 

enabling three anhydrous polymorphs (calcite, aragonite, and vaterite), two 

hydrated forms (hexahydrate ikaite and monohydrate), and an amorphous phase 

[199]. For particle size control, the distribution of ions should be stopped as quickly 

as possible to prevent particle growth and to stimulate the formation of a novel 

crystallization center [200]. An important feature of the Raman spectrum of vaterite 

is the splitting of the V peak (Fig. 12). 



54 

Fig. 12. Raman spectra of the CaCO3 polymorph nanosized (50–100 nm) vaterite 

(Reprinted, with permission, from Supporting Information of Paper VI © 2020 The Royal 

Society of Chemistry). 

5.3 Optical methods for the assessment of capsule influence on 

cells morphology 

Capsules are used for the delivery of biological compounds to cells [Paper V and 

Paper VI]. However, there are still topical issues related to the effect of polymer 

particles on living cells and organisms, as well as toxicological aspects of the use 

of nanomaterials. The mechanisms of the damaging effects of nanomaterials on 

cellular structures and organisms have not been fully understood. As a part of the 

dissertation, two optical methods for estimating capsules effect on cell morphology 

were developed. 

5.3.1 Diffraction phase microscopy (DPM) 

Diffraction phase microscopy (DPM) is a widely applied technique for quantitative 

imaging in cell biology [201]. This technique is based on the fact that an image 

field is a scaled copy of a sample field in amplitude and phase. Thus, phase-

sensitive measurements of the image field are related to local optical properties 
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(refractive index, thickness) of studied objects. Interferometry and holography have 

become invaluable tools in optical metrology because they provide information on 

the material topography at a nanoscale level of accuracy. DPM works because the 

phase of the field is more sensitive to the sample structure in comparison to the 

amplitude [202]. Phase shifts are induced in the scattered field relative to the 

scattered light, when the source field interacts with the sample. This phase shift 

contains the necessary structural information about the test sample. Interferometric 

methods are mainly applied to obtain phase information. Phase noise arising from 

mechanical vibrations or air vibrations are the main obstacles to obtaining 

quantitative phase images with a high level of accuracy, and these usually affect 

any interferometric system. DPM is a technique that has a solution for the noise 

problem by introducing spatial filtering [203]. This microscopic approach was 

widely used to reconstruct cell profiles. Additionally, DPM has been widely used 

in cell biology applications to reconstruct cell shape profiles of red blood cells 

(RBC) [204], to study cardiomyocyte differentiation [205], to detect quantify 

cancer cell growth [206]. DPM has been successfully used for translational clinical 

studies of growing cell colonies [Paper III]. The focus of DPM is the ability to carry 

out a study in real time, which opens prospects for diagnostic clinical applications.  

DPM can also be applied to measure the effect of capsules on the cell 

morphology. The interaction between polymer NPs and human mesenchymal stem 

cells (hMSCs) has been evaluated in this study. hMSCs are significantly larger cells 

of 20–30 μm and NPs can potentially penetrate the cell. Phase images (see Figure 

13b) make it possible to evaluate the cell structure integrity. Capsules have a neutral 

pH of about 7, which is equal to the cell’s pH, implying the biocompatibility of 

NPs. This observation proves the idea that NPs do not have an adverse cytotoxic 

effect on the morphological properties of cells. A combination of CLSM and DPM 

imaging shows that polymer NPs do not have any influence on the structure of 

hMSCs (Fig. 13). The use of fluorescence spectroscopy, in combination with phase 

microscopy, can also increase the statistical significance and reliability of clinical 

trials and reduce the number of animals needed and reduce their suffering. The data 

obtained by this method provides information about the pharmacodynamics and the 

optimal dosage of a drug. To carry out clinical trials, it is necessary to estimate the 

capsules’ influence on the morphology of the cells. After a long period of 

incubation with NPs, hMSCs preserved their integrity and viability, despite the 

evenly distributed NPs inside the cells. More experimental details are shown in 

Paper III. 
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Fig. 13. Interaction of polymer NPs with hMSCs elucidated with optical confocal 

microscopy. (a) Confocal image of hMSC after 24 h incubation with NPs, where green 

denotes phalloidin fluorescein (FITC) and blue denotes 4',6-diamidino-2-phenylindole 

(DAPI) dyes. The arrows indicate fluorescing rhodamine-labelled polymer NPs; (b) 

Phase images of hMSCs: reconstructed 3D (1) and 2D (3) profile of cell structure without 

NPs (control) and reconstructed 3D (2), 2D (4) profile of cell structure after 24 h 

incubation with NPs (Reprinted [adapted] under CC BY 4.0 license from Paper III © 2020 

The Authors). 

5.3.2 Optical tweezers (OT) 

Optical tweezers (OT) are a means for tracking and manipulating small objects [207, 

208]. OT techniques allow manipulating cells with a strongly focused laser beam 

and for measuring interaction forces. OT methods are widely applied in biology 

and physics [209]. The method has been efficiently used for studies of RBC 

aggregation forces between individual interacting cells. A recent study 

demonstrated successful measurements of such forces in autologous plasma and in 

protein solutions [210]. OT allows the investigation of ligand-receptor interaction 

in living cells from force measurements [211]. OT allows plasmonic nanoscale 

assemblies to be held isolated in a solution and the method can characterize their 

optical properties and dynamic behaviour as well as their thermal response [212]. 

Additionally, OT has been used within biological and nanotechnological fields for 

trapping, tracking, and manipulating NPs [213] and viruses [214] with high 

flexibility and precision. 

Polymer NPs are a promising tool for the targeted delivery of biologically 

active substances through the blood vessels. However, there is a risk of the negative 

influence of NPs on RBCs. Often, NPs are administrated into a human organ 
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through the bloodstream, but the effect of NPs on blood components remains 

unknown. Intravenous injection supposes the long-term circulation of NPs in the 

bloodstream. During this period, the injected drugs should be delivered to the 

targeted tissues with a minimal adverse influence or toxic effects on organs. 

Therefore, the estimation of the influence of polymer NPs on cells would provide 

information about the biocompatibility of NPs and this would open new 

opportunities in clinical practice. Thus, OT is one of the key optical tools for 

determining the influence of polymer NPs on cells. In this study, polymer NPs 

affect on the RBCs and RBC aggregation force was measured with OT system 

[Paper III]. 

Our OT system (Fig. 14) forms two optical traps and allows for the 

simultaneous manipulation of objects like RBCs. The traps are formed by an 

Nd:YAG infrared laser ILML3IF-300 split beam with an output power up to 350 

mW at a wavelength of 1064 nm. The overall power of the initial beam is controlled 

by a half-wave plate λ/2 and a first beam splitter cube; the power of the individual 

beams is regulated by a combination of λ/2 plates (not shown) and the second beam 

splitter cube. The position of the second trap inside the sample in the focal plane of 

the focusing objective was adjusted by a conjugated beam tunable mirror. After 

passing through the beam expander, light reaches the dichroic mirror, which reflects 

the laser beam onto the sample. Tightly focusing the laser beam was realized using 

an objective lens with a high numerical aperture, forming two traps inside the 

sample chamber. The sample illuminated with a white LED is transmitted through 

an infrared filter (IR-filter) to a complementary metal-oxide-semiconductor camera 

(CMOS). To calibrate the OT a viscous friction method was applied based on 

Stokes’ law. 

Experiments were performed at a distance of 30 µm above the bottom of the 

sample chamber to avoid interaction with other RBCs and bottom friction. More 

experimental details are described in [Paper III]. The aggregation force was 

measured from the trapping force. OT measurements of RBC were performed in 

vitro in autologous blood plasma mimicking in vivo conditions. RBCs were 

incubated with polymer capsules. NPs started producing conglomerates in the 

blood plasma (Fig. 14). Since NPs carry a positive charge, a preferable interaction 

with the negatively charged RBC membranes was expected. However, in blood 

plasma due to the presence of different proteins contributing to complex interaction 

between the NPs with the surrounding media, the NPs’ surface properties changed. 

This resulted in a strong agglomeration observed in the NPs. The tendency of the 

NPs for agglomeration significantly reduced the interaction between the RBC 
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membranes and the NPs. In this way aggregation forces between the cells were the 

same as in the control measurements. The interaction mechanism between RBCs 

did not change for the cells incubated with NPs. Plasma protein adsorption can lead 

to the change of the NPs surfaces properties, forming a so-called “corona”, which 

is able to reduce the cytotoxic effects of the positively charged nanoparticles. Thus, 

NPs do not cause RBC aggregation, and the strong self-aggregation of NPs can 

reduce the efficiency of NPs injected into the blood stream and potentially cause 

blockages in small vessels. For the desired coupling of RBCs with NPs proper 

functionalization should be addressed. Regardless of the material being embedded 

into the NPs’ shells, the NPs showed no influence of RBC interaction properties. 

 

Fig. 14. Schematic representation of the OT setup. Optical traps are formed inside the 

sample chamber with a water immersion lens with a high numerical aperture (NA = 1). 

The measurement procedure was imaged in the transmission mode and recorded with 

the complementary metal-oxide-semiconductor (CMOS) camera. Optical microscopy 

image (objective 100x) of RBCs in blood plasma with NPs (inset) in false colour (NPs 

aggregates are encircled) during measurements with OT (Reprinted [adapted] under CC 

BY 4.0 license from Paper III © 2020 The Authors). 
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5.4 Summary and conclusions 

In this chapter characterization of particles morphology and crystal structure was 

described. SEM, TEM, DLS, CLSM for the characterization and visualization of 

polymer NPs shape were applied. XRD and Raman spectroscopy analysis can be 

used to clearly distinguish between CaCO3 polymorphs forms (calcite, aragonite, 

vaterite) in the case of powder spectra, and for different polarization directions of 

each compound in the case of single crystal spectra.  

Additionally, the estimation of the capsule effect on the RBC and hMSC cells 

using OT and DPM methods was described in this chapter. Capsules 

biocompatibility was evaluated. Capsules have a prospects for application in 

clinical study. 
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6 Gene delivery using polymer carriers in vitro 

The application of polymer capsules in the field of gene delivery has gained 

increasing interest due to their capability to be safely loaded with genetic material, 

and, moreover, the possibility to load multiple molecules within a single carrier, 

which improves the transfection efficiency. Gene loading by the capsules can be 

performed in various ways, depending on the type of genetic material, the area of 

exposure, and the purpose of gene delivery [51]. The capsule shell can be designed 

for loading genetic material of different molecular weights. Compared with viral 

delivery systems, non-viral carriers fabricated using LbL technology are more 

efficient and safer [15]. Viral vectors can cause both systemic and local adverse 

effects because of the host-genome integration and immunogenicity, which can be 

avoided when using biodegradable non-viral carriers. LbL-assembled carriers can 

be used for the delivery of different nucleic acids: plasmid DNA, small interfering 

RNA, messenger RNA, and genome editing tools. 

6.1 Delivery of pDNA 

Plasmid DNA (pDNA) is one of the most commonly used forms of nucleic acid for 

gene therapy. This circular double-stranded molecule is the preferred choice of gene 

vectors because it is less susceptible to nucleases and experiences less physical 

impact during delivery compared to linear DNA and RNA molecules, thus 

generally obviating the necessity to add nuclease inhibitors into the capsule system. 

Plasmids have the capacity to carry many genes that can be expressed 

simultaneously or under different conditions if various promoters and other 

regulatory elements are used. The cloning capacity of plasmids, the simplicity of 

manipulation by various cloning approaches, and their ease of production on a large 

scale also make them a genetic carrier of choice for delivery. However, there are 

several disadvantages when using plasmids as genetic material for delivery. The 

expression of genes encoded on plasmids requires nuclear localization of the 

delivered nucleic acid. Moreover, unmethylated double-stranded DNA (dsDNA) 

can be recognized as a potentially dangerous agent by receptors of the innate 

immune system, including Toll-like receptor (TLR) 9, stimulator of interferon 

genes (STING), and NLR family pyrin domain containing 3 (NLRP3) 

inflammasome. Thus, the pre-treatment of cells with specific inhibitors of these 

pathways, or co-delivery of these inhibitors together with plasmid DNA, could 

result in increased transfection efficiency and higher expression levels [215].  
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Capsules and core-shell particles made using the LbL technique provide a 

protection barrier against nucleases and aggressive factors of the extracellular fluid 

environment. Even though plasmids are stable molecules, placing them into this 

delivery system can protect pDNA from any degradation while moving into the cell 

nucleus. As DNA is a polyelectrolyte, it can be electrostatically incorporated as a 

layer through alternation with polycations. For example, poly(β-amino 

ester)/pDNA core-shell particles have been shown to transfect cells. pDNA used in 

LbL assembly has been shown to be functional after a cell transfection [14]. DNA 

can also be encapsulated into the inner space of hollow capsules, using the template 

preloading technique. The DNA/spermidine (Sp) complex can be absorbed on the 

surface of manganese carbonate microparticles followed by PARG and poly[β-

glucuronic acid-(1→3)-N-acetyl-β-galactosamine-6-sulfate-(1→4)] layer 

formation. Therefore, pDNA encapsulated in such a way retains its natural double-

helix structure, demonstrating that the packaging method does not lead to 

conformational changes in DNA [216]. pDNA, carrying the Cas9 gene and a 

sequence encoding for gRNA, was co-precipitated into CaCO3 template particles, 

which were then coated by PARG/DS. It has also been shown that polymer carriers 

can be applied for the delivery of pDNA to clinically relevant cells such as T-cells. 

(Fig. 17, Fig. 18A) [Paper VI]. The experiment details of pDNA delivery, 

performed in this study, are described in Chapter 6.3. 

6.2 Delivery of siRNA 

RNA interference has a wide application as a gene silencing strategy for the 

treatment of genetic and acquired diseases. Small interfering RNA (siRNA) is 

homologous to a specific target mRNA and is able to knock down its expression 

using cell-intrinsic mechanisms such as endoribonuclease Dicer and RNA-induced 

silencing complex (RISC), thus causing a biological effect [217]. siRNA has 

important limitations in biomedical applications, which can be attributed to its 

hydrophilic nature, low inherent stability, and degradation in the bloodstream in the 

presence of nucleases, as well as its inefficient cellular uptake, cytotoxicity, and 

stimulation of immune response. Viral vectors have been commonly used for 

siRNA delivery, which overcomes the problem of low transfection. However, viral 

vectors have several limitations, such as the need for active cell division for gene 

transduction, oncogenic potential, low titers and gene silencing [218]. Therefore, 

the most important challenge for siRNA-mediated in vivo silencing is the 
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development of safe (non-viral) delivery systems to deliver siRNAs into specific 

tissues and organs. 

Multilayered polyelectrolyte carriers, prepared via LbL self-assembly, are 

promising tools for siRNA delivery [Paper V, Paper VI] (Fig. 18B). It has also been 

shown that polymer capsules provide the possibility for the delivery of clinically 

relevant siRNA, such as influenza siRNA, that could be a promising approach in 

anti-influenza therapy. Brodskaia et al. [162] developed a method of delivery of a 

therapeutic siRNA cocktail (targeting the most conserved regions of three influenza 

A virus (IAV) genes: the nucleoprotein (NP), non-structure protein (NS), and RNA 

polymerase subunit (PA)). Additionally, these methods have proposed that the pre-

treatment of cells with a mixture of PA-1630, NP-717, and NS-777 siRNAs, 

delivered by hybrid microcarriers, provides stronger inhibition of viral M1 mRNA 

expression and control of NP protein levels, after viral infection, than a single pre-

treatment by any of the three encapsulated siRNAs.  

Polymer 200 nm carriers were developed in this study and were tested for 

delivery of specific siRNA to knock down gene expression of Tspan8 and E-

Cadherin in the breast cancer cell line MDA-MB-361 and primary breast cancer 

stem-like cells (BCSC) with good gene silencing efficiency (approx. 70%) 

Scrambled siRNA was used as a control (ctrsiRNA). Complete abolishment of 

Tspan8-and E-Cadherin specific fluorescent signals was observed after 48 h of 

treatment with nanocapsules (Fig. 15C) and for the delivery of apoptotic inducing 

siRNA to the fibrosarcoma HT-1080 cells and hMSC (Fig. 15A and B) with a high 

degree of gene silencing efficiency (approx. 80%) [Paper V]. Confocal images of 

hMSCs treated either with capsules loaded with apoptose induced siRNA 

(apoptsiRNA) and unspecific siRNA (ctrsiRNA) or transfected with Lipofectamine 

2000 using the same amounts of siRNAs. All cells were cultured for 48 h, fixed and 

stained with phalloidin-Alexa488 and DAPI prior to microscopy. To control the 

capsule stability, MSCs were treated with capsules stored for one year. Transfection 

efficiency of capsules (approx. 80%) was comparable to commercial reagent 

Lipofectamine 2000 (approx. 30%) (Fig. 15A and B). Therefore, polymer capsules 

demonstrate the highest efficiency and stability for the transfer of functional siRNA 

molecules, which is highly relevant considering their potential clinical application. 

More experimental data (uptake, toxicity, all protocols etc.) are described in 

Paper V. 
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Fig. 15. Evaluation of delivery of siRNA. (A) Efficient apoptosis induction in human 

mesenchymal stem cells (MSCs). (B) The WST-1 assay was performed to quantify the 

cell viability. The reduction of the cell number was measured after the application of 

fresh capsules and capsules stored for one-year. No significant reduction of cell 

viability could be detected in the control. (C) Simultaneous loading and transfer of two 

independent siRNAs for knockdown Tspan8 and E-Cadherin -coding genes in MDA-MB-

361 and breast cancer stem-like cells (BCSCs). (Reprinted [adapted] under CC BY 4.0 

license from Paper V © 2019 The Authors). 
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6.3 Delivery of mRNA 

Messenger RNA (mRNA) is a biomolecule that mediates the translation of genetic 

information from genes encoded in DNA to proteins located throughout the cell. 

The physical and biological characteristics of mRNA have allowed its use as a safe 

genetic material for gene-based therapy approaches because mRNA, in contrast to 

DNA, does not require nuclear localization for gene expression and provides rapid 

protein expression, including in hard-to-transfect cells such as T cells, dendritic 

cells and hematopoietic stem cells. Therefore, mRNA is of great interest as an 

immunotherapy application. The development of novel therapeutic methods based 

on mRNA have been limited due to its instability in ambient conditions. Thus, an 

intravenous injection of unmodified mRNA without delivery material leads to rapid 

mRNA degradation by ribonucleases and can activate the immune system. Viral 

vectors have been widely used for the delivery of mRNA but have potential 

immunologic side effects and toxicities [219]. Non-viral strategies such as 

electroporation, gene guns and sonoporation offer a better option for mRNA 

delivery, however, they also have certain limitations [47]. Nowadays the mRNA 

COVID-19 vaccine has shown the most promising results in preventing COVID-

19 infection [220]. The COVID mRNA vaccine includes mRNA encapsulated in 

lipid NPs. The efficacy of mRNA vaccines developed by BioNTech/Pfizer and 

Moderna is about 95% [221,222] and they were the first mRNA vaccines to be 

approved by the Food and Drug Administration (FDA) and launched onto the world 

market. Currently, the development of a system of mRNA vaccines delivered by 

the LbL method is also actively gaining popularity [223].  

There are currently many non-viral delivery systems used for mRNA delivery 

[224]. However, most of these systems have limitations for the transfection of 

relevant immune cell populations, which prevents their medical use. Among a 

variety of non-viral delivery vectors [25], polymer capsules have been considered 

to have the greatest potential. Polymer and hybrid micro- and nanocapsules are 

more suitable as a platform for the safe and efficient delivery of mRNA to 

mesenchymal stem cells [Paper V], cancer stem cells (Fig. 18C) and other clinically 

relevant cell types, such as T cells and hematopoietic stem cells (Fig. 16) [Paper 

V]. The modification of polymer carriers with RNAse inhibitors increases the 

efficiency of transfection by protecting the mRNA from external influences [13].  

The evaluation of delivery of mRNA to produce green fluorescent protein (GFP) 

was carried out in this study, using 200 nm polymer capsules. The analysis of their 

uptake efficiency was performed 48 h post-treatment. For T cells, 10 capsules/cells 
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and for CD34 cells, 5 capsules/cells were considered an optimal concentration (Fig. 

16B). Next, we addressed the applicability of nanocapsules for mRNA transfer. 

First, the transfer of GFP mRNA using 1 × 10−3 nmol mRNA per cell was 

performed and controlled on a single-cell level (Fig. 16A).  

Fig. 16. Nanocapsules (200nm) developed for the transfer of genetic material to primary 

T cells and hematopoietic stem cells. (A) Confocal microscopy of T cells and CD34+ 

cells revealed efficient transfer of GFP mRNA. Scale bar left panel 30 µm (control, 

cap+mRNA GFP), right panel 9 µm (cap+mRNA GFP, single cell). (B) Flow cytometry 

analysis of T cells (upper panels B) Flow cytometry analysis of T cells (upper panels) 

and CD34+ (bottom panels) cells treated with Rhodamine-labelled nanocapsules 

showed that application of 5 nanocapsules/cells is sufficient for an efficient transfer of 

capsules into CD34+ cells, and 10 nanocapsules/cell is sufficient for an efficient transfer 

of capsules into T cells. Application of higher numbers of nanocapsules led to the 

reduction of cell viability (left panel) (Under CC BY 4.0 license from Paper V © 2019 The 

Authors). 
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For clinically relevant cells (T cells and HSC), the low toxicity of a delivery system 

is important. As shown above, 200 nm capsules are highly toxic for clinically 

relevant cells. The next step of study was the development and study of 50 nm 

capsules in vitro. 

Fig. 17.  Estimation of encapsulated mRNA, pDNA delivery for GFP into the cells (T-

lymphocytes) by laser scanning confocal microscopy and flow cytometry after 24 h. (a) 

Flow cytometry data plots, reflecting cellular transfection (mRNA and DNA) by core–

shell nanoparticles, at dependence ratio nanoparticle concentration. (b) The confocal 

image allows qualitative estimation of the T-cell transfection effect (green-GFP) by 

core–shell nanoparticles (red-TRITC). (c) Flow cytometry analysis comparing core–

shell nanoparticle effect transfection with electroporation. (d) Z-stack of nanocarrier 

localization (Reprinted [adapted], with permission, from Paper VI © 2020 The Royal 

Society of Chemistry). 

The transfection efficiencies of mRNA and pDNA, both encoding eGFP, were 

evaluated. To demonstrate that the 50 nm polyelectrolyte nanocapsules could 

mediate the efficient uptake of mRNA, T-lymphocytes in the amount of 107 cell per 

1 ml of cell media were re-suspended and incubated with 0.15–25 µg of a 

nanocapsule suspension loaded with 10 µg eGFP mRNA or pDNA. In this set of 
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experiments, the capsules were labelled with rhodamine, which allowed their 

location as related to the eGFP-positive cells to be visualized using CLSM. Data 

obtained by CLSM and flow cytometry analysis for the capsules with GFP coding 

mRNA are summarized in Figure 17. As shown, mRNA loaded polyelectrolyte 

nanocapsules exhibited high transfection efficiencies ~80% and ~60% for pDNA. 

More experimental data (uptake, toxicity, all protocols etc.) are described in Papers 

V and VI. 

6.4 Delivery of genome editing tools (CRISPR-Cas9) 

The delivery of genome editing (GE) tools via non-viral carriers has become a 

widely studied research topic. Polymer capsules can promote nucleic acid delivery 

methods that can be used for the non-viral delivery of genome editing tools. One 

of the most promising GE methods is CRISPR/Cas9, for which Jennifer Doudna 

and Emmanuelle Charpentier received the Nobel Prize. The Cas9 nuclease is 

targeted to a specific site in the DNA with the help of a guide RNA (gRNA) 

sequence. Cas9 then makes a double-strand break (DSB) at the intended site, which 

is followed by the activation of DSB repair system. The induced break can be 

repaired by non-homologous end joining (NHEJ), microhomology-mediated end 

joining (MMEJ), homology-mediated end joining (HMEJ) or homologous 

recombination (HR). Repair of a double-strand break in targeted genes can result 

in deletions, insertion or point mutations. 

Both the Cas9 gene and gRNA can be encoded by a plasmid DNA, which is 

transcribed in the cytosol of the targeted cells. Additionally, mRNA can be used as 

a coding nucleic acid for GE tools. Moreover, LbL carriers can deliver not only 

nucleic acid but also proteins, thus Cas9/gRNA can be delivered already as a 

functional ribonucleoprotein (RNP) [225]. Different variations of the LbL 

technology are used to fabricate carriers for delivery of GE tools or genes encoding 

these tools. It was shown that the CRISPR/Cas9 system can be delivered by 

polymer nanocarriers made from PARG and DS [Paper V].  

Thus, PARG/DS capsules were used for loading of pDNA for encoding both 

Cas9 and gRNA and estimated in the frame of this doctoral research. The packaged 

pDNA is then released inside the cell and Cas9 mRNA and gRNA are transcribed 

after Cas9 proteins are translated, they form an RNP with gRNA and are transferred 

to the nucleus. To test the ability of polymer capsules to manipulate primary T cells, 

nanocapsules were loaded with Cas9 mRNA and a guide RNA (gRNA) targeting 

the “HEK site 4” genomic locus (PMID: 25513782) and were used for the treatment 
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of primary T cells. As a positive control, activated T cells were nucleofected with 

the same RNA using the 4D nucleofector. To measure the activity of the nuclease, 

the extent of non-homologous end joining (NHEJ)-mediated mutagenic repair at 

the target site was measured. Cleaved fragments, indicating nuclease activity, were 

detected in the sample treated with capsules (cap) containing the CRISPR/Cas9 

RNAs and in the nucleofected control (nucl), but not in the untreated samples (UT), 

thus proving evidence for efficient capsule-mediated RNA delivery into primary T 

cells, and supporting their universality (Fig. 18D) [Paper V].  

These capsules showed more efficient transfection than liposome-based 

transfection (>70% vs. <50% for mRNA, > 40% vs. 20% for plasmid DNA) and a 

high rate of gene-edited cells. An additional advantage is that the surface of such 

capsules can be modified with ligands, which are capable of targeting, for instance, 

antibodies or antibody fragments (e.g., scFvs and single-domain antibodies) or non-

antibody scaffolds (e.g. alphabodies, affibodies or darpins) against various 

membrane proteins of cells.  

Fig. 18. The LbL-fabricated systems used for gene transfer: confocal microscope 
images of cells transfected with different genetic material: pDNA for GFP expression in 
T-cells, apoptosis inducing siRNA in hMSC cells, mRNA for GFP expression in cancer 
stem cells and genome editing (CRISPR/Cas9) tools in T-cells. Green: GFP; Red: 
Rhodamine; Blue: DAPI (Fig. 18A reprinted [adapted], with permission, from Paper VI © 
2020 The Royal Society of Chemistry; Fig. 18B–D reprinted under CC BY 4.0 license 
from Paper V and Supporting Information of Paper V © 2019 The Authors). 
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6.5 Summary and conclusions 

Chapter 6 described studies on loading genetic materials into polymer multilayer 

capsules. The technique has been successfully applied to encapsulate siRNA for 

knock down GFP in fibrosarcoma cells HT-1080. For mesenchymal stem cells 

(MSCs) isolated from the bone marrow, nanocapsules for apoptotic control of cells 

were loaded with AllStarsCell Death Control siRNA (apoptsiRNA) containing 

highly potent validated siRNAs targeting ubiquitous cell survival genes. 

Additionally, within the framework of the thesis, capsules were tested for the 

delivery of a cocktail of specific siRNA to knock down gene expression of Tspan8 

and E-Cadherin in the breast cancer cell line MDA-MB-361 and primary breast 

cancer stem-like cells (BCSC) with a high level of gene silencing efficiency (about 

80%). LbL assembly demonstrates the highest efficiency and stability for the 

transfer of functional siRNA molecules, which is highly relevant considering their 

potential clinical application. mRNA for GFP expression in the mesenchymal stem 

cells and clinically relevant cell types (T-cells and hematopoietic stem cells) were 

studied. The modification of polymer carriers with RNAse inhibitors increases the 

efficiency of transfection by protecting mRNA from external influence. The 

nanocapsules were loaded with Cas9 mRNA and a guide RNA (gRNA) targeting 

the “HEK site 4” were used for treatment of primary T cells. Cleaved fragments, 

indicating nuclease activity, were detected in the sample treated with capsules 

containing the CRISPR/Cas9 RNAs, thus proving evidence for efficient capsule-

mediated RNA delivery into primary T cells, and supporting their universality. The 

obtained experimental results of the delivery via siRNA, mRNA, pDNA and 

CRISPR-Cas9 are presented in Paper V and Paper VI. 
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7 Perspectives of gene delivery by polymer 
carriers for in vivo applications 

Diagnostic imaging techniques for detecting pathological information are currently 

playing a main role in the treatment of serious diseases, especially in the oncology 

field [184,185]. Polymer carriers are a promising approach to providing safer and 

efficient drug and gene delivery. Polymer capsules have been studied for target-

specific and controlled delivery of various micro and macromolecules including 

drugs, proteins, mono-clonal antibodies, and DNA/RNA for biomedical 

applications like cancer, vaccine, gene therapy etc. [15]. It is therefore important to 

demonstrate the efficient use of capsules applications ranging from in vivo imaging 

systems to controlled delivery for future prospective clinical applications. Although 

the LbL platform is still in its infancy and the data regarding the delivery of genetic 

material in vivo is limited, some important results have already been demonstrated 

in preclinical studies of other LbL particles, which were stable in biological fluids 

and showed improved pharmacokinetic profiles of therapeutics as well as enhanced 

safety and circulation half-life of drug in vivo, proving the high clinical relevance 

of the platform [228, 229]. 

By varying a particle diameter (0.1–5 µm), and the charge and thickness of the 

LbL capsule wall, the distribution of the carriers in vivo can be tuned with control 

over the cargo release rate, depending on the specific aims [230]. The distribution 

in the spleen, following the uptake of capsules loaded with nucleic acids and 

adjuvants by cells from the reticuloendothelial system, such as macrophages and 

dendritic cells, opens the prospect of developing novel combined vaccines against 

infectious pathogens, as well as cancer immunotherapy or COVID-19 vaccines. 

Poon et al. demonstrated the potential to deliver cargo to other organs after systemic 

administration in vivo by electrostatically assembled NPs using quantum dots and 

gold NPs as a template for an LbL carrier consisting of DS sulphate and poly-L-

lysine. Variation in the number of layers and external surface polymers enabled 

control over biological properties of the NPs as well as the rate of degradation and 

the biodistribution profile with low degrees of uptake by the liver and spleen, which 

were among the lowest observed for competing with NPs-based delivery systems 

[231, 232]. Additionally, the delivery of polymer capsules in vivo has been 

performed with various visualization methods, including: fluorescent spectroscopy 

[Paper I], fluorescent tomography [233,234], radiolabelling [235, 236], magnetic 

resonance imaging (MRI) [237], dark-field microscopy [238], and optical 

coherence tomography (OCT) [239]. 



72 

7.1 Fluorescence spectroscopy and tomography 

Modern fluorescence modalities play an important role in the functional diagnostics 

of various physiological processes in living tissues. Utilizing the fluorescent 

spectroscopy approach, it is possible to observe circulation of fluorescent-labelled 

nanocapsules with rhodamine tetramethylrhodamine in a microcirculatory blood 

system (Fig. 19) [Paper I]. Experimental studies were carried out by us on clinically 

healthy Wistar rats. Wistar rats were divided into two groups: 1) control; 2) were 

treated with rhodamine-loaded capsules, injected directly into the tail vein. The 

concentration of the resulting rhodamine in the group was 5 mg/kg of the animal 

weight. Before the capsule administration, the background fluorescence was 

measured at a 532 nm excitation wavelength and for better repeatability, 

measurement points on the rats’ thighs were selected. The fluorescence spectra 

were recorded from the thighs of anesthetized rats for 90 min at 10 min intervals.  

A preliminary series of measurements of the repeatability of the skin 

fluorescence intensity were conducted in the control group. The obtained 

fluorescence spectra show a statistically significant increase in fluorescence 

intensity in a group of rats that received nanocapsules with rhodamine. In this group, 

a significant increase (two-fold the baseline level) at the peak fluorescence intensity 

of the used dye (λ = 590 nm) from 42 ± 5 to 100 ± 7 a.u. was registered (Fig. 19E 

and F). The results show that fluorescent spectroscopy can be used to 

transcutaneously measure the concentration kinetics of labelled particles in vivo.  

All our experimental details are described in Paper I. The approach can increase 

the statistical significance and reliability of preclinical trials and reduce the required 

number of animals providing valuable information about pharmacokinetics and 

optimal dosage of drugs. The results can be used in the field of preclinical drug 

research to control and ensure possible drug-in-place delivery. 
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Fig. 19. Fluorescent spectroscopy approach for the observation of the circulation of 

fluorescent-labelled nanocapsules in a microcirculatory blood system in vivo. SEM (A) 

and the CLSM (B) of the polyelectrolyte NP scan at the emission bandwidth of the 

rhodamine TRITC dye. (C) Design of the fiber - optic diagnostic probe of multifunctional 

laser diagnostic complex LAKK-M control ((1) is the collection fiber, (2) is a laser of 532 

nm); (D) the laboratory rat used in the experiment. The dynamics of the intensity of 

group received fluorescent labelled (rhodamine TRITC) NPs (E) and intensity of 

normalized fluorescence in the control group (F) (Reprinted [adapted], with permission, 

from Paper I © 2018 Astro Ltd.). 

E  F 
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Also, fluorescent tomography allows comparing of systemic (intravenous) and 

directed (intra-arterial) administration routes of magnetic microcapsules [233, 234]. 

For example, the renal artery administration of polymer carriers ensures their 

effective local accumulation (Fig. 20). In this study, we have shown that 

biocompatible composite microcapsules made using an LbL method could be a 

possible delivery system with the assistance of an external magnetic field targeting 

different administration pathways. While a defined safe dose is injected, capsules 

labelled with near-infrared absorbing dye and incorporating magnetic nanoparticles 

can be well visualized using near-IR fluorescent imaging in real time and are 

sensitive to an externally applied gradient magnetic field. It was shown that 15 min 

after intravenous injection, less than 1% of micron-sized magnetic capsules 

continued to circulate in the bloodstream, while most of the dose had already 

accumulated in the vital organs. In this regard, it is especially important to provide 

effective targeting during the first minutes after injection. Once the magnetic field 

is no longer exits, the major part is already accumulated in the organs. This is then 

followed by capsule degradation and excretion. Intra-arterial administration 

significantly increases the efficiency of passive accumulation of drug and drug 

carriers in the area of interest, since in the first passage they can pass through 

vessels in the region of interest (Fig. 20A right), and not through the vessels leading 

to lungs, as with the case of intravenous administration (Fig. 20A left). For the same 

reason, the administration pathway also affects the capsules’ biodistribution in the 

organs. After a microcapsule tail vein injection, the maximal fluorescent signal was 

observed in the lungs, but then the signal was redistributed between other organs 

over time, as a result of capsules metabolization. Arterial injection (to some extent) 

reduces the accumulation of capsules in the lungs due to the more even distribution 

over organs in the first minutes, which can help to reduce the side effects of the 

therapy on the lungs. Femoral artery injection in combination with magnetic field 

application is 81% more efficient than tail vein injection showing increased 

accumulation, while magnetic retention with systemic delivery result in only 46% 

increased accumulation (Fig. 20B and C). The absence of obvious indications of 

tissue and organ malfunctions after injection of the magnetic biodegradable 

capsules into the mouse systemic bloodstream gives grounds to assume that their 

usage in clinical settings is promising. Therefore, a combination of the correct 

administration procedure, suitable drug delivery system, selection of effective and 

safe dosage is a key to local therapy. All experimental details are described in 

[233,234]. 
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Fig. 20.   Fluorescent tomography of polymer capsule distribution. (A) Main scheme for 

the two means of microcapsule administration: in the tail vein (left) and through the 

right femoral artery (right). (B) Differences in magnetic microcapsules biodistribution in 

mice tissues and organs after tail vein (left) and right femoral artery (right) injection by 

using near IR fluorescent visualization ex vivo. (C) In vivo fluorescence images of mice 

hindpaws with and without the magnetic field action 1, 15, 60, and 120 min after tail vein 

or right femoral artery injection of microcapsules. The magnet (gray disk) was removed 

60 min after injection. The red arrow indicates on experimental hindpaw (under 

magnetic field exposure), and white arrow indicates on control hindpaw (without 

magnetic field exposure) (Reprinted [adapted], with permission, from Ref. [233] © 2020 

Elsevier B.V.). 

7.2 Radiolabeling strategy 

Among imaging methods, in vivo optical imaging (near-infrared fluorescence and 

bio-layer interferometry imaging) can be considered the most widely used 

technique for examining the circulation of fluorescent particles in the whole 

organism. However, these methods do not provide a high spatial resolution and are 

limited by the light penetration depth in tissues (5–20 μm). The MRI imaging 

approach has a high resolution and deep tissue penetration; however, its sensitivity 

is restricted to micromolar concentrations of contrast agents. Therefore, to improve 

the sensitivity of MRI, higher amounts of drug carriers labelled with contrast agents 

should be administered and accumulated in the area of interest. Positron emission 

tomography (PET) imaging offers unparalleled in vivo sensitivity and high degree 

of penetration. It allows visualizing separate organs in small and large animals, as 
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well as in humans. Because of its high sensitivity, PET is generally regarded as an 

ideal tool to investigate the in vivo biological fate of drug carriers, including their 

pharmacokinetic and specific organ uptake. However, to visualize the 

biodistribution of drug carriers in vivo, they should be labelled with positron 

emitters. Zyuzin et al. [230] were the first to demonstrate radiolabelling approaches 

to CaCO3 core-shell particles with differently sized micrometric polymer particles: 

(MicCSPs) and submicrometric polymer particles, (SubCSPs) to precisely reveal 

their in vivo biodistribution after intravenous administration in rats (Fig. 21). All 

the experimental details are described in Ref. [230]. Capsule size is a critical factor 

that can affect the targeting performance due to the larger loading capacity, which 

has increased sensitivity to an external magnetic field compared to carriers of a 

smaller size. For this purpose, several methods of radiolabelling were developed, 

where the positron emitter (68Ga) was incorporated inside the particle’s core (co-

precipitation approach) or onto the surface of the shell (either with layer coating or 

adsorption approaches). 68Ga-MicCSPs were mostly distributed in lungs, and 

68Ga-SubCSPs were accumulated in liver and spleen. Therefore, the 

biodistribution profile of the tested radionuclide carriers opens opportunities for 

their use in the treatment of primary oncological diseases of pulmonary localization 

(in the case of MicCSPs), and a number of primary liver cancer and metastatic liver 

diseases (in the case of SubCSPs). 



77 

Fig. 21.  In vivo biodistribution studies. PET/CT images for 68Ga-MicCSPs, 68Ga-

SubCSPs, 68Ga-DOTA-HSA, and 68Ga-DOTA at different time points (A). Three-

dimensional (3D) PET/CT images of intravenously injected MicCSPs and SubCSPs at 

180 min (B). Biodistribution of radiolabelled tested samples measured at 180 min post-

injection (standardized uptake value, SUV) (C). The results are shown as average value 

± standard deviation, n = 3. * represents p < 0.05, and ** represents p < 0.005 (Reprinted, 

with permission, from Ref. [230] © 2020 American Chemical Society). 

Future studies will be focused on the implementation of targeted delivery for design 

of directional transport systems for medicines delivered to a particular type of tissue 

[235, 236]. 

7.3 Summary and conclusions 

This chapter explained the study of capsule distribution in blood circulatory system 

assessed in vivo by fluorescent spectroscopy, fluorescent tomography and 

radiolabelling techniques. Fluorescent spectroscopy and fluorescent tomography 

can be applied for the evaluation of the penetration efficiency of capsules from the 
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circulatory system into adjacent tissues. Since capsules have the potential to 

accumulate a significant amount of fluorescent dye, one of the methods for 

evaluating the effectiveness of transport involves measuring the fluorescence 

intensity on the surface of the body. The results show that fluorescence 

spectroscopy and fluorescent tomography can be used for the transcutaneous 

measurements of the concentration kinetics of labelled particles in vivo. The 

approach can increase the statistical significance and reliability of preclinical trials 

and reduce the required number of animals providing valuable information about 

pharmacokinetics and optimal dosage of drugs. Additionally, a comparison of 

microcapsule and nanocapsule biodistribution with radiolabelling methods was 

investigated. The biodistribution profile of the tested radionuclide carriers opens 

avenues for their use for treatment of primary oncological diseases of pulmonary 

localization (in the case of microcapsules), and several primary liver cancer and 

metastatic liver diseases (in the case of nanocapsules) due their non-specific 

targeting distribution. The studies were focused on the implementation of targeted 

delivery for the design of directional transport systems for medicines delivered to 

a particular type of tissue [235, 236]. 
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8 Summary, potential impact and future research 

The rapid development of genome therapy technology offers unparalleled 

opportunities for medical applications, with the potential for the treatment of 

diseases currently considered incurable. Yet, one of the major challenges limiting 

the clinical translation of genome materials is their safe and efficient delivery to 

targeted cells and tissues. 

In the frame of this doctoral thesis work I developed and tested an optimal gene 

delivery platform with a special emphasis on the possibilities for their 

implementation in clinical practice. Currently, viral vectors are the most widely 

used platforms for the delivery of engineered nucleases. However, high efficiency 

of viral vectors is counterbalanced by very high production costs, cargo size 

limitations as well as potential genotoxicity and immunogenicity problems. 

Therefore, non-viral delivery methods are urgently needed and are expected to 

become predominant in the near future. Among various non-viral materials for 

chemical delivery, biodegradable lipid and polymer NPs exhibit an important 

advantage over inorganic NPs. The key feature of these platforms is their potential 

use in vivo, showing their broad prospects for further development. Currently, these 

carriers are being tested in preclinical trials with demonstrations of compelling 

delivery efficiencies across different gene materials and cell types. 

The biggest advantages of biodegradable polymer capsules compared to other 

non-viral carriers include their superior loading capacity, low toxicity, size control 

and high colloidal stability. Polymer capsules have great advantages for application 

in gene therapy. An efficient delivery system is the main component for the 

successful introduction of a gene therapy into real clinical practice. A preliminary 

conclusion of the current study is that biocompatible polyelectrolyte capsules can 

be efficiently used for the delivery of biologically active compounds to many types 

of cells including transfection-resistant target cells. The obtained data ensures that 

biodegradable capsules will endure not only as an ultimate tool for transferring 

nucleic acid for in vitro systems, but that they can also be used for the development 

of novel treatments for patients requiring routine drug administration.  

Polymer capsules demonstrate great advantages when compared to standard 

carrier systems because of their ability to release their content immediately after 

internalization while offering exceptionally high stability and retaining active 

properties and functionalization of DNA/RNA molecules. Additionally, optical 

techniques provide capsule quality control and can be applied for the detection of 

capsule distribution in vivo. As mentioned, loading nucleic acids into the NPs can 
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be performed in the carrier cavity, between polymer layers, or simply attached onto 

the surface of a carrier. The way nucleic acids load into polymer carriers determines 

their preservation and release profile inside the cells. On the one hand, the 

attachment of nucleic acids into polymer layers is less destructive during synthesis 

and enables faster release. On the other hand, the encapsulation of nucleic acids in 

the cavity of NPs prevents premature cargo degradation after the first contact of the 

NPs with biological fluids. Notably, to optimize the genetic material release 

kinetics, NPs can be additionally modified with nanostructures, which enable 

release triggered by external stimuli. 

Variations in the physicochemical properties of polymer gene carriers can lead 

to the enhancement of transfection efficiency. Most of the published studies have 

been devoted to the use of LbL-based micrometer sized carriers for delivery of 

nucleic acids. In order to improve their functionality and applicability in gene 

delivery, thorough studies need to be performed with smaller-sized carriers (100–

400 nm), and even below 100 nm. This can potentially improve cell transfection 

and could enable transfection of clinically relevant cells (e.g., T cells, 

hematopoietic stem cells, etc.), which can be transfected only with nanosized 

carriers. Moreover, nanosized NPs are also of significant importance in the case of 

in vivo gene delivery. However, it should be noted that the polymer NPs in their 

current form can be used only for local gene therapy, while the systemic 

administration of NPs loaded with genetic material is currently seriously hindered 

due to the complicated in vivo microenvironment. Therefore, further optimization 

of NP carrier surface modification with targeting moieties is crucial. 

The material of NP delivery platforms is the next important issue for the 

improvement of cell transfection. A serious limitation associated with the 

accumulation of genetic material carriers in the endo/lysosomal compartments can 

be overcome using specialized materials such as cationic polymers, silica and 

others. This, however, can result in additional toxicity of NPs. Therefore, an 

optimal balance between the carrier concentration and toxic effects should be found 

to achieve enhanced transfection. 

It is worth mentioning that for in vitro delivery studies, the conditions of the 

gene carrier incubation (serum-free medium, presence of inhibitors) with cells 

defines the possible transfection outcomes. The presence or absence of a serum in 

a cell culture medium, as well as RNase/DNase inhibitors or lysosomal pH 

buffering agents affect the cellular uptake of gene carriers (in the case of serum-

free medium) or prevent the degradation of nucleic acids by enzymes and low pH 

inside cells, which can result in improved transfection of cells. All the above-
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mentioned conditions for cell transfection should be carefully considered when 

using NPs for gene delivery. Despite the versatility of NP delivery platforms in 

terms of gene loading, an optimal transfection protocol should be found for each 

specific cell type. 

Concerning the commercial potential of LbL delivery systems, sterile synthesis 

conditions, large-scale synthesis, as well as storage possibilities are required for 

their manufacture. For standardization of the delivery system production process, 

a robotically-automated microfluidic setup should be developed for 

commercialization purposes. After production, proper sample storage of nucleic 

acid-loaded polymer carriers should be performed, since the genetic material 

(especially RNA) should be stored at low temperature (below 20 °C). Therefore, 

the effect of low temperature on the structure, integrity and aggregation state of 

NPs needs to be additionally considered. 

The future perspectives of novel nucleic acid delivery systems can be attributed 

to the field of gene and immunotherapy. The data and experience gained from this 

study open new prospects for delivery systems, analytical biochemistry, and 

diagnostics in vivo.  

In conclusion, although development of non-viral gene delivery platforms has 

been delayed compared to viral delivery-based methods, it has already 

demonstrated the potential for future gene therapy applications that will further 

transform the biomedical field with the development of novel therapies with a 

curative potential. 

  



82 

 



83 

List of references 

[1] J. Yu and J. E. Russell. “Structural and Functional Analysis of an mRNP. Complex 
That Mediates the High Stability of Human-Globin mRNA,” Molecular and Cellular 
Biology, vol 21, no. 17, pp. 5879–5888, Sep. 2001, doi:10.1128/mcb.21.17.5879-
5888.2001. 

[2] Y. Diener, Y. Diener, A.  Bosio, and U. Bissels, “Delivery of RNA-based molecules 
to human haematopoietic stem and progenitor cells for modulation of gene expression,” 
Experimental Hematology, vol. 44, no. 11, pp. 991–1001, Nov. 2016, doi: 
10.1016/j.exphem.2016.08.004. 

[3] M. Ramamoorth, “Non Viral Vectors in Gene Therapy- An Overview,” J. Clinical and 
Diagnostic Research, vol. 9, no. 1, pp. GE01-GE06, Jan. 2015, 
doi:10.7860/jcdr/2015/10443.5394 

[4] T. Merdan, J. Kopec̆ek, and T. Kissel, “Prospects for cationic polymers in gene and 
oligonucleotide therapy against cancer,” Adv.Drug Deliv. Rev., vol. 54, no. 5, pp. 715–
758, Sep. 2002, doi:10.1016/s0169-409x(02)00046-7. 

[5] E. Ramsay, J. Hadgraft, J. Birchall, and M. Gumbleton, “Examination of the 
biophysical interaction between plasmid DNA and the polycations, polylysine and 
polyornithine, as a basis for their differential gene transfection in-vitro,” International 
Journal of Pharmaceutics, vol. 210, no. 1, pp. 97–107, Dec. 2000, doi:10.1016/s0378-
5173(00)00571-8. 

[6] G. N. Goparaju, C. Satishchandran, and P. K. Gupta, “The effect of the structure of 
small cationic peptides on the characteristics of peptide-DNA complexes,” 
International Journal of Pharmaceutics, vol. 369, no. 2, pp. 162–169, Mar. 2009, 
doi:10.1016/j.ijpharm.2008.10.028. 

[7] P. Opanasopt, J. Tragulpakseerojn, A. Apirakaramwong, T. Ngawhirunpat, T. 
Rojanarata, and U. Ruktanonchai.  “The development of poly-L-arginine-coated 
liposomes for gene delivery,” International Journal of Nanomedicine, vol. 11, no. 6, 
pp. 2245–2252, Oct. 2011, doi:10.2147/ijn.s25336. 

[8] D. A. Balazs, and W. Godbey, Liposomes for Use in Gene Delivery. Journal of Drug 
Delivery,  2011, 2011, 1–12. doi:10.1155/2011/326497. 

[9] S. Fais, L. O’Driscoll, F. E. Borras, E. Buzas, G. Camussi, F. Cappello, and B. Giebel, 
“Evidence-Based Clinical Use of Nanoscale Extracellular Vesicles in Nanomedicine”, 
ACS Nano, vol. 10, no. 4, pp. 3886–3899, Dec. 2016, doi:10.1021/acsnano.5b08015. 

[10] D. Sharma, A. E. A. Aara, and L. R. Trivedi, “An Updated Review on: Liposomes as 
drug delivery system,” Pharmatutor, vol. 6, no. 2, pp. 50–62, Jan.  2018, 
doi:10.29161/PT.v6.i2.2018.50. 

[11] H. Xue, P. Guo, W.-C. Wen, and H. Wong, “Lipid-Based Nanocarriers for RNA 
Delivery,” Current Pharmaceutical Design, vol. 21, no. 22, pp. 3140–3147, May 2015, 
doi:10.2174/1381612821666150531164540. 

[12] T. R. Lunavat, S. C. Jang, L. Nilsson, H. T. Park, G. Repiska, C. Lässer, and J. Lötvall, 
“RNAi delivery by exosome-mimetic nanovesicles – Implications for targeting c-Myc 



84 

in cancer.” Biomaterials, vol. 102, pp. 231–238, Sep. 2016, 
doi:10.1016/j.biomaterials.2016.06.024. 

[13] A. Naumann, J. E. Dennis, J. Aigner, J. Coticchia, J. Arnold, A. Berghaus, and A. I. 
Caplan, “Tissue Engineering of Autologous Cartilage Grafts in Three-Dimensional in 
Vitro Macroaggregate Culture System,” Tissue Engineering, vol. 10, no. 11-12, pp. 
1695–1706, Nov. 2004, doi:10.1089/ten.2004.10.1695. 

[14] R. A. Yukna, and C. N. Yukna, “A 5-year follow-up of 16 patients treated with 
coralline calcium carbonate (Biocoraltm) bone replacement grafts in infrabony defects,” 
Journal of Clinical Periodontology, vol.  25, no. 12, pp. 1036–1040, Dec. 1998, 
doi:10.1111/j.1600-051x.1998.tb02410.x  

[15] C. Combes, B. Miao, R. Bareille, and C. Rey, “Preparation, physical–chemical 
characterisation and cytocompatibility of calcium carbonate cements,” Biomaterials, 
vol.  27, no. 9, pp. 1945–1954, Mar. 2006, 
doi:10.1016/j.biomaterials.2005.09.026  

[16] C. Schiller, C. Rasche, M. Wehmöller, F. Beckmann, H. Eufinger, M. Epple, and S. 
Weihe, “Geometrically structured implants for cranial reconstruction made of 
biodegradable polyesters and calcium phosphate/calcium carbonate,” Biomaterials, 
vol. 25, no. 7-8, pp. 1239–1247, Apr. 2004, 
doi:10.1016/j.biomaterials.2003.08.047.  

[17] C. Combes, R. Bareille, and C. Rey, “Calcium carbonate–calcium phosphate mixed 
cement compositions for bone reconstruction,” Journal of Biomedical Materials 
Research Part A, vol. 79, no. 2, pp. 318–328, Nov. 2006, 
doi:10.1002/jbm.a.30795.  

[18] P. Wutticharoenmongkol, N. Sanchavanakit, P. Pavasant, and P. Supaphol, 
“Preparation and Characterization of Novel Bone Scaffolds Based on Electrospun 
Polycaprolactone Fibers Filled with Nanoparticles,” Macromolecular Bioscience, vol. 
6, no. 1, pp. 70–77, Jan. 2006,  
doi:10.1002/mabi.200500150.  

[19] G. Wolf, and C. Günther, “Thermophysical investigations of the polymorphous phases 
of calcium carbonate,” J. Therm. Analyt. Calorim., vol. 107, no. 38, pp. 16438–16443, 
Sep. 2001, doi:10.1073/pnas.1009959107. 

[20] B. Parakhonskiy, M. V. Zyuzin, A. Yashchenok, S. Carregal-Romero, J. Rejman, H. 
Möhwald, and A. G. Skirtach. “The influence of the size and aspect ratio of anisotropic, 
porous CaCO3 particles on their uptake by cells,” Journal of Nanobiotechnology, vol. 
13, no. 1, pp. 53, Sep. 2015, doi:10.1186/s12951-015-0111-7. 

[21] D. B. Trushina, T. V. Bukreeva, M. V. Kovalchuk, and M. N. Antipina, “CaCO3 
vaterite microparticles for biomedical and personal care applications,” Materials 
Science and Engineering: C, vol. 45, pp. 644–658, Dec. 2014, 
doi:10.1016/j.msec.2014.04.050. 

[22] I. Y. Saleem, M. Vordermeier, J. E. Barralet, and A. G. Coombes, “Improving peptide-
based assays to differentiate between vaccination and Mycobacterium bovis infection 
in cattle using nanoparticle carriers for adsorbed antigens,” Journal of Controlled 
Release, vol.  102, no. 3, pp. 551–561, Feb. 2005, doi:10.1016/j.jconrel.2004.10.034  

[23] A. Lucas-Girot, M.-C. Verdier, O. Tribut, J.-C. Sangleboeuf, H. Allain, and H. 
Oudadesse, “Gentamicin-loaded calcium carbonate materials: Comparison of two 



85 

drug-loading modes,” Journal of Biomedical Materials Research Part B: Applied 
Biomaterials, vol.  73, no. 1, pp. 164–170, Apr. 2005, 
doi:10.1002/jbm.b.30210. 

[24] Y. Ueno, H. Futagawa, Y. Takagi, A. Ueno, and Y.  Mizushima, “Drug-incorporating 
calcium carbonate nanoparticles for a new delivery system,” J. Controlled Release, 
vol.103, no. 1, pp. 93–98, Mar. 2005, doi:10.1016/j.jconrel.2004. 

[25] Y. Zhao, M. T. Carvajal, Y.-Y. Won, and M. T. Harris, Preparation of Calcium 
Alginate Microgel Beads in an Electrodispersion Reactor Using an Internal Source of 
Calcium Carbonate Nanoparticles. Langmuir, vol. 23, no. 25, pp. 12489–12496, Nov. 
2007, doi:10.1021/la701795y 

[26] Lynch, R. J. M., and ten Cate, J. M. “The anti-caries efficacy of calcium carbonate-
based fluoride toothpastes,” International Dental Journal, 2005, 55(S3), 175–178. 
doi:10.1111/j.1875-595x.2005.tb00055.x. 

[27] M. J. Pickles, M. Evans, C. J. Philpotts, A. Joiner, R. J. M. Lynch, N. Noel, and M. 
Laucello, “In vitroefficacy of a whitening toothpastecontaining calcium carbonate and 
perlite,” International Dental Journal, vol. 55, no. S3, pp. 197–202, Dec. 2005, 
doi:10.1111/j.1875-595x.2005.tb00060.x. 

[28] K. Fuchigami, Y. Taguchi, and M. Tanaka, “Synthesis of calcium carbonate vaterite 
crystals and their effect on stabilization of suspension polymerization of MMA,” 
Advanced Powder Technology, vol. 20, no. 1, pp. 74–79, Jan. 2009, 
doi:10.1016/j.apt.2008.10.003. 

[29] D. V. Volodkin, R. von Klitzing, and H. Möhwald, “Pure Protein Microspheres by 
Calcium Carbonate Templating,” Angewandte Chemie International Edition, 2010, vol. 
49, no. 48, pp. 9258–9261, Nov. 2010, doi:10.1002/anie.201005089. 

[30] M. Kakran, M. Muratani, W. J. Tng, H. Liang, D. B. Trushina, G. B. Sukhorukov, and 
M. N. Antipina, “Layered polymer capsules inhibiting the activity of RNases for 
intracellular delivery of messenger RNA,” Journal of Materials Chemistry B, vol. 3, 
no. 28, pp. 5842–5848, Jul. 2015, doi:10.1039/c5tb00615e. 

[31] Y. Tarakanchikova, D. Linnik, T. Mashel, A. Muslimov, S. Pavlov, K. Lepik, M. 
Zyuzin, G. Sukhorukov, and A. Timin, “Boosting transfection efficiency: A systematic 
study using layer-by-layer based gene delivery platform,” Mater Sci Eng C Mater Biol 
Appl., vol. 126, pp. 112161, Jul. 2021, doi:10.1016/j.msec.2021.112161. 

[32] D. Linnik, Y. Tarakanchikova, M. Zyuzin, K. Lepik, G. Sukhorukov, J. Aerts, and A. 
Timin, “Layer-by-Layer technique as a versatile tool for gene delivery applications,” 
Expert Opin. Drug Deliv., vol. 18, no. 8, pp. 1047-1066, Aug. 2021, 
doi:10.1080/17425247.2021.1879790.  

[33] K. W. Culver, W. F. Anderson, and R. M. Blaese, “Lymphocyte Gene Therapy,” 
Clinical Trial: Human Gene Therapy, vol. 2, no. 2, pp. 107–109, Apr. 1991, 
doi:10.1089/hum.1991.2.2-107. 

[34] M. R. Blaese, K. W. Culver, A. D. Miller, C. S. Carter, T. Fleisher, M. Clerici, and W. 
F. Anderson, “T–Lymphocyte-Directed Gene Therapy for ADA–SCID: Initial Trial 
Results After 4 Years,” Science, vol.  270, no. 5235, pp. 475–480, Oct. 1995, 
doi:10.1126/science.270.5235.475. 

[35] A. S. Vikulina, N. A. Feoktistova, N. G. Balabushevich, A. G. Skirtach, and D. 
Volodkin, “The mechanism of catalase loading into porous vaterite CaCO3 crystals by 



86 

co-synthesis,” Physical Chemistry Chemical Physics, vol. 20, no. 13, pp. 8822–8831, 
Mar. 2018, doi:10.1039/c7cp07836f. 

[36] A. R. Muslimov, A. S. Timin, A. V. Petrova, O. S. Epifanovskaya, A. I. Shakirova, K. 
V. Lepik, and G. B. Sukhorukov, “Mesenchymal Stem Cells Engineering: 
Microcapsules-Assisted Gene Transfection and Magnetic Cell Separation,” ACS 
Biomaterials Science & Engineering, vol. 3, no. 10, pp. 2314–2324, Oct. 2017, 
doi:10.1021/acsbiomaterials.7b004. 

[37] Y. V. Tarakanchikova, A. R. Muslimov, M. V. Zyuzin, I. Nazarenko, A. S. Timin, G. 
B. Sukhorukov, and K. V. Lepik, “Layer‐by‐Layer‐Assembled Capsule Size Affects 
the Efficiency of Packaging and Delivery of Different Genetic Cargo,” Particle & 
Particle Systems Characterization, vol. 28, no. 2, Art. no. 2000228, Dec. 2020, 
doi:10.1002/ppsc.202000228. 

[38] S. E. A. Gratton, P. A. Ropp, P. D. Pohlhaus, J. C. Luft, V. J. Madden, M. E. Napier, 
and J. M. DeSimone, “The effect of particle design on cellular internalization 
pathways,” Proceedings of the National Academy of Sciences, vol. 105, no. 33, pp. 
11613–11618, Aug. 2008, doi:10.1073/pnas.0801763105 

[39] A. Timin, D. Gould, and G. Sukhorukov, “Multi-layer microcapsules: fresh insights 
and new applications,” Expert Opinion on Drug Delivery, vol. 14, no. 5, pp. 583–587, 
May 2017, doi:10.1080/17425247.2017.1285279. 

[40] M. Yang, T. Yang, J. Jia, T. Lu, H. Wang, X. Yan, and Y. Zhao, “Fabrication and 
characterization of DDAB/PLA-alginate composite microcapsules as single-shot 
vaccine,” RSC Advances, vol. 8, no. 24, pp. 13612–13624, Apr. 2018, 
doi:10.1039/c8ra00013a. 

[41] C. Ganas, A. Weiß, M. Nazarenus, S. Rösler, T. Kissel, G. Rivera, and W. Parak, 
“Biodegradable capsules as non-viral vectors for in vitro delivery of PEI/siRNA 
polyplexes for efficient gene silencing,” Journal of Controlled Release, vol. 28, no. 
196, 132–138, Dec. 2014,  doi:10.1016/j.jconrel.2014.10.006. 

[42] I. M. Verma, “A Tumultuous Year for Gene Therapy,” Molecular Therapy, vol. 2, no. 
5, pp. 415–416, Nov. 2000, doi:10.1006/mthe.2000.0213. 

[43] S. Hacein-Bey-Abina, F. Le Deist F. Carlier, C. Bouneaud, C. Hue, J.-P. De Villartay, 
and M. Cavazzana-Calvo, “Sustained Correction of X-Linked Severe Combined 
Immunodeficiency by ex Vivo Gene Therapy,” New England Journal of Medicine, vol. 
346, no. 16, pp. 1185–1193, Apr. 2002, doi:10.1056/nejmoa012616. 

[44] S. Hacein-Bey-Abina, C. von Kalle, M. Schmidt, F. Le Deist, N. Wulffraat, E. 
McIntyre, and A. Fischer, “A Serious Adverse Event after Successful Gene Therapy 
for X-Linked Severe Combined Immunodeficiency,” New England Journal of 
Medicine, vol. 348, no. 3, pp. 255–256, Jan. 2003, 
doi:10.1056/nejm200301163480314. 

[45] H. Yin, K. J. Kauffman, and D. G. Anderson, “Delivery technologies for genome 
editing,” Nature Reviews Drug Discovery, vol. 16, no. 6, pp. 387–399, Jun. 2017, 
doi:10.1038/nrd.2016.280. 

[46] P. D. Hsu, E. S. Lander, and F. Zhang, “Development and Applications of CRISPR-
Cas9 for Genome Engineering,” Cell, vol. 157, no. 6, pp. 1262–1278, Jun. 2014, 
doi:10.1016/j.cell.2014.05.010. 



87 

[47] Zhu Jianwei, Ma Wenjing, Huang Ziwei, Zhang Qiuyu, Xie1 Xiaoying, Yang 
Xiaoming, and Sun Hualin, “The application of genome editing technology,” Biotarget, 
vol.  3, pp. 15-22, Aug. 2019, doi:10.21037/biotarget.2019.08.04 

[48] J.-S. Kim, “Genome editing comes of age,” Nature Protocols, vol. 11, no. 9, pp. 1573–
1578, Sep. 2016, doi:10.1038/nprot.2016.104 

[49] H. Yin, R. L. Kanasty, A. A. Eltoukhy, A. J. Vegas, J. R.  Dorkin, and D. G. Anderson, 
“Non-viral vectors for gene-based therapy,” Nature Reviews Genetics, vol. 15, no. 8, 
pp. 541–555, Aug. 2014, doi:10.1038/nrg3763. 

[50] M. Adli, “The CRISPR tool kit for genome editing and beyond,” Nature 
Communications, vol.  9, no. 1, pp. 1911, May 2018, doi:10.1038/s41467-018-04252-
2.  

[51] J. Smith, S. Grizot, S. Arnould, A. Duclert, J.-C. Epinat, P. Chames, and P. Duchateau, 
“A combinatorial approach to create artificial homing endonucleases cleaving chosen 
sequences,” Nucleic Acids Research, vol. 34, no. 22, pp. e149–e149, Nov. 2006, 
doi:10.1093/nar/gkl720. 

[52] B. L Stoddard, “Homing endonuclease structure and function,” Quarterly Reviews of 
Biophysics, vol. 38, no. 01, pp. 49-95, Feb. 2006, doi:10.1017/s0033583505004063. 

[53] M. Jasin, “Genetic manipulation of genomes with rare-cutting endonucleases,” Trends 
in Genetics, vol. 12, no. 6, pp. 224–228. Jun. 1996, doi:10.1016/0168-9525(96)10019-
6.  

[54] A. Xie, A. Hartlerode, M. Stucki, S. Odate, N. Puget, A. Kwok, and R. Scully, “Distinct 
Roles of Chromatin-Associated Proteins MDC1 and 53BP1 in Mammalian Double-
Strand Break Repair,” Molecular Cell, vol. 28, no. 6, pp. 1045–1057, Dec. 2007, 
doi:10.1016/j.molcel.2007.12.005. 

[55] H. Puchta, “Repair of genomic double-strand breaks in somatic plant cells by one-sided 
invasion of homologous sequences,” The Plant Journal, vol. 13, no. 3, pp. 331–339, 
Jan. 1998, doi:10.1046/j.1365-313x.1998.00035.x. 

[56] A. J. Schumacher, K. N. Mohni, Y. Kan, E. A. Hendrickson, J. M. Stark, and S. K. 
Weller, “The HSV-1 Exonuclease, UL12, Stimulates Recombination by a Single 
Strand Annealing Mechanism,” PLoS Pathogens, vol. 8, no. 8, Art. no. e1002862, Aug. 
2012, doi:10.1371/journal.ppat.1002862.  

[57] S. Grizot, J.-C. Epinat, S. Thomas, A. Duclert, S. Rolland, F. Pâques, and P. Duchateau, 
“Generation of redesigned homing endonucleases comprising DNA-binding domains 
derived from two different scaffolds,” Nucleic Acids Research, vol. 38, no. 6, pp. 
2006–2018, Apr. 2009, doi:10.1093/nar/gkp1171. 

[58] S. Arnould, C. Delenda, S. Grizot, C. Desseaux, F. Paques, G. H. Silva, and J. Smith, 
“The I-CreI meganuclease and its engineered derivatives: applications from cell 
modification to gene therapy,” Protein Engineering Design and Selection, vol. 24, no. 
1-2, pp. 27–31, Jan. 2010, doi:10.1093/protein/gzq083. 

[59] G. Silva, L. Poirot, R. Galetto, J. Smith, G. Montoya, P. Duchateau, and F. Paques, 
“Meganucleases and Other Tools for Targeted Genome Engineering: Perspectives and 
Challenges for Gene Therapy,” Current Gene Therapy, vol.  11, no. 1, pp. 11–27, Feb. 
2011, doi:10.2174/156652311794520111. 



88 

[60] I. E. Ivanov, A. V. Wright, J. C. Cofsky, K. D. Aris, J. A. Doudna,  and Z. Bryant, 
“Cas9 interrogates DNA in discrete steps modulated by mismatches and supercoiling,” 
Proceedings of the National Academy of Sciences, vol. 117, no. 11, pp. 5853-5860, 
Mar. 2020, doi:10.1073/pnas.1913445117 

[61] H., Kim and J.-S Kim, “A guide to genome engineering with programmable nucleases,” 
Nature Reviews Genetics, vol. 15, no. 5, pp. 321–334, May 2014, doi:10.1038/nrg3686. 

[62] J.-S. Kim, “Genome editing comes of age,” Nature Protocols, vol. 11, no. 9, pp. 1573–
1578, Sep. 2016, doi:10.1038/nprot.2016.104. 

[63] Q. U. Ain, J. Y. Chung, and Y.-H. Kim, “Current and future delivery systems for 
engineered nucleases: ZFN, TALEN and RGEN,” Journal of Controlled Release, vol. 
10, no.  205, 120–127, May 2015, 
doi:10.1016/j.jconrel.2014.12.036.  

[64] J. Smith, S. Grizot, S. Arnould, A. Duclert, J.-C. Epinat, P. Chames, and P. Duchateau, 
“A combinatorial approach to create artificial homing endonucleases cleaving chosen 
sequences,” Nucleic Acids Research, vol.  34, no. 22, pp. e149–e149, Nov. 32006, 
doi:10.1093/nar/gkl720. 

[65] H. Yin, K. J. Kauffman, and D. G. Anderson, “Delivery technologies for genome 
editing,” Nature Reviews Drug Discovery, vol. 16, no. 6, pp. 387–399, Jun. 2017, 
doi:10.1038/nrd.2016.280. 

[66] C. Mussolino, J. Alzubi, E. J. Fine, R. Morbitzer, T. J. Cradick, T.  Lahaye, and T. 
Cathomen, “TALENs facilitate targeted genome editing in human cells with high 
specificity and low cytotoxicity,” Nucleic Acids Research, vol. 42, no. 10, pp. 6762–
6773, Jun. 2014, doi:10.1093/nar/gku305. 

[67] I. Fonfara, H. Richter, M. Bratovič, A. Le Rhun, and E. Charpentier, “The CRISPR-
associated DNA-cleaving enzyme Cpf1 also processes precursor CRISPR RNA,” 
Nature, vol. 532, no. 7600, pp. 517–521, Apr. 2016, doi:10.1038/nature17945. 

[68] K. S. Makarova, D. H. Haft, R. Barrangou, S. J. J. Brouns, E. Charpentier, P. Horvath, 
and E. V. Koonin, “Evolution and classification of the CRISPR–Cas systems,” Nature 
Reviews Microbiology, vol.  9, no. 6, pp. 467–477, Jun. 2011, 
doi:10.1038/nrmicro2577. 

[69] E. V. Koonin, K. S.  Makarova, and F. Zhang, “Diversity, classification and evolution 
of CRISPR-Cas systems,” Current Opinion in Microbiology, vol.  37, pp. 67–78, Jun. 
2017, doi:10.1016/j.mib.2017.05.008. 

[70] M. Adli, “The CRISPR tool kit for genome editing and beyon,” Nature 
Communications, vol. 9, Art. no. 1911, May 2018, . doi:10.1038/s41467-018-04252-
2. 

[71] T. Mashel, Y. Tarakanchikova, A. Muslimov, M. Zyuzin, A. Timin, K. Lepik, and B. 
Fehse, “Overcoming the delivery problem for therapeutic genome editing: Current 
status and perspective of non-viral methods,” Biomaterials, vol. 258, Art. no 120282, 
Nov. 2020, doi:10.1016/j.biomaterials.2020.120282. 

[72] H. Yin, K. J.  Kauffman, and D. G. Anderson, “Delivery technologies for genome 
editing,” Nature Reviews Drug Discovery, vol. 16, no. 6, pp. 387–399, Jun. 2017, 
doi:10.1038/nrd.2016.280 



89 

[73] J. D. Sander and J. K. Joung, “CRISPR-Cas systems for editing, regulating, and 
targeting genomes,” Nature Biotechnology, vol. 32, no. 4, pp. 347–355, Apr. 2014, 
doi:10.1038/nbt.2842. 

[74] D. B. T. Cox, R. J. Platt, and F. Zhang, “Therapeutic genome editing prospects and 
challenges,” Nature Medicine, vol. 21, no. 2, pp. 121–131, Feb. 2015, 
doi:10.1038/nm.3793. 

[75] G. A. R. Gonçalves and R. de M. A Paiva, “Gene therapy: advances, challenges, and 
perspectives,” Einstein (São Paulo), vol. 15, no. 3, pp. 369–375, Sep. 2017, 
doi:10.1590/s1679-45082017rb4024. 

[76] N. Nayerossadat and P.  Ali, T. Maedeh, “Viral and nonviral delivery systems for gene 
delivery,” Advanced Biomedical Research, vol. 1, no. 1, pp. 27, Jul. 2012, 
doi:10.4103/2277-9175.98152.  

[77] D. A. Jackson, R. H.  Symons, and P. Berg, “Biochemical Method for Inserting New 
Genetic Information into DNA of Simian Virus 40: Circular SV40 DNA Molecules 
Containing Lambda Phage Genes and the Galactose Operon of Escherichia coli,” 
Proceedings of the National Academy of Sciences, vol.  69, no. 10, pp. 2904–2909, 
Oct.1972, doi:10.1073/pnas.69.10.2904. 

[78] X. Zhang and  W. Godbey, “Viral vectors for gene delivery in tissue engineering,” 
Advanced Drug Delivery Reviews, vol. 58, no. 4, pp. 515–534, Jul. 2006, 
doi:10.1016/j.addr.2006.03.006.  

[79] H. Yin, R. L. Kanasty, A. A. Eltoukhy, A. J. Vegas, J. R. Dorkin and D. G. Anderson, 
“Non-viral vectors for gene-based therapy,” Nature Reviews Genetics, vol. 15, no. 8, 
pp. 541–555, Aug. 2014,  doi:10.1038/nrg3763.  

[80] J. Steven, H. Howe, B. Gaspar, and A. Thrasher, “Insertional mutagenesis combined 
with acquired somatic mutations causes leukemogenesis following gene therapy of 
SCID-X1 patient,” J. Clin Invest., vol. 118, no. 9, pp. 3143-3150, Aug. 2008, 
https://doi.org/10.1172/JCI35798. 

[81] B. L. Davidson and X. O. Breakefield, “Viral vectors for gene delivery to the nervous 
system,” Nature Reviews Neuroscience, vol. 4, no. 5, pp. 353–364, May 2003, 
doi:10.1038/nrn1104.  

[82] D. Gallego-Perez, J. J. Otero, C. Czeisler, J. Ma, C. Ortiz, P. Gygli, and L. J. Lee, 
“Deterministic transfection drives efficient nonviral reprogramming and uncovers 
reprogramming barriers,” Nanomedicine: Nanotechnology, Biology and Medicine, vol. 
12, no. 2, pp. 399–409, Feb. 2016, 
doi:10.1016/j.nano.2015.11.015.  

[83] C. Wolfrum, S. Shi, K. N. Jayaprakash, M. Jayaraman, G. Wang, and M. Pandey, 
“Mechanisms and optimization of in vivo delivery of lipophilic siRNAs,” Nature 
Biotechnology, vol. 25, no. 10, pp. 1149–1157, Oct. 2007, doi:10.1038/nbt1339. 

[84] Y. Tsaturyan, A. Barg, E. S. Polzik, and A. Schliesser, “Ultracoherent nanomechanical 
resonators via soft clamping and dissipation dilution,” Nature Nanotechnology, vol. 12, 
no. 8, pp. 776–783, Aug. 2017, doi:10.1038/nnano.2017.101.  



90 

[85] L. Pasquet, S. Chabot, and E. Bellard, “Safe and efficient novel approach for non-
invasive gene electrotransfer to skin,” Sci Rep., vol.  8, Art. no.16833, Aug. 2018,  
doi.org/10.1038/s41598-018-34968-6.  

[86] S. Jaichandran, S. T. B. Yap, A. B. M. Khoo, L. P. Ho, S. L. Tien, and O. L Kon, “In 
Vivo Liver Electroporation: Optimization and Demonstration of Therapeutic Efficacy,” 
Human Gene Therapy, vol 17, no. 3, pp. 362–375, Mar. 2006, 
doi:10.1089/hum.2006.17.362. 

[87] R. Zhou, J. Norton, and N. Zhang, “Electroporation-mediated transfer of plasmids to 
the lung results in reduced TLR9 signaling and inflammation,” Gene Ther., vol. 14, pp. 
775–780, Mar. 2007, doi:10.1038/sj.gt.3302936. 

[88] R. E. Neal, P. A. Garcia, H. Kavnoudias, F. Rosenfeldt, C. A. Mclean, V. Earl, and K. 
R. Thomson, “In Vivo Irreversible Electroporation Kidney Ablation: Experimentally 
Correlated Numerical Models,” IEEE Transactions on Biomedical Engineering, vol. 
62, no. 2, pp. 561–569, Feb. 2015, doi:10.1109/tbme.2014.2360374.  

[89] M. Irla, M. Saade, A. Kissenpfennig, L. F. Poulin, L. Leserman, P. N. Marche, and C. 
Nguyen, “ZAP-70 Restoration in Mice by In Vivo Thymic Electroporation,” PLoS 
ONE, vol. 3, Art. no. e2059, Apr. 2008, doi:10.1371/journal.pone.00020.  

[90] C. Yu, O. Stefanson, Y. Liu, and Z.A. Wang, “Novel Method of Plasmid DNA 
Delivery to Mouse Bladder Urothelium by Electroporation,” J. Vis. Exp., vol.   135, 
Art. no. e57649, May 2018, doi:10.3791/57649. 

[91] P. D. Fisher, C. J. Brambila, J. R. McCoy, W. B. Kiosses, J. M. Mendoza, J. Oh, and 
K. E. Broderick, “Adipose tissue: a new target for electroporation-enhanced DNA 
vaccines,” Gene Therapy, vol. 24, no. 12, pp. 757–767, Nov 2017, 
doi:10.1038/gt.2017.96.  

[92] B. Staresinic, T. Jesenko, U. Kamensek, S. Krog Frandsen, G. Sersa, J. Gehl, and M. 
Cemazar, “Effect of calcium electroporation on tumour vasculature,” Scientific 
Reports, vol. 8, Art. no. 9412, Jun. 2018, doi:10.1038/s41598-018-27728-z.  

[93] M. C. Latella, M. T. Di Salvo, F. Cocchiarella, D. Benati, G. Grisendi, A. Comitato, 
and A. Recchia, “In vivo Editing of the Human Mutant Rhodopsin Gene by 
Electroporation of Plasmid-based CRISPR/Cas9 in the Mouse Retina,” Molecular 
Therapy - Nucleic Acids, vol. 5, Art. no. e389, Nov. 2016. doi:10.1038/mtna.2016.92.  

[94] I. Navarro-Quiroga, R. Chittajallu, V. Gallo, and T. F. Hayda, “Long-Term, Selective 
Gene Expression in Developing and Adult Hippocampal Pyramidal Neurons Using 
Focal In Utero Electroporation,” Journal of Neuroscience, vol. 27, no. 19, pp. 5007-
5011, May 2007, doi:1523/JNEUROSCI.0867-07.2007.  

[95] J. A. Roche, D. L. Ford-Speelman, L. W. Ru, A. L. Densmore, R. Roche, P. W. Reed, 
and R. J. Bloch, “Physiological and histological changes in skeletal muscle following 
in vivo gene transfer by electroporation,” American Journal of Physiology-Cell 
Physiology, vol. 301, no. 5, pp. C1239–C1250, Nov. 2011, 
doi:10.1152/ajpcell.00431.2010. 

[96] R. K. Pramod and A. Mitra, “Intratesticular injection followed by electroporation 
allows gene transfer in caprine spermatogenic cells,” Scientific Reports, vol. 8, Art. no. 
3169, Feb. 2018, doi:10.1038/s41598-018-21558-9. 



91 

[97] A. Luckay, M. K. Sidhu, R. Kjeken, S. Megati, S.-Y. Chong, V. Roopchand, and M. 
A. Egan, “Effect of Plasmid DNA Vaccine Design and In Vivo Electroporation on the 
Resulting Vaccine-Specific Immune Responses in Rhesus Macaques,” Journal of 
Virology, vol 81, no. 10, pp. 5257–5269, May 2007, doi:10.1128/jvi.00055-07. 

[98] S. E. Tröder, L. K. Ebert, L. Butt, S. Assenmacher, B. Schermer, and B. Zevnik, “An 
optimized electroporation approach for efficient CRISPR/Cas9 genome editing in 
murine zygotes,” PLOS ONE, vol. 13, Art. no. e0196891, May 2018, doi: 
10.1371/journal.pone.0196891 

[99] I. Dasgupta, T. R. Flotte, and A. M. Keeler, Human Gene Therapy, 2021, 32(5), 275-
293. doi.org/10.1089/hum.2021.013. 

[100] M. Hashimoto and T. Takemoto, “Electroporation enables the efficient mRNA 
delivery into the mouse zygotes and facilitates CRISPR/Cas9-based genome editing,” 
Scientific Reports, vol. 5, Art. no 11315, 2015, 
doi:10.1038/srep11315 

[101] S. Chen, B. Lee, A. Y.-F. Lee, A. J. Modzelewski, and L. He, “Highly Efficient Mouse 
Genome Editing by CRISPR Ribonucleoprotein Electroporation of Zygotes,” Journal 
of Biological Chemistry, vol. 291, no. 28, pp. 14457–14467, Jul. 2016,  
doi:10.1074/jbc.m116.733154  

[102] W. Qin, S. L. Dion, P. M. Kutny, Y. Zhang, A. W. Cheng, N. L. Jillette, and H. Wang, 
“Efficient CRISPR/Cas9-Mediated Genome Editing in Mice by Zygote 
Electroporation of Nuclease,” Genetics, vol.  200, no. 2, pp. 423–430, Jun. 2015, 
doi:10.1534/genetics.115.176594.  

[103] Y. Cai, T. Cheng, Y. Yao, X. Li, Y. Ma, L. Li, and T. Xue, “In vivo genome editing 
rescues photoreceptor degeneration via a Cas9/RecA-mediated homology-directed 
repair pathway,” Science Advances, vol. 5, Art. no. eaav3335, Apr. 2019, 
doi:10.1126/sciadv.aav3335.  

[104] T. Matsuda and I. Oinuma, “Optimized CRISPR/Cas9-mediated in vivo genome 
engineering applicable to monitoring dynamics of endogenous proteins in the mouse 
neural tissues,” Scientific Reports, vol. 9, Art. no. 11309, 2019, 
doi.org/10.1038/s41598-019-47721-4.  

[105] J. J. Sherba, S. Hogquist, H. Lin, J. W. Shan, D. I. Shreiber, and J. D. Zahn, “The 
effects of electroporation buffer composition on cell viability and electro-transfection 
efficiency,” Scientific Reports, vol. 10, Art. no. 3053, Feb. 2020 doi:10.1038/s41598-
020-59790-x. 

[106] S.-J. Zhou, S.-W. Li, J.-J. Wang, Z.-J. Liu, G.-B. Yin, J.-P. Gong, and C.-A. Liu,  
“High-intensity focused ultrasound combined with herpes simplex virus thymidine 
kinase gene-loaded ultrasound-targeted microbubbles improved the survival of rabbits 
with VX2 liver tumor,” The Journal of Gene Medicine, vol. 14, no. 9-10, pp. 570–579, 
Oct. 2012, doi:10.1002/jgm.2668. 

[107] W. Wang, W. Li, N. Ma, and G. Steinhoff, “Non-Viral Gene Delivery Methods,” 
Current Pharmaceutical Biotechnology, vol. 14, no. 1, pp. 46–60, Jan. 2013, 
doi:10.2174/1389201011314010008.  



92 

[108] E. C. Unger, E. Hersh, M. Vannan, T. O. Matsunaga, and T. McCreery, “Local drug 
and gene delivery through microbubbles,” Progress in Cardiovascular Diseases, vol. 
44, no. 1, pp. 45–54, 2001, doi:10.1053/pcad.2001.26443. 

[109] A. J. Fischer, J. J. Stanke, G. Omar, C. C. Askwith, and R. W. Burry, “Ultrasound-
mediated gene transfer into neuronal cells,” Journal of Biotechnology, vol. 122, no. 4, 
pp. 393–411, Apr. 2006, doi:10.1016/j.jbiotec.2005.10.006. 

[110] S. Yoon, P. Wang, Q. Peng, Y. Wang, and K. K. Shung, “Acoustic-transfection for 
genomic manipulation of single-cells using high frequency ultrasound,” Scientific 
Reports, vol. 7, Art. no. 5275, 2017, doi:10.1038/s41598-017-05722-1. 

[111] I. Skachkov, Y. Luan, A. F. W. van der Steen, N. de Jong, and K. Kooiman, “Targeted 
microbubble mediated sonoporation of endothelial cells in vivo,” IEEE Transactions 
on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 61, no. 10, pp. 1661–1667, 
Oct. 2014, doi:10.1109/tuffc.2014.006440. 

[112] J.-M. Escoffre, A. Zeghimi, A. Novell, and A. Bouakaz, “In-Vivo Gene Delivery by 
Sonoporation: Recent Progress and Prospects,”Current Gene Therapy, vol. 13, no. 1, 
pp. 2–14, Dec. 2012, doi:10.2174/1566523211313010002. 

[113] L. J. M. Juffermans, P. A. Dijkmans, R. J. P. Musters, C. A. Visser, and O. Kamp, 
“Transient permeabilization of cell membranes by ultrasound-exposed microbubbles 
is related to formation of hydrogen peroxide,” American Journal of Physiology-Heart 
and Circulatory Physiology, vol. 291. no. 4, pp. H1595–H1601, Oct 2006, 
doi:10.1152/ajpheart.01120.2005.  

[114] P.-H. Hsu, K.-C. Wei, C.-Y. Huang, C.-J. Wen, T.-C. Yen, C.-L. Liu, and H.-L. Liu, 
“Noninvasive and Targeted Gene Delivery into the Brain Using Microbubble-
Facilitated Focused Ultrasound,” PLoS ONE, vol 8, Art. no. e57682 2016, 
doi:10.1371/journal.pone.0057682. 

[115] J.-K. Y. Tan, B. Pham, Y. Zong, C. Perez, D. O. Maris, A. Hemphill, and S. Pun, 
“Microbubbles and ultrasound increase intraventricular polyplex gene transfer to the 
brain,” Journal of Controlled Release, vol. 10, no. 231, pp. 86–93, Jun. 2016, 
doi:10.1016/j.jconrel.2016.02.003. 

[116] C. M. Panje, D. S. Wang, M. A. Pysz, R. Paulmurugan, Y. Ren, F. Tranquart, and J. 
K. Willmann, “Ultrasound-Mediated Gene Delivery with Cationic Versus Neutral 
Microbubbles: Effect of DNA and Microbubble Dose on In Vivo Transfection 
Efficiency,” Theranostics, vol. 2, no. 11, pp. 1078–1091, 2012, 
doi:10.7150/thno.4240.  

[117] D. L. Miller and C. Dou, “Induction of Apoptosis in Sonoporation and Ultrasonic Gene 
Transfer,” Ultrasound in Medicine & Biology, vol. 35, no. 1, pp. 144–154, Jan. 2009, 
doi:10.1016/j.ultrasmedbio.2008.06.007. 

[118] A. K. Das, P. Gupta, and D. Chakraborty, “Physical methods of gene transfer: Kinetics 
of gene delivery into cells: A Review,” Agricultural Reviews, vol. 36, no. 1, pp. 61-65, 
2015, doi:10.5958/0976-0741.2015.00007.0. 

[119] J. K. Watts and D. R. Corey, “Silencing disease genes in the laboratory and the clinic,” 
The Journal of Pathology, vol. 226, no. (2), pp. 365–379, Jan. 2011, 
doi:10.1002/path.2993.  



93 

[120] T. J. Kardos and D. P. Rabussay, “Contactless magneto-permeabilization for 
intracellular plasmid DNA delivery in-vivo,” Human Vaccines & Immunotherapeutics, 
vol. 8, no. 11, pp. 1707–1713, Nov. 2012, doi:10.4161/hv.21576.  

[121] L. Prosen, B. Markelc, T. Dolinsek, B. Music, M. Cemazar, and G. Sersa, “Mcam 
Silencing with RNA Interference Using Magnetofection has Antitumor Effect in 
Murine Melanoma,” Molecular Therapy - Nucleic Acids, vol. 3, Art. no. e205, Oct. 
2014 doi:10.1038/mtna.2014.56. 

[122] S. Arora, G. Gupta, S. Singh, and N. Singh, “Advances in Magnetofection & − 
Magnetically Guided Nucleic Acid Delievery:a Review,” Journal of Pharmaceutical 
Technology, Research and Management, vol. 1, no. 1, pp.19-29, 2013, 
doi.org/10.15415/jptrm.2013.11002. 

[123] X. Du, J. Wang, Q. Zhou, L. Zhang, S. Wang, Z. Zhang, and C. Yao, “Advanced 
physical techniques for gene delivery based on membrane perforation,”Drug Delivery, 
vol. 25, no. 1, pp. 1516–1525, Nov. 2018,  doi:10.1080/10717544.2018.1480674. 

[124] H. Schneckenburger, “Laser-assisted optoporation of cells and tissues – a mini-review,” 
Biomedical Optics Express, vol. 10, no. 6, pp. 2883-2888, 2019, 
doi.org/10.1364/BOE.10.002883.  

[125] L. Gu and S. K. Mohanty, “Targeted microinjection into cells and retina using 
optoporation,” Journal of Biomedical Optics, vol. 16, Art. no. 128003, 2011, 
doi:10.1117/1.3662887. 

[126] A. M. Wilson, J. Mazzaferri, E. Bergeron, S. Patskovsky, P. Marcoux-Valiquette, S. 
Costantino, and M. Meunier, “In vivo laser-mediated retinal ganglion cell optoporation 
using KV1.1 conjugated gold nanoparticles,” Nano Letters, vol. 18, no. 11, pp 6981–
6988, Nov. 2018, doi:10.1021/acs.nanolett.8b02896. 

[127] S. Batabyal, Y.-T. Kim, and S. Mohanty, “Ultrafast laser-assisted spatially targeted 
optoporation into cortical axons and retinal cells in the eye,” Journal of Biomedical 
Optics, vol. 22, Art. no. 060504, 2017, doi:10.1117/1.jbo.22.6.060504. 

[128] E. K. Shannon, A. Stevens, W. Edrington, Y. Zhao, A. K. Jayasinghe, A. Page-McCaw, 
M. S. Hutson, “Multiple Mechanisms Drive Calcium Signal Dynamics around Laser-
Induced Epithelial Wounds,” Biophysical Journal, vol. 113, no. 7, pp. 1623–1635, Oct. 
2017, doi:10.1016/j.bpj.2017.07.022.   

[129] P. Soman, W. Zhang, A. Umeda, Z. J. Zhang, and S. Chen, “Femtosecond Laser-
Assisted Optoporation for Drug and Gene Delivery into Single Mammalian Cells,” 
Journal of Biomedical Nanotechnology, vol. 7, no. 3, pp. 334–341, Jun. 2011, 
doi:10.1166/jbn.2011.1295.  

[130] J. M. Meacham, K. Durvasula, F. L. Degertekin, and A. G. Fedorov, “Physical 
Methods for Intracellular Delivery,” Journal of Laboratory Automation, 2014, vol. 19, 
no. 1, pp. 1–18, Feb. 2014, doi:10.1177/2211068213494388. 

[131] Š. Durdík, A. Krafčík, M. Babincová, and P. Babinec, “Conceptual design of integrated 
microfluidic system for magnetic cell separation, electroporation, and transfection,” 
Physica Medica, vol. 29, no. 5, pp. 562–567, 2013, doi:10.1016/j.ejmp.2012.11.003.  

[132] D. Zhao, D. Huang, Y. Li, M. Wu, W. Zhong, Q. Cheng, and Z. Liang, “A Flow-
Through Cell Electroporation Device for Rapidly and Efficiently Transfecting Massive 



94 

Amounts of Cells in vitro and ex vivo,” Scientific Reports, vol. 6, no. 1, Art. no. 18469, 
Jan. 2016, doi:10.1038/srep18469. 

[133] T. DiTommaso, J. M. Cole, L. Cassereau, J. A. Buggé, J. L. S. Hanson, D. T. Bridgen, 
and A. Sharei, “Cell engineering with microfluidic squeezing preserves functionality 
of primary immune cells in vivo,” PNAS, vol. 115, no. 46, pp. E10907-E10914, 2018, 
doi:10.1073/pnas.1809671115. 

[134] A. Sharei, R. Trifonova, S. Jhunjhunwala, G. C. Hartoularos, A. T. Eyerman, A. 
Lytton-Jean, and K. F. Jensen, “Ex Vivo Cytosolic Delivery of Functional 
Macromolecules to Immune Cells,” PLOS ONE, vol. 10, no. 4, Art. no. e0118803, 
2015, doi:10.1371/journal.pone.0118803. 

[135] S. Movahed and D. Li, “Microfluidics cell electroporation,” Microfluidics and 
Nanofluidics, vol. 10, no. 4, pp. 703–734, Oct. 2010, doi:10.1007/s10404-010-0716-y. 

[136] W. G. Lee, U. Demirci, and A. Khademhosseini, “Microscale electroporation: 
challenges and perspectives for clinical applications,” Integrative Biology, vol.  1, no. 
3, pp. 242–251, Mar. 2009, doi:10.1039/b819201d.   

[137] M. P. Stewart, A. Sharei, X. Ding, G. Sahay, R. Langer, and K. F. Jensen, “In vitro and 
ex vivo strategies for intracellular delivery,” Nature, vol. 538, no. 7624, pp. 183–192, 
Oct. 2016, doi:10.1038/nature19764. 

[138] J. A. Jarrell, A. A. Twite, M. N. Kashani, A. A. Lievano, J. Acevedo, and R. S. Pawell, 
“Intracellular delivery of mRNA to human primary T cells with microfluidic vortex 
shedding,” Scientific Reports, vol. 9, Art. no. 3214, 2019, doi:10.1038/s41598-019-
40147-y.   

[139] M. V. Zyuzin, T. Honold, S. Carregal-Romero, K. Kantner, M. Karg, and W. Parak, 
“Influence of Temperature on the Colloidal Stability of Polymer-Coated Gold 
Nanoparticles in Cell Culture Media,” Small, vol. 12, no. 13, pp. 1723–1731, Feb. 2016, 
doi:10.1002/smll.201503232.  

[140] I. Roy, M. K. Stachowiak, and E. J. Bergey, “Nonviral gene transfection nanoparticles: 
function and applications in the brain. Nanomedicine: Nanotechnology,” Biology and 
Medicine, vol. 4, no. 2, pp. 89–97, Jun. 2008, doi:10.1016/j.nano.2008.01.002.  

[141] J., Chen, X., Guan, and Y. Hu, “Peptide-Based and Polypeptide-Based Gene Delivery 
Systems,” Top Curr Chem (Z), vol. 375, no. 2, pp 32–37. Apr. 2017, 
doi:10.1007/s41061-017-0115-x. 

[142] H. Lujan, W. C. Griffin, J. H. Taube, and C. M. Sayes, “Synthesis and characterization 
of nanometer-sized liposomes for encapsulation and microRNA transfer to breast 
cancer cells,” International Journal of Nanomedicine, vol. 11, no. 14, pp. 5159–5173, 
Jul. 2019, doi:10.2147/ijn.s203330. 

[143] T. Wan, D. Niu, C., Wu, F.-J. Xu, Church, and G., Y. Ping, “Material solutions for 
delivery of CRISPR/Cas-based genome editing tools: Current status and future 
outlook,” Materials Today, vol. 26, pp. 40-66, 2019, 
doi:10.1016/j.mattod.2018.12.003. 

[144] Y.-L. Luo, C.-F. Xu, H.-J. Li, Z.-T. Cao, J. Liu, J.-L. Wang, and J. Wang, 
“Macrophage-Specific in Vivo Gene Editing Using Cationic Lipid-Assisted Polymeric 



95 

Nanoparticles,” ACS Nano, vol. 12, no. 2, pp. 994–1005, 2018, 
doi:10.1021/acsnano.7b07874. 

[145] J. A. Zuris, D. B. Thompson, Y. Shu, J. P. Guilinger, J. L. Bessen, J. H. Hu, and D. R. 
Liu, “Cationic lipid-mediated delivery of proteins enables efficient protein-based 
genome editing in vitro and in vivo,” Nature Biotechnology, vol. 33, no 1, pp. 73–80, 
Jan. 2014, doi:10.1038/nbt.3081. 

[146] M. Qiu, Z. Glass, and Q. Xu, “Nonviral nanoparticles for CRISPR-based genome 
editing: is it just a simple adaption of what have been developed for nucleic acid 
delivery?” Biomacromolecules, vol. 20, pp. 3333–3339, 2019,  doi:10.1021/acs. 
biomac.9b00783. 

[147] A. Carambia, B. Freund, D. Schwinge, O. Bruns, S Salmen, H. Ittrich, R. Reimer, M. 
Heine, S. Huber, and J. Herkel, “Nanoparticle-based autoantigen delivery to Treg-
inducing liver sinusoidal endothelial cells enables control of autoimmunity in mice,” 
J. Hepatol., vol. 62, pp. 1349–1356, Jun. 2015,  doi:10.1016/j.jhep.2015.01.006. 

[148] X. Gu, J. Ding, Z. Zhang, Q. Li, X. Zhuang, and X. Chen, “Polymer nanocarriers for 
drug delivery in osteosarcoma treatment,” Curr. Pharmaceut. Des., vol. 9, pp. 5187–
5197, Jan. 2015, doi:10.2174/1381612821666150923095618. 

[149] I. Koryakina, D. S. Kuznetsova, D. A. Zuev, V. A. Milichko, A. S. Timin, and M. V. 
Zyuzin, “Optically responsive delivery platforms: from the design considerations to 
biomedical applications,” Nanophotonics, vol. 10, 2020. doi:10.1515/nanoph-2019-
0423. 

[150] J. A. Kretzmann, D. Ho, C. W. Evans, J. H. C. Plani-Lam, B. Garcia-Bloj, A. E. 
Mohamed, and K. S. Iyer, “Synthetically controlling dendrimer flexibility improves 
delivery of large plasmid DNA,” Chemical Science, vol. 8, no. 4, pp. 2923–2930, Apr. 
2017, doi:10.1039/c7sc00097a. 

[151] Y. K. Kang, K. Kwon, J. S. Ryu, H. N. Lee, C. Park, and H. J. Chung, “Nonviral 
Genome Editing Based on a Polymer-Derivatized CRISPR Nanocomplex for 
Targeting Bacterial Pathogens and Antibiotic Resistance,” Bioconjugate Chemistry, 
vol. 28, no. 4, pp. 957–967, 2017, 
doi:10.1021/acs.bioconjchem.6b006. 

[152] A. A. Snell, K. R. Neupane, J. R. McCorkle, X. Fu, F. H. Moonschi, E. B. Caudill, and 
C. I. Richards, “Cell-Derived Vesicles for in Vitro and in Vivo Targeted Therapeutic 
Delivery,” ACS Omega, vol. 4, no. 7, pp. 12657–12664, Jul. 2019, 
doi:10.1021/acsomega.9b01353. 

[153] P. Vader, E. A Mol, G. Pasterkamp, and R. M. Schiffelers, “Extracellular vesicles for 
drug delivery,” Advanced Drug Delivery Reviews, vol. 15, no. 106, pp. 148–156, Nov. 
2016, doi:10.1016/j.addr.2016.02.006. 

[154] M. J. Haney, N. L. Klyachko, Y. Zhao, R. Gupta, E. G. Plotnikova, Z. He, and E. V. 
Batrakova, “Exosomes as drug delivery vehicles for Parkinson’s disease therapy,” 
Journal of Controlled Release, vol. 207, pp. 18–30, Jun. 2015, 
doi:10.1016/j.jconrel.2015.03.033. 

[155] X. Ma, R. Hartmann, D. Jimenez de Aberasturi, F. Yang, S. J. H. Soenen, B. B. 
Manshian, and W. J. Parak, “Colloidal Gold Nanoparticles Induce Changes in Cellular 



96 

and Subcellular Morphology,” ACS Nano, vol. 11, no. 8, pp. 7807–7820, Aug. 2017, 
doi:10.1021/acsnano.7b01760. 

[156] A. S. Timin, A. R. Muslimov, M. V. Zyuzin, O. O. Peltek, T. E. Karpov, I. S. Sergeev, 
and R. A. Surmenev, “Multifunctional scaffolds with improved antimicrobial 
properties and osteogenicity based on piezoelectric electrospun fibers decorated with 
bioactive composite microcapsules,” ACS Applied Materials & Interfaces, vol. 17, no. 
10, pp. 34849–34868, Oct. 2018,  doi:10.1021/acsami.8b09810. 

[157] J. Hühn, C. Carrillo-Carrion, M. G. Soliman, C. Pfeiffer, D. Valdeperez, A. Masood, 
and W. J. Parak, “Selected Standard Protocols for the Synthesis, Phase Transfer, and 
Characterization of Inorganic Colloidal Nanoparticles,” Chemistry of Materials, vol. 
29, no. 1, pp. 399–461, 2016, doi:10.1021/acs.chemmater.6b04738. 

[158] M. V. Zyuzin, D. G. Baranov, A. Escudero, I. Chakraborty, A. Tsypkin, E. V. 
Ushakova, and S. V. Makarov, “Photoluminescence quenching of dye molecules near 
a resonant silicon nanoparticle,” Scientific Reports, vol. 8, no. 1, Art. no. 6107, Apr. 
2018, doi:10.1038/s41598-018-24492-y 

[159] J. Liu, L. Cui, and D. Losic, “Graphene and graphene oxide as new nanocarriers for 
drug delivery applications,” Acta Biomaterialia, vol.  9, no. 2,  pp. 9243–9257, Dec. 
2013, doi:10.1016/j.actbio.2013.08.016. 

[160] A. D. Trofimov, A. A. Ivanova, M. V. Zyuzin, and A. S. Timin, “Porous Inorganic 
Carriers Based on Silica, Calcium Carbonate and Calcium Phosphate for 
Controlled/Modulated Drug Delivery: Fresh Outlook and Future Perspectives,” 
Pharmaceutics, vol. 10, no. 4, pp. 167–189, Sep. 2018, 
doi:10.3390/pharmaceutics10040167. 

[161] A. S. Timin, A. R. Muslimov, K. V. Lepik, O. S. Epifanovskaya, A. I. Shakirova, and 
G. B. Sukhorukov, “Efficient gene editing via non-viral delivery of CRISPR–Cas9 
system using polymer and hybrid microcarriers,” Nanomedicine: Nanotechnology, 
Biology and Medicine, vol. 14, no. 1, pp. 97–108, Jan. 2018, 
doi:10.1016/j.nano.2017.09.001.  

[162] A. V. Brodskaia, A. S. Timin, A. N. Gorshkov, A. R. Muslimov, A. B. Bondarenko, 
Y. V. Tarakanchikova, and A. V. Vasin, “Inhibition of influenza A virus by mixed 
siRNAs, targeting the PA, NP, and NS genes, delivered by hybrid microcarriers,” 
Antiviral Res., vol. 158, pp.147-160, 2018, doi:10.1016/j.antiviral.2018.08.003. 

[163] D. Maleki, M. Barzegar-Jalali, M. H. Zarrintan, K. Adibkia, and F. Lotfipour, 
“Calcium carbonate nanoparticles as cancer drug delivery system,” Expert Opinion on 
Drug Delivery, vol. 12, no. 10, pp. 1649–1660, 2015, 
doi:10.1517/17425247.2015.104953.  

[164] D. V. Volodkin, A. I. Petrov, M. Prevot, and G. B. Sukhorukov, “Matrix 
Polyelectrolyte Microcapsules:  New System for Macromolecule Encapsulation,” 
Langmuir, vol. 20, no. 8, pp. 3398–3406, Apr. 2004, doi:10.1021/la036177z.  

[165] B. V. Parakhonskiy, C. Foss, E. Carletti, M. Fedel, A. Haase, A. Motta, and R. Antolini, 
“Tailored intracellular delivery via a crystal phase transition in 400 nm vaterite 
particles,” Biomaterials Science, vol. 1, no. 12, pp. 1273–1281, Dec. 2013, 
doi:10.1039/c3bm60141b.  



97 

[166] N. Feoktistova, J. Rose, V. Z. Prokopović, A. S. Vikulina, A. Skirtach, and D. 
Volodkin, “Controlling the Vaterite CaCO3 Crystal Pores. Design of Tailor-Made 
Polymer Based Microcapsules by Hard Templating,” Langmuir, vol.  32, no. 17, pp. 
4229–4238, May 2016, doi:10.1021/acs.langmuir.6b00717. 

[167] T. Ogino, T. Suzuki, and K. Sawada, “The formation and transformation mechanism 
of calcium carbonate in water,” Geochimica et Cosmochimica Acta, vol. 51, no, 10, pp. 
2757–2767, 1987, doi:10.1016/0016-7037(87)90155-4. 

[168] A. T. Nagaraja, S. Pradhan, and M. J. McShane, “Poly (vinylsulfonic acid) assisted 
synthesis of aqueous solution stable vaterite calcium carbonate nanoparticles,” Journal 
of Colloid and Interface Science, vol. 15, no. 418, pp. 366–372,  Mar. 2014. 
doi:10.1016/j.jcis.2013.12.008.  

[169] D. B. Trushina, T. V. Bukreeva, and M. N. Antipina, “Size-Controlled Synthesis of 
Vaterite Calcium Carbonate by the Mixing Method: Aiming for Nanosized Particles. 
Crystal Growth & Design,” vol, 16, no 3, pp. 1311–1319, 2016, 
doi:10.1021/acs.cgd.5b01422. 

[170] H. Bahrom, A. A. Goncharenko, L. Fatkhutdinova, O. Peltek, A. Muslimov, O. Koval, 
and M. Zyuzin, “Controllable synthesis of calcium carbonate with different geometry: 
comprehensive analysis of particles formation, their cellular uptake and 
biocompatibility,” ACS Sustainable Chemistry & Engineering, vol. 7, no. 23, pp. 
19142–19156,  2019, doi:10.1021/acssuschemeng.9b05128  

[171] G. B. Sukhorukov, E. Donath, H. Lichtenfeld, E. Knippel, M. Knippel, A. Budde, and 
H. Möhwald, “Layer-by-layer self assembly of polyelectrolytes on colloidal particles,” 
Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 137, no. 1-
3, pp. 253–266, 1998, doi:10.1016/s0927-7757(98)00213-1. 

[172] M., Delcea, H., Möhwald, and A. G. Skirtach, “Stimuli-responsive LbL capsules and 
nanoshells for drug delivery,” Advanced Drug Delivery Reviews, vol.  63, no. 9, pp. 
730–747, Aug. 2011,  doi:10.1016/j.addr.2011.03.010. 

[173] R. A. Sperling and W. J. Parak, “Surface modification, functionalization and 
bioconjugation of colloidal inorganic nanoparticles,” Philosophical Transactions of 
the Royal Society A: Mathematical, Physical and Engineering Sciences, vol. 368, no. 
1915, pp. 1333–1383, Mar. 2010, doi:10.1098/rsta.2009.0273.  

[174] M. Yáñez-Mó, P. R.-M. Siljander, Z. Andreu, A. Bedina Zavec, F. E. Borràs, E. I. 
Buzas, and J. Carvalho, “Biological properties of extracellular vesicles and their 
physiological functions,” Journal of Extracellular Vesicles, vol. 4, Art. no. 27066, May 
2015, doi:10.3402/jev.v4.27066. 

[175] B. G. De Geest, R. E. Vandenbroucke, A. M. Guenther, G. B. Sukhorukov, W. E. 
Hennink, N. N. Sanders, and S. C. De Smedt, “Intracellularly Degradable 
Polyelectrolyte Microcapsules,” Advanced Materials, vol 18, no. 8, pp. 1005–1009,  
2006, doi:10.1002/adma.200502128. 

[176] T. Karpov, O. Peltek, A. Muslimov, Y. Tarakanchikova, T. Grunina, M. Poponova, 
and R. A. Surmenev, “Development of Optimized Strategies for Growth Factors 
Incorporation onto Electrospun Fibrous Scaffolds to Promote Prolonged Release,”ACS 



98 

Applied Materials & Interfaces, vol. 12, no. 5, pp. 5578-5592, Feb. 2020, 
doi:10.1021/acsami.9b20697. 

[177] S. V. German, M. V. Novoselova, D. N. Bratashov, P. A. Demina, V. S. Atkin, D. V. 
Voronin, and D. A. Gorin, “High-efficiency freezing-induced loading of inorganic 
nanoparticles and proteins into micron- and submicron-sized porous particles,” 
Scientific Reports, vol. 8, Art. no. 17763, 2018, doi:10.1038/s41598-018-35846-x. 

[178] L. An, D. Zhang, L. Zhang, and G. Feng, “Effect of Nanoparticle Size on the 
Mechanical Properties of Nanoparticle Assemblies,” Nanoscale, vol. 11, no. 19, pp. 
9563-9573, May 2019, doi:10.1039/c9nr01082c. 

[179] E. Huseynov, A. Garibov, and R. Mehdiyeva, “TEM and SEM study of nano SiO2 
particles exposed to influence of neutron flux,” Journal of Materials Research and 
Technology, vol. 5, pp. 213–218, 2016, doi:10.1016/j.jmrt.2015.11.001. 

[180] R. Senga and K. Suenaga, “Single-atom electron energy loss spectroscopy of light 
elements,” Nat Commun, vol. 6,  Art. no 7943, 2015, doi.org/10.1038/ncomms8943.  

[181] P. Paik, K. K. Kar, D. Deva, and A. Sharma, “Measurement of mechanical properties 
of polymer nanospheres by atomic force microscopy: effects of particle size,” Micro 
& Nano Letters, vol. 2, no. 3, pp. 72–81, 2007. doi:10.1049/mnl:20070030. 

[182] P. Klapetek, M. Valtr, D. Nečas, O. Salyk, and P. Dzik, “Atomic force microscopy 
analysis of nanoparticles in non-ideal conditions,” Nanoscale Research Letters, vol. 6, 
no. 1, Art. no. 514, Aug. 2011, doi:10.1186/1556-276x-6-514.  

[183] A. R. Muslimov, A. S. Timin, A. V. Petrova, O. S. Epifanovskaya, A. I. Shakirova, K. 
V. Lepik, and G. B. Sukhorukov, “Mesenchymal Stem Cells Engineering: 
Microcapsules-Assisted Gene Transfection and Magnetic Cell Separation,” ACS 
Biomaterials Science & Engineering, vol. 3, no. 10, pp. 2314–2324, Oct. 2017, 
doi:10.1021/acsbiomaterials.7b00482.  

[184] L. W. Zhang, and N. A. Monteiro-Riviere, “Use of confocal microscopy for 
nanoparticle drug delivery through skin,” Journal of Biomedical Optics, vol. 18, Art. 
no. 061214, 2012, doi:10.1117/1.jbo.18.6.061214. 

[185] A. Albanese, P. S. Tang, and W. C. W. Chan, “The Effect of Nanoparticle Size, Shape, 
and Surface Chemistry on Biological Systems,” Annual Review of Biomedical 
Engineering, vol. 4, no. 1, pp. 1–16 Apr. 2012,  doi:10.1146/annurev-bioeng-071811-
150124. 

[186] A. Kim, W. Beng, W.,Bernt, and Nam-Joon Cho. “Validation of Size Estimation of 
Nanoparticle Tracking Analysis on Polydisperse Macromolecule Assembly,” Sci Rep.,  
vol. 9, Art. no. 2639, 2019, doi:10.1038/s41598-019-38915-x. 

[187] M. Kaasalainen, V. Aseyev, E. von Haartman, D. Ş. Karaman, E. Mäkilä, H. Tenhu, 
and J. Salonen, “Size, Stability, and Porosity of Mesoporous Nanoparticles 
Characterized with Light Scattering,” Nanoscale Research Letters, vol. 12, no. 1, pp. 
74-84, Dec. 2017, doi:10.1186/s11671-017-1853-y. 

[188] M. H. Mondal, “Study of autocorrelation function of polymer and polymer–
nanocomposite solutions using dynamic light scattering method,” Journal of Polymer 
Research, vol 24, no. 12, pp. 218-225, 2017, doi:10.1007/s10965-017-1368-3.  



99 

[189] J. Stetefeld, S. A. McKenna, and T. R. Patel, “Dynamic light scattering: a practical 
guide and applications in biomedical sciences,” Biophysical Reviews, vol. 8, no. 4, pp. 
409–427, Dec. 2016, doi:10.1007/s12551-016-0218-6.  

[190] T. R. Patel, C. Bernards, M. Meier, K. McEleney, D. J. Winzor, M. Koch, and J. 
Stetefeld, “Structural elucidation of full-length nidogen and the laminin–nidogen 
complex in solution,” Matrix Biology, vol. 33, pp. 60–67, Jan. 2014, 
doi:10.1016/j.matbio.2013.07.009. 

[191] S. Deo, T. R. Patel, G. Chojnowski, A. Koul, E. Dzananovic, K. McEleney, and S. A. 
McKenna, “Characterization of the termini of the West Nile virus genome and their 
interactions with the small isoform of the 2′ 5′-oligoadenylate synthetase family,” 
Journal of Structural Biology, vol. 190, no. 2, pp. 236–249, May 2015, 
doi:10.1016/j.jsb.2015.04.005.  

[192] E. Dzananovic, T. R. Patel, G. Chojnowski, M. J. Boniecki, S. Deo, K. McEleney, and 
S. A. McKenna, “Solution conformation of adenovirus virus associated RNA-I and its 
interaction with PKR,” Journal of Structural Biology, 2014, 185(1), 48–57. 
doi:10.1016/j.jsb.2013.11.007.  

[193] T. R. Patel, M. Meier, J. Li, G. Morris, A. J. Rowe, and J. Stetefeld,“T-shaped 
arrangement of the recombinant agrin G3 - IgG Fc protein,” Protein Science, vol. 20, 
no. 6, pp. 931–940, Jan. 2011, doi:10.1002/pro.628. 

[194] V. Kalchenko, A. Brill, M. Bayewitch, I. Fine, V. Zharov, E. Galanzha, and A. 
Harmelin, “In vivo dynamic light scattering imaging of blood coagulation,” Journal of 
Biomedical Optics, vol. 12, no. 5, Art. no. 052002, 2007, doi:10.1117/1.2778695. 

[195] P. Kjellin, “X-ray diffraction and scanning electron microscopy studies of calcium 
carbonate electrodeposited on a steel surface,” Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, vol. 212, no. 1, pp. 19–26, 2003, 
doi.org/10.1016/S0927-7757(02)00296-0 

[196] C. G. Kontoyannis and N. V. Vagenas, “Calcium carbonate phase analysis using XRD 
and FT-Raman spectroscopy,” The Analyst, vol. 125, no, 2, pp. 251–255, 2000, 
doi:10.1039/a908609i.  

[197] V. Balan, G. Dodi, D. Botezat, and I. Gardikiotis, “Vibrational Spectroscopy 
Fingerprinting in Medicine: from Molecular to Clinical Practice,” Materials (Basel), 
vol.12, no. 18, Art. no. 2884, Sep. 2019, doi: 10.3390/ma12182884.  

[198] R. Ševčík, P. Šašek, and A. Viani, “Physical and nanomechanical properties of the 
synthetic anhydrous crystalline CaCO3 polymorphs: vaterite, aragonite and calcite,” 
Journal of Materials Science, vol. 53, no. 6, pp. 4022–4033, 2017, 
doi:10.1007/s10853-017-1884-x.  

[199] Y. I. Svenskaya, H. Fattah, O. A. Inozemtseva, A. G. Ivanova, S. N. Shtykov, D. A. 
Gorin, and B. V. Parakhonskiy, “Key Parameters for Size- and Shape-Controlled 
Synthesis of Vaterite Particles,” Crystal Growth & Design, vol.  18, no. 1, pp. 331–
337, 2017, doi:10.1021/acs.cgd.7b01328. 

[200] N. T. Shaked, L. L. Satterwhite, M. J. Telen, and G. A. Truskey, A. Wax, “Quantitative 
microscopy and nanoscopy of sickle red blood cells performed by wide field digital 



100 

interferometry,” Journal of Biomedical Optics, vol. 16, Art. no. 030506, 2011, 
doi:10.1117/1.3556717.  

[201] B. Bhaduri, C. Edwards, H. Pham, R. Zhou, T. H. Nguyen, L. L. Goddard, and G. 
Popescu, “Diffraction phase microscopy: principles and applications in materials and 
life sciences,” Advances in Optics and Photonics, vol. 6, no. 1, pp. 57-79, 2014, 
doi:10.1364/aop.6.000057.  

[202] N. A. Talaikova, A. P. Popov, A. L. Kalyanov, V. P. Ryabukho, and I. Meglinski, 
“Dual mode diffraction phase microscopy for quantitative functional assessment of 
biological cells,” Laser Physics Letters, vol. 14, Art. no.  105601, 2017. 
doi:10.1088/1612-202x/aa7d38.  

[203] A. Kalyanov, N Talaykova, and V. Ryabukho, “Formal theory of diffraction phase 
microscopy,” Proc. Vol. 9448, Saratov Fall Meeting 2014: Optical Technologies in 
Biophysics and Medicine XVI; Laser Physics and Photonics XVI; and Computational 
Biophysics, Art. no. 944817, 2015 doi:10.1117/12.2179708. 

[204] B. Bhaduri, H. Pham, M. Mir, and G. Popescu, “Diffraction phase microscopy with 
white light,” Optics Letters, vol. 37, no. 6, pp. 1094-1096, 2012, 
doi:10.1364/ol.37.001094.  

[205] C. Martinez-Torres, L. Berguiga, L. Streppa, E. Boyer-Provera, L. Schaeffer, J. 
Elezgaray, and F. Argoul, “Diffraction phase microscopy: retrieving phase contours 
on living cells with a wavelet-based space-scale analysis”, Journal of Biomedical 
Optics, vol. 19, no. 3, Art. no. 036007, 2014, doi:10.1117/1.jbo.19.3.036007. 

[206] H. V. Pham, B. Bhaduri, K. Tangella, C. Best-Popescu, and G. Popescu, “Real Time 
Blood Testing Using Quantitative Phase Imaging,” PLoS ONE, vol. 8, no. 2, Art. no. 
e55676, 2013. doi:10.1371/journal.pone.0055676. 

[207] I. C. D. Lenton, E. K. Scott, H. Rubinsztein-Dunlop, and I. A. Favre-Bulle, “Optical 
Tweezers Exploring Neuroscience,” Frontiers in Bioengineering and Biotechnology, 
vol. 8, Art. no. 602797, 2020,  doi:10.3389/fbioe.2020.602797  

[208] H. Zhang and K.-K Liu, “Optical tweezers for single cells,” Journal of The Royal 
Society Interface, vol. 5, no. 24, pp. 671–690, Apr. 2008, doi:10.1098/rsif.2008.0052.  

[209] I. A. Favre-Bulle, A. B. Stilgoe, E. K. Scott, and H. Rubinsztein-Dunlop, “Optical 
trapping in vivo: theory, practice, and applications,” Nanophotonics, vol. 8, no. 6, 
pp.1023–1040, May 2019, doi:10.1515/nanoph-2019-0055.  

[210] T. Avsievich, A. Popov, A. Bykov, and I. Meglinski, “Mutual interaction of red blood 
cells assessed by optical tweezers and scanning electron microscopy imaging,” Optics 
Letters, vol. 43, no. 16, pp. 3921-3924, 2018, doi:10.1364/ol.43.003921.  

[211] C. Riesenberg, C. Alejandro, A. Becker, M. Dienerowitz, A. Heisterkamp, A., 
Ngezahayo, and M. Leilani, “Probing Ligand-Receptor Interaction in Living Cells 
Using Force Measurements with Optical Tweezers,” Front Bioeng Biotechnol., vol. 31, 
Art. no. 646708, Mar. 2020, doi:10.3389/fbioe.2020.59845. 

[212] A. Blázquez-Castro, “Optical Tweezers: Phototoxicity and Thermal Stress in Cells and 
Biomolecules,” Micromachines, vol. 10, no. 8, pp 507-512, Jul.2019 
doi:10.3390/mi10080507. 



101 

[213] M. Dienerowitz, M. Mazilu, and K. Dholakia, “Optical manipulation of nanoparticles: 
a review,” Journal of Nanophotonics, vol. 2, Art. no. 021875, 2008. 
doi:10.1117/1.299204. 

[214]  A. Ashkin and J. Dziedzic, “Optical trapping and manipulation of viruses and bacteria,” 
Science, vol. 235, no. 4795, pp. 1517–1520, Mar. 1987, doi:10.1126/science.3547653. 

[215] M. M. Gaidt, T. S. Ebert, D. Chauhan, K. Ramshorn, F. Pinci, S. Zuber, and V. 
Hornung, “The DNA Inflammasome in Human Myeloid Cells Is Initiated by a STING-
Cell Death Program Upstream of NLRP3” Cell, vol. 171, no. 5, pp. 1110–1124.e18, 
Nov. 2017, doi:10.1016/j.cell.2017.09.039.  

[216] D. G. Shchukin, A. A. Patel, G. B. Sukhorukov, and Y. M. Lvov, “Nanoassembly of 
Biodegradable Microcapsules for DNA Encasing,” Journal of the American Chemical 
Society, vol. 126, no. 11, pp. 3374–3375, Mar. 2004, doi:10.1021/ja036952x. 

[217] J. Soutschek, A. Akinc, B. Bramlage, K. Charisse, R. Constien, M. Donoghue, and H.-
P. Vornlocher, “Therapeutic silencing of an endogenous gene by systemic 
administration of modified siRNAs,” Nature, vol.  432, no. 7014, pp. 173–178, Nov. 
2004, doi:10.1038/nature03121. 

[218] R. S. Tomar, H. Matta, and P. M. Chaudhary, “Use of adeno-associated viral vector 
for delivery of small interfering RNA,” Oncogene, vol. 22, no. 36, pp. 5712–5715, 
Aug. 2003, doi:10.1038/sj.onc.1206733.  

[219] T. Ura, K. Okuda, and M. Shimada, “Developments in Viral Vector-Based Vaccines. 
Vaccines” vol. 2, no. 3, pp. 624–641, Jul. 2014, doi:10.3390/vaccines2030624.  

[220] L. Schoenmaker, D. Witzigmann, J. Kulkarni, Verbeke R., G. Kersten, W. Jiskoot, and 
D. Crommelin, “mRNA-lipid nanoparticle COVID-19 vaccines: Structure and 
stability,” Int J Pharm., vol. 15, Art. no. 120586, May. 2021  
doi:10.1016/j.ijpharm.2021.120586. 

[221] L. Baden, H. Sahly, B. Essink, K. Kotloff, S. Frey, and R. Novak, “Efficacy and Safety 
of the mRNA-1273 SARS-CoV-2 Vaccine,” Clinical Trial: N Engl J Med., vol. 384, 
no. 5, pp. 403-416, Feb. 2021, doi:10.1056/NEJMoa2035389. 

[222] F. Polack, S. Thomas N. Kitchin, J. Absalon, A. Gurtman, K. Jansen, and W. Gruber, 
“Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine,” Clinical Trial: N 
Engl J Med., vol. 383, no. 27, pp. 2603-2615, Dec. 2020, 
doi:10.1056/NEJMoa2034577. 

[223] M. Peleteiro, E. Presas, J. V. González-Aramundiz, B. Sánchez-Correa, R. Simón-
Vázquez, N. Csaba, and Á. González-Fernández, “Polymer Nanocapsules for Vaccine 
Delivery: Influence of the Polymer Shell on the Interaction With the Immune System,” 
Frontiers in Immunology, vol. 19, no.9, pp. 791-808, Apr. 2018, 
doi:10.3389/fimmu.2018.00791. 

[224] S. D’haese, C. Lacroix, F. Garcia, M. Plana, S. Ruta, G. Vanham, and J. Aerts, “Off 
the beaten path: Novel mRNA-nanoformulations for therapeutic vaccination against 
HIV,” Journal of Controlled Release, vol. 10, no. 330, pp. 1016-1033, Feb. 2021. 
doi:10.1016/j.jconrel.2020.11.009.  

[225] G. Chen, A. A. Abdeen, Y. Wang, K. Pawan, S. Robertson, R. Xie, M. Suzuki , B. R. 
Pattnaik , K. Saha, and S. Gong. “A biodegradable nanocapsule delivers a Cas9 



102 

ribonucleoprotein complex for in vivo genome editing,” Nat Nanotechnol, vol. 14, no. 
10, pp. 974–980, Oct. 2019, doi:10.1038/s41565-019-0539-2.  

[226] Y. Cao, R. A. DePinho, M. Ernst, and K. Vousden, “Cancer research: past, present and 
future,” Nature Reviews Cancer, vol. 11, no. 10, pp. 749–754, Sep. 2011, 
doi:10.1038/nrc3138.  

[227] Y. B. Lv, P. Chandrasekharan, Y. Li, Y. Yang, and J. Ding, “Magnetic resonance 
imaging quantification and biodistribution of magnetic nanoparticles using T1-
enhanced contrast,” Journal of Materials Chemistry B, vol. 6, no. 10, pp. 1470–1478, 
Mar. 2018, doi:10.1039/c7tb03129g,  

[228] S. W. Morton, Z. Poon, and P. T. Hammond, “The architecture and biological 
performance of drug-loaded LbL nanoparticles,” Biomaterials, vol.  34, no. 21, pp. 
5328–5335, Jul. 2013, doi:10.1016/j.biomaterials.2013.03.059. 

[229] M.-L. De Temmerman, J. Rejman, R. E. Vandenbroucke, S. De Koker, C. Libert, J. 
Grooten, and S. C. De Smedt, “Polyelectrolyte LbL microcapsules versus PLGA 
microparticles for immunization with a protein antigen,” Journal of Controlled Release, 
vol. 158, no. 2, pp. 233–239, Mar. 2012, doi:10.1016/j.jconrel.2011.10.029. 

[230] M. V. Zyuzin, D. Antuganov, Y. Tarakanchikova, T. Karpov, T. Mashel, E. 
Gerasimova, and A. S. Timin, “Radiolabeling strategies of micron- and submicron 
sized core-shell carriers for in vivo studies,” ACS Appl Mater Interfaces, vol. 12, no. 
28, pp. 31137-31147, Jul. 2020, doi:10.1021/acsami.0c06996. 

[231] Z. Poon, J. B. Lee, S. W. Morton, and P. T. Hammond, “Controlling in Vivo Stability 
and Biodistribution in Electrostatically Assembled Nanoparticles for Systemic 
Delivery,” Nano Letters, vol. 11, no. 5, pp. 2096–2103, May 2011, 
doi:10.1021/nl200636r. 

[232] D. M. El-Safoury, A. B. Ibrahim, D. A El-Setouhy, O. M. Khowessah, M. A. Motaleb, 
and T. M. Sakr, “Gold nanoparticles for 99mTc-doxorubicin delivery: formulation, in 
vitro characterization, comparative studies in vivo stability and biodistribution,” 
Journal of Radioanalytical and Nuclear Chemistry, vol. 328, no. 1, pp. 325–338, Feb. 
2021, doi:10.1007/s10967-021-07633-y 

[233] O. A. Mayorova, O. A. Sindeeva, M. V. Lomova, O. I. Gusliakov, Y. V. 
Tarakanchikova, E. V. Tyutyaev, and G. B. Sukhorukov, “Endovascular addressing 
improves the effectiveness of magnetic targeting of drug carrier. Comparison with the 
conventional administration method,” Nanomedicine: Nanotechnology, Biology and 
Medicine, vol. 28, Art. no. 102184, Aug 2020, doi:10.1016/j.nano.2020.102184.  

[234] E. S, Prikhozhdenko, O. I. Gusliakova, O. A, Kulikov, O. A. Mayorova, N. A. 
Shushunova, A. S. Abdurashitov, and O. A. Sindeeva, “Target delivery of drug carriers 
in mice kidney glomeruli via renal artery. Balance between efficiency and safety,” 
Journal of Controlled Release, vol. 10, no. 329, pp.175-190, Jan. 2020, 
doi:10.1016/j.jconrel.2020.11.051.  

[235] A. Muslimov, D. Antuganov, Y. Tarakanchikova, T. Karpov, M. Zhukov, M. Zyuzin, 
and A. Timin, “An investigation of calcium carbonate core-shell particles for 
incorporation of 225 Ac and sequester of daughter radionuclides: in vitro and in vivo 



103 

studies,” J Control Release, vol. 330, pp. 726-737, Feb. 2021, 
doi:10.1016/j.jconrel.2021.01.008.  

[236] A. R. Muslimov, D. O. Antuganov, Y. V. Tarakanchikova, M. V. Zhukov, M. A. 
Nadporojskii, M. V. Zyuzin, and A. S. Timin, “Calcium Carbonate Core–Shell 
Particles for Incorporation of 225Ac and Their Application in Local α-Radionuclide 
Therapy,” ACS Applied Materials & Interfaces, vol. 13, no. 22, pp. 25599–25610, Jun. 
2021, doi:10.1021/acsami.1c02155. 

[237] Q. Yi, D. Li, B. Lin, A. M. Pavlov, D. Luo, Q. Gong, and G. B. Sukhorukov, “Magnetic 
Resonance Imaging for Monitoring of Magnetic Polyelectrolyte Capsule In Vivo 
Delivery,” BioNanoScience, vol. 4, no. 1, pp. 59–70, 2013, doi:10.1007/s12668-013-
0117-2.  

[238] D. V. Voronin, O. A. Sindeeva, M. A. Kurochkin, O. Mayorova, I. V. Fedosov, O. 
Semyachkina-Glushkovskaya, and G. B. Sukhorukov, “In vitro and in Vivo 
Visualization and Trapping of Fluorescent Magnetic Microcapsules in a Bloodstream,” 
ACS Applied Materials & Interfaces, vol. 9, no. 8, pp. 6885–6893. Mar. 2017, 
doi:10.1021/acsami.6b15811.  

[239] I. Y. Yanina, Y. I. Svenskaya, E. S. Prikhozhdenko, D. N. Bratashov, M. V. Lomova, 
D. A. Gorin, and V. V. Tuchin, “Optical monitoring of adipose tissue destruction under 
encapsulated lipase action, Journal of Biophotonics, vol. 11, Art. no. e201800058, 
2018, doi:10.1002/jbio.201800058.  

 
  



104 

 



105 

Original publications  

I  Tarakanchikova, Y., Stelmashchuk, O., Seryogina, E., Piavchenko, G., Zherebtsov, E., 
Dunaev, A., Popov, A., & Meglinski, I. (2018). Allocation of rhodamine-loaded 
nanocapsules from blood circulatory system to adjacent tissues assessed in vivo by 
fluorescence spectroscopy. Laser Physics Letters, 15(10), Article 105601. 
https://doi.org/10.1088/1612-202X/aad857 

II  Stelmashchuk O., Tarakanchikova Y., Seryogina E., Piavchenko G., Zherebtsov, E., 
Dunaev A., Popov A., & Meglinski I. (2018) Noninvasive control of rhodamine-loaded 
capsules distribution in vivo. In V. V. Tuchin, D. E. Postnov, E. A. Genina, & V. L. Derbov 
(Eds.), Proceedings of SPIE: Vol. 10716. Saratov Fall Meeting 2017: Optical 
Technologies in Biophysics and Medicine XIX (p. 1071619). SPIE. 
https://doi.org/10.1117/12.2315773 

III  Avsievich, T., Tarakanchikova, Y., Zhu, R., Popov, A., Bykov, A., Skovorodkin, I., 
Vainio, S., & Meglinski, I. (2019). Impact of nanocapsules on red blood cells interplay 
jointly assessed by optical tweezers and microscopy. Micromachines, 11(1), Article 19. 
https://doi.org/10.3390/mi11010019.  

IV  Avsievich, T., Tarakanchikova, Y. V., Popov, A., Karmenyan, A., Bykov, A., & 
Meglinski, I. (2019). Combined use of optical tweezers and scanning electron 
microscopy to reveal influence of nanoparticles on red blood cells interactions. In A. 
Amelink & S. K. Nadkarni (Eds.), Proceeding of SPIE: Vol. 11075. Novel Biophotonics 
Techniques and Applications V (p. 110750F). SPIE. 
https://doi.org/10.1117/12.2526730 

V  Tarakanchikova, Y., Alzubi, J., Pennucci, V., Follo, M., Kochergin, B., Muslimov, A., 
Skovorodkin, I., Vainio, S., Antipina, M. N., Atkin, V., Popov, A., Meglinski, I., 
Cathomen, T., Cornu, T. I., Gorin, D. A., Sukhorukov, G. B., & Nazarenko, I. (2019). 
Biodegradable nanocarriers resembling extracellular vesicles deliver genetic material 
with the highest efficiency to various cell types. Small, 16(3), Article 1904880. 
https://doi.org/10.1002/smll.201904880 

VI  Tarakanchikova, Y., Muslimov, A., Sergeev, I., Lepik, K., Yolshin, N., Goncharenko, 
A., Vasilyev, K., Eliseev, I., Bukatin, A., Sergeev, V., Pavlov, S., Popov, A., Meglinski, 
I., Afanasiev, B., Parakhonskiy, B., Sukhorukov, G., & Gorin, D. (2020). A highly 
efficient and safe gene delivery platform based on polyelectrolyte core–shell 
nanoparticles for hard-to-transfect clinically relevant cell types. Journal of Materials 
Chemistry B, 8(41), 9576–9588. https://doi.org/10.1039/d0tb01359e 

Reprinted with permission from IOP Publishing (Paper I © 2018 Astro Ltd), 

Society of Photo-Optical Instrumentation Engineers [SPIE] (Paper II © 2018 SPIE; 

Paper IV © 2019 SPIE-OSA), The Royal Society of Chemistry (Paper VI © 2020 



106 

The Royal Society of Chemistry), and under CC BY 4.0 license1 (Papers III and V 

© 2020, 2019 The Authors). 

Original publications are not included in the electronic version of the dissertation. 
 
 
 

 
1 https://creativecommons.org/licenses/by/4.0/ 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Virtual book store

http://verkkokauppa.juvenesprint.fi

S E R I E S  C  T E C H N I C A

793. Haiko, Oskari (2021) Effect of microstructural characteristics and mechanical
properties on the impact-abrasive and abrasive wear resistance of ultra-high
strength steels

794. Oppenlaender, Jonas (2021) Crowdsourcing creative work

795. Kimbi Yaah, Velma Beri (2021) Development of novel biomass-based materials
for the treatment of emerging contaminants in water

796. Liu, Chen-Feng (2021) Resource allocation for ultra-reliable and low-latency 5G
communication

797. Kilpijärvi, Joni (2021) RF-microwave sensor development for cell and human in
vitro and ex vivo monitoring

798. Huikari, Jaakko (2021) 2D CMOS SPAD array techniques in 1D pulsed TOF
distance measurement applications

799. Peyvasteh, Motahareh (2021) Polarimetric and spectral imaging approaches for
quantitative characterization of inhomogeneous scattering media including
biotissues

800. Shehab, Mohammad (2021) Energy efficient QoS provisioning and resource
allocation for machine type communication

801. Jounila, Henri (2021) Integroidulla HSEQ-johtamisella kokonaisvaltaista
yritysvastuullisuutta : tapaustutkimuksia yritysten työturvallisuuden ja HSEQ:n
kehittämisestä

802. Nellattukuzhi Sreenivasan, Harisankar (2021) Synthesis and alkali activation of
Magnesium-rich aluminosilicates

803. Kallio, Johanna (2021) Unobtrusive stress assessment in knowledge work using
real-life environmental sensor data

804. Meriö, Leo-Juhani (2021) Observations and analysis of snow cover and runoff in
boreal catchments

805. Lovén, Lauri (2021) Spatial dependency in Edge-native Artificial Intelligence

806. Törmänen, Matti (2021) Improved analysis of tube flow fractionation data for
measurements in the pulp and paper industry

807. Rusanen, Annu (2021) Catalytic conversion of sawdust-based sugars into 5-
hydroxymethylfurfural and furfural

808. Yaraghi, Navid (2021) Analyzing human impacts on the quality and quantity of
river water

C809etukansi.fm  Page 2  Thursday, October 14, 2021  11:04 AM



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-3110-5 (Paperback)
ISBN 978-952-62-3111-2 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

OULU 2021

C 809

Yana Tarakanchikova

MULTILAYERED 
POLYELECTROLYTE 
ASSEMBLIES AS DELIVERY 
SYSTEM FOR BIOMEDICAL 
APPLICATIONS

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING

C
 809

A
C

TA
Yana Tarakanchikova

C809etukansi.fm  Page 1  Thursday, October 14, 2021  11:04 AM


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations and symbols
	List of original publications
	Contents
	1 Introduction
	1.1 Background
	1.2 Motivation of research and objectives
	1.3 Outline of the thesis

	2 Introduction to application of delivery system of genome materials for gene therapy
	2.1 Gene therapy perspectives
	2.2 Genome - editing tools
	2.3 Current problems of gene delivery

	3 Delivery systems of genome materials
	3.1 Viral vectors
	3.2 Non-viral delivery systems
	3.2.1 Physical methods for gene delivery
	3.2.2 Chemical delivery systems


	4 General properties of polymer multilayer capsules for delivery of genetic material
	4.1 Features for obtaining and controlling the size of vaterite particles
	4.2 LbL technology for polymer capsule formation
	4.3 Methods of encapsulation of (non)/genetic materials
	4.4 Summary and conclusions

	5 Optical and complementary methods for the evaluation of the structure and morphology of polymer carriers
	5.1 Microscopy methods of characterization (OM, CLSM, SEM, TEM)
	5.2 Basic methods for the determination of the CaCO3 particle crystal structure
	5.2.1 Dynamic light scattering
	5.2.2 X-ray diffraction (XRD)
	5.2.3 Raman spectroscopy

	5.3 Optical methods for the assessment of capsule influence on cells morphology
	5.3.1 Diffraction phase microscopy (DPM)
	5.3.2 Optical tweezers (OT)

	5.4 Summary and conclusions

	6 Gene delivery using polymer carriers in vitro
	6.1 Delivery of pDNA
	6.2 Delivery of siRNA
	6.3 Delivery of mRNA
	6.4 Delivery of genome editing tools (CRISPR-Cas9)
	6.5 Summary and conclusions

	7 Perspectives of gene delivery by polymercarriers for in vivo applications
	7.1 Fluorescence spectroscopy and tomography
	7.2 Radiolabeling strategy
	7.3 Summary and conclusions

	8 Summary, potential impact and future research
	List of references
	Original publications


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




