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Objective 1. The design and development of injectable 

macromolecular biomimetic matrix for transfection 
 

1.1. Development and characterization of injectable structured composites, able to 

load and transport nucleic acids 

 

This objective was to synthesize and characterize hydrogels based on G4 self-
assembly.  
 

A particular attention is being paid to the bioresponsive polymer-based hydrogels, 
especially in the field of time/spatial controlled release. It is known that hydrogels from 
polyvinyl alcohol (PVA) have attracted considerable attention because of their high 
degree of swelling in water, inherent low toxicity, good biocompatibility, and other 
desirable properties such as transparency and easy handling and PVA-borate-based 
hydrogels were successfully used as a glucose-sensitive insulin delivery systems for 
temporary encapsulation of cell.1,2 The chemistry involved in the crosslinking of PVA 
using borax consists of di-diol complexation that is originating from one monoborate and 
two adjacent diol groups of PVA. The formation of these complexes is very fast, which is 
unusual in the domain of gels and complexing polymers.3 

In this direction, a supramolecular assembly based approach could be a powerful 
tool for the producing of ordered microporous hierarchical architectures. Among most 
known supramolecular assemblies, formation of G-quartets (G4) play by far an important 
role in aqueous media. Analogues of guanosine (G), have also long been known to form 
strong hydrogels, typically involving G4·M+ quartet.4–7 The overall mechanism being 
represented by initial hydrogen bond-directed assembly of G-quartet units stabilized by 
K+, Na+ or Ba2+ ions followed by the formation of ordered ribbon-type or cyclic 
supramolecular architectures. The combination of the PVA-boric gelation mechanism 
with the presented assembly techniques could potentially lead to the new hydrogel 
materials with controlled structure and a vast possibility for the predictable tuning of the 
gel internal structure by controlling the self-assembly processes. Cyclodextrins, well 
known for their properties of to form host-guest complexes between the hydrophobic 
cavity of cyclodextrins and guest molecules have been explored in fields of 
supramolecular chemistry,8–10 pharmaceutical11 and biomedical science12,13 can bring an 
interesting feature if incorporated in G4 gels. We established an easy procedure to 
preparation of hydrogels based on formation of G4 architecture of guanosine grafted on 
polyvinyl alcohol boric acid (PVAB) through boric ester dynamic link. We showed that 
introduction of β-cyclodextrin (βCD) to the hydrogels changes its properties, acting as an 
adjuvant, due to formation of inclusion complexes with guanosine (Figure1). Hydrogels 
were prepared in straightforward fashion, starting with grafting of guanosine on polyvinyl 
alcohol boric acid (PVAB) in presence of lithium hydroxide (LiOH) via boric acid-diol 
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complexation resulting in the formation of dynamic covalent crosslinks in compound 
(Figure 1-2) which is free-flowing solution and by adding potassium chloride the 
formation of hydrogel occurs.  
 

 
Figure 1. Schematic representation for the formation of hydrogels. 

11B NMR spectroscopy has been applied to characterize formation of borate esters 

between PVAB and guanosine. By 1HNMR was proved the formation of inclusion 

complexes between guanosine and βCD. 

 
 

 
Figure 2. 11B NMR and 1HNMR in D2O for the obtained compounds. 

PVAB-G forms a supramolecular ordered hierarchical polymer architectures only driven 

by presence of cation like K+, Na+ or Ba2+. 
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Circular dichroism (CD) spectroscopy (Figure 3) is often used to identify G-
quadruplex structures and in particular to distinguish all-parallel structures from 
antiparallel structures.14,15 In general, a peak around 260 nm and a trough around 240 
nm imply the presence of a parallel G-quadruplex structure. We observed the G- quartet 
formation for PVAB-G-K and PVAB-G-βCD-K and not for PVAB-G. Presence of the 
positive bands in the region of 290 nm could indicate that there is a well-defined 
stacking of the G-quartets within the hydrogel structure. 

 

 
Figure 3. a) Circular dichroism data. b)  X-Ray Diffraction spectrum of PVAB-G-K. 

 
We have extended characterization of the hydrogel by using X-ray diffraction to 

obtain molecular-level evidence for G4-quartet formation and stacking of G4-quartet 
units (Figure 3). XRD data obtained from a freeze-dried sample of hydrogel PVAB-G-K 
showed a significant peak at 2θ ≈ 26.5° (d = 3.3 Å), which is in line with the π−π 
stacking distance between two planar G4-quartets. A signal at 2θ ≈ 4.01° with a 
corresponding distance of 21.97 Å, coordinated with the width of a single G4-quartet. 

Presence of guanosine in obtained gels showed a hydrogel characteristic 
structure while analyzing by SEM (Figure 4). Presence of K+ changed the morphology of 
obtained PVAB-G-K and PVAB-G-βCD-K gels to more dense and compact structure. 

 

 
Figure 4. SEM analysis (scale bar 20 µm). 
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Dynamic oscillatory testing is a recognized way to reveal interesting data about 
microstructure of the materials and to correlate it with the macroscopic behavior (Figure 
5). Thus, parameters like complex modulus (G*), storage and loss moduli (G’ and G”), 
loss factor (tan δ=G”/G’), complex viscosity (η*) or phase angle (δ) can be determined 
obtaining an insight in the internal structure of the sample within the limits of the linear 
viscoelastic domain.  

 

 
Figure 5. Time test for the synthesized gels. 

 
For all samples G’ increases fast and reaches a constant plateau after less than 

700 s, an indication of the completion of gelation. Moreover it is clear that the ratio of G 
to β-CD has a clear influence on the rigidity and stability of the resulted hydrogel. The 
softer gel is obtained for PVAB-G-βCD-K (0.5:0.5) while the hardest and most stable 
structure is characteristic for PVAB-G-K. 

In conclusion was: 
� Established an easy protocol for preparation of hydrogels based on             

G-quartet assembly 
� Proved the formation of boronic esters by 11BNMR 
� Proved the formation of G-quartet/quadruplex assembly (Fluorescence, CD, 

XRD) 
� Established the mode of interaction of βCD with hydrogel components, i.e. 

formation of inclusion complex with guanosine 
� Studied some hydrogel properties (rheology, SEM) 
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Objective 2. Assessment of transfection ability of the systems 

developed by the project 

 
2.1. Evaluation of complexing capacity of the non-viral vectors versus DNA 
2.2. Testing of the transfection systems in cell culture 

 

Gene delivery is one of the recent most promising therapeutic methods for the 
treatment of genetic disorders and acquired diseases (viral infection, autoimmunity -
rheumatoid arthritis, cancer, diabetes, coronary, and artery disease) using natural or 
synthetic nucleic acids to replace / inhibit the faulting gene in cells. The direct transfer of 
DNA to cells or tissues involves the use of two major types of vectors: viral and non-
viral. The choice of a suitable strategy for genetic material delivery to the targeted cells 
is very important. Non-viral vectors - in the form of organic (proteins, lipids and cationic 
polymers), inorganic (magnetic nanoparticles, quantum dots, carbon nanotubes, gold 
nanoparticles, etc.) or hybrid materials - have attracted an increasing interest in last 
years as an alternative path for transient gene delivery, as they are rather stable and 
safe, simple to prepare and modify and can be designed/produced in a wide range of 
sizes and varieties for efficiently passing through biological barriers, as compared to viral 
vectors.16,17 However, comparative to viral vectors they suffer from lower transfection 
efficiency, requiring often additional effort for their optimization. Thus, the design of 
efficient gene delivery vectors possessing sustained, high transfection efficiencies 
together with low cytotoxicity is considered a major challenge for delivering a target gene 
to specific tissues or cells. Among the most studied non-viral systems are those based 
on polyethylenimine, an off-the-shelf synthetic cationic polymer, which combines strong 
DNA compaction capacity with an intrinsic endosomolytic activity.18 However it suffer of 
increasing cytotoxicity with molecular weight increase, while transfection efficacy is also 
increasing. Thus an equilibrium must be reached or alternative solutions must be 
considered. 

Some of the strategies to optimize non-viral gene delivery systems involve the 
use of: 

- nanotechnology approaches, allowing the development of multifunctional 
bioactive carriers with small size (enough to improve their stability and to 
facilitate the internalization into the cells and entering the nucleus, passing 
through the cytoplasm and escaping the endosome/lysosome process 
following endocytosis); 

- natural biomaterials, considering their unique properties such as 
biodegradability, biocompatibility, and controlled release, emphasizing the 
lowering of risk of toxicity at high-dose applications; 

 



7 

 

A. Design, Synthesis and Characterization of Squalene/bPEI gene delivery vector  

 
Typically, strategies to enhance non-viral gene delivery involve complexation of 

the genetic material with cationic polymers or lipids. Cationic liposomes, cationic lipids, 
cationic solid lipids, and cationic emulsions are between the most used. The 
characteristics recommending the lipid inclusion in such carriers refers to: 

- self-assembly in an aqueous medium of amphiphiles derivatives/conjugates, 
i.e. supramolecular organization/self-assembling – properties based on lipid 
moieties aggregation; 

- DNA protection possibility from enzymatic degradation in blood circulation,  
- interaction ability with the negatively charged cell membrane to facilitate cell 

internalization; 
- generally slight risk of toxicity at moderate dose applications; 
- DNA condensing ability into nanometric colloidal particles able to transfect 

mammalian cells under in vitro conditions; 
- low immunogenicity. 
However some disadvantages, such as toxicity at high dose, difficult preparation, 

low transformation efficiency are also to mention.  
In an attempt to develop new efficient, safe, biocompatible nanocarriers for 

therapeutic molecules (including nucleic acids) neutral or anionic nucleolipids were also 
developed as an alternative to cationic lipids.  

Squalene is a natural lipid, a precursor in the biosynthesis of cholesterol (widely 
distributed in nature). Recently, Couvreur group made use of its advantages in order to 
develop “squalenoylation nanotechnology”,19 which use squalene as a building block in 
order to create a bioconjugate (by connecting with biologically active drug molecule  
such as gemcitabine, anticancer compound paclitaxel and others), which can self-
aggregate in water as nano-assemblies, with high drug payloads and absence of burst 
release. It was proved that the lipid chain self-assembly may be used to obtain 
multifunctional nano-particles by the co-self-assembly of the different Sq-based 
functional components.20 Thus, this innovative concept for improving efficacy and 
delivery of poorly soluble therapeutic compounds seems a very promising tool by 
addressing the associated physicochemical and biopharmaceutical challenges. 

Other authors,21 successfully used squalene derivatives (originating from Sq-
COOH, Sq-OH) to construct adaptive DyNAvectors (Dynamic Polymers-Dynamers are 
polymers linked through reversible bonds and able to response to internal or external 
factors by components’ exchange) for DNA binding via constitutional self-assembly of 
functional polyethylenglicol (PEG), Sq derivative and branched cationic polyethylenimine 
(bPEI800) with the multifunctional aldehyde core/centre (1,3,5-benzenetrialdehyde).  

Here a squalene/bPEI based amphiphile was developed and characterized 
envisaging its application in transfection. 
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To fulfil the requirements associated to the overcoming of the challenging high 
known number of biological barriers related to a transfection process specific moieties 
were included in the envisaged conjugate design, in accordance with literature data 
(Table 1)  
 
Table 1. Design of gene delivery carrier. Included components and their function. 

Component Aim/envisaged effect 

Squalene 

- moiety which adds extra condensation by forming stable micellar 
complexes 
- may facilitate membrane translocation 
- provide for better expression in cardiovascular cells=lipid modifications to 
improve transfection or target cardiovascular tissues 
Bioconjugation with lipids enables to protect sensitive groups from enzymatic 
degradation and the coupling of hydrophobic moieties may yield amphiphilic 
conjugates able to cross the plasma membrane by passive diffusion. 

bPEI/LPEI 
(1.8 kDa) 

 

- electrostatic interaction with DNA, pack efficacy for N/P>2 
- provide steric protection from nuclease degradation  
- seems to have an exceptional property in terms of nuclear localization 
- toxicity increasing with Mw; lower toxicity for LPEI, low Mw 
- PEI moiety confers buffering (proton sponge) effect/ facilitates endosomal 
escape. 

PEO 

moiety 
Improved systemic circulation / transport protection/ colloidal stability. 

-S-S- 

- bioreducible/breakdown within the cytoplasm through inherent redox 
mechanisms  
- provides for high transfection efficiencies  
- little to no demonstrable toxicity;  
- may improve intracellular trafficking: escape endo-lysosomal 
pathway/strategy to effect intracellular release of DNA/vector-DNA 
dissociation increasing gene transfer efficiency. 

Guanidinyl 

moiety 
Facilitates cell and nucleus membrane penetration=increasing gene transfer 
efficiency. 

FITC 
Labelling and visualization of cellular uptake process and release kinetics 
from complex systems. 

 
Mild preparation conditions (room temperature, usual solvents or aqueous 

reaction medium) were used, according the reaction schemes 1.  
The successful development of the final and intermediates Sq-based compounds 

was confirmed by spectral characterization (1H-NMR, 13C-NMR, FT-IR) as can be seen 
in Figures 6-10.  
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The synthesis started from 1,1,2’-tris-nor-squalene aldehyde, obtained according 
to literature,22 by interaction with 2,2’-ethylenedioxy bis(ethylamine) to yield the 
corresponding Schiff base. As a consequence the specific signals for the aldehyde 
situated at 9.75 ppm in the 1H-NMR spectrum., at 202.7 ppm in 13C-NMR registration, 
and at 2715 cm-1 and 1728 cm-1 (νCH and C=O from saturated aldehyde) in FT-IR, 
disappeared and were replaced by specific signals for iminic group, at 8 ppm, 167 ppm 
(N=C) and 1573 cm-1, respectively. The epoxy group presence is also easy to observe, 
the most important signals being situated at 3.4-3.7 ppm, 71 ppm, 1111 cm-1. 

Further modification with N,N’-bis (acryloyl)cistamine may be easy evidenced by 
the specific signals attributable to amide (6.75 ppm, 74 and 164 ppm,) and vinyl groups 
(5.7-6.35 ppm, 124, 129 ppm, 3066 and 1620 cm-1). Once the bPEI moiety added, the 
signals/bands assignable to amine, imine groups and methylenic groups connected to 
them are predominant, some of the other signals being shielded. However the 
guanidilation and labelling with FITC can be mainly evidenced in 1H-NMR registration, 
while the retention of the squalene and other moieties may be confirmed from FT-IR 
data (Figures 9, 10 and Table 2). 
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Scheme 1. Sq-PEI based carrier synthesis strategy. 
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Figure 6. 1H-NMR spectra of the Sq-bPEI intermediates (CDCl3). 



12 

 

 
Figure 7. 1H-NMR spectra for the compounds obtained by Sq-bPEI functionalization 

(D2O). 
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Figure 8. 13C-NMR spectra for the Sq-bPEI carrier and intermediates (CDCl3). 
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Figure 9. Typical FT-IR spectra for Sq-PEI and its intermediates. 

 
 

 
Figure 10. FT-IR spectra of Sq-PEI and its guanidinilated and FITC labeled derivatives. 
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Table 2. Detailed FT-IR data interpretation  
Product Absorption band Origin of absorption 

Sq-CHO/0 2964, 2920, 2854 
2715 +2854 (partially) 
1728 
1667 

1446, 1382 
1106, 990 
898, 838 

- ν(C-H) asim si sim in (=CH, CH3, CH2)  
- ν(C-H) aldehyde (saturated) 
- ν(C=O) aldehyde (saturated) 
- ν(C=C) 
- δ(C-H) 
- C-H disubstituted alkene (trans) 
- C-H trisubstituted alkene 

Sq-PEO-

NH2/2 

3200-3600/peak la 3363  
 
2957, 2925, 2869 
1667.5 
1573 
1471,1378 
1309 
1111 
 
811 

- ν(N-H) in primary amine (NH2) and 
(imine NH) (free or implied in H bonds) 
- ν(=CH, CH2,CH3) 
- ν(C=C) aliphatic 
- ν(C=N) imine/Schiff base 
- δ(C-H) 
- ν(C-N) 
- C-H disubstituted alkene (trans) + ν(C-
O-C) 
- γ(CH) 

Sq-BAC-

CH=CH2/4 

3200 - 3600 cu peak 3250  
 
 
3066 
2958, 2923, 2855 
1652 
 
1620 
1553 (mai larg) 
 
1445,1386 
1311 
1252 
1124 
1103 
 
1071 
989 
962 
811 

696 

- ν(N-H) imine/Schiff base (soft) and 
amide (secondary amide, NH associated 
by H bonds - 3250) 
- ν(C-H) in (=CH2 vinyl) 
- ν(=CH, CH3, CH2) 
- νC=O amide I (saturated) + ν(C=C) 
aliphatic 
- ν(C=C) vinyl 
- ν(C=N) imine+ ν(C-N) + NH def (amide 
II) 
- δ(C-H) (1445 and CH2-S def) 
- CH2-S- wag 
- (C-N amide) amide III 
- ν anti-sim (C-O) 
- ν(C-O) + C-H disubstituted alkene 
(trans) 
- ν(C-S) 
- C-H disubstituted alkene (trans) 
- δ(H-C-S) bend 
- γ(CH) 
- ν(C-S) 
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Sq-

bPEI/5a 

3600-3200 cu peak la 3433.5 
 
2958, 2920, 2852 
2480 
 
 
 
1647 (wide) 
 
1463 
1125  
 
 
1082-1021 
954 
850-600 

- ν(N-H) (NH2, NH amide and imine free 
or associated by H binding) 
- ν(C-H) in (=CH, CH3, CH2) 
- protonated form  

 
- ν(C=O) amide I (saturated) + ν(C=C) 
aliphatic + (NH bend) 
- (CH) bending 
- ν(C-O-C)+ C-H disubstituted alkene 
(trans); ν(C-N-C) in secondary 
amine/imine 
- ν(C-S) + ν(C-N) in tertiary amine 
- ν(C-N) 
-NH bend, wide, multiple 

Sq-PEI-

G/5b 

3600-3200 cu peak la 3367 
2951, 2840 
1651 

 
 
 
 
 
1618 

1459 
1082 si 1211  
 
 
 
954 

- ν(N-H) (NH2, NH in amide and imine) 
- ν(C-H) din (=CH, CH3, CH2) 
- ν(C=O) amide I (saturata) + ν (C=C) 
alifatic + NH bend (sh) 1618/1651 
coupled δNH/CN in plane for guanidyl 
group (respective νas(CN3H5

+) 
νs(CN3H5

+)) + ν(C=N) iminic (Baza Schiff) 
- forma NH3

+  in complex 
- (CH) bending 
- ν(CN), δ(NH) + ν (C-O-C) + C-H alkene 
disubstituted (trans); ν(C-N-C)  in amine 
(secondary and tertiary), ν(C-S) 
- ν(C-N) 

Sq-PEI-

FITC /5c 

3700-3200 cu peak la 3433 
3050 (sh), 2959, 2928, 2850 
 
1650 
 
1636 
1573 
 
 

- ν(N-H) (NH2, NH in amide and imine) 
- ν(C-H) din (=CH vinylidene and 
aromatic, CH3, CH2) 
- ν(C=O) amide I (saturated) + ν(C=C) 
aliphatic + NH bend 
- ν(C=C) aromatic 
- superposing ν(C=C) aromatic and  
ν(C=O) in FITC + [ν(C=N) imine +  ν(C-N) 
+ NH def (amide II)] + amide III in 
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1463+1390 
 
1329, 1299 ,1211, 1108 
1171 
1021 
954 
915, 852, 812, 771 
771 

secondary thioamide 
- ν(C=C) aromatic + ν(C=O) sym + δ(C-
H) 
- ν(C-O) 
- (C-O) phenol (bend) 
- ν(C-S) + ν(C-N) in tertiary amine 
- (C-H) disubstituted alkene, ν(C-N) 
- CH aromatic (out of plane) bend 
- + NCS def 

 
The DNA binding ability of the Sq-bPEI based compounds was comparatively 

evaluated against bPEI by agarose gel electrophoresis investigations. Salmon DNA was 
used. 

As can be seen in Figure 11, the DNA compaction ability is decreasing in the 
order: Sq-PEI-G> Sq-bPEI> bPEI (5b>5a>bPEI (1.8kDa). Optimum N/P ratios found are 
of about 2, 6 and 7 respectively. 
 

 
 

 
 

 
 
Figure 11. Agarose gel electrophoresis registrations for the Sq-PEI developed carriers 

comparative to the used naked bPEI. 
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The N/P, respectively polymer carrier/DNA weight ratio is a critical design 
parameter to control both transfection efficiency and cytotoxicity. The transfection 
efficiency generally increases as the N/P ratio increases, but the cytotoxicity may also 
increase. Higher N/P ratios were found to be required in transfection, the free carriers 
affecting the cellular uptake pathway as well as the intracellular trafficking.23 Indeed the 
investigations of transfection of HeLa cells with reporter gene eGFP in the presence of 
bPEI (1.8 kDa) and the here developed carriers (Sq-bPEI/5a and Sq-bPEI-G/5b) 
indicated for Sq-bPEI and Sq-bPEI-G optimum values for N/P of 15 for 5b and 20 for 5a 
(Figures 12, 13). For N/P of 15 Sq-bPEI has a transfection efficiency 6.2 times higher, 
and Sq-bPEI-G 8.33 times higher than bPEI. For N/P of 20 the Sq-bPEI efficiency 
increases, becoming 10 times higher than that of bPEI , while the transfection efficiency 
of Sq-bPEI-G decreases, but still is 5 times higher than that of bPEI. From these data it 
is obvious that the lipidic moiety aggregation gives rise to increased local accumulation 
of bPEI chains yielding transfection efficiency increase. As expected from the vector 
design step guanidilation favored the complexation with DNA and also the penetration of 
the polyplex through the cell/nucleus membrane. 

The cytotoxicity dependence on N/P ratio for the 3 vectors is shown in Figure 14. 
As can be observed from the presented data the cytocompatibility is enough good and 
similar for the investigated vectors until a N/P ratio in the range of 10 to 15. Then it is 
slightly decreasing especially for the Sq-PEI based compounds.  
 

 
Figure 12. Fluorescence microscopy micrographs at different N/P values for Sq-bPEI-G 

and Sq-bPEI during transfection investigations on HeLa cells, with reporter gene eGFP 

(t=48h). 
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Figure 13. Comparative representation of Luciferase gene expression for bPEI (1.8 

kDa), Sq-bPEI and Sq-bPEI-G. 

 

Figure 14. Comparative cytotoxicity profiles of polyplexes formed with bPEI, Sq-bPEI 

and Sq-bPEI-G, respectively, based on PI assay. 

 

B. Non-viral vectors based on imines with hydrophobic/hydrophylic structure by 
Constitutional Dynamic Chemistry 
 

A literature survey reveals that highly efficient transfection was reached for non-
viral vectors with a spherical morphology and high charge density on the surface, the 

dendrimers being the most appropriates. Moreover, studies dedicated to the structure/ 
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transfection efficiency relationship indicated that very good results were obtained in the 

case of dendrimers with a high number of generations which contain hydrophobic units 

within, which facilitated the penetration of the nucleus membrane. On the other hand, 

the dendrimer synthesis and purification is a quite difficult step, time and effort 

consuming. 
In this context, our objective was to study the possibility of obtaining systems 

based on hydrophobic/hydrophilic structural blocks connected by imine linkages – 
reversible bonds which allow reorganizations by imination and trans-imination reactions, 
under the pressure of the obtaining a stable design with minimum surface energy which 
are spherical structures (Scheme 2).24,25 
 

A) B) 

Scheme 2. A) Synthesis of non-viral vectors based on polysiloxanic core; B) Graphical 

representation of the non-viral vectors based on a polyoxipropylenic core 

 
The success of the synthetic pathway was demonstrated by transmission 

electronic microscopy (TEM) images, which revealed spherical structures with 
nanometric diameter which correlate well with the compound structure (Figure 15). 

 

 

 

 
Figure 15. TEM images of JD1-PEG-PEI800, JD1-PEI800, JD1-PEI2000, TAS-PEI 

2000 (from left to right). 

Thus, the compounds based on the polyoxipropylene core and PEI800 (JD1-PEI 

800) had a diameter of 6 nm, that based on PEI 2000 (JD1-PEI 2000) of 23 nm, while 
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that based on PEG and PEI (JD1-PEG-PEI800) of 50 nm. On the other hand, the 
compounds based on polysiloxanic core and PEI 800 (TAS-PEI800) showed an average 
dimension of 20 nm, and that based on PEI 2000 (TAS-PEI2000) of 95 nm (Figure 15). 

The synthesized compounds formed polyplexis with DNA from salmon (250 per of 
basis) and also with DNA double stranded similar to the plasmidic DNA used in gene 
therapy (4800 per of basis). Their ability to complex the DNA has been followed by 
electrophoresis on agarose gel permeation. It was established that the compounds 
based on branched PEI have a better capability to diminish the electrophoretic mobility 
of the DNA on the agarose gel, starting for small N/P ratios: N/P=1 for JD1-PEI 2000;  
N/P=3 for JD1-PEI 800; N/P=300 for TAS-PEI800 and N/P-30 for (TAS-PEI2000). A 
representative electrophoretic image is given in Figure 16. 

 

 
Figure 16. Electrophoresis on agar gel of JD1-PEI2000, for the N/P ratios of 

1;5;10;50;100;200 

As a general remark, the compounds based on hydrophilic branched PEI 
demonstrated an excellent transfection efficiency on HEK 293T or HeLa cells, with close 
values to the SUPERFECT etalon and better values compared to the free PEI (Figure 
17). Among them, those based on polysiloxanic core exhibited better transfection 
efficiency compared to those based on polyoxipropylenic core. 

 
Figure 17. Visualization of YFP protein expression in HEK 293T cells transfected 

with JD1-bPEI2000/pEYFP (left) and bPEI2000/pEYFP (right) polyplexes at 

different N/P ratios. Bright fields (upper rows) and the same field of fluorescence 

images (middle rows) are presented for each polyplex at different N/P ratio. Scale 

bar 100 µm. 
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C. Non-viral vectors based on polyrotaxane structures, as gene delivery systems 
 

The present work have aimed to achieve a gene vehicle with a complex 
architecture, capable to accomplish a number of requirements, such as the following: to 
prove a convenient DNA packaging, transport and release, to exhibit a good 
biocompatibility and clearance, low cytotoxicity and a high transfection efficiency.  

All these aims have been satisfied through synergistic interaction of α,ω-bis-
propargyl-poly(ethylene oxide) of 1100 Da (PEG1100) with acrylated β-cyclodextrin 
(acryloyl-β-CD) with acryl unit/CD molar ratio of 3/1 and the propargyl groups of PEG 
were reacted with 1-(3-brompropyl)silatrane, forming polyrotaxane structures. Later 
acryloyl groups of β-CD were reacted with primary amine groups of branched 
polyethylenimine of 2 KDa (PEI2000), via Michael addition, giving a polycationic conjugate 
with the main role to condense nucleic acids (Figure 18). The branched PEI molecules, 
mainly those having molecular weights exceeding 25 kDa, have proved an excellent 
transfection yield, but with the drawback of a poor cytocompatibility. By contrast, PEI of 
low molecular weight (e.g. PEI2000) has shown proper cell viability, while causing a 
significant reduction in the rate of transfection.21,26,27 In this manner a substantial number 
of PEI2000 chains have been brought together to take part in the formation of a single 
macromolecular entity when a cumulative polycationic segment reached a molecular 
weight in the range of optimum effectiveness regarding gene transfer, higher than 25 
kDa. Moreover by using as end-capped the silatrane azide, as a bulky groups to prevent 
the slipping out of the β-CD molecules from PEG chain, helps to obtain more antitumoral 
and antimicrobial effects.28 The polyrotaxane structure consisted in a non-viral vector 
with a length of 30 nm and a cross section of around 10 nm, being much closed with 
histone dimensions; these aspects were demonstrated by molecular dynamics (MD) 
simulations (Figure 19). 

Acrylated β-CD was obtained by the esterification of C-6 hydroxyl groups of 
glucose units29 with acryloyl chloride (Figure 18). By adjusting the molar ratio of the two 
reaction partners, different substitution degree of β-CD can be obtained. The purpose of 
the esterification (acrylation) reaction is to introduce as reactive acryloyl groups as 
necessary to attain the most favorable N/P ratios of the final polyplexes that assure the 
highest transfection capacity. The acrylation of β-CD with 3.5 acrylated groups was 
confirmed by FTIR, 1H-NMR, 13C-NMR and 1H,13C-HSQC spectroscopy.30 

The synthesis of polycationic carrier was build based on the Michael addition 
reaction29 between the nucleophilic amino groups of branched PEI, and the double-bond 
of β-CD-acryl from polyrotaxane structures in absolute methanol, after 5 days the 
methanol was removed at room temperature, after that the product (viscous liquid) was 
redissolved in bidistilled water and dialyzed with a 3500 MWCO cutoff dialysis 
membrane for 7 days against double distilled water, followed by lyophilization. The 
postulated structure of the resulting polycationic carriers is depicted in Figure 18. To 
prove it, FTIR, NMR, and GPS analyses were performed.  
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Figure 18. The synthesis of polyrotaxane structures. 

 
By comparing the results obtained by NMR and GPS curve of cationic 

polyrotaxane resulted that the polyrotaxane is composed of PEG1000, β-CD and PEI2000 
in a molar ratio 1:9:27. 

Molecular dynamics (MD) simulations were performed using Maestro simulation 

environment in a parallelepiped box with 49582 water molecules, 786 Cl- ions and 138 

Na+ ions, to achieve system neutrality and a 150 mM salt concentration. The equilibrated 

structure has a rod-like shape with the longitudinal dimension of around ~13.5 nm and a 

transversal diameter of approximately ~ 6.7 nm, comparable to the in size of histone 

core of nucleosome dimensions (~6.5 nm). The bi-dimensional charts of the density of 

different components of the system gives us information about the internal structure of 

the aggregate. It can be observed the absorption of the negative Cl- ions and the 

exclusion of the positive Na+ ions from the interior of the aggregate. 
Results of Molecular Dynamics shown dsDNA: PEI interactions and the minor 

and the major groves of DNA are not changed by its interaction with PEI 
macromolecules (Figure 20). This results was confirmed by circular dichroism analyses. 
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Figure 20. Molecular Dynamic Simulation of dsDNA and experimental results by 

Circular Dichroism before and after interaction of dsDNA with PEI 

Figure 21 shows a comparison between the aggregate and the 
nucleosome/histone core structures. For the histone core the negatively charged 
arginine, lysine and histidine residues are represented as van der Waals spheres. 
 

 

Figure 21. Representation of polyrotaxane/dsDNA aggregate and histone core of 

nucleosome. 

MTT assays is an indirect measure of cell viability; measuring the changes in the 
mitochondrial dehydrogenase integrity, giving a dark blue product. The cytotoxicity of 
synthesized conjugates and of their polyplexes carrying plasmidic DNA was investigated 
on HEK 293T cell cultures, using the MTT assay. A cellular viability higher than 95 % 
was obtained for both uncomplexed polyrotaxane-PEI and its polyplexes with pCS2+MT-
Luc (Figure 22).  
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Figure 22. Cytocompatibility of the carriers. 

The transfection efficiency of the polyplexes based on the synthesized conjugates 
was determined by two complementary techniques: the fluorescence microscopy, to 
qualitatively evaluate the abundance of transfected cells (Figure 23), and by the 
quantification of transfection ability of polyplexes (Figure 24). The used polyplexes are 
carrying Luciferase gene (pCS2+MT-Luc) able to encode green fluorescent protein 
(eGFP). HeLa cells were transfected with polyplexes made by combining pCS2+MT-Luc 
plasmid with polymeric carriers. As it can be observed from Figures 23 and 24 for all 
tested N/P ratios, ROT-PEI polyplexes manifested the highest transfection efficiency. 

 

Figure 23. Transfection of HeLa cells with reporter gene eGFP by non-viral 
vector/pCS2+MT-Luc polyplexes . 
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Figure 24. Quantification of transfection 

ability of polyplexes, carrying Luciferase 

gene (The results are given as relative light 

units (RLUs) per 10 000 seeded cells). 

D. Biosynthesis and characterization of exopolysaccharides (EPS) from lactic acid 

bacteria, as precursors for non-viral vectors used in gene therapy  

 
Nowadays, due to an increased awareness on environmental problems, it has 

been developed an interest towards biopolymers, in order to develop environmentally 
friendly materials suited for high performance applications and for their traditional uses. 

The trend of orientation towards biopolymers and to design innovative products 
has led to a global resurgence of interdisciplinary research on bacterial 

exopolysaccharides (EPS). The inherent bioavailability and the non-toxic nature of EPS 
resulted in their use in many medical applications such as scaffolds in tissue 
engineering, systems for controlled release of drugs31 and many others. These 
biopolymers include, generally, capsular exopolysaccharides or a viscous substance 
form.32  

EPS with precise composition and low polydispersity index could be adequate 
functionalized to work as non-viral vectors for gene therapy. 
 

D.1. EPS biosynthesis from lactic acid bacteria  
EPS extracellular biosynthesis by lactic acid bacteria (LAB) fermentation was 

considered of interest for this project due to their structural and functional diversity and 
to their valuable effects. Factors influencing the EPS biosynthesis are the culture 
medium composition, the incubation conditions, such as the carbon and nitrogen source 
type, incubation time, agitation speed and incubation temperature.  
 

Fermentation condition 

We used only natural compounds for the culture medium compositions. The 
culture medium imitates the characteristic culture medium used for lactic acid bacteria 
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growth, with the following composition: 150 g/L commercial sugar, 30 g/L yeast extract, 
10 g/L milk powder, 0.05 g/L manganese sulphate and 0.2 g/L magnesium sulphate. 
The culture medium was sterilized 20 minutes at 120°C, inoculated with 10% of 48 
hours fresh inoculums (A600 nm=0.5) and incubated at 33°C, 48 hours. At the end of the 
fermentations process, the enzymatic inactivation of culture medium was made after.33 
This novel culture medium offers the possibilities to acquire a highest amount of 
exopolysaccharides obtained until now (26.6 g of freeze-dried exopolysaccharides/L 
culture medium) by using natural components instead of synthetic one for the 
fermentation processes. 
 
D.2. EPS extraction and purification 

First, all the proteins and cells were removed by precipitation with 20% 
trichloroacetic acid (TCA) and centrifuged 10 min at 4°C and 10.000 rpm (Beckman 
Coulter Allegra® X-22). The EPS precipitation and separation from culture medium was 
made following Tayuan A. et al.34 protocol. The EPS were washed 3 times with chilled 
ethanol, re-dissolved in DDW and dialyzed (14.000 Da cut-off) against distilled water for 
3 days at room temperature. For the gravimetric quantification, the EPS suspended in 
DDW was subjected to freeze-dryer process, in an ALPHA 2-4 LD Plus Freeze-Dryer, 
and the result was expressed as polymer dry mass in one litre of culture medium.35  

 
D.3. Physico-chemical characterizations of EPS 

FTIR analysis of purified EPS produced by Weissella confusa in natural culture 
medium FTIR spectra for EPS was compared with that of pure dextran and there were 
recorded in KBr pellet, using a Bruker Vertex 70 spectrometer and the (Figure 25). 

 

 
Figure 25. FTIR spectra of: pure dextran, Mw=40000 and purified EPS produced by 

Weissella confusa in natural culture medium. 

 
The characteristics bands at 2926 cm-1 for EPS sample and 2925 cm-1 for dextran 

were detected.36 The presence of the medium signals at 1668 and 1655 cm-1 for EPS 
and dextran, respectively, represent the bending vibration of C-OH groups of 
glucopyranosyl unit37 which suggest that the samples are saccharides. Peaks around 
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1458 and 1342 cm-1 were attributed to the asymmetric deformation of C-H bond, 
confirming the polysaccharide nature of the compounds.38 The presence of α-anomeric 
configuration and chair conformation of the glucopyranose units were confirmed by the 
presence of bands at 843 cm-1 for EPS sample and 845 cm-1 for dextran.39 Taken into 
account of all the similarities between the two spectra (EPS sample and dextran with 
Mw=40.000), we can assign a dextran structure for EPS sample biosynthesized by W. 

confusa in a natural culture medium. 
1H and H,C HSQC spectra show the characteristic signals of an 

exopolysaccharide (Figure 26). Based on previously reported data (Chen Y. et al., 2013) 
it was deduced that the exopolysaccharide produced by W. confusa was dextran.  

 

  
A) B) 

Figure 26. NMR spectra of EPS sample produced by Weissella confusa, recorded in 

D2O. A) 1H NMR spectrum, B) H,C HSQC spectrum. 

For quantitative monosaccharide analysis, hydrolysis of the purified EPS was 
needed (Tayuan A. et al., 2011). The HPLC analyses were carried out using a Perkin 
Elmer HPLC system with a Flexar Refractive Index LC Detector. The results (Figure 27) 
indicated that the glucose was the only monosaccharide of the EPS polymer. 

 

  
Figure 27. HPLC chromatograms for 

glucose standard and hydrolysed EPS 

sample produced by W. confusa strain 

fermentation in natural culture medium. 

Figure 28. GPC curve of EPS produced 

by W. confusa strain in a natural culture 

medium. 
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The gel permeation chromatography (GPC) measurements (Figure 28) were 
carried out on a device from Polymer Laboratories System (PL-GPC 120, Varian) 
instrument equipped with refractive index detector. As expected (Figure 4), four 
fractions, ranging from 102 and up to 106, were obtained after gel permeation 
chromatography. High molecular weight (HMW) material Mw=1.6 × 107 and 3.3 × 105 
g/mol, respectively include fraction 1 and 2, while low molecular weight (LMW 4.4 × 102 
and 1.6 × 102 g/mol, respectively) consist of fraction 3 and 4. A small polydispersity 
index of each fraction can be observed, meaning that each fraction is nearly 
monodisperse (fraction 1 - 1.29 PD; fraction 2 – 1.0 PD, fraction 3 – 1.18 PD). It is well 
known that the best controlled synthetic polymers have PD of 1.02 to 1.10 and step 
polymerization reactions yield a PD of around 2.0.40 

The TGA, DTG and DSC measurements were performed on a Maia F3 200 DSC 
device (Netzsch, Germany). By comparing the degradation profile of EPS sample 
biosynthesized by W. confusa strain with that of pure dextran (Figure 29A) it can be 
noticed that the EPS sample degradation presented a similar behavior to that of 
dextran.41 It may be observed from the second DSC heating curves of EPS sample and 
dextran (Figure 29B), that the dextran exhibits a glass transition temperature domain 
(Tg) at 220°C, as previously described in literature.42 
 

 
Figure 29. TGA and DSC analysis for EPS sample extracted from the natural culture 

medium inoculated with W. confusa lactic acid bacteria and pure dextran (Mn 40000). 

 
The EPS produced by Weissella confusa strain exhibited a lower Tg domain at 

205°C. This aspect may be explained by Weissella confusa strain producing a dextran 
with higher segmental chain mobility, probably due to a more amorphous structure. 

 

Conclusions: 

• Taking into account the results from FTIR, 1H-NMR, 13C-NMR, HSQC, HPLC 
and TGA/DTA analysis, the EPS extracted from the fermentative culture 
medium have a dextran structure, with 100% glucose composition.  
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• The high molecular weight detected by GPC analysis, classifies the EPS 
produced by W. confusa as a suitable candidate product for medical 
applications.  

• Taking into account the higher amount of EPS obtained by fermentation 
process (26.6 g of freeze-dried exopolysaccharides/L culture medium) and 
the natural culture medium compositions, this compound is obtained by an 
inexpensive procedure in a very short time and it can be attributed many 
applications. 

• The natural composition of culture medium is proper for obtaining pure EPS 
used in pharmaceutical field.  

• The obtained EPS structure can be suitable for functionalization in order to 
obtain a new class of transfection core. 
 

E. The desing and development of an equipment for the synthesis of 

hydroxyapatite (nano)particles in the presence of biomacromolecules 

 
 During the stage 2013 of the project, a patent pending was subjected on a 
practical procedure to control he characteristics of the hydroxyapatite particles 
synthesized in the presence of biomacromolecules, as templates. The patent pending 
was registered at OSIM-București with the number A00710 / 27.09.2013. In the 2016 
stage, an equipment was designed, developed and tested, for the control of the 
synthesis of hydroxyapatite particles in electric field, in capacitive regime. The new 
patent pending was also registered to OSIM- București, with the number A00615 / 
07.09. 2016. Figures 30 and 31 describe the equipment parts. 
 The problem solved by the patented invention consists in the elimination of the 
secondary effects induced by the direct contact of the aqueous synthesis milieu with the 
electrodes. The equipment allows to control the crystallinity degree, the dimensions, the 
morphology and the phase distribution of the synthesized calcium-deficient 
hydroxyapatite. The inventive solution consists in: 
- the separation of the reaction milieu and the electrodes by an impermeable and 
dielectric barrier;  
- the number, form and placement geometry of the electrodes that act as plates of 
the capacitive system;  
- the method of reduction of the ripple of high voltage sources; 
- the control diagram of the electric potential time evolution (value, polarity, 
frequency, harmonic or disharmonic form). 
 The equipment is composed by: 

- the reaction vessel (1); 
- the electric circuits, including the electrods (3, 3’); 
- the high and low voltage sources (8 and 6, 6’); 
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 - an electronic circuit for ground potential rise of the electric ground of the  
electronic command blocks, against the null potential of the capacitive 
system (9); 

 - the digital system for the time evolution of the working potential of the 
electrodes (7); 

 - four systems to assist the synthesis of hydroxyapatite: 
 - a protection system against electrostatic discharge (10); 
 - a thermostatic system to control the temperature of the liquid in 

the reaction vessel (11); 
 - a dosing system for the necessary reagents (12); 
 - a mixing / recirculation system for the content of the reaction 

vessel (13). 
The equipment was used to produce collagen – hydroxyapatite mixt scaffolds for cells 
culturing and transfecting. 
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Figure 30. The block scheme of the patented equipment. 
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Figura 31. The functional scheme of the patented equipment. 
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Objective 2’. Drug delivery systems  
 
2’.1. Smart nanoparticles based on Pullulan-g-poly(N-isopropylacrylamide) for 
controlled delivery of indomethacin 
 

In the last ten years, researchers have been deeply involved in smart drug 
delivery systems that are able to release the therapeutic payload ”on demand”.43  

Nanoscale drug delivery vehicles formulated from biocompatible and 
biodegradable thermoresponsive polymers represent a promising approach to lipophilic 
drug delivery. Poly(N-isopropylacrylamide) (pNIPAM), due to its special property, has 
been used in this study for synthesis of copolymers with pullulan and then for stimuli-
responsive polymeric micelles for drug delivery purpose. pNIPAM exhibits a reversible 
phase transition in aqueous solution at about 32oC, which is known to be the lower 
critical solution temperature (LCST).44 The micelles can be constructed when the 
temperature is raised above the LCST of the block copolymers containing pNIPAM, 
where pNIPAM forms the hydrophobic core or by nanoprecipitation below LCST in the 
presence of a hydrophobic drug. The block copolymers compose the so-called 
thermosensitive micelle-forming polymers. In order to develop new nanoparticulate 
thermoresponsive carrier with good entrapment efficiency for lipophilic drugs, double 
hydrophilic thermo-responsive pullulan-g-poly(N-isopropylacrylamide) (P-g-pNIPAM) 
copolymers with two different molecular weight of thermosensitive grafts were designed 
and synthesized and used for preparation of indomethacin-loaded nanoparticles by 
dialysis and nanoprecipitation method. The polymers form aggregates in aqueous 
solution at a concentration of 10 g/L, above their critical aggregation concentration (3.36 
g/L) and below the lower critical solution temperature (LCST). FT-IR spectra proved that 
the main driven force for the aggregation was the hydrogen bonding between 
indomethacin and the pNIPAM side chains of copolymer. After indomethacin loading, 
nanoparticles with compact and uniform structure were formed below the LCST. The 
effects of copolymer composition, concentration, and the feed polymer/drug ratio on the 
particle size, drug loading content (DLC) and entrapment efficiency (EE) were 
investigated. DLC increased with drug feeding, reaching a maximum value of 40 % at 
the ratios of 1/1.  The size of IND-loaded P-g-pNIPAM nanoparticles decreased with the 
increase of molecular weight of thermoresponsive fragments, the loading amount of 
drug and the concentration of copolymer. Smaller particles (145 nm) with narrower size 
distribution were obtained from polymer with a higher molecular weight of pNIPAM 
grafts. The drug entrapment efficiency was up to 80 % when the weight ratio of 
IND/polymer was 1/1 and for a 10 g/L polymer concentration. The indomethacin release 
rate from nanoparticles was influenced by temperature, because of the dissociation of 
the hydrogen bonds at high temperatures, the degree of drug loading, and the pH of the 
release media. 
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2’.2. Inclusion complexes of propiconazole nitrate with substituted β-
cyclodextrins. Synthesis and characterization 

 

The study is driven by the fact that fungal infections are an important health issue 
fueled by the recent advancements in medical care, while azoles, diazoles and triazoles, 
like PCZH-NO3, are the largest and most widely used class of antifungal agents. The 
first main objective of this study is to report the synthesis and characterization of the 
inclusion complexes formed by propiconazole nitrate (PCZH-NO3) with sulphobuthyl 
ether β-cyclodextrin (SBE7-β-CD, Captisol), sulfated β-cyclodextrin (β-CD-SNa) and 
monochlorotriazinyl-β-CD (MCT-β-CD) (Figure 32). The second main objective is to 
biologically test inclusion complexes. The obtained results intend to confirm the 
supramolecular compounds formation, to establish the combination ratio and the relation 
between structure and stability and to assess the antifungal activity and the cytotoxicity 
of the inclusion complexes.45,46 

 

 
Figure 32. The chemical structures of PCZH-NO3, β-CD and its derivatives used in 

this study. 

 

The inclusion complexes of different cyclodextrins with PCZH-NO3 were prepared 
by freeze-drying method, using 1/1 v/v water/ methanol solutions, of, SBE7-β-CD, MCT-
β-CD, β-CD-SNa and PCZH-NO3 in a 1/1 molar ratio. The solution mixtures were 
steered until turbidity appears and then were subjected to lyophilization. Inclusion 
complexes are presented in the form of white powder, with yields close to 100% as 
demonstrated by DSC studies.47 

The formation of the inclusion complexes were confirmed by NMR experiments. 
Due to the complexity of the system containing cyclodextrin random substituted 
(stereoisomers) the formation of the inclusion complexes was deduced from the 
chemical shift changes of the PCZH-NO3 aromatic protons. 1H-NMR spectra of the 
inclusion complexes showed changes in resonance frequencies for the aromatic protons 
of both the triazole and 2,4-diclorophenyl group. The chemical shifts variation were 
attributed the perturbation of these protons due to the complex formation. The formation 
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of the inclusion complexes was further confirmed from ROESY experiments. The 
ROESY spectra of the MCT-b-CD/PCZH-NO3 and SBE7-b-CD/PCZH-NO3 inclusion 
complexes showed intermolecular NOE cross-peaks between triazole and 2,4-
diclorophenyl rings from PCZH-NO3 and the protons from the inner cavity of the CD 
derivatives (Figure 33). Thus, it might be concluded that two types of inclusion 
complexes simultaneously exist in the solution: a first type, when the 2,4-diclorophenyl 
ring enters into the CD cavities, and a second type, when the triazole ring is inside the 
CD cavities. These data suggest a multiple conformers coexistence, which is a 
confirmation of the previous theoretical results.12 

 
Figure 33. ROESY spectra of (A) SBE7-b-CD/PCZH-NO3 and (B) MCT-b-CD/PCZH-

NO3 inclusion complexes. 

 
The 2D ROESY spectrum for β-CD-SNa/PCZH-NO3 was not conclusive, possibly 

because the –SO3
- radicals are directly linked to the hydroxylic oxygen of the 

cyclodextrin. 
 
The association constants (Ka) of the inclusion complexes were determined by 1H-

NMR titration of protonated propiconazole nitrate with each cyclodextrin using the 
chemical shifts of the 2,4-dichlorophenyl protons and by applying the NMR version of 
the Benesi-Hildebrand equation. In this experiment, the 1H-NMR spectra of different 
mixtures of PCZH-NO3 and cyclodextrins were obtained by keeping the concentration of 
PCZH-NO3 constant and varying the concentrations of the cyclodextrins. The double-
reciprocal plots of the NMR version of the Benesi-Hildebrand equation gave straight 
lines, confirming the 1:1 stoichiometry of the inclusion complexes. 48 The values of the 
association constants were 1050 and 250 M-1 for SBE7-b-CD and MCT-b-CD, 
respectively. 

The antifungal activity of the complexes was assessed on 20 Candida spp. clinical 
isolates (10 Candida albicans + 10 C. glabrata) growing as planktonic phase. The in 

vitro susceptibility testing was performed following the EUCAST EDef 7.2 guidelines.49 
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Against planktonic yeasts, all four complexes exhibited antifungal activity at low and 
similar concentrations (Figure 34A). The experiments showed that, in the majority of 
cases, the minimal inhibitory concentrations (MIC) were in agreement with differences 
confined within the accepted ± 1 log2 dilution interval.50 This suggested that the nature 
of the cyclodextrin does not significantly influence the in vitro behavior of PCZH-NO3 
towards fungal cells. 

To assess the cytotoxicity, the CellTiter 96®AQueous One Solution Cell 
Proliferation Assay (Promega) was performed on normal human dermal fibroblasts - 
NHDF (PromoCell) by following the protocol recommended by the manufacturer.51 The 
nonlinear regression curves (Figure 34B) showed the inclusion complex of PCZH-NO3 
with the parental β-CD to be more toxic than the complexes with the three β-CD 
derivatives. The half maximal inhibitory concentrations (IC50) were two to three orders of 
magnitude higher than the concentrations required for antifungal activity. 

 
Figure 34. The biological activity of the inclusion complexes. 

A: MIC agreement between the four tested inclusion complexes based on PCZH-NO3 

and β-CD or its derivatives against C. albicans isolates; B: The cytotoxicity of the four 

inclusion complexes based on PCZH-NO3 and β-CD or its derivatives - nonlinear fit of 

the dose response curves. The dotted lines indicate the IC50 values. 

 

Conclusions 

The 1H- and 2D ROESY NMR studies demonstrated the formation of host-guest 
inclusion complexes between protonated propiconazole nitrate and three b-cyclodextrin 
derivatives. 

NMR titration-measured association constant values highlight that PCZH-NO3 
form the most stable inclusion complex with SBE7-b-CD, probably due to the 
interactions of the dioxolanyl and triazolic cycles with the glycosidic oxygens or the        
–SO3

- groups of the cyclodextrin. Additionally, the titration experiments data were furnish 
the ratio complexation between the two components, which is 1:1 for all cases. 

The lack of significant differences in the antifungal susceptibility tests and the 
differences in cytotoxicity between the complex with the parental β-CD and the 
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complexes with β-CD derivatives suggest that the type of cyclodextrin may be more 
important for the interaction of the compounds with the infected host than it is for the 
actual antifungal activity. 

 
 
2’.3. New hybrid materials based on layered double hydroxides (LDHs) as drug 
delivery systems 
 

Layered double hydroxides (LDHs) represent a class of materials characterized 
by layered structure, in which the lamellae are positively charged and stability of the 
structure is ensured by the anions which connects adjacent layers in an electrostatic 
way.52 LDHs are biocompatible materials, and can be explored as matrix for 
biomolecules/drugs storage and controlled release systems.53–55 It was reported that the 
intercalation of the drug molecules in the layered double hydroxides matrix do not only 
reduces the negative effects of the drug, but in some cases, there is an increase in drug 
solubility.56 Tramadol hydrochloride (TrH) is an opioid used to treat moderate to 
moderately severe pain. TrH is fast processed by the human body and therapeutic effect 
is lost in only four to approximately six hours and for maintain its effect must be 
administred five daily doses. Therefore, several systems for controlled release of TrH 
have been developed using montmorillonite composites, ethyl cellulose microparticles, 
ion-exchange fiber etc.57 

In this context, we focused on obtaining new hybrid materials based on layered 
double hydroxides (LDHs) able to act as effective drug delivery systems. Tramadol 
hydrochloride (TrH) has been chosen as model drugs, being intercalated in a ZnAl 
nitrate LDH matrix by anionic exchange method. TrH was used in different amounts 0.1, 
0.4 and 0.8 g for each 2 g ZnAlLDH.58  

The XRD diffractograms (Figure 35) shows symmetric reflections of the basal 
(003), (006), (009) and (110) planes, characteristic to layered materials. According to the 
XRD data, the intercalation of the TrH molecule it was carried out only in the case of 
ZnAlLDH_TrH 0.4 and ZnAlLDH_TrH 0.8 samples, when occurs an increase of the 
interlayer distance from 8.74 Ǻ for ZnAlLDH to 9.29 Ǻ and 11.55 Ǻ for the hybrid 
compounds. In the case of ZnAlLDH_TrH 0.1 intercalation has not been performed 
(there is no shifting in XRD diffractogram), but occurred the TrH adsorption only on the 
LDHs surface. 

FT-IR and Raman spectroscopy gives us information about the nature of the ions 
present between layers. In the FT-IR spectra of hybrid materials can be observed 
characteristic absorption bands to LDH matrix with a number of characteristic vibration 
bands of TrH (Figure 36). 

EDX analysis confirms the presence in the hybrid compound of TrH molecules, by 
increasing the carbon percentage and by the chlorine presence from TrH molecules The 
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SEM micrograph of the ZnAlLDH shows a porous structure with particles of regular 
hexagonal shape in the size range of 1-1.5 µm (Figure 37). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 35. (A) XRD patterns of ZnAlLDH, ZnAlLDH_TrH 0.1, ZnAlLDH_TrH 0.4 

and ZnAlLDH_TrH 0.8; (B) Three-dimensional size of TrH and proposed model for the 

orientation of the TrH in the interlayer space. 
 

The obtained results point out the presence of the TmH in the interlamelar space in 
the case of ZnAlLDH_TrH 0.4 and ZnAlLDH_TrH 0.8 when a larger amount of TrH was 
used for the ion exchange. The FTIR and RAMAN spectra points out the absence of 
vibration bands characteristic to nitrate ions, which also confirms their replacement with 
TrH anions. In the other cases was observed the partial TmH intercalation and a 
significant absorption on the surface of ZnAlLDH.  

In conclusion, this study suggests that TmH can be intercalated into ZnAlLDH, and 
the new hybrid materials could open interesting perspectives for obtaining the drug 
reservoirs and controlled release systems. 
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Figure 36. (A) FT-IR and (B) RAMAN spectra recorded for indicated samples 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 37. (A) EDX spectra of ZnAlLDH, ZnAlLDH_TrH 0.1, ZnAlLDH_TrH0.4 

and ZnAlLDH_TrH0.8; 

(B) SEM micrograph for ZnAlLDH and ZnAlLDH_TrH0.8 
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Objective 3. The evaluation for transfection of structured composites 
loaded with polyplexes 
 
3.1. The evaluation for transfection of structured composites loaded with 
polyplexes 
 

Besides nanotechnology and natural biomaterials (as was mentioned at Objective 
2), another important strategy for optimizing the structure of non-viral systems and the 
delivery mode of DNA carried by the non-viral systems, involves the integration of 

gene delivery vectors into scaffolds (considering their unique properties such as 
biodegradability, biocompatibility, and controlled release, emphasizing the lowering of 
risk of toxicity at high-dose applications). Also, scaffold-mediated non-viral gene delivery 
holds the advantage to function as a gene reservoir able to generate a sustained 
expression of a particular protein in the cells in the vicinity in vitro and in vivo, after 
implantation. 

In this context, efficient and controlled gene delivery from biodegradable materials 
was proved to stimulate cellular processes that lead to tissue regeneration.59–61 Scaffold 
mediated gene delivery can provide a fundamental tool to promote sustained 
(prolonged), localized transgene expression, which can be employed to direct cellular 
processes for numerous tissue engineering applications. In comparison with the most 
short half-lives of biological factors (related to protein degradation or diffusion from the 
defect site), DNA retains its structural and functional integrity in many solvents, this 
combination of both approaches from gene delivery and tissue engineering offering the 
potential to bypass the use of expensive and relatively inefficient growth factor 
supplementation strategies to augment cell behavior. This strategy allows overcoming 
extracellular barriers to efficient plasmid delivery, also avoiding laborious synthesis steps 
(required to achieve the multifunctionality related to these barriers surpassing).  

3D scaffolds based on natural polymers and condensed DNA inclusion in the 
matrix was found to be recommended in order to achieve high efficacy and safe profile 
for gene therapy.62–65 The main arguments are: 

1. The sustained release of plasmids (pDNA) can be modulated by tailoring the 
scaffold chemistry, topology, architecture through processing parameters 
control. 

2. Scaffolds based on natural polymer components are functionally superior 
providing a biomimetic extracellular matrix and informational signaling 
molecules (such as gelatin, collagen, and glycosaminoglycan (GAG)), 
increased biocompatibility and biodegradability. To control degradability and to 
avoid the disadvantage of such materials own inherently poor mechanical 
properties and processability a combination of biopolymers with synthetic 
polymers is a better strategy for scaffold construction. 



42 

 

3. Cell culture studies demonstrated that collagen matrices containing condensed 
pDNA (LIP or PEI) are effective in comparison to naked pDNA and pDNA 
matrices (which use is also related to some cytotoxicity due to the high dose). 

4. Such systems offer protection from rapid degradation by nucleases (both due 
to the matrix and DNA condensation). 

5. The gene transfer efficiency is increased due to the large surface area 
provided by the matrix, and increased gene expression in cells migrating into 
the matrix. 

 
In this context the objectives of the present study were: 
a) the examination of the effects of incorporating the Sq-PEI polyplex 

(Scheme 1) in a hybrid biomimeting macroporous 3D matrix /scaffold for hard tissue 
regeneration; 

b) the comparison with other non-viral complex transfer system based on 
pDNA/DNA embedded in similar matrices with alternative hyperbranched hybrid bPEI –
based condensing agents, having a fullerene (C60) or siloxane core (Figure 38 and 39). 
According to preliminary data for Sq-PEI, C60-PEI and cD4

H-PEI N/P ratios of 10,30 and 
60, respectively26,27 were chosen for further investigations on the immobilization effect of 
these non-viral/DNA complexes to hybrid hydrogels based on biopolymers/synthetic 
polymers/nanohydroxyapatite. Also, the used non-viral vectors were labelled with 
fluorescein isothiocyanate (FITC), a derivative of fluorescein used in wide-ranging 
applications, including UV-Vis, fluorescence and flow cytometry. 

 

 

 

Figure 38. bPEI based vector 
with C60 core. 

Figure 39. bPEI based hyperbranched vector with 
cD4

H core. 
 

Non-viral vector loading in hybrid macroporous scaffold. In vitro gene delivery 

and expression  
In this report we have developed complex systems by immobilization of already 

mentioned polyplexes, to previously synthesized macroporous hybrid scaffolds (2015-
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project report), with optimized architecture, pore structure and mechanical strength for 
bone repair. Envisaging their evaluation for hard tissue regeneration the selected 
formulation included two biopolymers, main ECM components (protein/atelocollagen and 
GAG/hyaluronic acid derivative), a poly (ε-caprolactone) derivative (PCL), a synthetic 
polymer, acting as a cross-linker and degradation rate controller, and nano-
hydroxyapatite surface functionalized with linear polyethylenimine (LPEI, 1.8kDa). The 
surface functionalization and nano-range dimensions of inorganic material favored its 
uniform distribution in the polymeric matrix, with increased cohesivity and mechanical 
properties. Cryogelation was selected as a preparative strategy in order to insure the 
required morphology (interconnected pores with dimensions from 80 µm to ~110 µm) 
and porosity. Its composition was designed to allow specific interactions with the 
polyplexes and their components (Figure 40).  

The basic formulation was prepared by incubating the scaffold in polyplex 
aqueous solution at room temperature, for 60 min, followed by lyophilization. To not 
lower the mechanical resistance a content of 5% genetic material relative to the porous 
matrix was chosen, while the vector amount was calculated as mentioned before. 

For DNA release examination FITC labeled vectors (Sq-bPEI-FITC and C60-
bPEI-FITC) were used. For examination of the effect of vector embedding strategy, in 
the case of C60-bPEI-FITC a first sample was prepared as mentioned, and a second 
one was prepared by inclusion of the carrier alone in the feed formulation for the cryogel 
synthesis  

Indeed, according SEM observation data, due to the high matrix functionality the 
polyplex could be immobilized by non-covalent interactions not only at the scaffold 
surface, but also inner pores (Figure 40). During incubation a clearance of the polyplex 
dispersion was observed, suggesting that specific interactions developed preferentially 
between polyplexes and matrix components. For the cryogel including C60-bPEI-FITC in 
the formulation from starting synthesis it is obvious an increase in pore walls dimension. 
Particles with dimensions in the range of 500-700 nm uniform embedded in the matrix 
materials are visible. The bPEI-based materials retention was confirmed also by EDX 
data (Figure 40).  

The mechanism of DNA transfer from the substrate was characterized by 
examining vector and DNA release from the substrate. To study the release kinetics, 
hybrid matrices were immersed in water and incubated at 37ºC on a shaker at 100 rpm. 
At different time points, 100 µl supernatant was separated from the matrices, diluted 100 
times and analyzed by fluorescence and UV-VIS methods. In the second case the 
examination was performed against appropriate blanks containing supernatants from the 
sample containing only hybrid cryogel without carriers or polyplex. The samples were 
also evaluated for integrity of the released pDNA (by electrophoresis). At each time 
point, fresh bidistilled water was replenished. 
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Figure 40. SEM micrographs and EDX data confirming polyplex efficient adsorbtion and 

C60-bPEI-FITC inclusion in the cryogel structure. 

 

For the system containing hybrid cryogel and Sq-bPEI-FITC /salmon DNA mixture 
the results are presented in Figure 41. Even if wt:wt ratio of the vector:DNA in this case 
is 2, in the first 24 h 10 times higher amount of vector than AND is released, suggesting 
that mostly the free carrier is slightly adsorbed at the matrix surface. The graphs 
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evidence the maintenance of an elevated concentration of DNA within the matrix 
microenvironment via sustained release.  

The released pDNA was analyzed by gel-electrophoresis for structural integrity 
(1% agarose, 0.1 mg% ethidium bromide in TES buffer, 100 V, 45 min). No modification 
was found over the experiment duration. 

 

 

Figure 41. Quantitative release evaluation 

of (a) Sq-bPEI-FITC (wt% of total vector 

amount loaded), (b) salmon DNA (wt% of 

total DNA amount loaded) and (c) (wt% of 

total vector and DNA amount loaded) from 

hybrid matrix. 

 

 

Figure 42. Transfection 

efficiency comparatively 

evaluated over time for 

different systems; C- 

control cells (HEK 293T 

cell line); DNA: cells 

incubated with naked 

pDNA; D4: cells incubated 

with cD4
H-PEI/ pCMV-luc 

(N/P=60); PEI: cells 

incubated with PEI25k/ 

pCMV-luc (N/P=2). 

 

Preliminary studies verified that in vitro released genetic material exhibited 
transfection capability. The comparative in vitro study of transfection efficiency for 
polyplex formed by cD4-bPEI with pCMV-luc (N/P=60) comparative with 
uncomplexed/naked pCMV-luc and even with bPEI (25kDa)/ pCMV-luc polyplex, 
(N/P=2) embedded or not in the hybrid matrix, evidenced higher gene expression levels 
for the polyplex cD4-bPEI(1,8 kDa) / pCMV-luc (Figures 42 and 43) in both cases. 
Prolonged expression (even after 196 h as compared to scaffold free systems with 
activity limited to 86h) was obtained, at enough good level, for the complex 
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polyplex/scaffold system without affecting cells. Evaluation of gene expression over time 
mediated by the hybrid matrices was carried out on HEK 293T cell line. 

The experiments confirmed also that the presence of the blank matrices neither 
hampered the transfection ability of the cells nor had any toxic effects. 
 

matrix C- pEYFP D4, sample I D4, sample II PEI 

48 h 

    
96 h 

    
168 h 

    
without 

matrix C- pEYFP D4, sample I D4, sample II PEI 

48 h 

    
96 h 

    
168 h 

    

Figure 43. Cell culture images. Evolution over time for the investigated systems; 

C: control cells (HEK 293T cell line); pEYFP: cells incubated with naked EYFP plasmid; 

D4: cells incubated with cD4
H-PEI/pEYFP (N/P=60); PEI: cells incubated with 

PEI25k/pEYFP (N/P=2). 

 
The same matrix but in this case containing C60-PEI immobilized in the walls has 

been tested to investigate its capacity to deliver the encapsulated polyplexes to the cells 
cultured in their presence and to test its ability to perform cellular transfection. The 
polyplexes between C60-PEI immobilized in the matrix's walls and plasmid DNA were 
formed by hydrating the matrix in water containing plasmid pEYFP (encoding the 
fluorescent protein YFP) at a concentration so as to obtain a ratio of nitrogen atoms in 
the polymeric compounds and phosphorus atoms DNA (N/P) of 30.  
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The ability of matrix to deliver the encapsulated polyplexes and to perform cellular 
transfection was tested using HEK 293T cells by following the expression of protein 
encoded by the delivered plasmid. Moreover, the cytotoxicity of degradation products of 
matrices with loaded polyplexes resulted after their incubation for different periods of 
time (24h, 48h and 72 h) at 37°C in DMEM culture medium supplemented with 10% fetal 
calf serum was tested on HEK 293T cells after exposure for 48 hours to medium 
containing the degradation products of matrices. 

The ability of matrix containing C60-PEI included in the matrix walls to mediate 
the transfection of plasmid pEYFP (complexed with C60-PEI imobilized in matrix) in HEK 
293T cells was tracked using the fluorescence microscopy. Phase contrast images 
superimposed on the fluorescence fields can be seen in Figure 44. It can be seen a 
good transfection of cells incubated with free C60-PEI/pEYFP polyplexes at 3 and 6 
days of incubation, the expression of fluorescent protein lasting up to 13 days in few 
cells. When poliplexes were formed between plasmid pEYFP and C60-PEI immobilized 
in the matrix walls, can be observed that after 3 days of incubation matrix/polyplexes 
with cells, the polyplexes formed in the matrix are capable of performing transfection in 
cultured cells incubated in the presence of matrix. This suggests that polyplexes are 
released from the matrix and are able to induce the expression of fluorescent protein in 
the cells. The expression of fluorescent protein is observed up to 13 days of incubation 
between matrix/polyplexes and cells. It may be noted a progressive degradation of the 
matrix starting from 6 days of incubation at 37°C in the presence of cells. At 17 days, 
when the matrix integrity is seriously degraded, the presence of the fluorescent protein 
in cells is no longer seen. 

The flow cytometry results depicting the level of fluorescent protein expression 
induced by polyplexes C60-PEI/pEYFP free or embedded in matrix over time are shown 
in Figure 45. At defined time points, cells were harvested from culture plates and 
investigated using flow cytometry. It can be observed a high percentage of cells 
expressing YFP protein (approx. 45%) at 3 days of incubation of the cells with matrix 
containing C60-PEI/pEYFP polyplexes. By comparison, the incubation of cells with free 
C60-PEI/pEYFP polyplexes induces the expression of fluorescent protein in more than 
65% cells at 3 days and about 20 % cells  express fluorescent protein after 6 days. 

 



48 

 

 
Figure 44. Fluorescent protein expression in HEK 293T cells incubated in the 

presence of matrix containing polyplexes formed between C60-PEI included in the 

matrix walls and pEYFP at a ratio N/P =30. As a control, are shown images obtained 

when using matrix in the absence of pEYFP and images obtained when transfection was 

performed with free polyplexes C60-PEI/ pEYFP (N/P = 30) or free pEYFP plasmid. The 

images represent the overlap between fluorescence and phase contrast images. Bar: 

500 µm. 
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Figure 45. The expression of fluorescent protein YFP in HEK 293T cells 

incubated with polyplexes formed between C60-PEI immobilized matrix and pEYFP 

(matrix C60-PEI/pEYFP), matrix without plasmid (matrix C60-PEI), free polyplexes (C60-

PEI/pEYFP) and free pDNA (pEYFP), analyzed over time using flow cytometry. 

Histograms present cell count versus fluorescence measured in FL1 channel (a) and 

statistical representation of % of YFP protein positive cells (b). 

 

The effect of matrix degradation products on the viability of HEK 293T cells 

It has been followed the viability of HEK 293T cells at 48 hours of incubation in 
the presence of degradation products after incubation of the matrix containing the vector 
C60-PEI immobilized in the walls, in the absence or presence of plasmid pEYFP (to 
obtain a ratio N/P = 30 with C60-PEI) for 24, 48 and 72 hours at 37°C in DMEM culture 
medium supplemented with 10% fetal bovine serum. Results of a representative 
experiment performed in triplicates for cells incubated with matrix degradation products 
are shown in Figure 46. It can be seen a decrease in cellular viability by about 20% for 
matrix containing C60-PEI in the walls in the presence or absence of pEYFP at N/P = 
30. Incubation with solutions of plasmid exposed to 37°C for various times had no effect 
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on cell viability, whereas the incubation with solutions containing free C60-PEI/pEYFP 
polyplexes (N/P=30) causes a decrease in viability with about 30-40%. 
 

 
Figure 46. Cytotoxicity of degradation products resulted after incubation at 37°C 

in mediu with serum for various times of the matrix containing the vector C60-PEI 

immobilized in the walls, in the absence or presence of plasmid pEYFP or free 

polyplexes C60-PEI/pEYFP and free plasmid pEYFP on HEK 293T cells. The results are 

expressed as a percentage of control cells incubated in culture medium in the absence 

of degradation products which was considered 100% viability. 

 
In conclusion in the case of the matrix constructed with C60-PEI immobilized in 

the walls: 
(1) the polyplexes obtained with a plasmid encoding a variant of green fluorescent 

protein (pEYFP) at an N/P=30 determine the expression of protein encoded by the 
plasmid in about 40% of cells incubated in the presence of matrix/polyplexes for 3 days. 
Cells expressing the fluorescent protein can be observed for periods of time up to 13 
days of culturing in the presence of matrix C60-PEI/pEYFP. The degradation of matrix 
occurs gradually, and at 17 days of incubation an advanced degradation is observed. No 
obvious cytotoxicity of matrix/polyplexes was noticed on HEK 293T cells; 

(2) The degradation products of matrices containing C60-PEI resulting from 
incubation of matrices in culture medium with serum for 24, 48, 72 hours did not have a 
drastic effect on cell viability, causing a decrease in cell viability by approximately 20% 
after 48 hour of incubation of the HEK 293T cells in the presence of matrix degradation 
products. 
 

 

The scientific results obtained during 2015 
in the frame of PN-II-ID-PCCE-2011-2-0028 project 
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