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SCIENTIFIC REPORT on phase 2012-2014 

 

Objective 1. THE DESIGN AND DEVELOPMENT OF BIOMIMETIC SYSTEMS FOR 

TRANSFECTION 

Gene therapy is an experimental technique that utilizes genes to treat or prevent diseases, 

including some types of cancer, inherited disorders and certain viral infections. Whatever gene 

therapy tries to supplements humans bearing defective genes with the correct ones. If this can 

be achieved, the production of affected proteins, possibly involved in diseases, can be 

suppressed, and the treated cells could biosynthesize the correct and effective protein (Figure 

1).1 This approach requires delivering into the targeted cells a complete gene, with thousands 

of nucleotides. 

 

 

Figure 1. A schematic example of gene therapy. 

 

Although gene therapy provides not only treatments which manage the symptoms but 

is a permanent solution for individuals who have inherited unhealthy genes, anyway the 

technique remains risky and is still under study to make sure that it will be safe and effective.  

The major problem in this approach is the proving of the correct delivery. The key to 

success of gene therapy is finding a safe and efficient gene delivery vehicle. 

One hopes to solve the problems with two classes of gene carriers: (i) viruses or (ii) 

“artificial viruses”, also named non-viral vectors. The last ones are cargo-complexes or 

conjugates between viruses and nucleic acids (dsDNA, ssDNA, RNA). When the carrier is of 
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polymeric type, the resulted cargo-complexes are named polyplexes. Usually, the polymers are 

polycations of linear, branched or dendrimeric type, which are able to generate nanoparticles, 

per se or after nucleic acids binding. The most actual carriers can load special types of genetic 

effectors which interfere in the mRNA translation, or with specific mRNA molecules, thereby 

inhibiting the translation of the information at the ribosome (antisense approach), or modulating 

the transcription.  

Gene delivery is an elaborate and sophisticated task, which requires the surpassing of 

multiple barriers. In this context, gene delivery cargo-complexes must to obey some constraints, 

as resumed in Figure 2.  

(i) To form stable cargocomplexes
with nucleic acids (DNA or RNA), 
having large association and  
small dissociation constants. (ii) To be stable under 

physiological conditions 
in all biological fluids.

(iii) To be highly 
specific in relation
with cells receptors.

(iv) To be able to penetrate the cell 
and nuclear membranes, in order to 
reach the most efficient place of 
action.

(v) To release the carried 
polynucleotides in a 
controlled manner.

 

Figure 2. Requirements imposed to the gene delivery “tools”. 

 

In particular, multiple studies have focused on the development of cationic polymers2,3 

which can condense nucleic acid by ionic interaction – forming polyplexes – and escape from 

endosome effectively, using proton buffering capacity.4 Polyplexes cannot readily cross over 

plasma membrane due to their size and hydrophilicity; instead, they are internalized by 

endocytosis. While, the highest possible gene size that can be delivered by a virus is 8 kDa, that 

with a non-viral vector is at least 50 kDa. Also they can reduce DNA susceptibility to nucleases, 
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and their positive charges sustain the binding of the complex to the negatively charged cell 

surface, and improve the chances of internalisation. Despite the advantages of non-viral vector 

systems, they low transfection efficiency represents a major limiting factor for clinical 

application, and efforts to overcome this weakness continue in many ways.5 

Polyethylenimine (PEI) is one of the most investigated cationic polymers as a non-viral 

vector for gene delivery. PEI molecule itself, although very effective in nucleic acids packaging 

and release, shows a high cytotoxicity when tested in cell cultures. PEI having molecular weight 

(Mw) below 2 kDa has been proved to be non-toxic, while PEI with Mw = 5 ÷ 25 kDa are 

suitable for gene transfer, but lead to an increased cytotoxicity.6 A strategy to improve the 

transfection efficiency and to concomitantly decrease the cytotoxicity is to couple several low 

molecular weight PEI molecules, to form conjugates of 14–30 kDa.7 Polyethylene glycol (PEG) 

molecule is also considered to increase the biocompatibility of the system and to avoid the 

immune system activation against polyplexes.8  

 

In this respect, the goal of 2014 phase of the project was to provide the summary 

of obtaining some polyplexes based on polyethyleneimine (PEI) and/or polyethylene glycol 

(PEG), inter-linked by different techniques (covalently, or by supramolecular 

interactions) to various cores, as by example cyclic siloxane (D4-AGL), fullerene (C60), β-

cyclodextrin (β-CD), lipid (S), or phenyl ring (T).  

 

 

I. C60-PEI, C60-PEG-PEI, D4-AGL-PEI nanoconjugates. Synthesis by covalently binding 

of PEI and/or PEG to the core. Chemical and morphological characterization. In vitro 

testing. 

 

The polyethylenimine-based vehicles: C60-PEI, C60-PEG-PEI, D4-AGL-PEI and 

β-CD-PEG-PEI were synthesized (Scheme 1) and characterized.9,10,11 The confirmation of 

suggested structures was achieved by performing a number of complementary analytical 

methods: 1H and 13C-NMR, FTIR, XPS, TG, DSC, and zeta potential. The ability of these 

compounds to bind and transfect plasmid DNA (pEYFP) was investigated by: particle size and 

zeta potential measurements, gel retardation assay, atomic force microscopy, and in vitro tests 

on culture cells.  



5 

Morphological tests were performed when possible: AFM for fullerene-based 

compounds, and TEM for β-CD-PEG-PEI. Because of the big amount of primary, secondary 

and tertiary amino groups in PEI, NMR or FTIR techniques are not edifying concerning the 

newly formed C-N covalent bonds between core and PEI. Only XPS may detect and quantify 

all types of bonds, and provide the mass percent of nitrogen, to allow the determination of 

nitrogen (from PEI) to phosphorus (from DNA) ratio required in polyplexes preparation. The 

average number of PEI molecules linked to the core was determined by TG analysis, and 

confirmed by XPS. 

 

 

 

Scheme 1. Synthesis of D4-AGL-PEI, C60-PEI, C60-PEG-PEI and β-CD-PEG-PEI 
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FTIR spectroscopy (Figure 3) follows the presence and evolution of amino groups from 

PEI before and after conjugation with different molecules. XPS (Figure 4) may detect and 

quantify all types of bonds and provide the elemental composition (Table 1). 

 

 

Figure 3. FTIR spectra of D4-AGL-PEI, C60-PEI, C60-PEG-PEI and PEI 

 

 

Figure 4. Wide scan XPS spectra of D4-AGL-PEI, βCD-PEI-PEG, C60-PEI, C60-PEG-PEI 

 

 

Primary amines 
-CH2-CH2-NH2 

Secondary amines 
-CH2-NH-CH2- 

Methylene groups 
-CH2- 

3354, 3289 cm-1  
broad bands  

3432 cm-1  
weak band (shoulder) 

2939, 2824 cm-1  
strong bands  

1659 cm-1 1597 cm-1 1460 cm-1 
1053 cm-1 weak band 1124 cm-1 moderate 

band 
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Table 1. Elemental composition of D4-AGL-PEI, C60-PEI, C60-PEG-PEI, β-CD-PEG-PEI 

and PEI determined by XPS spectroscopy. 

Compound Element O N C Si 

D4-AGL-PEI 
Atomic conc. (%) 7.43 24.48 65.94 2.15 

Mass conc. (%) 9.05 26.10 60.27 4.59 

βCD-PEI-PEG 
Atomic conc. (%) 22.22 9.36 68.42 - 

Mass conc. (%) 27.17 10.02 62.81 - 

C60-PEI 
Atomic conc. (%) - 27.59 65.56 - 

Mass conc. (%) - 30.77 62.01 - 

C60-PEG-PEI 
Atomic conc. (%) 23.36 9.41 67.23 - 

Mass conc. (%) 28.47 10.03 61.50 - 

PEI 
Atomic conc. (%) - 34.44 65.56 - 

Mass conc. (%) - 37.99 62.01 - 

 

The ability of conjugates to condense negatively charged plasmid DNA was 

investigated by agarose gel electrophoresis. EYFP-C1 plasmid vector, which encode the 

enhanced yellow-green variant of Aequorea victoria green fluorescent protein, was used. 

Figure 5 shows electrophoretic lanes of free DNA plasmid and of polyplexes having 

different N/P ratios. Polymer/DNA polyplexes were prepared from a solution containing the 

carrier and the plasmid DNA (pEYFP) in proportion corresponding to N/P ratios (the nitrogen 

amount is determined by elemental analysis of XPS data; 1 µg of dsDNA contains 3 nmol of 

phosphorus) of 1, 3, 5, 10, 20 and 30. The samples were prepared in 1X 7,4 TAE buffer solution, 

containing a fixed amount (1 µg) of plasmidic DNA and the corresponding amount of the 

carrier, to gain the desired N/P ratio. The samples loaded on 1% agarose gel migrate 

electrophoretically. The DNA was detected by staining with 1% ethidium bromide solution, 

under UV light, to observe the fluorescence of DNA. When DNA is fully packed, no migration 

is observed. According to gel retardation assay, the plasmid was completely bound at: N/P 

above 20 for D4-AGL-PEI and β-CD-PEI-PEG, and above 10 for C60-PEI and C60-PEG-PEI 

(Figure 5).  
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Figure 5. Agarose gel electrophoresis of: D4-AGL-PEI/pEYFP (A), β-CD-PEI-PEG/pEYFP 

(B), C60-PEI/pEYFP (C), C60-PEG-PEI/pEYFP (D). 

 

Zeta potential measurements (Figure 6) demonstrate the colloidal stability of the 

plasmid-carrying polyplexes in aqueous solutions, using the dynamic light scattering (DLS). 

Zeta-potential measurements were performed on the polyplexes of increasing N/P ratios, at two 

pH values, 7.4 and 5.5 respectively. The polyplexes become cationic when N/P ratio exceeds 

values between 3 and 10, depending on the pH value, and on the salt content. For N/P above 

30, the positive zeta potential increases slowly. 

 

 

 

 

 

 

 

 

   

 

 

Figure 6. Zeta potential of D4-AGL-PEI/pEYFP, β-CD-PEI-PEG/pEYFP, C60-PEI/pEYFP, 

C60-PEG-PEI/pEYFP depending on N/P ratio at a pH of 7.4 and 5.5 

 

AFM and TEM images show (Figure 7) that the conjugates and their polyplexes have a 

spherical morphology and different dimensions, depending on the structure of the carrier. It 
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should be mentioned that after DNA plasmid packaging by the carriers, the sizes of the 

polyplexes decreased below 120 nm, which recommend them for use in transfection.  

 

 

Figure 7. AFM images of: 

C60-PEI (A), C60-PEI/pEYFP, N/P=10 

(B),  

C60-PEG-PEI (C), C60-PEG-

PEI/pEYFP, N/P=10 (D), 

D4-AGL-PEI/pEYFP, N/P: 20, 100, 200 

(E, F, G);  

TEM images of: β-CD-PEG-PEI/pEYFP, 

N/P: 10, 60, 100 (H, I, J) 

 

 

Transfection efficiency is determined by fluorescence microscopy as a qualitatively 

evaluation, and by flow cytometry that quantitatively measure the transfection yield.12 pEYFP 

was used to induce the expression of enhanced yellow-green fluorescent protein (EYFP) in the 

transfected HEK 293T cells. The fluorescence was observed at different N/P ratios of 

polyplexes carrying pEYFP. The transfection efficiency was determined by flow cytometry, as 

the percent of cells that express the fluorescent protein relative to the total number of cells. The 

maximum transfection efficiency was recorded at N/P ratios between 10 and 200 (Figure 8). 

The lower transfection efficiency of PEG containing compounds is due to the presence of 

hydrophylic chains which prevent the plasmid packaging by covering the carrier surface. The 

cytotoxicity tests revealed that, in all cases, the cell viability is suitable for the application in 

transfection. 
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Figure 8. Transfection efficiency results determined by fluorescence microscopy (left) and 

flow cytometry (right) for C60-PEI, C60-PEG-PEI D4-AGL-PEI, β-CD-PEI-PEG and PEI 

(starting from top to bottom) at three representative N/P ratios. 

 

 

Conclusions 

 According to gel retardation assay, all the synthesized PEI-based vehicles have a good 

ability to bind dsDNA, with a firm packaging effect at N/P ratios starting at 20 for almost 

all compounds. 

 The polyplexes nanoparticles display a significant reduction in size, depending on N/P 

ratio (AFM / TEM data). 

 Transfection efficiency is significantly improved in PEI-based vehicles, as compared 

with nude PEI of the same molecular weight. 

 PEG molecules may reduce the rate of transfection, with the benefit of a lower 

cytotoxicity, and an increased protection against immune system. 
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 Comparing the transfection efficiencies of nanoconjugates, the maximum transfection 

efficiency occurs in C60-PEI at a N/P ratio of 30. 

 

 

II. Synthesis of non-viral vectors through reversible covalent bonds or non-covalent 

interaction (supramolecular interactions) 

 

Dynamers may be defined as polymeric entities whose monomeric components are 

linked through reversible connections, having therefore the ability to modify their constitution 

by exchanging and reshuffling their components. They may be either of molecular or 

supramolecular nature, depending on whether the connections are reversible covalent bonds or 

non-covalent interaction. The dynamic properties confer to dynamers the ability to undergo 

adaptation and driven evolution under the effect of external chemical or physical triggers. 

Dynamers thus are constitutional dynamic materials, which result from the application of the 

principles of constitutional dynamic chemistry to polymer science.13,14 

Supramolecular chemistry is by nature a dynamic chemistry15 in view of the liability of 

the noncovalent interactions connecting the molecular components of a supramolecular 

entity,16,17 which allows for incorporation, decorporation, rearrangement of partners in the 

supramolecular species. Applying such dynamic features into molecular chemistry requires 

shifting from stable to labile covalent bonds, so as to give molecular species with the ability to 

undergo similar dynamic exchange and reorganizing processes, by virtue of the reversible 

formation and breaking of covalent connections. In this context, the dynamic combinatorial 

strategy appeared one of the most attractive screening method for the rapid access to the active 

systems from large and complex libraries. 

 Due to reversible interchanges between the hydrophilic and hydrophobic tails, the 

formed complex can adapt simultaneously to the DNA bio-target and cell membrane barrier. 

The self-assembly contains active (positive charged) or neutral membrane interacting 

components connected via reversible covalent bonds. Various functionalities can be reversibly 

added to the components and the core connectors, allowing not only the multicomponent 

variability needed in biological applications, but also a spatially adaptive distribution of active 

binding sites on target binding/transfection.  
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II.1. Polyplexes based on Squalene, PEI, and DNA plasmid (S-PEI/pDNA) 

 

Our concept is to chemically link a terpenoid (squalene) to PEI, in order to create a 

nanoconjugate which can self-aggregate as nanoassemblies in water,18 and later to load 

plasmidic DNA due to the presence of PEI cationic chains. The squalene-PEI derivative form 

nanoassemblies in water (Scheme 2) by self-assembling without the need of any other 

transporter molecule. S-PEI conjugate self-aggregated in water as nanoassemblies (having 

diameters of about 400-500 nm) with spherical (vesicular) packing (Figure 9A). The ability of 

squalene to form nanoassemblies when linked with PEI was explained by the amphiphilic 

character of the conjugate, the squalene corresponding to the lipophylic moiety, whereas PEI 

represented the hydrophilic part of the molecule. In this study, we show that the conjugation of 

PEI to squalene led to nanoassemblies (with diameters of about 50 nm) with dendrimer like 

structure (Figure 9B), able to load high amounts of pDNA (Figure 10A). Preliminary biological 

behavior (Figure 10C) and cytotoxic activity (Figure 10B) of S-PEI and S-PEI/pDNA were also 

investigated. 

 

 

Scheme 2. Schematic representation of the principle of vehicle and polyplex formation 

 

 

 

Figure 9. A) TEM image of vehicle without DNA, formation of  400-500 

nm particles; B) TEM image of Polyplex  (vehicle and EYFP) at N/P 20, 

formation of 50 nm particles. 

A)                                                                          B) 
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A) B) C) 

Figure 10. (A) Agarose gel for A3 (1% w/v) in TAE (Tris-Acetate-EDTA) buffer at pH 7.4 

(sample incubation time 30 min); 

(B) Agarose gel for S-PEI (1% w/v) in TAE (Tris-Acetate-EDTA) buffer at pH 7.4 (sample 

incubation time 30 min) for different N/P ratios. 

(C) Expression of pCS2+NLS-eGFP in HeLa cells transfected with vehicle/ pCS2+NLS-

eGFP polyplex at 150 N/P ratio, as revealed, 48 hours post-transfection, by fluorescence 

microscopy. 

 

DNA complexation ability (figure 10A) was investigated by gel retardation technique. 

Carriers were incubated with plasmid DNA (pCS2+NLS-eGFP, 4500bp) at different N/P ratios. 

The cytotoxicity of synthesized conjugates and their ability to carry plasmidic DNA was 

investigated on HeLa cell cultures, using the MTT assay (Figure 10B). The viability of HeLa 

cells (Figure 10C) grown in DMEM culture medium, in the presence of vehicle, and of their 

corresponding assemblies with pCS2+NLS-eGFP plasmid at different N/P ratios, was 

determined, in triplicate, with reference to control samples (cells grown in DMEM culture 

medium). The concentration of pCS2+NLS-eGFP was kept constant at 1μg/mL, and the 

concentration of the conjugate was varied to obtain the N/P ratios of interest. The transfection 

efficiency was checked by fluorescence microscopy (Figure 10C) on transfected HeLa cells, 

demonstrating that the S-PEI conjugates are able to target pDNA into HeLa cells, inducing the 

expression of the green fluorescence protein. 

 

 

Conclusions 

- Squalene-based PEI conjugates were designed and synthesized, to form nanoassemblies 

in water by self-assembling without the need of any other transporter. 
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- S-PEI conjugate self-aggregated in water were proved to be useful in gene delivery. 

- Polyplexes showed transfection ability in HeLa cells starting with an N / P ratio of 150. 

 

 

II.2. Polyplexes based on trifunctional organic core, PEI and DNA plasmid (T-PEG-

PEI/pDNA) 

 

The design of the synthetized vectors started from a trifunctional organic core modified 

with polyethyleneimine (PEI), which induces the ability to ionically interact with DNA to form 

polyplexes, and with polyethylene glycol (PEG), which increases the stability of the vectors 

and improves theirs biocompatibility. The vectors were obtained in a two-step reaction (Scheme 

3): first step consists on the reaction between the trifunctional organic compound and PEG 

(which takes place in acetonitrile, at room temperature, during 72 hours). The ratios between 

the two compounds were chosen so that the obtained compounds will have different numbers 

of free functional groups which are modified with different ratios of PEI in the second step of 

the reaction (reaction that takes place in water, at room temperature, during 72 hours). 

 

 

Scheme 3. The synthesis of T-PEG-PEI nanoconjugate  
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The reactions were confirmed by 1H-NMR spectra, presented in Figure 12. 

 

  

(A) (B) 

Figure 11. 1H-NMR spectra for (A) trifunctional organic compound:PEG of 1:1 and (B) 

trifunctional organic compound:PEG:PEI of 1:1:3, in D2O. 

 

The vector binding capacity of plasmid DNA (4830 base pairs) was investigated by gel 

electrophoresis at different N/P ratios (20, 10, 5 ,3 and 1) (Figure 12). For the investigated 

vectors we observed that at N/P ratios higher than 5 the plasmid is completely blocked by the 

vector, leading to the formation of nanometric size polyplexes. 

 

                 

Sample 
T PEG PEI 

1 1 1 1.5 

2 1 1 2.0 

3 1 1 3.0 

4 3 2 1.5 

5 3 2 2.0 

6 3 2 3.0 

Figure 12. Results of agarose gel retardation assay in the case of polyplexes based on 

trifunctional organic compounds:PEG:PEI (in different ratios, presented in the 

accompanying table) carrying plasmid, at N/P=5. 

  

The size and morphology of the polyplexes were studied by transmission electron 

microscopy (TEM). The obtained micrographs (Figure 13) showed the formation of spherical 

aggregates whose sizes varies between 39 and 126 nm, depending on the PEI and PEG ratios 

in the vectors composition. 

N/P=5 

Plasmid          1      2       3      4       5       6 



16 

 

 

 

 

 

 

 

 

Figure 13. TEM micrographs for the polyplexes formed by the trifunctional organic 

carrier:PEG:PEI of 1:1:3 and plasmid DNA, at N/P=10. 

 

In vitro transfection efficiency was evaluated on HeLa cells, in 96 well plates, with 

polyplexes formed with pCS2+NLS-eGFP plasmid which encodes for enhanced green 

fluorescent protein. Concentration of DNA/well was maintained at 400 ng. Cells were 

monitored post-transfection for 72 hours, using an inverted microscope Leica DMI 3000 with 

fluorescence GFP filter. The investigated polyplex (trifunctional organic compound: 

PEG:PEI=3:2:3) was able to transfect HeLa cells (Figure 14) while maintaining a good cell 

viability (Figure 15). 

 

    

Figure 14. Polyplex transfected HeLa cells (a) fluorescence and (b) bright field images. 

 

 200 nm 50 nm 
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Figure 15. Relative cell viability for HeLa cells treated with synthetized polyplexes           

(MTS test). Trifunctional compound:PEG:PEI = 1:1:1 (I1); 1:1:3 (I2); 3:2:3 (I3) 

 

 

Conclusions 

 

- Non-viral vectors were synthesized based on trifunctional small molecular compound 

capable of forming dynamic covalent bonds between trialdehidic compound, PEG, and 

PEI amine groups. 

- Non-viral vectors are capable to load plasmidic DNA, generating polyplexes with sizes 

between 39 and 126 nm, depending on the molar ratio of PEI / PEG. 

- Non-viral vectors and their polyplexes are biocompatible with HeLa cells, and are able 

to successfully transfect of HeLa cells. 
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Objective 2. THE STUDY OF CHEMICAL SYSTEMS WITH CONTROLLED 

FUNCTIONALITY FOR BIOMEDICAL APPLICATIONS 

 

 Following preliminary data obtained in phases 2013 of the project, the experimental 

studies performed this year include: 

I. Smart polymers for controlled delivery of biologically active compounds. 

II. Self-assembled hydrogels based on imino-chitosan. 

III. Getting biomimetic hybrid multilayers through multivalent recognition of Concanavalin 

A by glyconanocapsules {Mo132}. 

 

I. Smart polymers for controlled delivery of biologically active compounds  

 

“Intelligent” polymers called also stimuli-sensitive polymers are a class of materials that 

undergo, in aqueous solution, a phase transition when small changes of the environmental 

parameters such as pH, temperature, ionic strength, magnetic field, etc. take place. Among 

these, pH and temperature sensitive polymers are the most used for biomedical applications 

because they exploit the small changes of the pH and temperature of the human body as 

triggering agents of the controlled release of the drugs. 

Poly(N-isopropylacrylamide) (poly(NIPAAm)) is the most used thermosensitive 

polymer because it displays a sharp phase transition (lower critical solution temperature, LCST) 

around the human body. Below the LCST, poly(NIPAAm) is in hydrated state and is soluble 

while above the LCST, the polymer loses the water, becomes insoluble and precipitates. 

Accordingly, the hydrogel synthesized from this polymer, swells under the LCST and collapses 

above the LCST. This swelling/de-swelling process was further exploited for pulsed release of 

drugs.  

Methacrylic acid (MA) is a weak acid (pKa~4.8) and is the best known pH-sensitive 

polymer. At pH situated below the pKa, the polymer is in protonated state while above the pKa, 

the polymer is ionized. Consequently, the hydrogel synthesized from this polymer is in 

collapsed state below the pKa and is in the swollen state above the pKa.  
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Here, it has been synthesized a porous hydrogel with double sensitivity, at pH and 

temperature, by copolymerization of NIPAAm with MA in the presence of a cross-linker (N,N’-

methylenebisacrylamide) and a porogen (Figure 16).19 

 

 

Figure 16. Scanning electron microphotographs of poly(NIPAAm-co-MA) hydrogel (cross-

section) obtained in the absence (panel A) and presence of the porogen (panel B). 

 

However, in physiological fluids (PBS, pH = 7.4), the carboxylic groups of MA is 

ionized and the hydrogel loses the thermosensitivity. Remarkably, when the carboxylic groups 

in the ionized state interact electrostatically with certain biologically active compounds, the 

hydrogel regains its thermosensitivity, collapses and release a certain dose of drug (Figure 17).  

In this case, the pH-sensitive co-monomer (MA) acts as a biosensor and the temperature-

sensitive co-monomer (NIPAAm) act as a drug delivery component. This dual system may 

represent the basement of a new generation of drug delivery devices. 
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Figure 17. Schematic representation of the principle of operation of pH/thermosensitive 

poly(NIPAAm-co-MA) microgels in the presence of the triggering agent, under simulated 

physiological conditions. 

 

In another approach, NIPAAm was copolymerized with vinyl derivatives of β-

cylodextrin (CD) with the aim to obtain materials sensitive to temperature (microgels) able to 

retain selectively biologically active compounds.20 Moreover, these microgels are 

biodegradable because the CD was in such a manner functionalized, thus to have more than one 

polymerizable group per CD molecule. Due to the micrometric dimension and advanced 

porosity, these microgels display a sharp phase transition at physiological pH and temperature. 

Therefore, the response rate to small changes of the physiological parameters is very high. 

These hydrogels are able to release the drugs included in the hydrophobic cavity of the CD in 

a pulsed manner by an “ON-OFF” mechanism (Figure 18).  
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Figure 18. Effect of temperature cycling (32C) () and 40C () on kinetics of diclofenac 

release from poly(NIPAAm-co-β-CD) microgels under pseudo-physiological conditions. 

 

For biomedical applications that require particles with sub-micron dimensions, it has 

been synthesized, by precipitation polymerization method, nanoparticles sensitive to 

temperature based on NIPAAm and hydroxyethylacrylamide (HEAAm).21 The phase transition 

called volume phase transition temperature (VPTT) has been determined by dynamic light 

scattering (DLS), UV-Vis and 1H-NMR spectroscopy. It can be noticed, that the nanoparticles 

have a VPTT close to the human body temperature, therefore they can be used for biomedical 

applications. Atomic force microscopy (AFM) was used for morphologic and dimensional 

analysis. It has been shown that nanoparticles are spherical and monodisperse (Figure 19).  

 

Figure 19. AFM images of poly(NIPAAm-co-HEAAm) nanoparticles 
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It has been observed that by increasing the concentration of the surfactant, the 

hydrodynamic diameter decreases due to the electrostatic repulsion between nanoparticles 

during synthesis process.  

The release rate of propranolol, taken as model drug, is deeply influenced by 

temperature: below the VPTT the microgels are in the swollen state and the drug is quickly 

released while above the VPTT the microgels are collapsed and the drug is slowly released.  

 

 

II. Self-assembled hydrogels based on imino-chitosan 

 

Obtaining of biocompatible hydrogels is a highly topical subject due to their biomedical 

applications and also due to their academic importance. Among hydrogels, those based on 

chitosan attract much interest due to its intrinsic properties: biocompatibility, nontoxicity, 

nonantigenicity, haemostatic, antimicrobial, fungistatic, antitumor activity, the ability to 

improve wound healing or clot blood, the ability to form protective films and coatings, selective 

binding of acidic liquids, property to accelerates bone formation, etc., properties which can be 

further improved by chitosan modification. 

The most facile way to chitosan modification is the acidic condensation reaction of the 

amino groups of chitosan with various aldehydes, when imine linkage is obtained. The reaction 

is quite challenging, taking into consideration that there is the possibility to obtain dynamic 

materials due to the imine forming reversibility. 

Starting from this information, we considered important to obtain hydrogels by acidic 

condensation reaction of amino groups of chitosan with cinnamaldehyde, paying attention to 

the effects of imine forming reversibility.22 Nuclear magnetic resonance spectroscopy on 

hydrogels demonstrated that reaction equilibrium is slowly moved to the imine linkage forming, 

once the imine units take off from solution by self-assembling. Imine linkage reversibility 

proved to be an important tool which guide the hydrogel self-organization at nanometric 

(proved by wide angle X-ray diffraction) and micrometric level (proved by scanning electron 

microscopy (Figure 20), evolving from a hydrogel with a large polydispersity of pore diameter 

to a hydrogel with narrow polydispersity of pore diameter, well organized, indicating a chanelar 

architecture. 
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a) G2 b) G2* 

Figure 20. SEM micrographs chitosan and cinnamaldehyde hydrogel: 

a) recent; b) after 5 days 

 

The hydrogels have high swelling capacity, the mass equilibrium swelling reaching 

values of 41 %. An important feature of these materials is their high recovery values, around 

80 %, indicating high elasticity degree conferred by the three-dimensional network of the 

hydrogel structure. 

 

 

III. Getting biomimetic hybrid multilayers through multivalent recognition of 

Concanavalin A by glyconanocapsules {Mo132} 

 

Biological membranes contain dense areas of carbohydrate that has a significant role in 

cell-cell recognition processes through multivalent binding of lectins.23 Assuming that higher 

level in the local density of carbohydrates leads to an improvement in activity has been reported 

numerous multivalent artificial systems containing various nanosystems (fullerenes, carbon 

nanotubes, nanoparticles and vesicle) generating multivalent carbohydrate nanoplatforms. 

Considering this, we focused on creating new multilayer architecture by successive 

deposition, layer by layer, of glyconanohybrids based on molybdenum oxide {Mo132} / 

mannoside (NH4)42- n2n1a) or glycoside (NH4)42- m3m1a and Concanavalin A (ConA), based on 

multivalent sugar-lectin interactions.24 These architectures can be easily prepared and 

quantified using quartz crystal microgravimetry (QCM), which detects the adsorption mass at 

sensor surface on the basis of the reciprocal piezoelectric effect. The increase in absorbed mass 

of matter is corre - a shift of 1 Hz corresponds to a mass change 

of about 700 pg. 
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Figure 21. a) QCM monitoring multilayer architectures ConA/(NH4)42- n2n1a; b) Schematic 

representation of "inorganic cell tissues" interacting with specific sugar-lectin interactions. 

 

The glyconanocapsules obtained in this study specifically interact with lectins and self-

assemble in multilayer hybrid architectures (Figure 21) only if their external multivalent 

carbohydrate presentation and lectin recognition sites are compatible. 

The “biomimetic hybrid multilayers” described here are stable under a continual water 

flow and they may serve as artificial networks for a greater depth of understanding of various 

biological mechanisms, which can directly benefit the fields of chemical separations, sensors 

or storage-delivery devices. 

 

 

IV. The development of multifunctional nanoparticulate systems, with a composition 

similar to the polymer scaffold- and ECM - based on the combination of biopolymers and 

synthetic biocompatible polyester (AteCol/DMSHA/PCL), their further surface 

functionalization, and DNA condensation ability evaluation 

 

Developing multifunctional systems/devices with a rational design is nowadays a main 

strategy to answer to topical requirements for more efficient and safer therapeutics, surpassing 

the old limits leading to undesirable toxicological and immunological processes, towards a 

personalized medicine. Last decade research enabling progress to be made in biomedical device 

development proved that affording/achieving new or targeted performances (physic-chemical, 

biological, processing facility) often involves combinations of polymers (natural/synthetic), 

systems and approaches from apparently different applications domains (intertwining 

technologies).25 
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Transfection mediation by combined systems non-viral vector/scaffold type matrix 

reflects this current biomedical research trend in improving gene delivery technique by 

complementary synergy, being considered a realistic alternative to accelerate clinical transfer 

(by expanding the scope of common systems, simplifying the preparation methodology of non-

viral gene delivery vectors, and also by offering improved performances, such as: long-term 

expression, enhanced stability, reduction in toxicity and ability to produce spatio-temporal 

expression patterns).26 One of the main strategy designs for the involved non-viral carrier refers 

to multifunctional nanoparticles, which combine different functionalities in a single stable 

construct to afford biocompatibility, biostability, DNA condensation ability etc. 

Aiming the development of a rational design of the complex, multifunctional system, 

the following aspects were considered: 

a. material selection criteria in relation to the intended biomedical application (specific 

requirements): accessibility, biocompatibility, purification/sterilization facilities, 

possible bioactivity, processing ability and reproducibility. 

b. the advantages offered by the combination strategy (i.e. combination of old and modern 

preparation methods and techniques) in facilitating the obtaining of multifunctional 

nanoparticle with tuned properties, appropriate for the envisaged use, i.e.: (a) selecting 

the appropriate materials - able to be subjected to further functionalization by specific 

reactions on preformed polymers, or by making use of specific interaction ability (non-

covalent bonding) - and combining them to achieve increased efficacy and safeness and 

(b) engineering the involved materials by combining the specific, classical reactions of 

polymer functionalization with techniques based on non-covalent interactions (self-

assembling/micellization, layer-by-layer deposition). 

Atelocollagen (AteCol), dimethylsilanediol hyaluronate (DMSHA), poly(ε-

caprolactone) diisocyanate (PCL-DI), poly (L-Lysine) and linear polyethylenimine (LPEI) 

were selected as main components of the multifunctional nanoparticles.  The reasons for this 

choice are: 

a. The biopolymers (AteCol, DMSHA) present the advantage of accessibility coupled with 

specific properties (biocompatibility, biodegradability, no-toxicity, non-

immunogenicity,  high functionality), which give rise to bioactive compounds release 

control  (i.e. by controlled biodegradation) and diminution of side effects,  related to the 
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relative toxicity of other components of a drug/gene delivery system. There are some 

earlier investigations on their applicability in gene delivery (in different 

forms)27,28,29,30,31,32 with relative good results, recommending their inclusion in delivery 

systems for toxic effects diminution, increase of transfection efficiency, prolonged 

delivery, increase of transgenic expression. Most reports are dealing with biopolymer 

based hydrogels, microgels/microparticles and combined systems – hydrogel matrix 

with PLL or PEI polyplexes. The positive effects of collagen are accentuated by 

combination with other polymers or even inorganic materials. Collagen was also found 

to be osteoinductive.33 

b. PCL is a biocompatible, biodegradable synthetic polyester, with high processing ability 

and good mechanical properties, commonly used in drug delivery systems and bone 

tissue engineering.34 The efficiency of PCL-DI as a cross-linker for the two mentioned 

biopolymers, in mild conditions, as well as its high, persistent reactivity in the presence 

of water was proved in our earlier studies.35,36,37 

c. PLL and PEI are cationic polymers known for their DNA condensation ability, but also 

for their increasing cytotoxicity with molecular weight increase. Combination with 

another (especially natural) polymer, appropriate balance between dimension and 

transfection efficiency, shorter chains grafting on particle surface or their inclusion in 

block copolymers are between the promising approaches developed to overcome some 

of these safety concerns.38,39,40 

Particulate systems based on collagen were also studied as non-viral transfection 

vectors,41 but most reported investigations are envisaging the possible use in drug delivery and 

cosmetics area.42,43,44,45  This aspect is related to the difficulties encountered in their preparation 

and specific requirements of transfection application domain. When classical preparation 

methods were applied most reports refer to particles in the micronic size range and with enough 

high polydispersity,46,47,48,49 while the use in drug/gene delivery requires diameters in the 

nanometer range, in order to insure the efficient penetration of the membrane of the envisaged 

tissue cells (of specific dimension and shape), controlled size distribution and functionality. 

Nanometer size offer also other important advantages, such as transport dynamics modification 

to allow passive targeting, rapid recognition by reticulo-endotelial system, high specific 

surface/high functionality, and increased ability for biological barriers penetration, increased 

stability, and simpler administration. More, the preparation conditions, even when nanometer 
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range is reached, affect the protein, which is most times denaturated, or co-aggregation couldn’t 

be allowed. The modern techniques allow an improved control on size, size distribution and on 

the functionality, but they are still expensive and most of them may be successfully applied for 

particles (even multilayered capsules) with dimensions higher than 400-500nm.  

These are the reasons for the increasing interest for some investigation directions in 

collagen-based particles preparation domain: (a) particles structural and dimensional control to 

tailor the delivery kinetics and efficiency; (b) biocompatibility/triple helix integrity keeping; 

elaboration of improved preparation methodology - simpler, more efficient and allowing 

increased control. Bioconjugates development and their self-assembling seem to be  an 

alternative answer to these inquirements.50,51 

In this context, the complex multilayered micro-/nanoparticles (Figure 22) were 

generated by combining a modified double emulsion method with layer-by-layer deposition 

technique, making use of the specific chemistry of the involved polymers and/or their ability to 

yield polymer complexes or biocomposites, based on electrostatic interaction or hydrogen 

bonds development (Figure 23).  

 

 

Figure 22. Multilayered micro-/nanocapsules: schematic representation and typical 

micro-photographs as obtained from scanning electronic microscopy (biopolymer 

particles surface coated with PCL-DI) and fluorescence microscopy (PLL labeled with 

fluorescein isothiocyanate/FITC, AteCol-autofluorescent protein) investigations. 

 

In the first step appropriate amounts of PCL-DI (cross-linker) and DMSHA were added 

to an aqueous dispersion of AteCol and the resulted partially cross-linked biopolymers mixture 

was added to a solution of bifunctional reactive PCL derivative in organic solvent. In the second 
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step the obtained water in oil emulsion (W/O) was poured in an aqueous solution of poly(vinyl 

alcohol) giving a W/O/W system. Particulate systems with reactive isocyanate groups on the 

surface were obtained.  

 

 

Figure 23. Schematic representation of the flow sheet for biopolymers-based multilayered 

micro-/ nano-particles preparation. 

 

After separation and purification by repeated centrifugation- washing cycles the 

nanoparticles were characterized or subjected to further functionalization by surface grafting 

PLL, DMSHA or PEI, or complexation with DMSHA (based on specific interactions 

development due to different charge of AteCol and DMSHA).52 To increase their stability 

double cross-linking was applied in the first steps, such protocol procedures affecting the mesh 

size of the cross-linked biopolymer wall and the surface functionality. Depending on 

formulation and reaction conditions, nature and number of deposited polymer layers, micro-

/nanoparticles with poly(ε-caprolactone) reactive derivative, hyaluronan,  poly(L-lysine) or  

polyethylenimine final coating, and controlled dimensions in a large range could be obtained.  

The products were subjected to spectroscopic investigation (FTIR, fotocolorimetric 

determinations), observation by optical technics (SEM, TEM, FM) and dynamic light scattering 

analysis (DLS). The PEI and PLL grafting was quantified by means of fotocolorimetry and 

fluorescent spectroscopy techniques according specific procedures, i.e. after supernatant PEI 

complexation with Cu2+ to form a copper ammoniacal complex,5354 or PLL labeling with FITC, 

respectively55).  The ability of nanocapsules covered with PEI and PLL to compact DNA was 

evaluated by agarose gel electrophoresis.  
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II. Further testing of polysiloxan surfactants containing tromethamol or carboxylate 

groups for their biocompatibility, and their encapsulation ability of superparamagnetic 

iron oxide nanoparticles (SPION) in combination with a bioactive compound, as a 

preliminary step in the preparation of complex, multifunctional nanoparticles for non-

viral gene delivery. 

 

Generally, polydimethylsiloxanes (PDMS) are characterized by physiological inertness, 

high hemocompatibility (low interaction with plasma proteins), and oxygen permeability,56 rich 

chemistry - properties which are recommending them for applications in biomedical area. 

PDMS does not adversely affect osteocytes behavior.57 More, recent research points on the 

possible use of its hybrids with CaO and SiO2 as a bioactive material in bone regeneration.58 

Siloxane-based surfactants have low CMC values and unique performances in 

decreasing the surface tension of liquids. They may exhibit both hydrophobic and oleophobic 

properties. The versatile chemistry of PDMS allows designing such functional materials useful 

for the stabilization of nanoparticles (polymer or silver) or solubilization of poorly soluble 

drugs.59 

Continuing earlier investigations (phase 2013) on the siloxane-based surfactants 

(tromethamol-modified and carboxylate siloxanes with formula given in Figure 24) properties 

and their applicative potential, especially in drug/gene delivery, the present works60 refer to 

their ability to form stable, biocompatible, complex particulate systems including bioactive 

compound-superparamagnetic component, with sizes in the nanometer range.  

 

 

Figure 24. Chemical structure of the investigated siloxane - based surfactants. 
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Magnetite and chromite nanoparticles were used for the study. Their stable dispersions 

in water were obtained by physical methods using very low concentrations of the investigated 

surfactants (Figure 9). Resulted systems characterization by DLS, TEM, cryo-TEM and EDX 

evidenced the generation of various types of morphology with dimensions in the 20-200 nm 

range: individual particles, vesicle-like aggregates or composite particles. 

The evaluation of surfactants and complex hybrid nanoparticles in respect to 

biocompatibility by MTT method gave good results (Figure 25)  

Superparamagnetic iron oxide nanoparticles (SPION) and nystatin (used as a bioactive 

compound model) could be encapsulated together within the hydrophobic wall of the surfactant 

vesicles formed by S2, yielding stable colloidal systems (Figure 26). 

In conclusion multifunctional nanoparticulate materials were prepared and 

characterized aiming the possible future use in combined non-viral gene carrier/scaffold 

systems intended for bone regeneration: 

- Stable, spherical biopolymers based micro-/nanocapsules with inner porous 

AteCol or AteCol/DMSHA wall were obtained by combining classical double 

emulsion method with LbL technique.  

 

 

Figure 25. Aqueous dispersion of metal oxide nanoparticles formed using siloxane 

surfactants and related TEM and biocompatibility data. 
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Figure 26. SPION-Nystatine-S2 aqueous dispersion after 24 h (left) and its TEM image 

(adapted from [36]). 

 

- The wall permeability, particles size and size distribution, surface functionality and 

even nanoparticle type (spheres or capsules) was found to be easily controlled by 

varying the preparation parameters: formulation of the biopolymers/PCL cross-

linker initial mixture; ratio of used solvents; ratio of PCL-DI  to initial polymer 

mixture; surfactant and stabilizer concentrations; conditions applied for 

nanoparticles further surface functionalization (nature of the reactive polymer, its 

ratio in respect to polymer nanoparticles covered with PCL-DI , reactants 

concentration in the system, pH, temperature); reactants addition order; stirring rate 

in every step.  

- The modification of the nanocapsules surface was confirmed by FTIR, SEM, TEM, 

DLS (change of size, size distribution, ξ –potential) investigations, and the grafting 

efficiency were quantified by fluorescence spectroscopy and fotocolorimetry 

measurements.  

- According FTIR registration the protein native form was preserved. 

- Reproducible method of PEI/PLL covered NPs (with 1.5 wt% and 5.1 wt% per g 

NPs, respectively), with a mean diameter of ~100-120 nm, as recommended for 

gene delivery purpose, was proved.  

- From the agarose gel electrophoresis data the optimum N/P value was 3.5 for the 

PLL covered NPs and >6.5 for PEI covered NPs, similar to literature data for neat 
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PLL and PEI. Thus, their compacting ability of DNA was not affected by inclusion 

in the NPs formulation. 

- The proposed particles design offers advantages, which give rise to a high 

versatility (controlled size, chemistry and biodegradation rate depending on the 

envisaged application), recommending them as systems able to mediate drug 

delivery or gene transfection as so, or by their inclusion in injectable or preformed 

scaffolds (i.e. combined transfection systems).    

Colloidal stable, hybrid, multifunctional particles with dimensions lower than 200 nm 

could be obtained using tromethamol-modified and carboxylate siloxanes surfactants: 

- By a simple procedure based on the micellization ability of polysiloxanes 

derivatives in water, magnetic metal oxides (iron oxide or iron–chromium oxide) 

could be included in nanoparticles covered with siloxane of different morphology: 

individual particles, vesicle-like aggregates or composite particles. 

- The hybrid nanoparticles generation was confirmed by TEM, completed by cryo-

TEM and EDX investigations, as well as by DLS and Zeta potential measurements. 

- The colloidal stability of the resulted dispersions, the nanoparticles dimensions and 

morphology was found to be dependent on NP-surfactant pair. 

- Nystatin and magnetite nanoparticles (SPION) was proved to can be both 

encapsulated with the efficient siloxan-based surfactants in hybrid NPs, the drug 

being located within the hydrophobic wall of surfactant vesicles.  

- The cytotoxicity testing (MTT method) of both, surfactants and metal 

oxides/surfactant hybrid NPs proved their biocompatibility, although the initial 

dodecylamine and oleic acid coated inorganic nanoparticles were cytotoxic. 

Notably, the highly safe, versatile, stable, and easy-to-use nano-sized engineered 

constructs, were obtained by simple preparative methodologies based on the combination of 

classic and modern techniques, such characteristics making them an ideal choice for application 

in gene delivery or synergetic systems for drug/gene delivery or bioactive delivery/medical 

imagistics.  
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Objective 3. STUDIES ON THE EVALUATION OF THE COMPOSITION OF CELL 

CULTURE MEDIA BY ELECTROCHEMICAL ASSAY 

 

 Before incubation, culture medium, cells and polyplexes aqueous system requires a 

strict control of their composition, in order to avoid the negative effects induced by dosing 

polyplexes and their accompanying chemicals. The critical parameter is the glucose 

concentration, which may be subject to deviations when the non-viral vectors are dosed, either 

by simple dilution, or by implication in the physico-chemical interactions. For this reason, 

electrochemical monitoring of glucose concentration in the context of crowded macromolecular 

complex compositional environments is essential. 

 

 

Sensitive electrochemical oxidation of the glucose using Ni-Co nanoparticles 

electrodeposited on carbon materials 

 

 The aim of the study is the lowering of the electrochemical detection limit of glucose 

by designing different electrode surface architecture, such as electrodeposition of Ni-Co metal 

nanoparticles with different sizes and distributions on different carbon materials (graphene, 

fullerenes and carbon nanotubes). In this context, carbon materials work as an electrode 

material with increased active area, also as a support for deposition of metal nanoparticles. The 

morphology and composition of the resulting Ni-Co nanoparticles are affected by changing the 

operating conditions and also influenced by the carbonic support (Figure 27, top), further 

reflected in thier electrochemical activity and electrocatalytic acitvity toward glucose detection 

(Figure 27, bottom). 

The studies showed that the two-step prepared Ni-Co/MWNT electrode displayed the 

highest electrocatalytic activity, attributed to the high density of Ni-Co nanoparticles deposited 

on the carbon nanotubes support as compared to the other Ni-Co/fullerene and Ni-Co/graphene. 

A low detection limit of 2.07 μM glucose with a good sensitivity of 1868 μA/mMxcm2 was 

obtained for electrochemical detection at Ni-Co deposited on MWNT. The findings could have 

a great impact on the development of new nanaoparticles-based sensors. 
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Figure 27. (top) Morphology aspect of Ni-Co nanoparticles deposited on graphene, fullerene 

and carbon nanotubes, (bottom) Corresponding electrochemical behaviour of the modified 

electrodes towards glucose additions. 

 

 

The scientific results obtained during 2012-2014 

in the frame of PN-II-ID-PCCE-2011-2-0028 project 

 

 

Synoptic: 

- published papers: 39; 

- accepted papers: 3; 

- submitted papers: 3; 

- conference communications and poster presentations: 44; 

- Ph.D thesis with partial funding from the project: 1  

- Narcisa Marangoci – Complex structures based on cyclodextrins, in 

2013 

- patent application: 1, in 2013 

- website update: http://www.intelcentru.ro/index-5-a.html 

http://www.intelcentru.ro/index-5-a.html
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Introduction 

 

 There are two distinct ways to clinically compensate or even to correct the genetic 

deviation and deficiencies, at cells level:  

(i) by blood mediated transfer of appropriate nucleic acids, after loading them on 

cationic carriers, in order to transport them to the target tissues, followed by the 

active transport through the tissue matrices to the addressed cells; 

(ii) by localized transfer, in an active and temporized manner, between a temporary 

“host” matrix, which was implanted or injected in the target tissue, followed by 

the active transport to the adjacent tissue matrix, and finally, to the addressed 

cells.  

 In the first approach, the essential elements consist on the design and synthesis of the 

carriers which, after the ionic interaction with nucleic acids, must to generate “stealth” 

cargocomplexes. Both the carriers and the cargocomplexes must to be essentially non-toxic, 

and must to remain stable in the blood torrent, in a state which they do not elicit immune 

response. 

 In the second approach, the cargocomplexes must to be generated by using individual 

cationic carrier molecules, able to locally and tightly wrap the nucleic acid macromolecules, in 

such an extent that the global charge to became neutral, or tolerable for the biologic milieus. 

The resulted cargocomplexes are then physically imbedded in a macromolecular matrix, acting 

both as a temporary “host”, and as a vehicle. Into the macromolecular matrix, cargocomplexes 

must to remain stable, mobile and functional on a long enough time period, and must to be able 

to diffuse through and out of the matrix, after that the matrix was implanted or injected in the 

target tissue. The diffusion must evolve in such a way that the nucleic acids do not detach 

spontaneously, or under the tissue physical-chemical “requests”, until the target cells are 

reached.     

 The critical property of the cargocomplexes transported by the blood consists in their 

“stealth” ability (“invisibility” versus the immunocompetent cells, and “non-tempting” for the 

antibodies). Such a property could be conferred by “equipping” the carriers with immune-
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indifferent molecular segments, together with cell penetrating molecules and with specific 

ligand against the membrane receptors of the target cells. 

 In addition to the characteristics of the above mentioned cargocomplexes (those 

transported by the blood), the cargocomplexes transferred by macromolecular matrices must to 

be able to passively migrate through crowded and usually “reactive” milieus. This is why, the 

latter mentioned cargocomplexes must be designed (and synthesized) to include both 

amphiphilic (ionizable on a large scale of electric charges) and amphipathic domains (having 

tailored affinity against molecules with antagonist hydrophilicity). 

 Tissue implantable / injectable macromolecular matrices able to sustain localized 

transfection must also be designed to become compatible with both the tissues and 

cargocomplexes. The design principles are those that are common in tissue engineering.  

 

 The 2015 section of PN-II-ID-PCCE-2011-2-0028 project is dedicated to the study 

and development of transfecting systems able to be included as parts of tissue implantable 

/ injectable macromolecular matrices. In this respect, carriers with controlled 

amphipathy and stability in crowded milieus were obtained and characterized. In 

addition, some hybrid (inorganic – organic) macromolecular composites were produced 

and tailored to act as temporary “hosts” for free nucleic acids, and for the aforementioned 

DNA transporting cargocomplexes.  
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Objective 1. THE DESIGN AND DEVELOPMENT OF BIOMIMETIC, TRANSFECTION 

ACTIVE, MACROMOLECULAR MATRICES 

 

 In order to develop scaffold-type gene (or, generally, nucleic acids) delivery systems, 

appropriate macromolecular matrices must be prepared, usually following the principles of 

tissue engineering [1]. Ideal transfection-able scaffolds should have tailored mechanical, 

chemical, and biologic characteristics, all of them related to the precise location (“tissue 

ambient”) where they will function [2]. The mentioned characteristics are all controllable by 

both the recipes formulation, and by preparation pathways. In general terms, the minimally 

required characteristics are the followings: 

(i) an abundant pore-network morphology, with low tortuous interconnected pores, 

large enough to accommodate active cells, and able to contribute to the passive 

transport of all the in- and out-oriented cell metabolites; 

(ii) a controllable ability to be biodegraded and/or bioresorbed under the action of 

tissue-specific cells, both in vitro and in vivo, according to a kinetic matched to 

the kinetics of the surrounding tissue remodeling; 

(iii)an appropriate surface reactivity, tailored to stimulate cells attachment, 

differentiation and proliferation; 

(iv) a mechanical behavior similar to the mechanics of the active tissue, at the 

implantation/injection site; 

(v) the ability to be processed during the manufacturing modelling and post-

manufacturing remodeling. 

 In the particular case of bone-oriented transfection the scaffold-type systems must 

involve hybrid composites, of inorganic-organic type, endowed with two supplementary 

characteristics: osteoconductivity, and tailored degradation under the action of osteoclasts [3, 

4]. 
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 Based on the above criteria, within the 2015 stage of the project we have addressed two 

investigation directions: 

A. – preparation of biomimetic macropourous hybrid matrices, based on both 

biomacromolecules (atelocollagen and hyaluronan derivatives) and synthetic 

polymers (reactive bifunctional poly-ε-caprolactone and polyethylenimine), 

mixed with calcium salts (surface functionalized nano-scale hydroxyapatite 

and/or β-tricalcium phosphate); 

B. – preparation of membrane-like porous composites based on cellulose acetate and 

montmornillonite-silica nanowires. 

 

 

A. Preparation of biomimetic inorganic-organic macropourous matrices 

 

A.1. Preparation of surface functionalized hydroxyapatite 

 

 In order to produce hybrid biomimetic 3D structures, we have prepared functionalized 

hydroxyapatite nanoparticles starting from the principles described on some of our earlier 

studies [5-8]. The particles size and size distribution, alongside the surface cationic 

functionality were considered, in order to sustain the interaction with DNA.  

 

 A.1.1. The synthesis of functionalized hydroxyapatite nanoparticles 

 Calcium phosphates play important roles in biological systems. Most hard tissues of 

vertebrate organisms include large quantities of calcium phosphates [9]. In terms of   structure 

and properties, hydroxyapatite (HAp) is the compound with the best similitude to the biological 

mineral components. This similitude confers biocompatibility and osteogenesis potential to 

HAp [10], and thus, it is frequently used in biomedical applications (bone regeneration, 

prosthesis biocompatibilization, dentistry, controlled delivery systems or complex transfection 

systems [11]). Although HAp shows really good properties and an ideal behavior in vivo, it has 

weak mechanical properties (brittle material, low fatigue resistance) [11]. As a consequence it 

can be used with maximum efficiency only in composite materials or in complex systems.  
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 Currently HAp can be synthesized through a wide range of methods [11-13]. HAp’s 

structure, shape and properties, as well as the nature of intermediates can be modified during 

synthesis, and further controlled by the reaction parameters (reagents nature and ratio, pH, 

temperature, stirring rate and preparation steps duration) [14-16]. Precipitation method, sol-gel 

method, hydrothermal method, biomimetic method or emulsion method are between the most 

used preparative alternatives [11-16]. Low molecular or macro molecular additives present in 

the reaction medium have an important effect on composition, reaction kinetic and morphology. 

Generally they adhere on HAp’s surface by means of electrostatic bonding, and so, in order to 

obtain an adequate degree of functionalization and a time stable system, additives with a high 

surface charge are required [17]. As an example, it was found that polyethylenimine (PEI) 

stabilizes the system, leading to the formation of well dispersed short rods [18]. More, extensive 

studies of PEI surface functionalized HAp, during or after synthesis, showed the efficiency of 

this system in transfection and cancer treatment [18-20], almost due to PEI ability to pack DNA 

(protecting it until it reaches the cell) and to penetrate the cell membrane, facilitating the 

intracellular transport and release of the DNA. HAp itself may act as a gene vector, but only at 

certain concentration and cell selective efficiency.  

 Considering these literature data, the wet precipitation method was the chosen approach 

to synthesize functionalized nHAp, due to its advantages [13, 21-23]: 

- simplicity and reproducibility; 

- mild reaction conditions; 

- possibility for chemical and morphological modifications by introducing 

adequate additives in the reaction system. 

Here below are listed the usually involved reactions for hydroxyapatite preparation. 

10Ca(NO3)2 + 6(NH4)2HPO4 + 8NH4OH  →  Ca10(PO4)6(OH)2 + 20NH4NO3 + H2O 

10Ca(NO3)2 + 6(NH4)3PO4 + 2H2O  →  Ca10(PO4)6(OH)2 + 18NH4NO3 + 2HNO3  

10Ca(NO3)2 + 6KH2PO4 + 20NH4OH  →  Ca10(PO4)6(OH)2 + 6KOH + 20NH4NO3 + 

12H2O 

10Ca(NO3)2 + 6H3PO4 + 20NH4OH  →  Ca10(PO4)6(OH)2 + 20NH4NO3 + 18H2O 

10Ca(NO3)2 + 6(NH4)2HPO4 + 20NaOH → Ca10(PO4)6(OH)2 + 20NaNO3 +12NH3 

+18H2O 

10Ca(NO3)2 + 6(NH4)2HPO4 + 2H2O  →  Ca10(PO4)6(OH)2 + 12NH4NO3 + 8HNO3  

10Ca(NO3)2 + 6Na2HPO4 + 2H2O  →  Ca10(PO4)6(OH)2 + 12NaNO3 + 8HNO3  

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
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10Ca(NO3)2 + 6H3PO4 + 2NH4OH  →  Ca10(PO4)6(OH)2 + 2NH4NO3 + 18HNO3  

10Ca(OH)2 + 6(NH4)2HPO4  →  Ca10(PO4)6(OH)2 + 12NaNO3 + 8HNO3   

10Ca(OH)2 + 6H3PO4  →  Ca10(PO4)6(OH)2 + 18H2O 

10CaCl2 + 6(NH4)2HPO4 + 8NH4OH  →  Ca10(PO4)6(OH)2 + 20NH4Cl + 6H2O 

10CaCl2 + 6K2HPO4 + 2H2O  →  Ca10(PO4)6(OH)2 + 12KCl + 8HCl  

10CaCO3 + 6NH4H2PO4 + 2H2O  →  Ca10(PO4)6(OH)2 + 3(NH4)2CO3 + 7H2CO3  

10CaSO4∙2H2O + 6(NH4)2HPO4  →  Ca10(PO4)6(OH)2 + 3(NH4)2SO4 + 4H2SO4 + 

18H2O 

6CaSO4∙2H2O + 4Ca(OH)2 + 6(NH4)2HPO4  →  Ca10(PO4)6(OH)2 + 6(NH4)2SO4 + 

18H2O  

3Ca(H2PO4)∙H2O + 7Ca(OH)2  →  Ca10(PO4)6(OH)2 + 18H2O 

Ca5(P3O10)2 + 5Ca2+ + 6H2O  →  Ca10(PO4)6(OH)2 + 10H+  

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

 

 The synthesis pathway is described in Scheme 1. 

 

 

 
 

 

Scheme 1. Experimental procedure of functionalized hydroxyapatite preparing 

according the precipitation general method. 
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 A.1.2. Characterization of functionalized hydroxyapatite 

 The formation of nHAp and the surface adhesion of additives was confirmed by TEM 

(Hitachi 7700), SEM/EDX analysis (Quanta 200 SEM equipped with an EDX module), 

spectrophotometric analysis (FTIR (Bruker Vertex70), UV-VIS (UV-6300PC double beam 

spectrophotometer, VWR), 1H-NMR (Bruker Avance DRX 400), XRD (Bruker D8 Advance 

diffractometer, source with a wave length of 1.54 Å) and DLS (Malvern ZETASIZER). 

According TEM observation (Figure 1) structures with different shape and nanometric sizes 

were formed: needle-like in the system without additives and with arginine, and plate-like in 

the systems with PEI, respectively. The length of the nanoparticles and their aspect ratio 

decreased with the addition of polymer as shown in Table 1. It was assumed that the interactions 

between generating inorganic nanoparticles and additives - which contain carboxylic, imine and 

primary amine group - led to the inhibition of crystals growth, in accordance with literature [17, 

18]. As it can be seen in Figure 1 and Table 1, the aggregation tendency and the size of nHAp 

decrease in the order HAp0 > HApA> HApLPEI ≥ HApbPEI. 

 

Table 1. The characteristics of synthesized HAp nanoparticles. 

Sample HAp 
HApArginin

e 
HApbPEI 

HApLPEI

-I 

HApLPEI

-II 

Crystals length [nm]  72.8 71.3 45.9 45.5 32.2 

Lengths range (min - max) 27.5-134 43.3-177.6 
21.8-

74.4 

16.9-

91.6 

14.1-

76.9 

Crystals wide [nm] 9.27 7.85 9.36 11.62 17.35 

Geometric ratio length/wide 7.86 9.07 4.90 3.91 1.86 

Ca/P ratio 1.62 1.56 1.63 1.57 1.61 

zeta potential, ξ [V] 8.2 12.0 33.0 15.5 20.0 

AgDLS [nm] 1660 1150 316 427 338 

 

 

 

 

 

 

 



46 

 

 (a) 

 

 (b) 

 

 (c) 

 

 (d) 

 

Figure 1. Typical TEM images of the synthesized functionalized nHAp:  

(a) HAp0; (b) HApA; (c) HApbPEI; (d) HApLPEI. Scale: 100nm. 

 

 

The EDX analysis pointed on a Ca/P ratio lower than 1.67, situated between 1.56 and 

1.63 (Table 1), values which together with FTIR (Figure 2) and XRD data (Figure 3) entail the 

formation of calcium deficient hydroxyapatite (CDHA). By comparing the diffractograms 

obtained with the diffractogram of CDHA from literature [19-21], it can be observed that they 

match almost perfect. The difference that appears at 2θ of about 42°, which can be attributed to 

the specific interaction between additive and HAp, confirms the additive’s influence over nHAp 

morphology. The crystallinity increases with the use of additives but not significantly (TEM 

and RDX data). 

 The ability of cationic functionalized nHAp to associate with DNA was tested by the 

electrophoretic migration method. Comparing results are presented in Figure 4, alongside with 

the effect of using regular HAp. The investigation was performed on agarose gel, by using 

plasmidic DNA, at pH 7.4, and at an N/P ratio of 20. The maximum binding capacity against 

pDNA was proved in the case of nHApLPEI sample. 
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(a) (b) 

 

Figure 2. Infrared spectra of functionalized nHAp funcționalizată: 

(a) FTIR technique (KBr pellets); (b) ATR-FTIR technique. 
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(a) (b) 

 

Figure 3. The diffractograms of synthesized samples (a), as compared with the one of Ca 

defficient carbonated HAp (CDHA [21]), and of crystalline HAp [22] (b). 

 

 

 

 
 

Figure 4. Comparative functionalized nHAp electrophoresis data (conditions: pH= 7.4; 

plasmid DNA = Luc 10; N/P=20; agarose gel). 
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B. Studies on ternary composites biopolymer / polymer / hydroxyapatite 

 

B.1. Preparing of hybrid matrices of ternary composite type 

 

 Considering the nanoparticles size, shape, size distribution and ability to compact DNA, 

HApLPEI-I was selected for inclusion in the biomimetic hybrid macroporous matrix implying 

biopolymers (atelocollagen-AteCol, hyaluronic acid derivative - DMSHA) and a synthetic 

polymer (reactive bifunctional polycaprolactone derivative – PCL-DI) as a cross-linker (Figure 

5) [23-26,27, 28]. 

 

 

 

 

 

Figure 5. The principles of hybrid cryogel preparation, starting from atelocollagen /  

dimethyl-silane-diol-hyaluronate, by crosslinking with poly(ε-caprolactone)-di-isocyanate. 

 

 

 

B.2. Characterization of hybrid ternary matrices 

 

 The introduction of HAPLPEI in the biopolymer based cryogel formulation gave rise to 

increased shape stability, pore size reduction and improved material cohesion, as compared to 

the cryogel with a similar content in polymers, but without HAp or with added commercial β-

TCP, most probably LPEI deposited on the HAp surface acting as a coupling agent, PEI being 

known to have a rich chemistry and ability to develop specific interactions with both organic 

and inorganic materials. Also, the here synthesized functionalized HAp has dimensions in 
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nanometer range, and may be easily homogeneously distributed in the polymer matrix, while 

commercial TCP tends to agglomerate, as can be observed from SEM microphotographs. 

 The nHAP with functionalized surface yielded not only improved, facile, and efficient 

integration within 3D hybrid natural /synthetic hydrogel matrices, but also it didn’t affect the 

native structure of protein, as shown in FTIR spectra (Figure 2), where the A1240/A1450 value 

used for the evaluation of triple helix modification in collagen [29] is of 0.93 for 

CH10P10/HAp25-15, while that for pure AteCol is 0.94 and for CH10P10/HAp25:TCP15-15. 

Fibrillary collagen structure may be observed in the SEM micrographs for CH10P10-15 and 

CH10P10/HAp25-15, but not for CH10P10/HAp25:TCP15-15, where TCP agglomerates 

prevail (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

CH10P10-15 

 

CH10P10/HAp25-15 

 

CH10P10/HAp25:TCP15-

15 

 

Figure 6. Typical SEM images of the analyzed cryogel samples. 
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 The integration of inorganic particles into the organic matrix was confirmed by FTIR 

spectroscopy, X-Ray diffractometry, and by DSC analysis. The presence of the inorganic 

fraction in the cryogel composition was put in evidence by XPS analysis. The results are 

included in Table 2, and in Figure 7. 

 

Table 2. The elemental composition of the prepared cryogels. 

 Sample 

 
CH10P10-15 CH10P10/HAp25-15 

CH10P10/HAp25:TCP15

-15 

Element wt% At% wt% At% wt% At% 

C 66,6 71,9 46,5 58,2 50,4 61,4 

N 12,4 11,5 9,7 10,4 9,1 9,5 

O 20,0 16,2 25,2 23,7 25,1 23,0 

P -- -- 6,1 3,0 4,9 2,3 

Ca -- -- 12,6 4,7 10,5 3,9 

 

 

 
 

Figure 7. The diffractograms of the prepared cryogel samples. 
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 XRD diffractograms (Figure 7) confirm the slight alteration of collagen triple helix, the 

diminishing of the signals specific to collagen at 2θ ∼ 7.7° and 15-28° [30, 31] in the registered 

diffractogram for CH10P10/HAp25:TCP15-15, as compared to CH10P10-15 and 

CH10P10/HAp25-15 evidencing a disorder increase. 

 

 

 

 

Figure 8. The DSC curves obtained for 

the hybrid cryogel samples. 

 

 

 The DSC curves (Figure 8) put in evidence an increase of the denaturation temperature, 

Td, (which is considered to represent an indirect measure of the crosslinking degree of collagen 

forms), with the increase of the inorganic participation in the composite recipe, fact that 

confirms the existence of specific interactions at the inorganic / organic interface. It seems that 

the inorganic particles induce a weak crosslinking mediated by electrostatic interactions. 

 The swelling capacity (Figure 9), and the degradability (Figure 10) of the cryogel 

samples indicate a relative improvement of the composite stability when the inorganic mass 

fraction increases. The effect of the increased hydrophilicity of βTCP, as compared with HAp, 

is also evident. 

 

 

 

 

 

 

 

 

 

 



53 

 

 
 

Figure 9. The swelling of the prepared macroporous structures, in water. 

 

 

 

 
 

Figure 10. The degradation of the prepared cryogels in PBS 0.1M, at 37°C. 

 

 

 

C. Composites based on cellulose acetate and silica nanofibers 

 

 Hybrid nanomaterials of polymers / inorganics type offer a large range of bio-medical 

applications, mainly in controlled release of active principles. Recently, a new class of such 

materials is based on clays-silica nanofibers (SiNWs), acting as nanofillers with 2D-1D 

interconnected structure. SiNWs consist in fibrils of more than 1 μm length and about 20 nm in 

diameter [32, 33], which can be also produced as 2D layers, with a large specific surface. 
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Basically, SiNWs are biocompatible systems [34], and are endowed with the self-assembling 

ability.  

 Our study demonstrates the use of SiNWs as a nanofiller for composites based on 

cellulose acetate. Such composites were evaluated as 3D matrices, in promoting the adhesion 

and proliferation of [35]. 

 

 C.1. The obtaining of cellulose acetate / clay and silica nanofibers 

 

 Heterogeneous nanocomposite membranes based on CA as a matrix and SiNWs as 

filler, were developed by simple mixing the CA aqueous solution with SiNWs presynthesized 

using the sol-gel process of tetraethyl orthosilicate in the presence of sodium cation 

montmorillonite [32], followed by homogenized mixture casting. Scheme 2 summarizes the 

preparing principles of SiNWs.  

 

 

 
 

Scheme 2. An experimental method to prepare SiNWs. 

 

 

 Once prepared, SiNWs were dispersed in a cellulose acetate solution, by ultrasonication, 

at various mixing ratios of 1.25, 2.5 and 5 % w/w. Nanocomposite membranes were then 

prepared by casting the dispersion, followed by a controlled coagulation. The resulted 

membranes were then stored in deionized water, to prevent the microorganisms attack. 

 

 C.2. Hybrid membrane characterization  

 

 The membranes morphology was investigated by SEM, after platting with a 

monoatomic layer of gold. The morphological study revealed a decrease in the pores sizes, and 
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modification of their density, with the increase of SiNWs amount in biocomposites, in 

comparison with neat CA membrane. Figure 11 summarizes the results. 

 In the case of samples free of SiNWs, the surface porosity is difficult to put in evidence, 

because the large and interconnected initial pores collapsed during the membrane drying (as an 

artifact of SEM specific sample preparation techniques). The resulted pores lose the spherical 

or cylindrical initial shape, becoming of lamellar type after they collapse [36]. The presence of 

SiNWs in the mixture with cellulose acetate induces a stable porosity after membrane drying. 

The resulted diameters are of about tenfold smaller as compared with those present in the 

cellulose acetate membranes. 

 

 

 
 

Figure 11. SEM images showing (i) the morphology of composite membranes obtained 

with different loads of SiNWs (0; 1.25, 2.5 and 5% wt. to CA), 

and (ii) the decrease of the water contact angle (left corner inserts).  
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 The cytotoxicity tests revealed that all synthesized composite membranes are non-

cytotoxic (Figure 12), no essential differences being noted for different SiNWs loadings 

(according the prescription in reference [37]). 

 

 

 

Figure 11. Cell viability chart for 

different SiNWs loads in CA hybrid 

membranes (neat cells - C cells; 

neat CA -ca; 1.25%wt. CA_1.25% 

SiNWs; 2.5%wt. CA_2.5%SiNWs; 

5%wt. CA_5%SiNWs) 

 

 Thus, for all investigated samples the cell viability in cultures, after 72 hours of 

incubation, was found to be greater than 80% relative to the pristine sample. Such 

characteristics offer real possibilities to apply these new materials biomedical domains. 

 

 

D. Conclusions on the study of biomimetic macromolecular matrices producing 

 

 Two research directions were followed to develop preformed 3D matrices able to act as 

a component of complex transfection systems for hard tissue treatment and / or regeneration: 

A. the preparation of a biomimetic multifunctional, hybrid macroporous matrix; 

B. the synthesis of porous composite membrane cellulose acetate / montmorillonite / silica 

nanowires (SiNWs).  

 In an effort to obtain biomimetic 3D structures appropriate to bone tissue substitution, 

cryogels based on the combination of ECM (extracellular matrix) components (collagen and 

hyaluronic acid) with FDA accepted PCL, acting as a degradation rate controller, and calcium 

phosphates (HAp and TCP) were successfully prepared. To increase the hybrid matrix cohesion 

(and, implicitly, the mechanical properties) and functionality, functionalized nano-

hydroxiapatite synthesized by wet precipitation method in the presence of cationic additives 

was used. After a comparative study in terms of size, size distribution, crystallinity, DNA 
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complexation ability, the hydroxyapatite nanoparticles surface functionalized with linear 

polyethylenimine (HApLPEI) was selected as an inorganic reinforcing material. It was proved 

that it can be uniformly distributed in the polymer matrix without essential denaturation of the 

native structure of the protein.  

 The macroporous structure, with interconnected pores (in the range of 63-140 μm), the 

higher processability as compared to (hydro)gels obtained by other methods, as well as unique 

mechanical properties (elasticity combined with mechanical resistance), completed by 

improved purification possibility, all specific to cryogels, recommend such materials for tissue 

engineering [38]. As demonstrated [1, 23-26], these materials benefit from properties control 

by means of composition and preparation parameters. The chemistry of the here involved 

components makes them amenable to specific interaction with/facile attachment of gene 

delivery vectors or even pure DNA.  

 CA/SiNWs biocomposites were obtained by a simple preparative alternative to yield 

porous membranes. It was proved that they are non-cytotoxic, thus biocompatible, offering real 

possibilities for application in biomedical area. SiNWs act as a reinforcing material, avoiding 

carbon nanotube use drawbacks, being also involved in pore forming/porosity modification.   
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Objective 2. ASSESSMENT OF TRANSFECTION ABILITY OF THE SYSTEMS 

DEVELOPED BY THE PROJECT 

 

 Gene therapy aims to introduce genetic relevant pieces of nucleic acids into cells, in 

order to treat or compensate gene expression deficiencies, including some cancer type, inherited 

disorders and viral infections,  requiring  specific genes with thousands  of nucleotides. In the 

other words, gene therapy tries to supplements humans bearing defective genes with the correct 

ones, when the production of affected proteins can be suppressed, and the treated cells could 

biosynthesize the correct and effective protein. As an advance therapeutic techniques, gene 

therapy need to use specific “tools”, highly efficient and non-toxic, able to deliver functional 

genes (or other types nucleic acid forms) to precisely chosen target cells [39]. Frequently, the 

“tools” consist in cationic carriers (considered as non-viral vectors), having precisely designed 

composition, structure and morphology, in order to attain imposed properties [40-42]. Linear 

or branched polyethyleneimine are the most used molecular components of the carriers, for both 

in vitro and in vivo tests, due to their high density of positive charges, which may be controlled 

by varying the pH of the aqueous environment. in the case of branched polyethyleneimine (b-

PEI), the theoretic ratio between the primary, secondary and tertiary amine groups of was 

determined to be 1 : 2 : 1 [43]. At physiologic pH values, the protonation degree of PEIs is of 

about 50% [44]. Recently, the obtaining procedure of a PEI-based gene vector having a high 

affinity for plasmidic DNS, at pH 4, was described [45]. A large number of tests demonstrated 

that short segments of dcDNA (of 20-25 nucleotides) can be successfully delivered to various 

types of if low molecular PEIs (0.6 ÷ 2 kDa) are used, instead of larger homologs having higher 

molecular weights (25 or 70 kDa), proved to be cytotoxic [46]. 

 Considering the above mentioned arguments, the 2015 stage of the PN-II-ID-PCCE-

2011-2-0028 project, aimed to investigate two new approaches:  

(i)  the modeling and the optimization of the processes of dcDNA complexation (25 

nucleotides) with b-PEI (2 kDa); 

(ii)  the elucidation of the resulted poliplexes conformation, when dcDNA was 

associated with specific b-PEI based carrier molecules that include a siloxane cycle, 

hydrophobic per se. 
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 2.1. Statistical-mathematical modeling and optimization of the process of 

        co-precipitation of dcDNA with polyethyleneimine  

 

 To develop statistical-mathematical models of the process of electrostatic complexation 

between 25b dcDNA and 2 kDa PEI, a composite factorial experiment design was conceived, 

in order to describe the response surface having the general form:  

complexation efficacy = f(dcDNA concentration, PEI concentration, pH). 

 

The obtained models were then used to identify the optimal domains to run the 

coprecipitation of the two reactants [47]. 

 The Response Surface Method (RSM) is a statistical-mathematical technique able to 

offer appropriate but simple models, starting from experiments designed based on the Design 

of Experiments (DOE) algorithms [48]. In our study, DOE and RSM methods were applied to 

describe the above mentioned complexation process. The experimental data of complexation 

monitoring were obtained from agarose gel electrophoresis assays, by comparing unbound 

dsDNA band intensities determined by using a dedicated software application. In addition, a 

molecular dynamics simulation has been carried out to uncover the mechanism of polyplex 

formation. 

 Three input variables (factors) were considered to design the experiment, i.e. dsDNA 

concentration, b-PEI concentration, and initial pH of solution. For modeling purpose, the input 

variables have been converted into coded variables ranging from −1 (minimum level) to +1 

(maximum level). Such codification enables the investigation of variables of different orders of 

magnitude using the same dimension of scale for all of the factors [49]. For each run, the binding 

efficiency (response) was determined by the retardation assay, at different dsDNA/b-PEI ratios. 

Gel Quant Express software application was used to measure the absorption intensities, and to 

quantify the complexation efficacy [50]. Figure 12 shows a typical case of electrophoretic data 

processing.  
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Figure 12. A typical electrophoretic data processing (ADNdc / bPEI = 1.498 and pH 8). 

Lanes 1, 2 and 4 represent loaded samples. Lane 3 corresponds to the reference dsDNA 

whose signal intensity was attributed as 100%. 

 

 

 Figure 13 includes all the experimental results, obtained according the designed 

experiment.  Based on the corresponding numeric data, the coefficients of the associate 

polynomials were calculated using a multiple regression technique [51]. The resulted response 

surfaces are depicted in Figures 14 and 15. 

 

 

 
 

Figure 13. The electrophoretic images obtained according the experimental design, which 

were processed to determine the complexation efficacy. 
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Figure 14. Response surface plot and contour-line map showing the effects of [dsDNA] and 

[B-PEI] on the binding efficiency, Yˆ (%), for the fixed level of pH = 7.0. 

 

 

 

 
 

Figure 15. Response surface plot and contour-line map showing the effects of [B-PEI] and 

pH on the binding efficiency, Yˆ (%), for the fixed level of [dsDNA] = 28.33 μM. 

 

 

 According Figure 14, as dsDNA concentration increases, the binding efficiency 

decreases, due to the extra amount of unbound dsDNA. At b-PEI concentrations lesser than 19 

μM, a significant improvement of the binding efficiency occurs. For higher values of b-PEI 

concentration ([b-PEI] >19 μM), the ascending trend is attenuated and slightly reversed, owing 

to the quadratic effect produced by the model. Surface plot in Figure 15 show the coupling 

effects of the b-PEI concentration and pH upon the predicted response. As one can see, if the 

pH value diminishes (from 8 to 6), the binding efficiency increases substantially. In addition, 
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an interaction effect can be observed between the b-PEI concentration and solution pH 

underlying that the polyplex formation is more efficient at a larger amount of B-PEI and lower 

pH values. This can be attributed to the more intense protonation of amine groups from B-PEI 

at lower pH values. 

 The aim of the experimental design and response surface modeling was to optimize the 

polyplex formation process. To accomplish this goal, model-based optimization has been 

performed to find the conditions that maximize the binding efficiency, Yˆ (%), between dsDNA 

and b-PEI by applying the method of simplex algorithm [52] and an appropriate solver (Nelder-

Mead) implemented in SciLab 5.4.1 open-source software has been used for the direct search 

optimization. The optimal solution given by the simplex method, in terms of actual values of 

factors, is as follows: [dsDNA] = 26.33 μM, [b-PEI] = 19.26 μM and pH = 5.8. Under these 

conditions, the predicted response is Yˆ = 70.52%, and the confirmed experimental response is 

Y = 70.79%. The observed value of response (Y = 70.79%) is slightly greater than any binding 

efficiency value reported in the initial experimental design. Therefore, these conditions are 

optimal for the investigated region of experimentation (valid region). However, we were 

motivated to figure out even higher values of binding efficiency (i.e. Y > 90%). This required 

searching beyond the valid region where the model could not be applied. In this respect, the 

gradient method was employed for the additional optimization based on the experimentation 

and calculus [52]. The starting point for the gradient methodology was the optimal point given 

by the Nelder-Mead simplex method, i.e. z1 = 26.33 μM (dsDNA), z2 =19.26 μM (B-PEI) and 

z3 = 5.8 (pH), which yielded the observed response of Y = 70.79%. Subsequently, only two 

variables z1 (dsDNA) and z2 (B-PEI) were selected for optimization, whereas the third variable 

z3 (pH) was fixed at a constant level of pH 5.8 to avoid a more acidic pH that can damage 

dsDNA. Hence, the overall experimental optimization was reduced to a two variable problem. 

All values of binding efficiency Y (%) were determined experimentally by the gel 

electrophoresis method (Figure 16, assays A-G4(1), A-G4(2) and A-G4(3)). Thus, for the 

increment Δz1 = (28.00–26.33) = 1.67 the corresponding variation of response is ΔY = (63.31–

70.79) = −7.48; similarly for Δz2 = 2.51 the variation of response is ΔY = 29.12. Based on these 

values, the gradient directions have been calculated using the equation: 

 

 

  
  

  
  

2 2

/ /

/ /

k k

i ik

i
k k

i i

i i

Y z Y z
d

Y z Y z

   
 

    
. 



63 

 

Figure 16. Gel electrophoresis assays carried out 

according to the experimental conditions given by the 

gradient methodology. All assays have been performed at 

pH 5.8, and intensities have been analyzed by Gel Quant 

Express software: lane 1 – reference dsDNA, 25.55 μm; 

lane 2, 3 – sample with D/P = 1.145, average unbound 

dsDNA band intensity 0.04%. 

 

The obtained directions are as follows, d1 = −0.36004 and d2 =0.93294. Following 

equation: 

       1
   1, 2, ...

k k k k

i i iz z d i n

     

and using a fixed step-length of λ =3, the new values for the variables have been determined, 

i.e. z1 = 25.25 and z2 = 22.06. The final optimal conditions given by the gradient method are: 

  z1 = [DNAdc] = 25.25 μM; 

  z2 = [bPEI] = 22.06 μM; 

  z3 = pH = 5.8. 

Following these conditions, a maximal value (Y = 99.96%) of the binding efficiency 

was obtained experimentally (Figure 16). 

 

 

 2.2. Elucidation of polyplexes conformation as a result of the complexation 

        between dcDNA and polyethyleneimine-based carriers 

 

 In order to reveal the mechanism of dsDNA/b-PEI complexation, the molecular 

dynamics simulation was performed by means of the YASARA-Structure software package, 

version 14.12.2. This kind of simulation provides details regarding the individual atomistic 

motions of macromolecules surrounded by explicit solvent molecules as a function of time. In 

this work, the simulated DNA helix has the same nucleotide sequences as dsDNA used for the 

experimentation, i.e. the sense strand 5′-CAAGCCCTTAACGAACTTCAACGTA-3′ and the 

antisense strand 5′-TACGTTGAAGTT 

CGTTAAGGGCTTG-3′. The B-form of DNA was built using YASARA-Structure program. 

Thus, the modeled dsDNA contains 50 nucleotides, which carries a total charge of −52 in the 
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fully deprotonated state, and has a molecular weight of 15.43 kDa. Note that, according to the 

modeled configuration of dsDNA built by using YASARA program, there are terminal 

phosphate groups at 5′-end positions having the negative charge of −2 (at O1P and O3P, Figure 

17). 

 

 

 

Figure 17. Notations and positions of DNA 

backbone oxygen atoms, (O1P, O2P, O3P, 

O3*, O4* and O5*). 

 

 The simulated PEI is a branched macromolecule (b-PEI) consisting of 32 amine groups, 

with a molecular weight of 1.38 kDa. The b-PEI molecule was built in HyperChem software, 

optimized at the level of the PM3 semiempirical model, and finally exported to the YASARA-

Structure program. Note that, the modeled b-PEI contains 16 amine groups in the backbone and 

16 amine groups in the branched segments. As such, b-PEI involves 14 primary amine groups 

(–NH2), 6 secondary amine groups (vNH) and 12 tertiary amine groups (vN–), the latter being 

pinpointed only on the backbone chain. Hence, the macromolecule b-PEI carries a total charge 

of +32 in the fully protonated state (Figure 18). 
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Figure 18. The structure of bPEI molecule, considered in molecular dynamics calculations. 

 

 In accordance with the simulation protocol, the macromolecules (dsDNA and b-PEI) 

were solvated in 32373 TIP3P water molecules, in a rectangular cell (box), with the size of 100 

Å × 100 Å × 100 Å, and the molecular system consisted of 99201 atoms. First, the cell 

neutralization simulation was carried out to add monovalent counterions (Na+ and Cl−) attaining 

a mass fraction of 0.9%. The simulation cell was also equilibrated by energy minimization using 

the steepest descent algorithm followed by a simulated annealing minimization and a short 

molecular dynamics simulation (2 ps). At the end of cell neutralization and equilibration 

simulations the configurations of macromolecules (dsDNA and b-PEI) were adopted as the 

initial structures for the molecular dynamics production run. In this study, a fully protonated 

state of b-PEI was considered at pH of 5.8. 

 

 

 

Figure 19. Snapshots from the trajectory 

showing the interactions between dsDNA 

and B-PEI with formation of the polyplex at 

pH 5.8 and ifferent simulation times: (a) t = 

2 ns; (b) t = 5 ns; (c) t = 12 ns; (d) t = 20 ns; 

(water molecules are omitted). 
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 Figure 19 illustrates typical snapshots from the molecular dynamics trajectory showing 

the interaction between macromolecules at different simulation times. For clarity, water 

molecules are omitted. Thus, at the simulation time t = 2 ns, the first contacts between 

macromolecules can be observed (Figure 19.a), which occur between b-PEI and the sense strand 

of dsDNA. At 5 ns simulation time (Figure 19.b), the contacts between b-PEI and both strands 

of dsDNA can be discerned in the vicinity of a minor groove, revealing an incomplete organized 

structure of the complex. For higher time values of 12 ns (Figure 19.c) and 20 ns (Figure 19.d), 

the well-defined polyplex structures can be observed. These polyplex structures involve the 

aligning of b-PEI with dsDNA phosphate groups of both strands, crossing over a minor groove 

of dsDNA. In accordance with molecular dynamics simulation data, the total and potential 

energies of the system decrease from the initial values and stabilize at lower values. This 

suggests that the formation of the polyplex structure is an energetically favorable process. 

 In conclusion, molecular dynamics simulation results have elucidated the molecular 

mechanism of complexation between DNAdc and b-PEI, providing important information for 

the design of non-viral vectors which are able to pack, carry and deliver genes into targeted 

cells. 

 

 

 2.3. Study on the mechanism of polyplexes generation by the complexation 

        between dcDNA and polyethyleneimine-based amphipathic carriers 

 

 An amphipathic carrier which contains (in average) 3.7 molecules of 2 kDa bPEI 

attached to a siloxane cycle was synthesized according the reactions in Scheme 3. Figure 20 

depicts the structure and the conformation of the carrier (named D4-PEI). 

 

 

 

Figure 20. Optimized molecular structure 

of D4–PEI conjugate in ground state by 

applying PM3 theory. 
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 The ability of cD4H-AGE-PEI conjugate to ionically interact with dcDNA (25 b), the 

conformation of the local resulted polyplex, and the dynamic behavior of the two partners in 

aqueous milieu, at physiological pH, were investigate by means of computational chemistry 

techniques. 

 Molecular modeling was performed by molecular orbital calculations at the level of 

PM3 theory, using the MOPAC software application, in order to optimize the geometry of D4–

PEI conjugate. The interaction between the conjugate and the DNA helix was studied by 

molecular dynamics simulation, in an explicit solvent environment (water), using the 

YASARA-Structure software package, version 14.12.2, which employs an automatic 

parameterization procedure (termed “AutoSMILES”) for the unknown structures. The 

simulated DNA was a Drew-Dickerson dodecamer d(CGCGAATTCGCG)2 containing 24 

nucleotides, with a total charge of -26 (fully deprotonated) in aqueous solution at a pH of 7.4. 

In the case of D4–PEI conjugate, amine groups of PEI were considered to have a protonation 

ratio of 50%, at the physiological pH. In these conditions, the conjugate represents a polycation 

which carries a total charge of +26 in aqueous solutions, at pH 7.4. 

 As a first step, the PM3 semiempirical molecular orbital calculations were performed to 

optimize the D4-PEI conjugate geometry, in vacuo. Figure 20 depicts the resulted 

conformation, which emphasizes an asymmetric structure, with a tendency to distinctly expose 

the charged (PEI segments) and the uncharged (the siloxane ring and the linker AGE moiety) 

domains. 
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Scheme 3. The synthesis pathway of the D4-PEI amfipatic cationic carrier. 

 

 

 According to PM3 calculations, D4–PEI macromolecule belongs to C1 molecular point 

group symmetry. A heat of formation of -1029.2 kcal/mol, a maximum length of 35.746 Å, a 

molecular volume of 7187 Å3, a polarizability volume of 329.36 Å3, a solvent accessible 

surface area of 2480 Å2, and an appreciable dipole moment of 8.30 Debyes, are the main 

characteristics of the in vacuo optimized conformation of the carrier. 

 The dynamics simulations of the interaction between the D4–PEI carrier and the DNA 

double-helix were performed using the YASARA program suite, which is targeted on 

(bio)organic molecules, but does not allow automatic parameterization for inorganic atoms such 
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as silicon. This is why, the force field parameters of the carries were generated by the 

AutoSMILES algorithm considering the siloxane ring in the frozen state at the level of the 

previously developed PM3 model (using the fixed atoms option, as suggested by YASARA 

developers). 

 According to the simulation protocol, the macromolecules (DNA and D4–PEI) were 

solvated in the entourage of 32823 TIP3P water molecules, in a rectangular box with the size 

of 100 Å x 100 Å x 100 Å. The periodic boundary conditions were set for the simulating box. 

The system summing up 99783 atoms was initially equilibrated by energy minimization 

simulation, using the steepest descent algorithm followed by the simulated annealing 

minimization. 

 The molecular dynamics simulation was carried out using the self-parameterizing 

knowledge-based YASARA force field. For the production run, the pressure control was 

enabled by setting the solvent probe mode, i.e. water density of 0.997 g/cm3, that corresponds 

to the conditions of a constant pressure of 1 bar, and a temperature of T = 298 K. A time step 

of 1 fs was applied to integrate the equations of motion. For calculating of the non-bonding 

interactions (van der Waals and electrostatic), a cut-off distance of 12 Å was used. The 

electrostatic interactions have been computed by the particle mesh Ewald (PME) method. 

Finally, 10 ns long molecular dynamics simulation was started and the snapshots were recorded. 

 Figure 21 shows selected snapshots from the molecular dynamics computation, 

depicting the interaction between DNA and the polycationic D4–PEI molecule, versus the 

simulation time. As shown in Figure 21.a, at the initial time (t = 0), DNA and the carrier are 

separated by a distance of 30.5 Å between their centers of geometries (COG distance). At the 

simulation time of t = 2 ns, the intermolecular COG distance becomes shorter, i.e. 14.32 Å, and 

the formation of the polyplex structure can be clearly observed (Figure 21.b). For higher values 

of simulation time, the polyplex structure between DNA and D4–PEI is stabilized as shown in 

Figures 21.c (for t = 6 ns) and 21.d (for t = 10 ns). According to the dynamics computation, the 

total potential energy Ep of the system has extremely decreased from its initial value, suggesting 

that the formation of the polyplex aggregate is an energetically favorable process. 
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(a)  (b) 

(c)  (d) 

 

Figure 21. Snapshots from trajectory showing the interactions between DNA and cD4H–

AGE–PEI carrier, indicating the polyplex formation at different simulation times:  

(a) t = 0 ns; (b) t = 2 ns; (c) t = 6 ns; (d)  t= 10 ns. (Water molecules were omitted). 

 

 

 As the intermolecular COG distance between DNA and cD4–PEI is diminished, the 

number of atoms in the intermolecular contact (for a cutoff radius lower than 4 Å) increases 

significantly. As an example, at t = 2 ns the number of atoms in contact increases from zero to 

387. For simulation time values greater than 4 ns, the number of atoms in the intermolecular 

contact varies between 500 and 611. The close contact between DNA and the D4–PEI carrier 

conducts to the formation of hydrogen bonds, which stabilize the polyplex structure. For a 

simulation time t > 4 ns, the number of hydrogen bonds is higher than 8 and the corresponding 

total energy of hydrogen bonds is greater than 40 kcal/mol. The hydrogen bonds are formed 

between the amino groups of PEI chains of the carrier and the DNA backbone oxygen atoms 

(i.e. mainly with O1P and O2P, and sporadically with O3*, Figure 17). 

 A widely used measure for the characterization of the conformation of a macromolecule 

is the radius of gyration (Rg), which measures the root-mean-square distance of the collection 

of segments from their common center of mass. During molecular dynamics computation, the 
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radius of gyration of DNA has slightly fluctuated in a narrow range of 13.41 to 13.77 Å. By 

contrast, the radius of gyration of D4–PEI molecule has increased from 10.42 Å to a maximum 

value of 11.22 Å. To facilitate the structural comparison of each conformation during molecular 

dynamics, the root mean square deviation (RMSD) of atomic positions. In our study, the RMSD 

values for DNA among relaxed structures ranged between 1.87 Å and 2.28 Å, suggesting that 

all relaxed structures are quite similar to the initial equilibrated structure given by energy 

minimization. In other words, DNA molecule dos not suffer conformational alteration during 

the interaction with the carrier. On the contrary, in case of D4–PEI molecule the RMSD is 

higher than 7 Å, indicating that the relaxed conformations are unlike to the initial structure. 

Both radius of gyration and RMSD values revealed a stable conformation of the DNA 

dodecamer. This may be attributed to the short length of the strands and hydrogen bonds 

between base pairs that maintain the DNA stability. In contrast, the same parameters for the 

carrier suggest that its macromolecule is very flexible. 

 Based on the proven performances of the D4-PEI conjugate, we consider that it 

represents a valuable non-viral gene vector, able to collectively collaborate, on the molecular 

level, to transfect large nucleic acid molecules, of biological significance in controlling genetic 

information storage and expression. 

 

 

 2.4. Studies on non-viral vectors produced by 

        dynamic constitutional frameworks for DNA biomimetic recognition  

 

 In previous stages of PN-II-ID-PCCE-2011-2-0028 project we reported the synthesis 

and characterization of three different types of carriers able to generate polyplexes and 

cargocomplexes: (i) independent individual molecules (Figure 22.a) [50, 54], (ii) constructed 

by supramolecular assembling (Figure 22.b) [55], and (iii) dynamically constructed as a result 

of intermolecular rearrangements, based on combinatorial chemistry principles (Figure 22.c) 

[56]. Under the frame of the 2015 stage of the project, we studied the possibility to construct 

polyplex-like structures generated by small molecules which tend to dynamically rearrange in 

the presence of DNA molecules. As influential factors, we considered the chemical nature and 

structure of the building-block molecules, and the interaction conditions, i.e. temperature, 

concentration, possible (co)solvents. 
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 At this stage of the project (2015) we studied the formation of polyplex structures by 

dynamic constitutional chemistry of components from the system according to their nature 

(chemical structure) and the reaction conditions (temperature, concentration, solvent, etc.). 

Dynamic Constitutional Frameworks–(DCFs) may implement adaptive reversible 

rearrangements of the components toward a high level of correlativity of its hypersurfaces in 

interaction with the DNA bio targets and the cell membrane barrier (Figure 22.c, bottom image). 

In this study, linear PEG macromonomers, trialdehyde core connectors and positively charged 

molecular heads have been used to conceive DCFs for DNA recognition (Scheme 4). 

 

 

 
 

Figure 22. From molecular DNA carriers to DNA nanocarriers. 

Molecular (a), supramolecular design of active molecules and self-assembled devices (b), 

and constitutional selection by combinatorial screening of DCL and adaptive selection of 

nanoscaled dynamic constitutional frameworks for DNA binding (c). 

The DCL and DCFs contain active (positive charged) or neutral membrane interacting 

components onnected via reversible covalent bonds (black points). Various functionalities 

can be reversibly added to network components (red) and the core connectors (orange 

circles) allowing not only the multicomponent variability needed for biological applications, 

but also a spatially adaptive distribution of active binding sites on target 

binding/transfection. DCL: dynamic combinatorial libraries. 
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 The ability of DCF1–5 (Scheme 4) to bind negative dsDNA was evaluated using the 

agarose gel retardation assay (the reduction of DNA electrophoretic mobility as a consequence 

of condensation between positive charges of the compounds and the negative charged 

phosphate groups of nucleic acid). Aqueous samples with different N/P ratios (N/P 1, 3, 5, 10, 

15, 20) were obtained by mixing dsDNA (200 base pairs) with appropriate quantities of 

DCF1:DCF2, (negative control), DCF3, DCF4, DCF5 in buffer solution and then loaded on the 

gel (Figure 23). As anticipated, the experiment with neutral DCF1:DCF2 as negative control 

resulted in no dsDNA retention caused by the framework interaction, the same amount of 

dsDNA (Figure 23.a, lanes 2–7) migrating similarly and having comparable intensity with the 

reference dsDNA (Figure 23a, lane 1). 

 Similar results were obtained in the case of linear DCF3 and DCF4, at different values 

of N/P ratios, and no dsDNA retention was observed (Figures 23.b and 23.c) indicating no 

interactions between the charged DCF3 and DCF4 and dsDNA. The cross-linked DCF5 has 

shown clear retention of dsDNA starting with an N/P ratio of 3 (Figure 23.d, lane 3) 

demonstrating strong interaction between the guanidinium moieties on the surface of aggregates 

with the negatively charged dsDNA backbone. The observed difference of DNA-binding 

affinity may also be due to the greater capacity of the guanidinium vs. ammonium group to 

interact with phosphodiesters  Increasing the N/P ratio led to the better DNA binding, partial 

interaction between DNA and DCF5 under the loading well (Figure 23.d, lanes 4–7). Due to 

this positive result, the binding of a longer DNA plasmid (pEYFP, 4500 bp) by DCF5 has been 

tested. No significant difference can be observed between the DCF5 ability to condense 

flexible, lower weight dsDNA (200 bp), and the stiffer, higher weight pEYFP DNA plasmid 

(4500 bp)  for which a starting N/P ratio of 1 is effective (Figure 23.e, lane 8). 

 As a conclusion, the present study revealed a new paradigm: the DNA binding is 

affected by the presence of guanidinium group (DCF5) at an impressive lower N/P ratio of 1, 

even for longer DNA strands (pEYFP), while the linear ammonium frameworks (DCF3), 

showed no binding properties. These remarks demonstrated a good binding behavior of DCF5 

to DNA close to the histone wrapping DNA binding mechanism. The simplicity of the synthetic 

strategy leaves the possibility of DNA systems to self-select and self generate the most adapted 

carrier for their own active and optimal transfection. 
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Scheme 4. Schematic representation of the synthesis of obtained DCFs combining PEG, 2 

(red rectangle) connected via 1,3,5 benzene trialdehyde cores 1, (yellow circle) resulting in 

the formation of DCF1 : DCF2, 1 : 1, mol : mol. Further treatment of this mixture with 

positively charged heads, 3–5 generates the DCF3–5 frameworks. 
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Figure 23. Agarose gel electrophoresis 

assays for compounds (a) DCF1:DCF2, (b) 

DCF3, (c) DCF4, (d) DCF5/dsDNA and (e) 

DCF5/pEYFP. 

The amount of dsDNA and pEYFP was kept 

constant in all the experiments and used as 

reference in lane 1. For DCF1:DCF2/DNA: 

1/4, 1/12, 1/20, 1/40, 1/60, 1/80 mass ratios 

were used (lanes 2–7). For DCF3–5, N/P 

ratios of 1, 3, 5, 10, 15, 20 (lanes 2–7) were 

used. 

 

 

 

 2.5. Study on ionic-channels able to assist and facilitate the transfection 

        mediated by non-viral gene vectors 

 

 The exchange of ions across the lipid bilayer membrane is a prerequisite for many 

physiological processes [57, 58]. Natural ion channels play significant roles in supporting the 

metabolism of living cells, and their dysfunction can lead to a number of diseases, even death. 

Among ion channels, the KcsA K+ channel is highly selective for K+ cations. Biomimetic 

approaches have been used to develop artificial supramolecular channels with the hope to reach 

the high selectivity of the KcsA channel [59-67]. In this study [68] we designed and prepared a 

series of cholesteryl-thioureido-ethylamide crown ethers that self-assemble into robust ion-

channels and show a remarkably high selectivity for the K+ against Na+ cations, close to that of 

natural channels (Scheme 5). 
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 The synthesized thioureido-ethylamide linkers connecting crown ether and cholesterol 

moieties form H-bonded arrays of channel-type stacks of crown ethers disposed in very close 

proximity pointing towards the center of the channel and expected to serve as ion selectivity 

filters (Figure 24). Cholesterol moieties aiming to stabilize the channels, act as anchoring arms 

inducing low diffusivity, clustering, and higher preorganization of the macrocycles in lipid 

bilayers. 

 The obtained results showed that some synthesized compounds are completely inactive 

towards Li+, Na+, and Cs+ cations but highly active towards K+ cations and slightly active for 

Rb+ cations. 

 Based on the obtained results, we concluded that the high selectivity of K+ transport 

through the prepared artificial cholesteryl-thioureido crown ether ion channels shows formal 

similarity with that of the KcsA K+ channel. The ion transport experiments show that these 

superstructures form membrane spanning structures with clear cation-conductance behaviors. 

The macrocycles pointing toward the hydrophilic part of the channel certainly facilitate the 

transport of the cations, allowing the control of K+-transport selectivity, which is rarely 

observed with self-assembled artificial systems. 

 

 

 
 

Scheme 5. Synthesis of a) cholesteryl thioureidoethylamide-15-crown-5- ether (1a), 

and cholesteryl thioureidoethylamide-18-crown-6-ether (1b), and b) of the reference 

tert-butylthioureidoethylamide-15-crown-5 ether, (1c). 

 



77 

 

 
 

Figure 24. Concentration dependent equilibria between intramolecularly H-bonded 

monomer, and intermolecularly H-bonded dimer and oligomers. 

 

 

 

 2.6. Study on some systems able to facilitate transfection by the  

        retention of naked DNA into the hosting matrices 

 

  SWCNT/metal nanoparticle hybrids, especially transition metal nanoparticle-

decorated SWCNTs, have aroused great interest because of their vast applications in sensor 

devices, photoelectrochemical cells, as catalytic supporters, and in surface-enhanced Raman 

spectroscopy, especially in RAMAN imagistic of biological samples [69]. 

 Herein, we report new mild and facile method for the DNA-mediated dispersion and 

decoration of SWNTs with copper nanoparticles in buffer solution exploiting low concentration 

of Cu2
+ and sodium ascorbate as the reducing agent [70]. We employed specially designed 

synthetic DNA sequence containing single-stranded region for noncovalent SWNT dispersing, 

and specifically designed dsDNA domains as substrate for CuNPs growth (Scheme 6). 
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Scheme 6. Dispersion of SWNT bundle by ssDNA containing short dsDNA regions to form 

SWNT/CuNPs in solutions of Cu2
+ and sodium ascorbate. 

 

 

 Under these mild experimental conditions, the SWNT surface is left largely unperturbed 

thus preserving the inherent and desirable properties of the underlying nanotube. High contrast 

TEM images (Figure 25), revealed SWNTs with almost uniform in size copper nanoparticles 

(average size of 309 nm) deposited on them were obtained by using the proposed strategy 

(Scheme 6). 

  

 

 

 

Figure 25. A) TEM images of CuNP/SWNTs hybrids 

showing positioning of CuNP along one or several 

individual SWCNT. 

                   B) Zoom in image of an individual 

CuNP/SWNTs hybrid showing several nanotubes 

covered with CuNPs. 

  

As the results suggest, the approach is easy and avoids the chemical modification of the 

SWNTs scaffold thus preserving the mechanical and electronic performance of the nanotubes. 

The RAMAN application of the SWNT-copper nanoparticles hybrids in living cells is currently 

under investigation. 
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Objective 3. ELECTROCHEMICAL TESTING PROTOCOLS FOR THE NANOSCALE 

TRANSFECTION SYSTEMS 

 

 The formation of self-assembled micellar structures as well as the attachment of DNA 

to the surface of micelles can be evaluated by electrochemical techniques emphasizing the 

disappearance of redox peaks attributed to certain functional groups from precursors and/or the 

appearance of new peaks specific to the newly formed complex. 

 Cyclic voltammetry technique has been used to evaluate the formation of micellar 

structures having on the surface aminoguanidine linked to a trifunctional organic compound 

(benztrialdehyde). The first obstacle encountered is the low solubility of benztrialdehyde in 

water; in order to overcome this problem and to lead the experiments in aqueous solutions, the 

electrochemical activity of this compound was evaluated by depositing benztrialdehyde as an 

adsorbed layer onto the working electrode surface. A solution of 50 mM benztrialdehyde in 

acetonitrile was used, followed by solvent evaporation at room temperature. Electrochemical 

measurements were carried out in an acidic environment (50 mM H2SO4). 

 Cyclic voltammograms obtained for benztrialdehyde and for micellar structures are 

compared in Figure 26. The electrochemical conversion of the carbonyl group to the 

corresponding primary alcohol leads to appearance of reduction peak around the potential of -

1 V in acid environment. The disappearance of this reduction peak in the case of micellar 

structure indicates that the native structure of benztrialdehyde was affected by attaching the 

aminoguanidine. 
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Figure 26. Cyclic voltammetry in 50 mM H2SO4 for benztrialdehyde (green line) and 

micellar structure (blue line). 

 

  

Figure 27 compares the electrochemical behavior of aminoguanidine with that of 

micelles. The oxidation peak at 1.17 V characteristic for aminoguanidine is not found in the 

voltamograms of micelles, confirming its involvement in the azomethine linkage with 

benztrialdehyde. The increased capacitive current observed for micelles when compared to the 

two individual precursors indicates a pronounced increase of the effective area of the electrode 

by the deposition of these micelles as a porous film. The growth of this capacitiv current with 

the number of scans is presented in Figure 28, indicating the formation of different 

morphologies by accumulating the positively charged micelles at the electrode surface. 
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Figure 27. Cyclic voltammetry in 50 mM H2SO4 for aminoguanidine (green line) and 

micellar structure (blue line). 

 

 

 

 
 

Figure 28. Electrochemical stability of micelles in 50 mM H2SO4. 
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Objective 4. THE DESIGN AND DEVELOPMENT OF BIOMIMETIC, TRANSFECTION 

ACTIVE, MACROMOLECULAR MATRICES 

 

 The fourth objective of the 2015 stage of PN-II-ID-PCCE-2011-2-0028 project is 

dedicated to some preliminary studies regarding activities planned to be conducted during the 

2016 stage. In this respect, two aspects were studied, regarding the ability of the hosting 

matrices to respond at stimulus variations, in physiological range.  

 

 

4.1. pH/temperature responsive nanoparticles based on amphiphilic cationic 

       pullulan derivatives 

 

 Over the past years, water-soluble polysaccharides received great attention due to their 

many applications which result from their remarkable properties such as biocompatibility, 

biodegradability, and no toxicity aspects. Recently, natural polysaccharides–based polymeric 

nanoparticles are intensively used for drug targeting and drug delivery applications. Therefore 

we developed new pullulan derivatives possessing amphiphilic properties and cationic groups, 

where the short alkyl and cationic units are situated on the same pendant chain. Then, it has 

been investigated the self-assembling properties in aqueous solutions in order to evaluate their 

capacity to form nanoparticulate systems for potential use in controlled delivery of nucleic 

acids. 

 Pullulan has been modified with dimethylamino propylamine using 

carbonyldiimidazole as coupling agent. The resulting cationic amphiphilic pullulan derivatives 

were characterized by FTIR, 1H-NMR, and 13C-NMR spectroscopy, elemental analysis, and 

conductometric titration. Self-aggregation process of amphiphilic polyelectrolytes was studied 

by steady-state fluorescence and viscosity measurements as a function of degree of substitution 

of –OH groups with cationic alkyl groups (DS). It has demonstrated that CAC values decreased 

with the increase of the DS. High values of the reduced viscosity with increasing polymer 

concentration are characteristic for derivatives with low DS. The increase in the content of 

pendant groups induced aggregation in two steps, proving the coexistence of intermolecular H-

bonds (assigned to the –NHCO– and –OH groups along the pullulan macromolecular chains) 

and intramolecular and intermolecular hydrophobic interaction between the hydrophobic 

moieties such as –CH2CH2CH2–. 



83 

The results demonstrated that cationic amphiphilic pullulan derivatives can entrap 

hydrophobic molecules (including hydrophobic pesticide) opening the possibility of their use 

in the field of drug delivery. 

 

 

 4.2. pH sensitive, autoassembly/dissociation cappable copolymers,  

        applicable as nano-conteiners in the biomedical field  

 

 In another approach, we developed copolymers of N-isopropylacrylamide with maleic 

acid [poly(NIPAAm-co-MA)] that represent a promising class of the double stimuli-responsive 

polymers. Stimuli-responsive polymers reveal broad application potential in sensing devices in 

medicine, optics, membranes, electronics, etc. 

 In particular, copolymerization of NIPAAm with MA units imparts to the copolymer 

the sensitivity to pH due to the presence of COOH- groups in the MA structure and to 

temperature due to the presence of NIPAAm. In aqueous solutions, the macromolecules of the 

stimuli-responsive polymers transit to soluble or insoluble state depending on the medium 

characteristics (pH and temperature). Linear poly(NIPAAm-co-MA) macromolecules being 

self-assembled/disassembled as pH and/or temperature changes can be used as nano-containers 

for medical purposes. 

 

 

The scientific results obtained during 2015 

in the frame of PN-II-ID-PCCE-2011-2-0028 project 

 

Synoptic: 

- published papers: 19; 

- accepted papers: 4; 

- conference papers: 3; 
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- conference communications: 22; 
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- Ph.D thesis with partial funding from the project: 1  

- Ioana Simionca – Synthesis and characterization of redox materials with 

applications in the realization of electrochemical sensors 

- website update: http://www.intelcentru.ro/index-5-a.html 
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Scientometric mapping of the 19 ISI papers: 

  - IF above 10: one paper (ISI: 11.260); 

  - IF between 7 and 10: one paper (ISI: 7.216); 

  - IF between 3 and 7: nine papers; 

  - IF between 1 and 3: eight papers. 
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Shova, Filip Petru, Fine tuning a multicomponet reaction to proceed towards either 

pyrrolo[1,2-a]quinoxaline or pyrrolo[1,2-a]benzimidazole ring formation, European 
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Magnetic Resonance Conference (EUROMAR2013), 30 iunie-5 iulie 2013, 

Hersonissos, Grecia.    

38. Anamaria Angheluta-Durdureanu, Cristina Uritu, Adina Coroaba, Bogdan Minea, 

Florica Doroftei, Manuela Calin, Daniela Stan, Stelian Sergiu Maier, Mariana Pinteala, 

Maya Simionescu, Bogdan C. Simionescu, Anti-tumoral effect of antraquinone 

derrivative loaded in heparin-coated magnetite nanoparticles, The 5th International 

Congress and the 31st Annual Scientific Session of Romanian Society for Cell Biology, 

5-9 iunie 2013, Timisoara, Romania.    

39. Ana-Maria Balcan, Ciprian Balhui, Cristina Zgardan,Geta David, Biopolymers based 

micro-/nanoparticles, 11th Romanian International Symposium on Cosmetic and Flavor 

Products “Knowledge and creativity in cosmetology”, 4-7 iunie 2013, Iasi, Romania.    

40. Laura Ursu, Cristian Ursu, Mihaela Olaru, Raman spectroscopy studies on pulsed laser 

deposited grapheme, RamanFest 2013 Symposium First Conference on Advanced 

Applied Raman Spectroscopy, 23-24 mai 2013, Lille, Franta.    

41. Marieta Constantin, Sanda Bucatariu, Ionela Asmarandei, Valeria Harabagiu, Gheorghe 

Fundueanu, pH/Thermosensitive hydrogel incorporating chitosan microspheres, 11th 

Conference on Colloid and Surface Chemistry, 9-11 mai 2013, Iasi, Romania.     

42. Mariana Pinteala, Narcisa Marangoci, Adrian Fifere, Bogdan Minea, Anamaria 

Angheluta-Durdureanu, Bogdan C. Simionescu, Advanced research in 

bionanoconjugates and biopolymers, 5th International Conference of Education, 

Research and Innovation (ICERI), 19-21 noiembrie 2012, Madrid, Spania.    

43. Florina Dumitru, Alina Nicolescu, Cristina Elena Stavarache, Calin Deleanu, 

Multinuclear NMR characterization of some mercapto-2,6-pyridinediamides and their 

anion binding properties, The XXXII-rd Romanian Chemistry Conference, 3-5 

octombrie 2012, Calimanesti, Romania.   

44. Mariana Bogatian, Gheorghe Bogatian, Anca Hirtopeanu, Calin Deleanu, Alina 

Nicolescu, Filip Petru, Saruri de piriliu si piridiniu avand substitutenti alchil lungi, The 

XXXII-rd Romanian Chemistry Conference, 3-5 octombrie 2012, Calimanesti, 

Romania.    

45. Anamaria Angheluta-Durdureanu, Cristina Uritu, Manuela Calin, Mariana Pinteala, 

Encapsulated derrivatives of antraquinone on magnetite nanoparticles shell with 

cytotoxicity activity, 4th Bilateral Symposium on Functional Heterochain Polymers for 

Advanced Materials, 2-7 septembrie 2012, Iasi, Romania.    
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46. Adina Arvinte, Ioana Simionca, Rodinel Ardeleanu, Mariana Pinteala, Siloxane crown 

ether polyamide based electrode for electrochemical detection of lead, 4th Bilateral 

Symposium on Functional heterocyclic and heterochain polymers for advanced 

materials, 2-7 septembrie 2012, Iasi, Romania.    

47. David Geta, Danu Maricel, Ibanescu Constanta, Balhui Ciprian, Maier Vasilica, Ivanov 

Daniela, In situ rheological monitoring of biopolymer–based cryogel synthesis, 5th 

International Conference on Biomaterials, Tissue Engineering and Medical Devices 

(BiomMedD 2012), 29 august-1 septembrie 2012, Constanta, Romania.    

48. Stelian Sergiu Maier, Vasilica Maier, Cristina-Mihaela Lefter, Marcel Popa, 

Phaseequilibria in atelocollagen – polysaccharide colloidal systems applicable 

forscaffolds producing, 5th International Conference on Biomaterials, Tissue 

Engineering and Medical Devices (BiomMedD 2012), 29 august-1 septembrie 2012, 

Constanta, Romania.    

49. Daniela Ivanov, Andrei Neamtu, Ciprian Balhui, Vasilica Maier, Geta David, Bogdan 

C. Simionescu, Biopolymer-based cryogel characterization. Morpho-physical 

characteristics and biocompatibility, 5th International Conference on Biomaterials, 

Tissue Engineering and Medical Devices (BiomMedD 2012), 29 august-1 septembrie 

2012, Constanta, Romania. 

 

 

Training Courses / Internships/ Workshops: 

1. Stagiu de cercetare la „Institutul European de Membrane”, Montpellier, Franta (dr. Lilia 

Clima 01 septembrie-31 octombrie 2014).   

2. Stagiu de cercetare la „Institutul European de Membrane”, Montpellier, Franta (dr. 

Alexandru Rotaru 01 septembrie-31 octombrie 2014). 

3. Participare la Intalnirea Anuala cu Utilizatorii de Spectrometre RMN din Europa 

Centrală şi de Est, Zagreb, Croatia, 15-17 octombrie 2014 (dr. Cristina Stavarache).    

4. Curs: „Techniques and Applications of Molecular Biology”, University of Warwick, 

Coventry, UK, 14-17 iulie 2014 (drd. Minea Bogdan).    

5. Stagiu de cercetare la „Institute of Electronic Structure and Laser”, Heraklion, Grecia 

(dr. Narcisa Marangoci 20 iunie-01 iulie 2014).    

6. Stagiu de cercetare la „Institute of Electronic Structure and Laser”, Heraklion, Grecia ( 

drd. Florica Doroftei 20 iunie-01 iulie 2014).    



111 

7. Workshop XPS „European Users Meeting”, Manchester, U.K., 9-11 iunie 2014 (drd. 

Adina Coroaba). 

8. Stagiu de cercetare la „Institutul European de Membrane”, Montpellier, Franta (dr. 

Ioana Moleavin 15-15 decembrie 2013).    

9. Stagiu de cercetare la „Institutul European de Membrane”, Montpellier, Franta (drd. 

Cristina Uritu 15 mai-1 august 2013).    

10. Stagiu de cercetare la „Institutul European de Membrane”, Montpellier, Franta (dr. 

Luminita Marin 15 iunie-1 august 2013).    

11. Stagiu de cercetare la „Institutul European de Membrane”, Montpellier, Franta (dr. Lilia 

Clima 1 septembrie-30 noiembrie 2013). 

12. Participare la cursul de Microscopie Confocala „Skinbad Microscopy Training Course 

2013”, 29-31 Mai, 2013, Gent, Belgia (drd. Florica Doroftei).    

13. Participare la cursul de Microscopie Confocala „Skinbad Microscopy Training Course 

2013”, 29-31 Mai, 2013, Gent, Belgia (drd. Bogdan Minea).    

14. Participare la cursul de Microscopie Confocala „Skinbad Microscopy Training Course 

2013”, 29-31 Mai, 2013, Gent, Belgia (drd. Natalia Simionescu).    

15. Participare la cursul de Microscopie Confocala „Skinbad Microscopy Training Course 

2013”, 29-31 Mai, 2013, Gent, Belgia (dr. Irina Rosca).    

16. Participare la cursul de Microscopie Confocala „Skinbad Microscopy Training Course 

2013”, 29-31 Mai, 2013, Gent, Belgia (dr. Dragos Peptanariu).    

17. Scoala de Studii Avansate „Nicolae Simionescu”, Noi abordari in biologia celulara si 

moleculara pentru progresul cercetarii biomedicale, 5-14 noiembrie 2012, Bucuresti, 

Romania (dr. Dragos Peptanariu).    

18. Scoala de Studii Avansate „Nicolae Simionescu”, Noi abordari in biologia celulara si 

moleculara pentru progresul cercetarii biomedicale, 5-14 noiembrie 2012, Bucuresti, 

Romania (dr. Irina Rosca).    

19. Participare la Intalnirea Anuala cu Utilizatorii de Spectrometre RMN din Europa 

Centrala si de Est, 14-22 Septembrie 2012, Varna-Golden Sands, Bulgaria (drd. Natalia 

Simionescu).    

20. Training School in Genetics and Immunology of Atopic Dermatitis, 10-12 September 

2012, Split, Croatia, (drd. Bogdan Minea).    

21. Workshop XPS „European Users Meeting”, Manchester, U.K., 24-29 iunie 2012 (drd. 

Adina Coroaba).    
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22. Workshop XPS „European Users Meeting”, Manchester, U.K., 24-29 iunie 2012 (drd. 

Andrei Dascalu). 

 

 

Defended PhD theses with partial funding from the project PN-II-ID-PCCE-2011-2-0028: 

1. Narcisa Marangoci – Structuri complexe pe baza de ciclodextrine. 

2. Ioana Simionca – Sinteza si caracterizarea unor materiale cu proprietati redox cu 

aplicatii in realizarea senzorilor electrochimici - 2015. 

3. Cristina Uritu – Sisteme cu eliberare controlată a unor principii bioactive - 2015. 

 

 

Patent applications filed at OSIM - Bucuresti: 

1. A 2013 00710 – Procedeu pentru controlul caracteristicilor particulelor de 

hidroxiapatita sintetizata in prezenta biomacromoleculelor – Autori: Maier Stelian 

Sergiu, Pinteala Mariana, Maier Vasilica, Simionescu Ana-Bogdana – Deponent: 

Universitatea Tehnica „Gheorghe Asachi” din Iasi, in calitate de partener P5 in proiectul 

PN-II-ID-PCCE-2011-2-028. 

 

 

 

 

 

3.12.2015          Project director, 

 

Dr. Mariana Pinteala 


