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This report summarizes work performed on the 5D-nanoP project during the period January - December 2019. 
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 I. Generic approaches within the 2019 stage of the project 

 

 The 2019 stage of 5D-nanoP project is devoted to the obtaining and characterization of: 

(i) the main and / or typical molecular constituents of the nanoplatforms to be further developed, 

and (ii) some structured macromolecular substrata able to mimic the environments in which the 

developed nanoplatforms are designed to act and work. According the general implementation 

plan of the project, the main goals of the current stage consist in: 

 the selection and preliminary study of a biomacromolecular prototype of a functional 

nanoplatform intended to be mimicked by means of supramolecular chemistry 

approaches into the frame of 5D-nanoP project; an enzyme was chosen in this 

respect, in order to capture the real complexity of the capabilities (like the specificity 

of action and of substrates) of highly versatile and performant biological entities; 

 the elaboration of the generic protocols for the synthesis and characterization of some 

particular (macro)molecular components which will be further used to develop 

mimetic supramolecular assemblies; 

 the design, producing and preliminary testing of a macromolecular scaffold, together 

with the overall framework of its functional characterization as a biocompatible 

substrata able to incorporate, to vehiculate and to assist the functional supramolecular 

aggregates. 

 

 The details of the implementation work of Stage 2019 are summarized in the Synopsis 1 

(inserted on next page). 
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Synopsis 1. Implementation plan and results of 5D-nanoP – Stage 2019. 
 

Year Stage 
Main objective 

of Stage 2019 

Particular / adapted activities 

and sub-activities carried out 

Stage results and 

deliverables 

2
0

1
9
 

T
h
e 

si
n

g
le

 o
n

e Obtaining and physical - 

chemical characterizati-

on of the constituents of 

nanoplatforms and of the 

substrata for their ex vivo 

testing 

A.1. Selection of a biomolecular 

candidate and preliminary studies 

of a typical nanoentity of biologic 

origin, as a prototype of functional 

nanoplatforms. 

1. Research report 

    (Stage 2019). 

 

2. Particular proto- 

    cols for synthesis 

    and testing. 

 

3. Particular proto- 

    cols for in silico 

    studies. 

 

4. 17 published 

     scientific papers. 

 

5. Two submitted 

     and accepted 

     scientific papers. 

 

6. 14 participations 

    to conferences 

    and symposia, 

    with communica- 

    tions and poster 

    works. 

 

Note: (2) and (3) of 

above are included in 

the published papers. 

A.2. Design, synthesis, and 

characterization of some molecu-

lar constructs able to act as 

supramolecular active components 

of nanoplatforms. 

A.3. Producing and preliminary 

testing of extracellular matrix / 

tumors surrogates dedicated to the 

ex vivo evaluation of supramole-

cular nanoplatforms. 

A.4. Development of micro-

particulate systems applicable as 

mezo-porous substrata for the 

delivery and for the amount 

control of low molecular 

(bio)active compounds. 

A.5. Evaluation of the functiona-

lity of the extracellular matrix / 

tumors surrogates in ex vivo 

systems of cells culturing. 

A.6. In silico approaches on 

delivering systems adapted for 

macro- and supra-molecular 

constructs. 
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 II. The research results of 2019 stage 

 

A.1. Selection of a biomolecular candidate and preliminary studies of a typical nanoentity 

        of biologic origin, as a prototype of functional nanoplatforms 

 

 In order to understand the particular functionality of a natural nanoentity, prior to mimic 

its behavior as a supramolecular nanoplatform, we choose to investigate the activity of a family 

of peculiar enzymes, widely spread in all the biological kingdoms and cells (starting from 

bacteria, to mammalian), the carbonic anhydrases. We consider them as acting as typical 

nanoplatforms in their relation with their low molecular activators and inhibitors, together with 

which they generate dynamic supramolecular assemblies. 

 The carbonic anhydrases (or carbonate dehydratases) (CA) form a family of enzymes 

that catalyze the interconversion between carbon dioxide and water and the dissociated ions of 

carbonic acid (i.e. bicarbonate and protons): CO2 + H2O ⇌ HCO3
-
 + H

+
 [1]. The active site of 

CA contains a Zn
2+

 ion, making them to be classified as metalloenzymes, maintaining acid-base 

balance and helps transport carbon dioxide [2]. Carbonic anhydrase helps regulate pH and fluid 

balance. Depending on its location, the role of the enzyme changes slightly. For example, 

carbonic anhydrase produces acid in the stomach lining. In the kidney, the control of bicarbonate 

ions influences the water content of the cell. The control of bicarbonate ions also influences the 

water content in the eyes, and if the enzyme does not work properly, a buildup of fluid can lead 

to glaucoma [3]. 

 At least seven distinct CA genetic families are known to date (α-, β-, γ-, ξ-,η-, θ-CA) and 

their diffusion and physiological roles have been investigated in details mainly in vertebrates, 

including humans, who possess only α-CAs, but with quite a large number of isoforms [4-8]. The 

studies on CA are carried out in 2 directions: finding some CA inhibitors (CAIs) or finding CA 

activators (CAAs), depending on the disease to be managed. Recently, it has been demonstrated 

that CAAs may have pharmacological applications for enhancing cognition, in the management 

of CA deficiencies, for therapy memory and for obtaining artificial tissues as well as for 

investigating the effects of endogenous amino acids and amines on CA activity [9-11], while 

CAIs are belonging to many diverse chemotypes, possessing a wealth of inhibition mechanisms, 

are clinically used for the management of a variety of disorders, including edema, epilepsy, 

glaucoma, obesity, hypoxic tumors, neuropathic pain and arthritis [12-14]. 

 

I. – Low molecular weight compounds acting as CA activators (CAAs) [15] 

 The activation studies of the β-class CA enzymes from the pathogenic bacteria Brucella 

suis and Francisella tularensis may bring some insights in the difficult processes related with the 

invasion and pathogenic effects of intracellular bacteria when attacking their hosts. The 

pathogenic bacteria Brucella suis and Francisella tularensis provoke serious diseases both in 

human and livestock and are difficult to treat by antibiotics, and have the potential to induce 

widespread infections. The genome of Brucella suis encodes two β-CAs (BsuCA1 and BsuCA 2) 

whereas in the genome of Francisella tularensis encodes only one β-CA class  enzyme (FtuCA). 

Our studies were done by using 24 amino acid and amine derivative (Figure 1). It should be 

noted that many of the investigated amino acid and amines are present in rather high 

concentrations in many tissues in vertebrates, and their role in the pathogenicity of the two 

bacteria is poorly understood.  In this context, our studies showed: BsuCA 1 was sensitive to 

activation with amino acids and amines, which showed activation constants in the range of 0.70 

– 43.1 µM. The most effective BsuCA 1 activators were L-adrenaline and D-Tyr (KAs of 0.70-

0.95 µM). L-His, L-/D-Phe, L-/D-DOPA, L-Trp, L-Tyr, 4-amino-L-Phe, dopamine, 2-pyridyl-

methylamine, D-Glu and L-Gln showed activation constants in the range of 0.70 – 3.21 µM. 

FtuCA was not sensitive to activation with many of the investigated compounds (KA > 100 µM), 

and only L-Glu had a KA < 10 µM. Most of the investigated active compounds showed a weak 
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activating effect against FtuCA, with KAs ranging between 30.5 – 78.3 µM, such a L-/D-His, L-

/D-Phe, L-/D-Trp, 2-pyridyl-methylamine.  

 

 
Figure 1. Amino acids and amines used as potential activators of β-class CA enzymes. 

 

II. – Low molecular weight compounds acting as CA inhibitors (CAIs) 

 CAIs are not yet seriously considered as potential anti-infectives up until now, mainly due to 

the fact that no relevant drug discovery program has been yet started, although these compounds 

may show indeed a great promise for fighting drug resistant microbes, such as bacteria, fungi and 

protozoa [16-18]. 

 

 A. Selenazoles incorporating benzenesulfonamide moieties as bacterial α-, β- and γ- 

      class CA inhibitors [19] 

 In the last decade, a large number of studies were dedicated to discovering effective in 

vitro CA inhibitors (CAIs) of CAs enzymes encoded by the Helicobacter pylori (a Gram-

negative bacterium colonizing the human stomach), Vibrio cholera (a Gram-negative bacterium 

provoking cholera), Brucella suis (non-motile Gram-negative coccobacillus), and the 

Burkholderia pseudomallei (a Gram-negative bacterium) pathogens and their possibility to 

translate the results in vivo and clinical applications [20-23]. 

 It has been demonstrated that the genome of the pathogen Helicobacter pylori (a Gram-

negative bacterium colonizing the human stomach) encodes two CAs (𝛼 and 𝛽) enzymes and are 
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essential for the acid acclimatization of the Helicobacter pylori pathogen within the human 

stomach and thus, for the bacterial survival in the host [24-26]. Vibrio cholerae (a Gram-

negative bacterium provoking cholera) uses its CAs (𝛼, 𝛽 and 𝛾) for producing sodium 

bicarbonate, which induces cholera toxin expressio, and for colonizing the host [27, 28], while 

Burkholderia pseudomallei (encoding BpsCAβ and BpsCAγ enzimes) infects humans, animals 

and plants and causes the disease melioidosis [29]. 

 In this context, our main interest was to investigate structure-activity relationship related 

to the inhibition of different CAs classes from different pathogenic bacteria: Helicobacter pylori 

(hpCAα), Vibrio cholerae (VchCAα, VchCAβ and VchCAγ), and Burkholderia pseudomallei 

(BpsCAβ and BpsCAγ), relevant pathogens in many diseases for which drug resistant strains 

were evidenced, using a series of benzenesulfonamides incorporating selenazoles with diverse 

substitution patterns (Figure 2). 

 

 

 
Figure 2. Unsubstituted and substituted selenazoles used as inhibitors in the studies on the 

structure-activity relationship related to the inhibition of different CAs classes from different 

pathogenic bacteria. 

 

 All the investigated sulfonamides were effective inhibitors, with potencies in the low 

micromolar or submicromolar range, making this class of CAs inhibitors attractive as lead 

compounds for designing antibacterials with a novel mechanism of action, which could 

counteract the extensive antibiotic resistance problem encountered with most clinically used such 

drugs. 

 

 B. Famotidine as bacterial α-, β- and γ-class CAs inhibitor [30] 

 Famotidine (Figure 3) is a generic medication that decreases stomach acid production 

[31]. It is used to treat peptic ulcer disease, gastroesophageal reflux disease, and Zollinger-

Ellison syndrome. 

 

 

Figure 3. The chemical structure of famotidine. 
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 We investigated the inhibitory effects of famotidine against all classes of CAs from the 

pathogenic bacteria Vibrio cholerae, Burkholderia pseudomallei, Mycobacterium tuberculosis 

(Rv3273 β-CA), as well as the CAs from the non-pathogenic bacteria/cyanobacteria 

Sulfurihydrogenibium yellowstonensis, S. azorense, Pseudoalteromonas haloplanktis, Colwellia 

psychrerythraea, Nostoc commune. The δ- and ζ-CAs from the diatom Thalassiosira weissflogii, 

the fungal enzymes from Cryptococcus neoformans, Candida glabrata and Malassezia globosa, 

as well as the protozoan enzymes from Trypanosoma cruzi and Plasmodium falciparum, were 

also investigated. Anopheles gambiae β-CA was also investigated. All these enzymes were 

effectively inhibited by famotidine, with affinities between the low nanomolar to the micromolar 

range. For some pathogenic enzymes such as those from V. cholerae, C. albicans, P. falciparum 

as well as the mosquitoes involved in malaria transmission (A. gambiae), the drug showed 

efficacy in the range of 13.6 ÷ 397 nM, making it a possible lead or a possible agent for more 

detailed, in vivo investigations. The best inhibition was observed against C. glabrata fungus (β-

CA and TweCAζ, with KIs ranging between 13.6 and 22.1 nM). 

 

 C. Synthesis of a series of phenothiazine based compounds with proper design 

      for carbonic anhydrase inhibition 

 At the end of the 2019 stage of the project ee started to investigate the synthesis, 

characterization and the inhibitory activity of a new class of phenothiazine derivatives (Figure 

4). Work on these compounds is in progress. 

 

 
Figure 4. The synthesis pathway of the phenothiazine derivatives applicable as CAs inhibitors. 

 

 D. Unimers acting as CAs inhibitors 

 Our goal was to develop a strategy to functionalize squalene (Sq) with sulphonamide 

groups, to obtain a library of componds being able to self-aggregate into reversible micelles 

(Figure 5), and acting as CAs inhibitors. A few authors have investigated the exchange dynamics 

between polymer aggregates and unimers by mixing two populations of micelles, labeled, and 

unlabeled. 

 Functionalizarion of Sq-COOH was designed as a two step synthesis:. (i) activation of 

carboxylic function, and (ii) amide formation in presence of base, in DMF. Three derivatives 

were obtained (CL-SQ-02, CL-SQ-06 and CL-SQ-16), while aromatic amine was not sufficiently 

reactive to form the amide. The obtained compounds were preliminary tested on carbon 

anhydrase isoforms I, II, IX and XII using an SX.18MV-R Applied Photophysics (Oxford, UK) 

stopped-flow instrument, to assay the catalytic/inhibition of CAII. As reference, acetazolamide 
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(AAZ) was used. From the series of compounds, CL-SQ-06 showed a selective inhibition on 

hCAII, with a KI (nM)* value of 5.0, which is significantly lower than for control AAZ. 

 

 
Figure 5. The synthesis pathway of the squalene-sulphonamide unimer. 

 

 

A.2. Design, synthesis, and characterization of some molecular constructs able to act as 

        supramolecular active components of nanoplatforms 

 

 Stage 2019 of the 5D-nanoP project aimed to develop adapted protocols to obtain and to 

characterize (macro)molecular constructs which could became parts of delivering systems of 

nanoplatform types. In this respect, two distinctive (macro) molecular systems were considered, 

one of unimeric type, with aggregation ability and able to act as an antibacterian / antimycotic, 

and the second of macromolecular platform type, able to sustain furthed development of a 

functional nanoplatform. 

 

I. – Silicone-bridged bis-triazoles as effective, selective metal ligands and biologically active 

      agents in lipophilic environment 
 Pairs of different substituted 3-mercapto-1,2,4-triazole units were coupled, through 

thioether bridges, to organic-inorganic substrates consisting in short hydrophobic silicone 

segment (Figure 6). A library of six compounds are isolated as crystalline solids and structurally 

characterized by X-ray single crystal diffraction, elemental, spectral and thermal analysis (Figure 

7). The flexibility of the silicone spacer makes the small molecular compounds exhibit glass 

transition in the negative domain. The metal binding capacity is evaluated by quantum 

mechanics calculations, the results being in line with experimental data obtained by UV-vis 

spectroscopy titration. The results indicate that the prepared compounds can act as ligands for 

metal ions with high selectivity for Cu
2+

, an element of interest in biological processes, forming 

1: 1 stable mononuclear complexes with an association constant up to 8.87×10
3
 M

-1
. The 

presence of the highly hydrophobic silicone spacer makes the behavior of bis-triazoles obtained 
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more sensitive to the nature of the environment. The preliminary bioassay indicates lipophilic 

medium more suitable for biocide action of silicone-bridged bis-triazoles, which in some cases 

far exceeds that of reference. The mechanism of enzyme inhibition is demonstrated by molecular 

docking, and the results indicate that, in all docked complexes, the ligands are directly 

coordinated to the heme ferric iron. 

 

 
Figure 6. The reactions leading to bis-triazoles [32]. 

 

 

 
Figure 7. The conformation of the synthesized bis-triazoles [32]. 

 

Assessment of antimicrobial activity 

 Taking into account that triazole derivatives are often used in anti-infectious therapies, 

with triazole-based fluconazole being the first-choice antifungal agent, the newly synthesized 

here bis-triazole compounds have been evaluated as antibacterials and antifungals using in vitro 

testing against pure cultures of five fungi species (Aspergillus niger, Penicillium frequentans, 

Penicillium fumigatus, Alternaria alternate, Fusarium) and against selected Gram-negative 

(Pseudomonas aeruginosa) and Gram-positive (Bacillus polymyxa) bacteria. The results in 

Figure 8 indicate the antimicrobial activity of these compounds becomes more potent with the 

increasing concentration of the sample, and is definitely dependent on the nature of the solvent in 

which the tested compound is dissolved. Thus, the biocide activity in chloroform is better than 

the results obtained for the same compound in methanol. The best biological activity in the series 

of tested compounds has been recorded for compound 7 at a concentration of 1.5 wt% in 

chloroform. 

 

Molecular docking 

 Molecular docking calculations were run to predict the inhibitory efficiency of our 

compounds and to identify the atomic scale interactions responsible for binding. Sterol 14α-

demethylase, a cytochrome P450 enzyme (CYP51A1) from Aspergillus fumigatus, a therapeutic 

target for many azoles was selected as a possible biologic effector, which could be inhibited by 

NN

N
R2

R1

SH Si
O

SiCl Cl2 +

n

K2CO3

acetone, 60 oC

-2 KCl

NN

N
R2

R1

S Si
O

Si S
NN

N

R1

R2

n

n=1, n=0,
R1=-C6H5; R2= -CH3 (2)

R1= -CH3; R2= -H (3)

R1= -H; R2= -H (4)

R1=-C6H5; R2= -CH3 (5)

R1= -CH3; R2= -H (6)

R1= -H; R2= -H (7)
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the compounds presented in this study. The results of theoretical computations based on 

molecular docking are reflected in Figure 9. 

 

 
                (a) (b) 

Figure 8. Comparative representation of antifungal (a) and antibacterial (b) activities 

(reported as minimum inhibitory concentration values, MIC) of bis-triazoles compounds 2 to 7, 

dosed as 1.5 % w/w solutions in methanol (M) and chloroform (C) [32]. 

 

 
 

 
 

Figure 9. Molecular representation of the 

best binding modes for the six studied 

compounds as resulted from the docking 

calculations (ball and stick models). 

 

Secondary structure elements lining the 

14α-Demethylase (CYP51) active sites are 

represented as ribbons. The heme group and 

residues important for binding are depicted 

as sticks. Iron was represented as an orange 

sphere. 

 

 In silico results show both hydrophobic and hydrophilic interactions between ligands and 

receptor, as well as π-π stacking interactions in the stabilization of docking complexes, but the 

hydrophobic interactions are predominant. Interestingly, all docked complexes show the triazole-

based ligands directly coordinating the heme ferric iron (residue 601A) with nitrogen atom, 
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where Fe atom plays the role as acceptor of electrons and nitrogen as a donor of electrons. The 

calculated binding affinities, expressed as Kd constants, are presented in Table 1 and these are in 

the same range as experimentally measured Kds for medical azoles [33]. 

 

Table 1. Calculated dissociation constants (Kd) for the complexes 

of the six triazoles-based ligands with the active site of 

14α-Demethylase (CYP51) enzyme. 
 

Compound Kd (μM) 

2 4.58 × 10
-4

 

3 0.428 

4 2.52 

5 5.14 × 10
-3

 

6 2.98 

7 10.35 

 

 Pairs of identical triazole cycles are coupled through thioalkylation reaction to a 

relatively long and flexible siloxane or silane spacer resulting in a library of compounds of 

organic-inorganic and hydrophobic-hydrophilic nature having behaviors accordingly, i.e. low 

glass transition or self-assembling ability sensitive to the polarity of the environment. The 

compounds show high biological activity proven both experimentally and through theoretical 

calculations. 

 

II. – Design, synthesis, characterization and application of heterografted, amphiphilic 

        "Hairy-Rod"-like polythiophene as electroactive surfaces in biomedical field  
 

Premises for the topic's approach 

 Imparting electroactivity to polymer biomaterials and integration of biomaterials to soft 

electronics, are two current hot topics which converge toward conjugated polymers (CPs), whose 

introduction into biomaterials field tailor them into smarter and more advanced ones [34-36]. 

 Nanostructuration by self-assembly, involving amphiphilic species, has increasingly 

emerged as an elegant "bottom-up" approach for the design and fabrication of reproducible 

nanoscale structures, both in solution and the solid state [37], and was shown as an useful, low 

cost and large scale technique to bring novel capabilities for both synthetic polymers 

biomaterials [38] and for CPs [39]. 

 Amphiphilic graft CPs are versatile and interesting construction of rod-coil type, with 

capability for various biomedical applications (bioimaging, drug delivery, imaging-guided 

therapy, tissue engineering or biosensors) [40] but, despite their technological relevance and 

fundamental interest, the SA of rod-coil graft CPs [41] remains much less explored and 

understood in many respects, (morphological control, hierarchical self-assembly, etc), by 

comparing with that of rod-coil block CPs.  

 Being of great importance to develop easy-to-handle approaches to construct novel 

topological macromolecules, amphiphilicity can be also introduced into graft rod-coil CPs by 

attaching both hydrophilic and hydrophobic grafts along the conjugated backbones, in a 

statistical manner, obtaining a heterografted structure. It is important to notice that SA of 

amphiphilic graft copolymers, having two statistically distributed types of immiscible grafts is 

very complex and largely dependent on their hydrophilic-lipophilic balance (HLB) [42] and on 

the structural parameters (including graft length, graft ratio, backbone length [43] as well as on 

the monomer sequence and chain flexibility [44]. This allow for a multitude of possibilities to 

manipulate the copolymer's properties by these parameters variation in a controlled manner. 
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 An amphiphilic, statistical, heterografted conjugated copolymer of (A-g-B)m-ran- (A-g-

C)n type, due to its complex topology and composition, is endowed with multifunctionality, in 

order to function as an efficient and biocompatible electronic interface. 

 

Design and synthesis of heterografted, amphiphilic copolymer PTh-g-(PEG-r-PCL) 

 In our design strategy we started from the point that biodegradable and biocompatible 

block copolymers based on polycaprolactone (PCL) and polyethyleneglycol (PEG) units (Figure 

10) form a commercially available, important class of amphiphilic macromolecules useful for 

drug delivery, bioimaging or tissue engineering applications. 

 

 
Figure 10. The chemical structure of poly(ethylene glycol)-b- Poly(ε- caprolactone) 

(PEG-b-PCL). 

 

 Moreover, the building blocks, PEG and PCL, are FDA approved polymers and, in 

aqueous media, linear block PCL-b-PEG copolymers form self-assembled nanostructures with 

PCL as the hydrophobic core and PEG as the hydrophilic corona-like structure. PCL is 

biodegradable and PEG is removed from the body by bioelemination (Gou, M.L. et al, 2009; Li, 

Z. et al, 2014)[45]. 

 For rod-coil PTh-g-(PEG-r-PCL) (the molecular structure of which is shown in Figure 11 

(iii)), the material's design criteria took in account the final copolymer architecture, nature 

(amphiphilic), type and properties of each structural motifs, encoding in its molecular 

peculiarities, based on a biomimetic approach [46], three types of intra- and/or intermolecular 

directional and non-directional interactions in solution, in melt and in bulk (like - 

intermolecular, hydrophilic / hydrophobic and hydrogen-bonding interactions). All of these 

endowed the copolymer with multifunctionalities and versatility for various types of 

bioapplications. Thus:  

 Branched architecture was chosen because the obtained self-assembled nanostructures 

can show a higher drug loading capacity and storage stability [47] besides a longer in 

vivo retention times [48]. 

 The copolymer amphiphilicity allow for control and manipulation of film surface 

morphology and hydrophilicity as very influential parameters affecting cell adhesion, 

spreading and growth in tissue engineering [49], while amphiphilic copolymer coatings 

phase-separated on the length scale of biomacromolecules have significant potential to 

prevent bacterial infections on implanted medical devices(due to compositional 

heterogeneities which disrupt their adhesion mechanisms) [50]. 

 Fluorescent nanoparticles, dispersible in aqueous solutions, could be obtained by 

nanoprecipitation or by dialysis of PTh-g-(PEG-r-PCL), due to its amphiphilic character 

and due to the presence of the photoluminescent PTh main chain, meanwhile the oligo--

caprolactone and PTh hydrophobic moieties providing an appropriate compartment for 

hydrophobic bioactive principle loading. 

 The electro-, photo- and electrochemically active PTh main chain can enable to the new 

copolymer a lot of bioapplications, specifically related to these properties. For example 

PTh-g-(PEG-r-PCL), containing both PEG and oligo--caprolactone (an hydroxyl-ended 

oligoester) as side chains, could be an efficient aqueous electrolytes-compatible, redox-

active material due to its mixed electron/ion conducting capability. 

 The new amphiphilic heterografted copolymer was synthesized in hierarchical fashion, 

by combining the so-called "macromonomer" or "grafting through" technique, with oxidative 
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polycondensation reaction of an equimolecular mixture of two thiophene-ended macromonomers 

(see Figure 11), a method common for CPs chemical synthesis. 

 

 
Figure 11. Synthesis of PTh-g-(PEG-r-PCL) copolymer. 

(i) Esterification reaction of thiophene derivative and PEG2000. 

(ii) Ring-opening polymerization of -caprolactone initiated by thiopnene methanol. 

(iii) oxidative polymerization of macromonomers from (i) and (ii) and dedoping 

reaction with hydrazine. 

 

Physical-chemical characterization of the synthesized compounds 

 A. Structural characterization 

 The structural characterization of the macromonomers (Th-PEG and Th-OCL; (i) and (ii) 

in Figure 11) as well as of the statistical amphiphilic copolymer PTh-g-(PEG-r-PCL) was 

performed by complementary using FTIR and NMR spectroscopy techniques. The results of 

these investigations not only allow for demonstration of the accurate obtainment of the 

mentioned compounds but also enabled the assessing of the copolymer's composition (as 60% 

PCL side chains and 40% PEG side chains) as well as the calculation of its hydrophilic-lipophilic 

balance (HLB); the value of 0.36 characterize an amphiphilic, non- water-self dispersible 

material. Interesting information were obtained by analyzing 
13

C-NMR spectrum of the 

copolymer (Figure 12a) and, for a more accurate  assignment of the signals, a DEPT 135 
13

C-

NMR registration (Figure 12b) was performed, this technique actually being more sensitive than 

normal acquisitions. 

 An intriguing phenomenon took place during the 
13

C-NMR registration of copolymer 

spectrum in acetone-d6, which was reflected on the spectrum shape. More precisely, only the 

signals attributable to the C atoms of thiophene rings directly connected with an H atom in the 

copolymer structure (Figure 11 (iii)) were discernible in the spectrum. 
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Figure 12. (a) 

13
C-NMR and (b) DEPT 135 

13C
-NMR spectra of the PTh-g-(PEG-r-PCL) 

copolymer, in acetone-d6. R1 and R2 represent the PEG and PCL side groups. 

 

 The noticed phenomenon in 
13

C-NMR registration of PTh-g-(PEG-r-PCL), can be 

explained based on combination of two factors: (i)-the grafted side chains, both of them in 

extended configuration in a good solvent acetone, restrict the mobility of the rigid, hydrophobic 

polythiophene main chain for which acetone is a bad solvent, leading to small peaks broadening 

making them hardly to discern; (ii)- the side chains at high grafting density can shield the 

polythiophene main chain carbon atoms resonance. These experimental data suggested that in 

acetone the polythiophene main chain form a central solid-like hydrophobic core, while the side 

chains can function as a sheath and that the thiophene rings in the main chain are oriented such 

that to expose their -position toward the side chains, while the more hydrophobic methoxy 

group of PEG side chains is oriented toward more hydrophobic inside of the structure. Given the 

side chains different nature and their inherited incompatibility, from the obtained results also it 

can get the conclusion that in acetone the copolymer chains segregated lengthwise by 

intramolecular self-assembling. 

 

 B. Optical and electrochemical properties of copolymer 

 An anomalous phenomenon was also noticed referring to photophysical properties of the 

random, heterografted copolymer. Thus, sharp absorption band which is usually found in 

polythiophenes around 400 nm, attributable to conjugated main chain, was missing from the UV-

vis spectrum of PTh-g-(PEG-r-PCL) (Figure 13). 

 

 
Figure 13. UV-vis (a), fluorescence (b) spectra of the random copolymer compared to previously 

reported PTh-g-PEG2000, in acetone at a concentration of 1 mg ml
−1

; λex = 400 nm, and (c) the 

cyclic voltammograms of PTh-g-(PEG-r-PCL) in PBS solution. 

 

 This copolymer's behaviour was attributed to the introduction of PCL side chains besides 

the PEG ones, based on the UV-vis results obtained in similar conditions for a polythiophene 

having only PEG side chains. 
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 By means of cyclic voltammetry (Figure 13c) were evaluated the electroactivity and 

electrostability of the copolymer in the film form deposited onto a carbon electrode. Experiments 

were conducted in PBS solution, which mimicked a physiological electrolytic medium and their 

results emphasized a material with a significant charge storing capacity as well as a high stability 

to redox processes. 

 

Study of the self- assembly and of the morphology in thin films 
 In order to understand copolymer-solvent interaction and whether its chains are 

intermolecularly associated or not due to non-covalent supramolecular interactions, a dynamic 

light scattering (DLS) determination in acetone was performed. DLS measurements, which are 

much more sensitive to the bigger objects than to the smaller ones, showed the presence of three 

types of supramolecular aggregates, with size varying from 976 nm to 31 microns and to 146 

microns. 

 Based on the properties of the acetone and on its selectivity toward particular components 

of the copolymer, as well as based on the architectural peculiarities of the copolymer it was 

concluded that multichains aggregation can be favored and enhanced by a synergistic 

combination of - stacking and intermolecular oligo--caprolactone hydrogen bonding. As 

resulted from NMR measurements the copolymer chains exist as core-lengthwise-segregated 

sheath structures that can form intermolecular - stacks because PEG side chains in the 

hydrophilic half-sheath may be too short and/or too loosely grafted to prevent the main chains 

interaction. All of these can explain the obtained results by DLS. 

 Thin films morphology was investigated by SEM and TEM microscopy techniques 

(Figure 14) by a detailed study. The obtained results revealed the high dependency of the formed 

supramolecular structures on the solvent quality in relation with each component of the 

copolymer, on the solutions concentration and on the supports nature used for film deposition. 

 

 
Figure 14. TEM micrograph of PTh-g-(PEG-r-PCL) obtained: (a) and (b) from a solution of 

0.004 mg mL
−1

 in acetone, in unstained form, and (c) with uranyl acetate staining. 

Rod like structures are highlighted with yellow arrows in (a) low magnification and (b) high 

magnifications images with straight rods, horseshoe- and pseudospherical-like structures 

highlighted with spherical and rectangular forms in red, in figure (b). 

 

 This study also confirms the important role of PTh main chain in copolymer's 

constitution played by its length, rigid shape and -conjugated character which decisively 

influence the shape and size of the formed supramolecular structures by SA (Figure 15). In 

addition, TEM experiment of copolymer's film staining with an aqueous solution of uranyl 

acetate (Figure 14c) allowed to demonstrate that PTh-g-(PEG-r-PCL) can form a 

compartmentalized structure as demonstrated previously for linear ter- and multi blocks 

copolymers and, moreover, that it can function as an adaptive surface in aqueous environments. 

 

Ex-vivo biocompatibility evaluation 
 The biocompatibility of PTh-g-(PEG-r-PCL) copolymer was evaluated by cell adhesion 

(after one day) and proliferation (after 7 days) assays (Figure 16a). Due to their fast growth, 
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fibroblast (Cos-1) and epithelial (Vero) cell lines were selected, while steel was used as control 

substrate. Quantification of cell adhesion onto copolymer film reveals higher viabilities than 

those of the steel control substrates, for both types of cell lines (~ 160%  Cos-1 and ~ 120% Vero 

cells). Thus, for short period of time (24 h) PTh-g-(PEG-r-PCL) copolymer do not show any 

cytotoxic effects acting as excellent supportive matrices, especially for the Cos-1. After seven 

days of culture, a slight reduction of the relative cell viability (12% for Cos-1 and 30% for Vero 

cells) on PTh-g-(PEG-r-PCL) in comparison to steel was recorded.  

 

 
Figure 15. Schematic representation of the scenario for PTh-g- (PEG-r-PCL) copolymer self-

assembling in both acetone solution and in thin film: (a) for longer PTh main chains, 

and (b) for short PTh main chains. 

 

 

 
Figure 16. (a) Cellular adhesion and proliferation for the PTh-g-(PEG-r-PCL) amphiphilic 

copolymer using Cos-1 and Vero cells; (b) Cos-1 cells, and (c) Vero cells observed by SEM 

technique, after an incubation of 7 days. 

 

 It is well-recognized the poor adhesion of cells to the typically hydrophobic, neutrally 

charged, and low-surface energy semiconducting thin films [51] and PTh-g-(PEG-r-PCL) 

copolymer, with a composition of 40 % Th-PEG/ 60% Th-OCL, resulted as a high hydrophobic 

material, with a highly decreased HLB of only 0.36. If it is to also consider the recent report 

about the fact that pure PCL significantly decreased the viability of Vero cells [52], both these 

associated features could explain the reduction of cells proliferation on PTh-g-(PEG-r-PCL) film 

surface. 

 On the other hand, it is known that normal fibroblasts or epithelial cells, excepting 

adhesion, necessitate also an efficient spreading on the substrate for growth in vitro [53]. The 

obtained results induced the conclusion that PTh-g-(PEG-r-PCL) film surface properties highly 

stimulate adhesion of cells but subsequently the cells are most probably inhibited from 

spreading, resulting in a lower proliferation. However, as the cell morphology is a useful 



16 

 

indicator of a material biocompatibility [54] and as the SEM micrographs (Figures 16b, 16c) 

show an unaltered normal growth and characteristic morphology of both types of cells onto PTh-

g-(PEG-r-PCL) films, allow to consider that, most probable, the reduction of cellular 

proliferation is a consequence of heterogeneous microscale surface topography combined with a 

certain surface chemistry of PTh-g-(PEG-r-PCL) copolymer. 

 

Application of randomly heterografted copolymer in biosensing 

 Nowadays, the development of biosensing devices for the detection of β nicotinamide 

adenine dinucleotide (NADH) has gained interest because of its participation as enzymatic 

cofactor in more than 300 dehydrogenases and as electron carrier in cell processes associated to 

energy production. NADH is a vital coenzyme for metabolic redox reactions. NADH losses two 

electrons and delivers a hydrogen ion, as it becomes oxidized to NAD
+
. As the main role of 

NADH and NAD
+
 in the metabolism is the transfer of electrons from one molecule to another, 

the balance between such oxidized and reduced species is called the NAD
+
/NADH ratio. This 

ratio is an important parameter to certify the correct metabolic activity and the health status of 

the cells, among other functions. 

 By using cyclic voltammetry (Figure 17b) it was proven that PTh-g-(PEG-r-PCL) 

copolymer is able to catalyse the oxidation of of NADH molecules in PBS (pH=7.4) at 10 mM 

concentration and at a potential of 50 mV/s. Moreover, the results of differential pulse 

voltammetry (DPV) (Figure 17c) evidence that the copolymer catalyses the oxidation of NADH 

with good current density response in a low potential range. Even when the anodic peak current 

decreases with the concentration of NADH, the peak potential remains almost constant between 

0.62-0.65 V, for all concentrations. 

 

 
Figure 17. (a) Redox NADH/NAD+ reaction. (b) Cyclic voltammogram of PTh-g-(PEG-r-PCL) 

in a PBS solution containing 10 mM M NADH (scan rate = 50 mV s−1). (c) DPV obtained for 

PBS solutions (pH = 7.4) containing a NADH concentration comprised between 2 mM and 10 

mM. (d) Calibration curve for the NADH detection in a concentration range from 2 to 10 mM 

using the PTh-g-(PEG-r-PCL) copolymer. (e) Current density-time responses of PTh-g-(PEG-r-

PCL) upon successive injection of a given concentration of NADH into the PBS solution (pH = 

7.4). (f) Calibration curve for the NADH detection in a concentration range from 0.2 to 2 mM 

using PTh-g-(PEG-r-PCL). 

 

 The performance of copolymer as amperometric sensor for the detection of very low 

NADH concentrations has been also evaluated. The amperometric current density-time (j-t) 

response against the addition of NADH and the corresponding calibration plot were recorded 

(Figures 17e, 17f). A linear relationship with a regression coefficient of 0.9873 was obtained for 

NADH concentration interval between 0.2 to 2 mM (Figure 17f). This sensing capacity is simply 

achieved by depositing the copolymer microparticles onto a carbon electrode via drop-casting. 



17 

 

We attributed such sensor ability to the unusual topology of the copolymer, that is independent 

from the heterogeneous microparticle size, but with a positive influence of the presence of 

porous structure, that could allow the permeation of NADH molecules toward the thiophene 

inner units. 

 Having in mind the good sensitivity for low NADH concentrations, the sensibility of 

PTh-g-(PEG-r-PCL) particles to detect NADH oxidation was evaluated in the presence of 

ascorbic acid (AA) as interfering species. Accordingly, the selective determination of NADH in 

a mixture with AA was conducted using both CV and DPV (Figure 18). The voltammetric curve 

recorded for PTh-g-(PEG-r-PCL) in a 0.1 M of PBS solution with of 5 mM of AA and 5 mM of 

NADH showed two distinctive oxidation peaks, which have been attributed to the oxidation of 

AA (lower potential) and NAD
+
 process. The differential pulse voltammogram presents two well 

defined oxidation peaks at 300 and 580 mV that correspond to AA and NADH, respectively. The 

peak separation of 280 mV indicates that the amphiphilic PTh grafted copolymer can be 

successfully used for selective detection of NADH in the presence of AA [55]. 

 

 
Figure 18. (a) Cyclic voltammogram obtained for PTh-g-(PEG-r-PCL) in a PBS solution with 5 

mM NADH and 5 mM AA. Scan rate: 50 mV s−1. (b) Differential pulse voltammogram obtained 

for PTh-g-(PEG-r-PCL) in a PBS solution with 5 mM NADH and a variable concentration of AA 

(from the lowest, a = 1 mM; to the highest concentration, e = 5 mM). 

 

 As a conclusion, in this stage of the project, by intelligently combining the components 

of a well-known polymeric biomaterial (PCL-b-PEG) with a multi-sensitive conjugated polymer 

(PTh), working on the composition, on the structural details and on the architecture, we produced 

a biomimetic, multifunctional and versatile polymeric material. Its biomimicry is reflected in its 

elementary constitutes kinship with biomolecules, in its amphiphilicity similitude and in its self-

assembling ability and not in the last in its compartmentalization ability in a similar manner with 

the key feature of biological cells. 

 

 

A.3. Producing and preliminary testing of extracellular matrix / tumors surrogates 

        dedicated to the ex vivo evaluation of supramolecular nanoplatforms 
 

 Regardless the application, ex vivo experiments should be performed in quasi-real 

conditions from the point of view of (macro)molecular and morphological environment, which 

must mimic (as close as possible) the tissue that will host the bio-medical effectors. In this 

respect, during 2019 stage, we developed and tested five types of (connective tissue) surrogates. 

 

I. – Design and development of sponge-type hydrogels composed of hyaluronic acid and 

poly(methylvinylether-alt-maleic acid) as surrogates for bio-medical testing 
 

 Sponge-type hydrogel (SpgH) based on hyaluronic acid (HA) and poly(methylvinylether-

alt-maleic acid) (P(MVEaltMA)) cross-linked by solvent free thermal method was synthesized 
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and characterized. First, aqueous solutions containing different weight ratios of HA and 

P(MVEaltMA) were mixed. Solutions were quickly frozen in liquid nitrogen and then freeze-

dried for 48 h, until all the water was eliminated. The resulting sponge-type samples were 

obtained in cylinder-like pieces. These samples were not cross-linked and therefore they were 

soluble in water. In order to obtain cross-linked hydrogels, the samples were subsequently placed 

in the oven for 12h at 80 °C. The resulted cross-linked SpgH were kept for 2-4 days in a large 

amount of water, frequently refreshed to remove the soluble fraction of polymer residues. 

Finally, the SpgH was recovered by frozen in liquid nitrogen and then freeze-dried for 48 h. The 

schematic representation of the synthesis steps of the SpgH is given in Figure 19. 

 

 
Figure 19. Schematic representation of the steps of preparation process sponge-type hydrogels. 

 

 For preparing sample of hydrogel, the polymer concentration was varied from 1 to 3 % 

w/v, and the content of each polymer from 30 to 70 % (w/w). The samples were coded as 

HAxPMAy, where “x” is the polymers concentration used in synthesis feed, and “y” the content 

(%, w) of P(MVEaltMA). The composition of the reaction mixture for each sample is given in 

Table 2. 

 

Table 2. Feed compositions used in synthesis of sponge-type hydrogels. 
 

Samples 

code 

Feed composition 
Yield (%) 

HA (g) P(MVEaltMA) (g)  Water (mL) 

HA
1
P30 0.7 0.3 99 - 

HA
1
P40 0.6 0.4 99 55.3 

HA
1
P50 0.5 0.5 99 96.5 

HA
1
P60 0.4 0.6 99 54.8 

HA
1
P70 0.3 0.7 99 - 

HA
2
P40 1.2 0.8 98 72.6 

HA
2
P50 1.0 1.0 98 96.0 

HA
2
P60 0.8 1.2 98 77.6 

HA
3
P30 2.1 0.9 97 92.5 

HA
3
P50 1.5 1.5 97 89.2 

HA
3
P70 0.9 2.1 97 78.0 
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 The main evidence of the cross-links formation is the swelling in water of SpgH network 

while the non-cross-linked SpgH dissolves quickly after immersing in water. As the hydrogels 

are designed to be used for biomedical applications, the swelling studies were carried out in 

simulated physiological conditions at different values of pH (7.4; 5.5; 1.2). 

 

 
Figure 20. SpgH swelling kinetics at 25 

o
C, in standard solution at pH 7.4, 5.5, and pH 1.2. 

 

 The obtained swelling profiles showing a maximum swelling in less 2 hours for all pH 

values are presented in Figure 20. At alkali pH values swelling was higher as compared with the 

water absorption at acidic pH. The higher swelling at pH 7.4 is explained by the dissociation of 

COOH groups, preventing intermolecular hydrogen bonds and consequently yielding higher 

swellings. Moreover, the presence of extra negative charges in the structure will lead to an extra 

expansion of the network, due to the repulsion of the negatively charged chains. 

 

SpgH characterization by SEM, 
13

C CP/MAS NMR, FTIR, and BET 

 From SEM images (Figure 21) it can be observed that the hydrogels have a more ordered 

and compact structure, and even larger pores with the increases of the concentration of polymers 

in the feed solution. Moreover, in longitudinal section of hydrogels, the SEM micrograph 

indicated that the hydrogels present lamellar structures arrangement, containing abundant pores 

between each layer, observable in cross-section. 

 

 
Figure 21. Scanning electron micrographs of three samples of SpgH. 

 

 The comparison of the 
13

C CP/MAS-NMR  spectra of the original HA  and 

P(MVEaltMA) with SpgH spectra confirms the formation of the ester bound by appearance of 2 

new  resonance signals at around 70 and 171 ppm (Figure 22). The FTIR spectra (Figure 23) also 

confirmed the ester bound formation as well as the anhydride bound formation for the un-washed 

hydrogels. 
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Figure 22.

 13
C CP-MAS NMR spectra of P(MVEaltMA), HA and HAP. 

 

 
Figure 23. FTIR spectra of HA, P(MVEaltMA), HAPc (non-cross-linked), HAPc (cross-linked), 

HAPcw (cross-linked and washed). 

 

 The textural properties of the synthesized sponge type-hydrogels were studied by means 

of the nitrogen adsorption-desorption isotherms. The obtained isotherms (Figure 24) for SpgH 

(sample HA
2
P50), can be categorized as type IV, based on the IUPAC classification scheme. 

This type of isotherm in the presence of a hysteresis loop are characteristic for mesoporous 

structures with cylindrical pores. The BET surface area was found to be 8.033 m
2
/g with pore 

diameter of 16 nm. 

 

Loading / release experiments 
 Diphenhydramine (DPH) was selected as a model molecule to evaluate the drug loading 

and release capacity of the SpgH. Since it is a cationic molecule it is expected to have high 
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loading capacity in hydrogels that are heavily negatively charged. Therefore, as it can be seen in 

Figure 25, the loading capacity increases with increasing of P(MVEaltMA) content in hydrogel, 

due to the electrostatic interactions. The release profiles of DPH from SpgH at different values of 

pH show that the release amount at pH 5.5 is lower than at pH 7.4 and 1.2, that suggests a strong 

binding of the drug to the negatively charged hydrogel network at this pH. 

 

 
Figure 24. Nitrogen adsorption-desorption isotherms (a), and pore size distributions (b) 

in the case of HA
2
P50 sample. 

 

 

 

Figure 25. DPH loading capacity of 

                  SpgH samples. 

 

 

II. – Alginate-poloxamer hydrogels produced by photo-initiated thiol-ene reaction 

 

 In situ forming hydrogels were obtained using thiol-ene reaction, a selective and fast 

reaction that can be performed under physiological conditions. Macromers (alginate and 

Poloxamer derivatives) were used instead of monomers in order to be non-toxic for the cells. UV 

irradiation at long wavelength was used for photo-initiation, procedure that will allow cell 

incorporation into the hydogels.  

 Thiolated alginate (Alg-SH) (Figure 26a) was obtained by covalent attachment of 

cysteamine. The thiol group content was determined by iodometric titration and by 
1
H NMR. 

The substitution degree was determined to be 20%. Diacrylated Poloxamer (PLDA) (Figure 26b) 

was prepared by reaction of hydroxyl end groups from Poloxamer 407 with acryloyl chloride. 

The conversion, determined by 
1
H NMR was 98%. 

 

a b 

DIPHENHYDRAMINE (DPH) 
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Figure 26. Thiolated alginate 

                   (Alg-SH) (a) and 

                   diacrylated poloxamer 

                   (PLDA) (b). 

 

 The hydrogels were prepared using the Alg-SH and PLDA (in different ratios) in 

phosphate buffer pH 7.4 and Irgacure 2959 as photo-initiator. The influence of the irradiation 

time, photo-initiator concentration, macromers concentration and ratio between the thiol and 

acrylate groups on the gel fraction were studied (Figure 27). 

 

 
Figure 27. Gel fraction of the hydrogels obtained by photo-initiated thiol-ene reaction 

as a function of: irradiation time (a), photo-initiator amount (b), and ratio between acrylate 

groups and thiol groups (c). 

 

 An initiation of 5 minutes, 0.8 - 1% Irgacure 2959 to the total monomer amount and a 

15% concentration of macromers are enough for relatively complete cross-linking. The gel 

fraction increases with the [PLDA]/[Alg-SH] weight ratio, showing that PLDA acts as a bi-

functional cross-linker. At 1:1 [PLDA]:[Alg-SH], the gel fraction was around 83% but increase 

slowly with further addition of cross-linker. The morphology of the hydrogels obtained with 

different [PLDA]:[Alg-SH] ratio was studied by SEM (Figure 28) and it can be observed that the 

increase of PLDA amount leads to a decreased porosity. 

 

 
Figure 28. SEM images of free-dried hydrogels 

obtained with different [PLDA]: [Alg-SH] weight ratios: 0.7 : 1 (a), 1 : 1 (b), 2 : 1 (c). 

 

 The swelling degree of the hydrogels decreases with the increase of the [PLDA]: [Alg-

SH] weight ratio. The mechanical properties of the hydrogels are also influenced by the hydrogel 

composition (Figure 29). With the increase of PLDA, that plays the role of the cross-linker, the 

compressive modulus and the stress at break increase. 
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 It is known that Poloxamer is a thermosensitive copolymer. The swelling degree of our 

hydrogels is also influenced by the temperature, as shown in Figure 30. The hydrophobic 

interactions of PPO blocks become stronger with the temperature increase, so the micellar 

structures of Poloxamer entrapped in the hydrogels become more collapsed and water is expelled 

from the hydrogels. 

 

 

 

 

Figure 29. Uniaxial compression 

of cylindrical hydrogel samples 

with different macromers ratios. 

 Figure 30. Influence of the temperature 

on the swelling degree of hydrogels 

in phosphate buffer (pH 7.4). 

 

 In order to obtain information about the permeability of the hydrogels, the release of 

FITC-dextran with different molar mass from the hydrogels was investigated (Figure 31). A 

amount of 70-80 % of the FITC-dextran with low molar mass (10 kDa) was released in several 

hours, but the FITC-dextan with high molar mass (150 kDa) was released more slowly. In this 

case the release rate is also influenced by the porosity of the hydrogels: with the decrease of the 

pores, meaning with increase of [PLDA]/[Alg-SH] ratio, the release of the marked 

macromolecules was retarded. 

 

 

Figure 31. Release profiles of FITC-Dex 

                  Mw=10 kDa (empty symbols), 

                  and FITC-Dex Mw=150 kDa 

                  (filled symbols) from the  

                  hydrogels with different 

                  [PLDA]: [Alg-SH] ratios: 

                          0.6 : 1 (squares), 

                         1 : 1 (triangles), and 

                         2 : 1 (circles). 

 

 

III. – Polysaccharide / poly(vinyl alcohol) hydrogels as tissue surrogates 
 

 The oxidation of polysaccharides represents one of the most suitable approach to 

introduce new functionalities, i.e. aldehyde, ketone or carboxylic, able to serve for further 

derivatisation or as anchoring sites of different molecules, broadening the applications area of 

these products.  

 New types of hydrogels were prepared, made by using various amounts of carboxyl 

pullulan or water soluble tricarboxy cellulose, (ranging from 0.1% to 25% (wt.) acting as a 
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multifunctional key component: due to its particular structure, bearing three –COOH groups per 

anhydroglucose unit, fulfills the role of a cross-linker agent), and poly (vinyl alcohol) (PVA). 

 The first step involves the polysaccharide’s oxidation in the presence of TEMPO, NaClO, 

NaBr, which affords selectively carboxyl pullulan (OxP) and 6-carboxy cellulose (OxC), with 

different carboxyl content depending on the reaction time, amount of the NaClO, pH, 

temperature, etc. When the amount of the introduced carboxyl groups is low (generally as low as 

0.59 mmol g
-1

) the product keeps its insolubility in water, while the oxidized samples having 

more than 0.60 mmol g
-1

 carboxyl groups are becoming water soluble (see Figure 32). The water 

soluble 6-carboxy cellulose and carboxyl pullulan obtained after dialysis and freeze-drying were 

further utilised for the hydrogels preparation. 

 
 

 
Figure 32. Schematic illustration of cellulose oxidation 

in the presence of TEMPO, NaClO, and NaBr. 

 

 We conducted a series of rheological deformation and recovery tests by following the 

evolution of G’ and G” versus time under successive low and high strain deformations applied to 

the hydrogels in order to evaluate the self-healing ability of the hydrogel. Damage of the self-

healing hydrogel after a high shear strain (200%) and fast recovery of its structure after healing 

at the low strain (1%) were shown in Figure 33 for the sample with 7.5% OxP and 92.5% PVA. 

At the large dynamic strain, the G’ value of the self-healing hydrogel decreased from 690 Pa to 

110 Pa due to the collapse of the hydrogel network. At the low strain (1%), the G’ of the self-

healing hydrogel returned quickly to the initial value due to the recovery of the hydrogel 

structure. Furthermore, the G’ and G” of the original hydrogel and the hydrogel after 

experiencing cutting-healing process were measured. The hydrogel after experiencing cutting 

healing process showed nearly the same values of G’ and G” with the original hydrogel, which 

indicated the good self-healing capacity of the hydrogels. 

 

 
Figure 33. Self-healing test for the hydrogel with 7.5% OxP content by following the evolution 

of the viscoelastic parameters in time at 1 rad s
-1

 and 25C; each 200 s, two successive levels of 

deformations were applied: 1 % and 200%, in the presence of TEMPO, NaClO, and NaBr. 
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 The hydrogels prepared from PVA and carboxylated polysaccharides were in vitro tested 

for  cytotoxicity, according to the ISO 10993-5:2009 standard recommendations. The results, 

depicted in Figure 34, reveal that all investigated samples are non-cytotoxic. As a general 

observation, the PVA/oxidized pullulan (OxP) hydrogels keep the cells metabolic activity in 

time. The best cytocompatibility has been found for the sample with OxP 10. In this case, after 

72 h of exposure with cells, OxP 10 sample kept cell viability over 90%. This metabolic activity 

of the cells culture expresses their ability to adapt to in the vitro conditions. The MTT results 

recommend these hydrogels as surrogates for biomedical applications, since they do not release 

any cytotoxic compounds. 

 

 

Figure 34. Significant results of the 

                   cytotoxicity evaluation, 

                   performed on the 

                  PVA/carboxylated polysaccha- 

                  ride hydrogels by using the 

                  MTT assay. 

 

 

IV. – Curdlan and curdlan derivatives as surrogates for biomedical applications 
 

 Curdlan and its derivatives are promising for designing medical materials due to their 

biocompatibility and biodegradability properties. They can be used as solid matrices in different 

forms, such as hydrogels, beads, micro- or nanoparticles to incorporate drugs or as scaffolds for 

tissue engineering. 

Hydrogels (HGs) with different compositions were obtained by covalent cross-linking of curdlan 

(C) and phosphorylated curdlan (PC) using 1,4 butandiol diglycidyl ether (BDDE) as a cross-

linker, at room temperature for 48h. The compositions of the samples are presented in Table 3. 

 

Table 3. The compositions and main characteristic of the investigated samples. 
 

Samples code 8% C : 8% PC 
Exchange capacity, 

meq/g HG 

Drug loading, 

mg TCH/g HG 

0C-4PC 0:100 - - 

1C-3PC 25:75 6.1 131.4 

2C-2PC 50:50 2.6   85.3 

3C-1PC 75:25 1.1   78.0 

4C-0PC 100:0 -   68.5 

 

 The structure of the HGs resembles a typical cross-linked network, with a porous, 

‘sponge-like’ structure. The pores have different aspects and size, as a function of the proportion 

of the PC in hydrogels (Figure 35). 

 The swelling ratio of the hydrogels in time at 37 C in PBS 6.8 increases with the 

increasing amount of PC as expected (Figure 36). Figure 37 comparatively presents the behavior 

of the hydrogel in water in absence and in presence of small amount of salt. As the pH increases 

above the pKa of PC (pKa = 2.8), the polar groups within the hydrogel structure become ionized 

and repel one another, causing the swelling of the hydrogel. 
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Figure 35. The morphology of the deied 

                   hydrogels with different 

                   composition. 

 

 

 

 

Figure 36. Evolution of swelling ratio 

of the HGs, in time, at 37 C, in PBS 6.8. 

 Figure 37. Variation of the HGs swelling ratio 

at different pH and ionic strength values. 

 

 

 

 

Figure 38. Variation of TCH release from HGs 

in time, in PBS 6.8. 

 Figure 39. Hydrolytic degradation 

in PBS 6.8, during one month. 

 

 Drug loading capacity is largely influenced by the chemical structure of the matrix, the 

porosity and the exchange capacity of the polysaccharide-based matrix (Table 3). Drug loading 

experiments indicated that the adsorption increases with the amount of ionic component in the 

HGs. Release studies were performed under pseudo-physiological conditions or aqueous 

solutions with different ionic strength (Figure 38). The release rates depend in a greater extent to 
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the swelling capacity of the hydrogel. The hydrolytic degradation of the HG in PBS 6.8 at 37C 

(Figure 39) revealed an insignificant degradation during 30 days of immersing. 

 

 

V. – Smart hydrogels able to be activated in the presence of specific biomolecules 
 

 “Intelligent” hydrogels that are activated (become thermosensitive) by the presence of 

bioactive compounds were designed and developed. They are based on pH/thermosensitive 

poly(N-isopropylacrylamide-co-N-(3-aminopropyl)methacrylamide)) (poly(NIPAAm-co-APM)) 

copolymer (Figure 40). 

 

 

Figure 40. The chemical structure of poly(NIPAAm-co-APM). 

 

 Under normal physiological conditions (phosphate buffer at pH 7.4 (PBS)), the APM in 

copolymer is in the ionized state (pKa = 8.7), greatly hydrophilic and therefore the copolymer 

loses thermosensitive properties. Outstandingly, after electrostatic interactions of APM with 

specific biomolecules, the copolymer restores the thermosensitive property. The working 

mechanism of the hydrogel is shown in Figure 41. 

 
 

 
 

Figure 41. Schematic representation of the working mechanism of poly(NIPAAm-co-APM) 

microgels under simulated physiological conditions: ionized state, “inert” (a); “complexed” 

with Ind and “activated” (b); partially (c) and totally (d) collapsed.. 
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 As long as the pKa of the copolymer is approx. 8.7, under simulated physiological 

conditions (PBS at pH = 7.4), the amino groups are in protonated state, much more hydrophilic 

and thus the microgels are in the swollen state and lose the thermosensitive properties (Figure 

41a). Under the same conditions (PBS at pH = 7.4), indomethacin (model biomolecule) showing 

a pKa = 4.5 is in the ionized form and highly reactive. After electrostatic interactions with the 

amino groups of APM, the hydrogel restores its thermosensitive properties (Figure 41b). At the 

human body temperature, the microgels collapse and can release a certain dose of drug 

(previously loaded), the dose being dependent to the degree of complexation with indomethacin 

(Figures 41c and 41d). 

 

Biocompatibility assay 
 It is well-known that the cytotoxicity of a biomaterial is highly important for its 

biomedical applications. The cytotoxicity of poly(NIPAAm-co-APM) microspheres was 

investigated by MTT assay. 

 The extract resulted from microspheres incubation at different concentration of 

particles (0.5, 1.0, and 2 mg mL
1

) and tested for cytotoxicity through MTT method shows that 

poly(NIPAAm-co-APM) microspheres are completely devoid of toxicity (Figure 42a). 

 

 
 

Figure 42. (a) Viability of the primary rabbit dermal fibroblasts cultured in microspheres 

extract, at different microspheres concentration. (b) Phase-contrast (A,B) and  fluorescence 

micrographs (C, Giemsa; D, Calcein AM; E and F, DAPI) of the dermal fibroblasts without (A), 

and in the presence of poly(NIPAAm-co-APM) microspheres (B, C, D, E, F). 
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 The captures (Figure 43b) show the microscopic images of the fibroblasts in the absence 

(A) and in contact with microspheres (BF). The living cells from capture A and B (phase 

contrast) and D (Calcein AM) as well those fixed and stained from capture C (Giemsa staining), 

E and F (DAPI staining of the cell nuclei) revealed biocompatible properties of the microspheres. 

The direct contact of the microspheres with cells does not modify cell shape and morphology as 

well as their behaviour in culture media (B, C). Moreover, the rabbit dermal fibroblasts adhere in 

abundance to the surface of microspheres, which is highlighted in the captures E and F. 

 

 

A.4. Development of micro-particulate systems applicable as mezo-porous substrata 

        for the delivery and for the amount control of low molecular (bio)active compounds 
 

 In order to sustain the experiments on the functionality of the developed nanoplatforms, 

we have studied and produced two supplementary chemical entities: 

 a system of particulate supports / carriers for the vehiculation and dosage of highly 

active low molecular compounds (for testing purposes doxorubicin, a chemotherapeutic 

drug used to treat several types of cancers); 

 a protecting system useful to avoid genotoxic efects mediated by contaminated wastes 

resulted from biomedical research and usual activity (for testing purposes, the same drug, 

doxorubicin). 

The second type of entities can be used in conjuntion with the first mentioned one, for the 

control of the fate of the reziudual or excedentary amounts of nanoplatforms used in (and for 

now only in) ex vivo applications. 

 

 

I. – Particulate mesoporous silica (MSil), in unfunctionalized, and in hydroxy- and 

      aminopropyl-functionalized form 

 

Literature reports regarding the utilization of different types of silica derivatives in the loading 

and release of DOX 

 Literature data revealed a high interest in the development of materials based on 

functionalized silica as support and/or carriers for the controlled release of drugs [folic acid, 

cisplatin, nitric oxide, dopamine, doxycycline, etc.]. Especially, mesoporous silica nanoparticles 

(MPSNPs) with a low level of toxicity, as compared with colloidal silica, and biocompatibility 

enhanced by modifying the surface, are known for their applicability in drug delivery. For such 

applications, the suitable size of the particles should be 50-300 nm. 

 The most representative types of MPSNPs are enumerated below. 

 M41S class, with a hexagonal structure, having a porous feature, thermal stability, 

possessing a large surface area and a limited distribution of pore size. 

 SBA-type MPSNPs class, similar to MCM-41 in structure, possesses excellent 

mechanical and thermal stability, large pore size and surface area. 

 ORMOSILs- hybrid silica nanoparticles, with size range of 10–100 nm; their 

synthesis involves the use of an inorganic silica precursor (for instance, 

tetraethylorthosilicate [TEOS] and vinyltriethoxysilane), an organic silica 

precursor (e.g., diethylamine and trimethoxysilane) and a catalyst (alkaline 

medium). In addition, ORMOSIL nanoparticles can be surface-functionalized by 

attaching different targeting compounds such as carboxyl group and thiol groups 

for targeted drug delivery and diagnosis. 
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 Hollow type-MPSNPs used in the imaging and treatment of cancer possessing an 

uniform morphology, mesoporous shell, and hollow core, large surface area and 

high pore volume, with a high loading efficiency. 

 PMO (periodic mesoporous organosilica), where the bridged polysilsesquioxanes 

are the main components of the porous framework. 

 Surface modification of mesoporous silica has a high impact on the interaction with cells, 

the uptake and accumulation of nanoparticles by the cells and tissues, etc. Different functional 

groups are used, like: hydroxyl, amine, carboxylate, thiol, aromatic rings, etc. The aromatic rings 

are responsible for the induction of surface lipophilicity, which hinders the loading of water-

soluble molecules into the mesoporous system. Highest loading efficiency was exhibited by 

mesoporous silica containing COOH, amino and phosphoryl groups. 

 The stability and dispersibility of the MPSNPs can be enhanced by using biocompatible, 

nontoxic water-soluble polymers such as PEG. Antibodies attached on the MPSNPs surface can 

be targeted for cancer antigens. The results showed a twofold improvement in tumor uptake of 

modified MPSNPs in comparison with nonfunctionalized MPSNPs. The functionalization of 

MSPNPs with some molecules: vitamins, polysaccharides, proteins/peptides can improve the 

selective targets, which will lead to an enhanced drug delivery to the tumor cells, which involves 

selectivity.  

 Particle size should be kept <400 nm for in vivo applications. The diameter must be >10 

nm to avoid clearance through kidney. The optimum size range of the MPSNPs for a prolonged 

circulation time, an improved accumulation into the tumor and an increased cellular uptake 

proved to be 50-300 nm. 

 Particle shape will affect the internalization, cell viability, adhesion, migration and 

distribution in the body systems. The long rod-like shaped nanoparticles exhibited a higher rate 

of accumulation and in the largest quantity. Doxorubicin loaded MSPNPs exhibited a higher 

cytotoxicity than the free DOX. 

 pH and the temperature: normal tissues have 7.2-7.4, inflamed tissues: 5.4-7.2, 

extracellular microenvironment of tumors have 6.8. Temperature ranges from 37
o
C (normal) to 

45-50 
o
C in hyperthermia associated with different tumors. 

 Toxicity. The unique features of the MPSNPs are the external surface reactivity and the 

large internal surface area of pores. The reduced size of MPSNPs could be responsible for their 

toxicity. Generally, the toxic effect of MPSNPs is due to the oxidative stress in the cells, by 

production of high levels of ROS (Reactive Oxygen Species) and the suppressed levels of GSH 

(Glutathione, which is responsible to prevent damages of the cellular constituents caused by 

ROS: free radicals, peroxides, lipid peroxides, heavy metals), resulting in an apoptosis. Although 

silica is commonly believed as a safe material, the degradation studies on MPSNPs does not 

provide complete profiles of their biodegradation and biodistribution, hindering clinical 

advancements in MPSNPs [56].  

 Doxorubicin hydrochloride (DOX) represented one of the first line chemotherapeutic 

drugs in the treatments of various human cancers. Despite its efficacy in the treatment of 

carcinomas, sarcomas and hematological cancers, doxorubicin exhibits serious cumulative dose-

dependent cardiotoxicity. Its therapeutical efficiency is further compromised due to the drug 

poor stability in biological media and low membrane permeability [57]. 

 The scientific interest in studying the effects of this drug in different formulations and 

compositions is highlighting by a remarkable number of publications in which doxorubicin is a 

keyword (about 60000 ISI articles), doxorubicin carriers (about 5000 ISI articles) and 

doxorubicin formulations (about 3000 ISI articles) (Figure 43a) (ISI Web of Knowledge, 

November 2019). Fewer reports were recorded on Doxorubicin silica, Doxorubicin mesoporous 

silica or Doxorubicin functionalized mesoporous silica. For the last keyword, there are only 248 

publications, from which only 41 reports in 2019 (Figure 43b), so that our interest in this area is 

motivated. 
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Figure 43. Number of publications with doxorubicin as keyword (a), and number of publications 

having doxorubicin functionalized mesoporous silica as subject (b). 

 

Performed experiments 

 Materials and Methods: Doxorubicin (Figure 44) hydrochloride 2mg/ml (commercially 

available), and mesoporous silica particles with various functionalities (MSil1, MSil1bis, MSil4, 

MSil4bis and D1) were used (see Table 4). Mesoporous silica materials with MCM-41 type of 

structure containing a homogeneous layer of organic functional groups inside the pores were 

prepared using a co-condensation method in presence of a surfactant in low concentration 

according to reference [58]. 
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Figure 44. The chemical structure of doxorubicin hydrochloride. 

 

Loading of DOX into selected silica 
 Loading experiments occurred at room temperature, at pH 5.5 and 7.4, in some cases by 

using ultrasonication. For loading of DOX, 10-60 mg of each silica type were dispersed in an 

aqueous solution 0.1wt% or 0.2 wt% DOX. In the first experiments, for the encapsulation of 

DOX, Millipore water (pH 5.5) was used to prepare a solution 0.1wt% of DOX. 

 

(a) First approach 

 About 60 mg of each sample (MSil1, MSil1bis, MSil4, MSil4bis) was dispersed in the 

DOX solution 0.1% (20 mL). A rotatory shaker (25 °C, 150 rpm) was used during the loading 

process in dark space. The mixture was maintained in these conditions for 48 h. The drug-

loading capacity was calculated by measuring the remained DOX concentration in the residual 

solution by UV-vis spectroscopy, by using the DOX absorbance at 482 nm.  

Sample aliquots were collected after 24h and 48h and the absorbance of DOX was determined by 

UV-vis spectrophotometer at λmax of 482 nm. The calibration curves of DOX at pH 5 and 7.4 

were also plotted in order to calculate the drug-loading and release. The encapsulation of DOX 

occurred only in MSil1 bis, UV-vis spectra confirming this by changes in the absorbance at 482 

nm (Figure 45). 

 The DOX solutions of MSil1, MSil4 and MSil4bis were incubated at 40 
o
C under 

magnetic stirring in order to increase the diffusion of DOX in silica pores. After 1 week, the UV 

absorption maximum of DOX aliquots was unchanged. After separation of silica from DOX 
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solution the color was slight pink, suggesting only a weak binding of DOX in the case of MSil1, 

MSil4 and MSil4bis, while in the case of MSil1bis the color was red (Figure 46). 

 

Table 4. Characteristics of the functionalized silica. 
 

Sample Organic / functional group 

BET 

area 

(m
2
/g) 

Morphology 

 

 

MSil1 

 

 
11 mol% 3-aminopropyl 

 

-CH2-CH2-CH2-NH2 

722 

 

MSil 1bis 621 

 

 

M Sil 4 

 

 
27.2 mol% 3-aminopropyl 

 

-OH 

1001 

 

M Sil 4 bis 936 

MDil_D1 

27.2 mol% methyl 

 

-CH3 

943 

 
 

 

Figure 45. UV-vis spectra of DOX solution 

                  during loading of MSil1bis 

                  at pH 5.5. 
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(a) (b) (c) (d) 

Figure 46. The color changes during the loading of DOX: (a) MSil 1 in DOX solution; (b) MSil 

1bis in DOX solution and after filtration, (c, d) MSil1, MSil 4 and MSil 4bis after DOX loading. 

 

 The encapsulation efficiency (EE) and loading capacity (LC) were calculated using the 

following formulas: 

𝐸𝐸 (%) =
𝑊(𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑖𝑙𝑖𝑐𝑎)

𝑊(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑑𝑑𝑒𝑑 𝑑𝑟𝑢𝑔)
× 100 

 

𝐿𝐶 (%) =
𝑊(𝑑𝑟𝑢𝑔 𝑖𝑛 𝑠𝑖𝑙𝑖𝑐𝑎)

𝑊(𝑠𝑖𝑙𝑖𝑐𝑎)
× 100 

For MSil 1bis EE calculated value was 68.72 %, and LC value was 115 %. 

 

(b) Second approach 

 In the second set of experiments, the loading was carried out in phosphate buffer solution 

of pH 7. For each 10 mg of silica (MSil 1, MSil 1 bis, MSil 4, MSil 4 bis and D1), about 2 ml of 

DOX 0.2% solution was used. In all samples the encapsulation took place, almost immediately in 

D1 (Figure 47) and after stirring on a shaker on 150 r. p. m. for 24 h in the others.  The UV-vis 

measurements of the supernatant solution of DOX also indicated the successful loading in all 

silica (Table 5). 

 

 

Figure 47. D1 during (a) and after (b) loading of DOX. 

 

 

Table 5. Loading of DOX in terms of EE and LC in the silica 
 

Samples 
Encapsulation Efficiency (EE), 

% 

Loading capacity (LC), 

 % 

Msil 1 bis 69.00 115.0 

Msil 4 63.86 18.35 

Msil 4 bis 55.89 16.05 

D1 127.00 606.5 
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Characterization of the silica-DOX composites 
 FTIR spectroscopy was used to investigate the chemical modification of silica loaded 

with DOX. In order to evidence successful loading of DOX in MSil1bis, IR spectra of MSil1bis-

DOX and DOX were subtracted and the resulting spectrum can be seen in Figure 6. The IR 

subtracted spectrum is compared with the IR spectrum of DOX. It can be observed that in 

positive range the characteristic IR vibrations of the silica are present: 1092 and 471 cm
-1

 

assigned to the asymmetric stretching vibration and rocking modes of the Si-O-Si units, while in 

negative range all vibrations assigned to DOX can be observed. The broad vibrations at 3474 cm
-

1
 and 3239 cm

-1
 in the subtracted IR spectrum are assigned to OH and NH2 groups from silica 

and DOX, suggesting H-bonding interactions between them. These bands are blueshifted by 52 

and 92 cm
-1

 in the IR spectrum of MSil1bis-DOX. On the other hand, the characteristic 

vibrations at 968 cm
-1

 and 795 cm
-1

 (Figure 48) assigned to the established mesoporous silica 

network are diminished after loading DOX in silica, indicating the alteration of the mesoporous 

framework. Based on IR spectra we can conclude that DOX was both incapsulated and surface 

bonded. 

 

 
Figure 48. Subtracted FT-IR spectra between MSil1bis-DOX and DOX. 

 

 DLS and Zeta potential. In order to establish the changes occurred in silica after loading 

DOX, DLS and zeta potential analysis were performed. Thus, MSil1bis-DOX formed aggregates 

533 nm (PDI=0.712) at a concentration of 0.01%, which are above the allowed therapeutic 

values (Figure 49). 

 
 

 
 

Figure 49. DLS results of the 

                  MSil1bis-DOX. 

 

 Zeta potential value of MSil1bis-DOX differs from the MSil1bis suggesting different 

surface chemistry. The value of -26 mV for MSil1bis-DOX is attributed to presence of hydroxyl 

groups on their surface, Zeta potential for MSil1bis being +38 mV (Figure 50). Meanwhile, the 

zeta potential values indicate stable particles in solution. 
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Figure 50. Zeta potential results of MSil1bis (a) and MSil1bis-DOX (b). 

 

 SEM morphology of the silica before and after loading of DOX were recorded (Figure 

51). One can observe the formation of uniform, spherical aggregates after DOX loading in silica. 

 
 

 
 

Figure 51. Zeta potential results of MSil1bis (a) and MSil1bis-DOX (b). 

 

Release of DOX from mesoporous silica 
 Was investigated at 37 and 45 

o
C and different pH values (7.4, 5 and 1.5). 

 

(a) Release at pH 7.4 and 5 

 MSil1bis loaded with DOX at pH 5 was first evaluated for the release of DOX at pH 7.4 

and 5 (Figure 10). The release curves of MSil1bis–DOX revealed a higher delivery of DOX at 

pH 5. The DOX concentration released faster increases in the first 6 h, mainly due to the delivery 

of DOX from the surface of silica. In the next hours and days the release is slower but a constant 

concentration is maintained (Figure 52a). The cumulative release at pH 5 is 9.26% higher than at 

pH 7.4 (Figure 52b). 

 

 

Figure 52. The release curves of MSil1bis-DOX at pH 5 and 7.4. 
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 Table 6 presents the comparative released concentrations at pH 5 and 7.4. One can 

observed a complementary behavior at the two pH values: the DOX concentration released at pH 

5 after 24 h is the same with those released at pH 7.4 after 2 weeks, while the concentration 

released at pH 7.4 after 24 h is doubled at pH 5 after 2 weeks. In the same time, the 

concentration released was tested on cancer cell line (HOS) and the results indicated in all cases 

that a concentration of DOX between 1-10 μg/ml reduced the viability of HOS cell to 40% 

(Figure 52). It should be mentioned that DOX has no selectivity on tumor cells, which means 

that the released concentration of DOX has the same impact on the normal cells, reducing their 

viability to 40%. 

 

Table 6. Comparative data of the released DOX from MSil1bis-DOX composite. 
 

Sample 

pH 

5 7.4 

Cumulative 

release 

Concentration 

released 

Cumulative 

release 

Concentration 

released 

MSil1 bis 

6.96 % (24h) 5.08 μg/mL 5.59 % (24h) 3.54 μg/mL 

9.26 % 

(after 2 weeks) 
6.75 μg/mL 

8.3 % 

(after 2 weeks) 
5.27 μg/mL 

 

 

Figure 53. Viability of HOS cells 

                  at different concentrations 

                  of DOX. 

 

(a) Release at pH 1.5 

 Taking into account that EE and LC of MSil 4 and MSil4 bis were lower than those of 

MSil1 bis and D1, the release behavior was studied at pH 1.5 for 24 h (Figure 54). One can 

observed a lower cumulative release, only of 2% as compared with MSil1bis, which corresponds 

to 0.65 μg/ml DOX after1 h for MSil4 and 0.73 μg/ml DOX after 1h for MSil4bis. These 

concentrations remain relative constant during 24 h, but the accumulated DOX has no a 

therapeutic effect on the tumor cell, as observed in Figure 53, where at a concentration of 0.1 

μg/ml DOX the HOS viability is 97%. 

 

 

Figure 54. The release curves of MSil 4 and MSil4bis-DOX at pH 1.5. 
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 We also studied the release behavior of D1, with the highest EE and LC of DOX. In the 

case of D1, a different behavior was observed. In the first 5 h a highest concentration of DOX 

was released in pH 7.4, after which the released concentration remained constant during 1 week 

(Figure 55a). At pH 5 an increased concentration of DOX was observed during 1 week, the 

cumulative release being 9.24 % (Figure 55b). The released concentrations are lower than 

MSil1bis at pH 5 (see Table 7), suggesting that a pH decreasing does not enhanced the release of 

DOX. The released concentrations from D1 are also considered as therapeutic, with a lower 

impact on the HOS cells viability as compared with MSil1bis or with the same composite at pH 

7.4. Moreover, the released concentration at pH 7.4 after 24h is even higher than the 

concentration released after 1 week at pH 1.5, suggesting an effective lack of selectivity on 

tumor cells in comparison with healthy ones. 

 

 

Figure 55. The release curves of D1-DOX at pH 7.4 and 1.5. 

 

Table 7. Comparative data of the released DOX from D1-DOX composite. 
 

Sample 

pH 

5 7.4 

Cumulative 

release 

Concentration 

released 

Cumulative 

release 

Concentration 

released 

D1 

3.38 % (24h) 1.6 μg/mL 9.44 % (24h) 5.6 μg/mL 

9.24 % 

(after 1 week) 
4.77 μg/mL 

10 % 

(after 1 week) 
6.05 μg/mL 

 

 Comparing the cumulative release from MSil1bis-DOX and D1-DOX, one can observe a 

higher released at pH 7.4 after 24h for D1. At acid pH, MSil1bis has a faster release after 24h. 

But, after 1 week both composites have the same impact in acid medium, the cumulative release 

having the same value (Figure 56). Moreover, a small selectivity at pH 5 was observed for 

MSil1bis, suggesting a higher impact on the cancer cells than to the normal ones. 

 

 

Figure 56. Comparative release data 

                   for MSil1 bis and D1 

                   composites. 
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 Table 8 resumes the DOX loading and releasing abilities of the silica derivatives, as 

reported in literature. Data can be compared with the values we obtained. 

 

Table 8. Comparative data regarding the loading and the release of DOX 

from different silica derivatives. 
 

Silica-based materials 

Loading capacity Cumulative released 

Reference 
pH % pH 

T, 
o
C 

% 

Mesoporous nanosilica 

templates having a diameter 

close to 30 nm which drive 

the protein (Human Serum 

Albumin) nanocapsule 

formation. 

- 

30 

88 

(nanocapsules 

with protein) 

- - - [59] 

Gold nanostars coated with a 

mesoporous silica shell 

(AuNSt@mSiO2) using a 

PEG incorporated of photo-

cleavage 2-nitrobenzyl linker 

as capping ensemble. 

- 100 - - 80 [60] 

Graphene quantum dots 

capped in hollow mesoporous 

silica nanoparticles, 

GQDs@hMSN. 

- 80 

5 

6.5 

7.4 

37 

58 

28 

14 

[61] 

Folate-conjugated, 

mesoporous silica 

functionalized boron nitride 

nanospheres. 

- 52.6 
5 

7.4 
- 

80 

20 
[62] 

Multifunctional drug delivery 

system based on mesoporous 

silica nanoparticles, 

hyaluronic acid, polyethylene 

imine and DOX, HAPEI-

MSNP_Dox. 

- - 

7.4 

4.5 

6 

6+Hya-

luronic 

4.5+Hya-

luronic 

- 

2 

3 

5 

50 

 

65 

[63] 

Mesoporous silica 

nanoparticles (MSNs) loaded 

with doxorubicin modified 

with poly(lactic-co-glycolic 

acid) (PLGA) and conjugated 

with Angiopep-2 (ANG). 

- 38-90 
7.4 

6.4 
- 

20 

40 
[64] 

A complex DDS (drug 

delivery systems) named 

DOX@MSN-ZnO-PLL-

PLL(DMA) (Polylisine and 

dodecyl methacrylate). 

7.4 53.4 

5 

6.5 

7.4 

 

91 

21 

20 

[65] 

Large-pore coralline 

mesoporous silica 

microparticles (CMS) 
- 26.7 

5 

7.4 
- 

32 

8.5 
[66] 
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synthesized by using the 

triblock polymer PEG-b-

PEO-b-PEG 

Monodispersed, doxorubicin 

(Dox) loaded chitosan (Cts) 

nanospheres functionalized 

by mesoporous SiO2 and folic 

acid (FA). 

- 82.4 
5 

7.4 
- 

82 

4 
[67] 

Magnetic mesoporous silica 

nanoparticles functionalized 

by pH-sensitive caps. 
- - 

7.4 

5 
- 

34 

83 
[68] 

HApt aptamer-functionalized 

pH-sensitive β- 

cyclodextrin (β-CD)-capped 

doxorubicin (DOX)-loaded 

mesoporous silica 

nanoparticles (termed 

MSN-BM/CD-HApt@DOX). 

7.4 3.6 

7.4 

6.4 

4.5 

- 

19 

18.8 

82 

[69] 

Mesoporous silica 

nanoparticles capped with 

cerium oxide nanoparticles 

(COP@MSN). 

7.4 120 

4 

5 

6 

7 

- 

65 

50 

20 

3 

[70] 

Mesoporous silica 

nanoparticles (MSN) that 

contain on their surface 

various types of DNA 

molecules. 

- - 5 - 3-80 [71] 

Hollow mesoporous zirconia 

nanocapsules (hm-ZrO2) with 

a hollow core / porous shell 

structure. 

- 102 

3.6 

5.2 

6.6 

7.4 

- 

35 

20 

10 

4.5 

[72] 

Mesoporous silica 

nanoparticles 

(MSNs) covalently 

integrating a nitric oxide 

(NO) photodonor (NOPD) 

and a singlet oxygen (1O2) 

photosensitizer (PS) and 

encapsulating the anticancer 

doxorubicin (DOX). 

7.4 85 7.4 - 10 [73] 

Porous nanosilica (PNS) 

conjugated with gelatin-poly 

(ethylene glycol)methyl ether 

(GEL-mPEG) to form PNS-

GELmPEGnanocarriers for 

doxorubicin (DOX) delivery. 

- 86 
4.5 

7.4 
- 

20 

70 
[74] 

Light/redox dual-stimuli 

responsive β-cyclodextrin (β-

CD)-gated mesoporous silica 

nanoparticles (MSN). 

7.4 63 - - 17 [75] 
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Inorganic/organic hybrid 

composites based on 

mesoporous silica nanotubes 

(MSNTs) and 

pH-responsive 

polyelectrolytes 

7.4 82-89 

8 

7.4 

6.8 

5.2 

4 

1.2 

- 

10 

20 

30 

80 

83 

90 

[76] 

Novel dual-sensitive 

(enzyme- and redox-) MSN 

(mesoporous silica 

nanoparticles) based on 

functionalized dopamine 

containing both peptide and 

disulfide bonds 

- 

23-MSN 

 

 

67-LMSN 

7.4 

5 

 

7.4 

5 

- 

80 

80 

 

14 

67 

[77] 

Mesoporous silica 

nanoparticle-supported lipid 

bilayers (LMSNs) developed 

with doxorubicin (DOX) 

7.4 17-90 
3.5 

7.4 
- 

65 

45 
[78] 

 

Conclusions and perspectives 

 Based on the literature data, one can say that a conjugation of mesoporous silica with 

different proteins, lipids or other liposomal and polyelectrolyte derivatives has a positive impact 

especially on the release of DOX. The cumulative release could increase up to 90% in some 

cases. From this point of view, it is clear that in simple drug delivery systems based on 

functionalized silica the problem of release exists, and over time different strategies have been 

developed to overcome such disadvantage of a lower cumulative release. Our results are similar 

with those reported in literature for some complex delivery systems. 

 Our perspectives will be directed to optimization of the release conditions, taking into 

account the cumulative influence of different factors: dialysis membrane, Ph, temperature, 

ultrasonication, porosity, release time, etc. A major problem will be to reduce the size of the 

silica loaded with DOX in the range 10-300 nm. Also, it is necessary to study the stability of our 

silica-DOX composites, knowing that the stability of DOX in solution or in liposomal 

formulations is 24h in glucose solution 5% or 48h in saline solution 0.9%. 

 The advantage of our composites is the possibility of an extended release of DOX, taking 

into account that the half time of DOX is about 72h, which means that it reduces the number of 

doses administered at certain time intervals. In irder to confirm the aplicability of the dosing 

system we developed, we will study the cytotoxicity of our composites on normal and cancer 

cells, not only the released DOX concentrations. 

 

 

II. – Metal-organic frameworks (MOFs) for the destruction of residual doxorubicin 

 

MOF-type metal complexes (Zn (II), Cu (II), and Co (II)) with a dicarboxylic acid having a 

siloxane spacer, applicable for rapidly decomposing of doxorubicin, in heterogeneous system, 

in the presence of light 

 Such a process is useful in purifying health care wastes contaminated with chemotherapy 

drugs which are highly hazardous because of potential genotoxic effects. Doxorubicin interacts 

with DNA by intercalation and inhibition of macromolecular biosynthesis, thus acting 

unselectively on all growing cells. Therefore DOX is constantly under study to find less harmful 

formulations with more effective targeted delivery, as for example liposome-encapsulation, 

PEG-peptide conjugates, functionalized DNA nanocages or incorporation into metal-organic 

frameworks (MOFs). The stability of the drug in different conditions is very important from 

pharmaceutical perspective. DOX degradation has been studied under hydrolytic conditions at 
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various pH and temperature, or under photolytic and oxidative (H2O2) conditions, and it was 

shown that it is highly sensitive to alkaline pH, sensitive to acidic pH at high temperature, and 

also to oxidation. On the other hand, health care wastes contaminated with chemotherapy drugs 

and their metabolites are highly hazardous because of potential genotoxic effects, as mutagenic, 

teratogenic and/or carcinogenic, and may affect aquatic organisms. Several studies demonstrated 

that residual amounts of cytotoxic solutions represented a real occupational risk and these 

“should not be discarded in the domestic sewage system without prior inactivation”. In the 

context of environmental concerns, this motivated us to investigate the possible decontamination 

of waste waters, aiming to remove DOX. The destruction of wastes, un-transformed drug or its 

metabolites received very little attention, although it was demonstrated that the 

(photo)decomposition products preserve the anthracycline structure, so they can be chemical 

carcinogens, mutagens and exert toxic effects on humans. To our knowledge, none of the 

reported studies showed complete mineralization of DOX, nor proved degradation of the 

anthracycline structure. 

 

 

Figure 57. Structure of the metal complexes 

                  used as catalysts. 
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 We investigated the kinetics and residual products of the photocatalytic decomposition of 

doxorubicin at normal pH, at ambient light and temperature, in presence of H2O2 and zinc(II), 

copper(II) and cobalt(II) MOFs based on a disiloxane carboxylic acid and bipyridine (Figure 57). 

We proved the destruction of the anthracycline structure of DOX and identified glycerol as the 

main reaction product. The siloxane-based hydrophobic MOFs are acting as heterogeneous 

catalysts, being stable in the reaction conditions, contrary to a model MOF without siloxane 

fragment. 

 The kinetics of the photodegradation process was followed by UV-Vis spectroscopy and 

by ESI-MS. According to UV-Vis data, two pseudo-first order kinetic steps describe the process, 

with rate constants in the order of 10
-3

-10
-2

 min
-1 

for the rate determining one. ESI-MS provided 

more accurate information, with a rate constant of 2.6·10
-2 

min
-1 

calculated from the variation of 

DOX ion abundance (Figure 58). Complete decomposition of DOX was achieved after 120 min 

in the shade and after only 20 min by exposure to sunlight (Figure 59). The analysis of the 

residual waters by mass spectrometry and 1D and 2D NMR spectroscopy showed complete 

disappearance of DOX in all cases, excluded any anthracycline species, which are destroyed in 

the tested conditions, and proved formation of an un-harmful compound – glycerol, while no 

trace of metal was detected by XRF. 

 
 

 
 

  

 
 

Figure 58. The decrease of doxorubicin 

parent ion abundance (a), and the first-order 

kinetic law applied to this trend (b). 

 Figure 59. DOX photodecomposition with 

catalyst Cu-A in different conditions: pseudo-

first order kinetics plots (a), and the efficiency 

of DOX photodecomposition (b). 

 

 By this study we brought into attention a less addressed pollution issue, and we proposed 

a mild and effective method for removal of DOX drug emerging pollutants. 

 

 

III. – Various compounds and formulations of nanoconjugate type, implied in functional 

          supramolecular aggregation 
 

Formulations of diminazene aceturate designed to improve its bioavailability and to maximize 

the therapeutic index in animals by overcoming the rapid degradation under acidic pH of the 

stomach 
 In our day, the introduction of more concepts in supramolecular chemistry, which permits 

the studies of self-assembly of molecules (including polymers), has attracted more and more 
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scientists, becoming a popular area for experimental chemistry, creating a new way for the future  

not only for the chemists, but for the other researchers (biochemists, engineers, physicists, 

theoreticians, etc). Supramolecular chemistry is exploiting physical bonds (like hydrogen bonds, 

π−π stackings or coordination complexation), which are responsible in fabricating new 

supramolecular materials [79]. It should be mentioned that an important factor of supramolecular 

materials is the reversibility of the formed systems and in this respect, inclusion complexation 

based on cyclodextrins play a remarkable role. 

 In our study β-Cyclodextrin (β-CD) was used as a functional excipient used for 

enhancing the diminazene aceturate (DA) bioavailability (Figure 60) [80]. Most studies show 

that DA has both antioxidant and antimicrobial activity more or less pronounced according to the 

administrated dose. In the same time, an important problem that must be overcome is to prevent 

the administration of high dose that may be lethal [81]. As its chemical stability in aqueous 

solutions, DA is stable few days at neutral pH, while in acidic pH, the molecule could be 

transformed, in few minutes, in 4-amino-benzamidine and 4-amino-phenyl-diazonium salt. 

Besides this, it is strongly recommended to protect DA against direct light due to its photo-

instability [82]. 

 

 

Figure 60. Experiments and results on the 

                  increasing of bioavailability of 

                  diminazene aceturate. 

 

The formation of 1:1 molar ratio inclusion complex between DA and βCD with 

association constant of 608.7 M
-1

 was demonstrated by different techniques (Raman, DSC, 

WAXD, 
1
H-RMN, ROESY), and its stoichiometry was determined from Job’s plot data. IC50 

value of DA:βCD (1:1) inclusion complex against lipoxygenase was 1.93 ± 0.05 μg/ml while of 

parent DA was 16.53 ± 0.24 μg/ml. In vivo tests have shown that the bioavailability of DA has 

been increased due to its protection against degradation in acidic pH of stomach through its 

encapsulation into βCD’s cavity at amounts closed to the administrated dose. In contrast, when 

parent DA was administrated, the determined bioavailability was very low, meaning that high 

amount of DA was degraded by low pH of the stomach. Overall, the obtained data suggest that 
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the administration of DA, as its inclusion complex with βCD, considerably reduces the necessary 

administration dose, making it possible to use this formulation in the treatment of diseases that 

required up to now high doses of parent DA, thus eliminating the risk of lethal doses 

administration. 

 

Magnetic-cerium oxide nanoconjugates with antioxidant activity [83] 

 The importance of magnetic nanoparticles in nanomedicine results in the possibility of 

their application both in targeted therapy and in diagnosis, suggesting a theranostic approach of 

the biomedical applications. Nanoceria has mimetic activity of superoxide dismutase, being able 

to inactivate the excess of reactive oxygen species correlated with a large number of pathologies, 

such as stents restenosis and the occurrence of genetic mutations that can cause cancer. This 

study presents the synthesis and biological characterisation of nanoconjugates based of 

nanoparticles of iron oxide interconnected with nanoceria. 

 

 

Figure 61. Schematic representation of magnetite-nanoceria nanoconjugates synthesis. 

 

 The synthesis of magnetite-nanoceria nanoconjugates has been done in several stages 

(Figure 61), where the key of the process is the coating of nanoparticles with polyethyleneimine 

and its chemical activation-reticulation with glutaraldehyde. Nanoparticles have been structurally 

and morphologically characterized by techniques such as FTIR, Raman, XPS, EDX and TEM. 

The physico-chemical characterization was done by DLS and magnetization measurements. 

Antioxidant activity was evaluated in vitro by the DPPH assay and in vivo, measuring total 

antioxidant capacity in mice. There were obtained magnetite nanoparticles interconnected with 

nanoceria having an average diameter of 8 nm. DLS study of aqueous dispersions of 
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nanoconjugates showed that they are stable and had a high positive zeta potential of about +30 

mV, which is a measure of covering degree with polyethylenimine. Nanoparticles have 

superparamagnetic properties and the saturation magnetization varies with the addition of 

diamagnetic component in the system, remaining within the limits of biomedical applications. 

The interconnected nanoparticles have in vitro free-radical scavenging properties that have been 

shown to be improved as a result of the increased amount of the Ce
3+

 ions and crosslinking of 

polyethyleneimine on the surface of nanoparticles. Measurement of total antioxidant activity in 

vivo revealed increased antioxidant activity in all organs and fluids collected from mice. 

In conclusion, nanoconjugates based on iron-oxide and cerium oxide nanoparticles have 

magnetic properties with potential biomedical application such as magnetically guided drug 

delivery agents and contrast agents in MRI. In addition to the useful magnetic properties, they 

have antioxidant activity, being able to scavenge free-radicals and reducing the oxidative stress, 

ability demonstrated both by in vivo and in vitro experiments. The combination of the two 

properties mentioned above make them excellent candidates for theranostic applications. 

 

 

A.5. Evaluation of the functionality of the extracellular matrix / tumors surrogates 

        in ex vivo systems of cells culturing. 

 

 Two types of tissue / tumor surrogates were prepared and preliminary tested during the 

2019 stage. Table 9 summarizes their characteristics. 

 

Table 9. Coding and physical-chemical characteristics of the investigated surrogate samples. 
 

No. 
Scaffold 

code 

Pore 

size 

(μm) 

Swelling 

capacity 

in PBS 

Cchemical composition of the hydrogel samples 

I HA
2
G50 8 ÷ 35 41.57 % 

Hydrogel made of 2% w/v hyaluronic acid (HA) and 

poly(methyl vinyl ether -alt- maleic acid) (G) 50 % 

II HA
3
G50 18 ÷ 41 40.04 % 

Hydrogel made of 3% w/v hyaluronic acid (HA) and 

poly(methyl vinyl ether -alt- maleic acid) (G) 50 % 

 

 

I. – Investigation of the HA
2
G50 as tumor surrogates populated with human tumor cells 

 

 In order to characterize the scaffolds / sponge-type hydrogels based on hyaluronic acid 

(HA) and poly(methyl vinyl ether-alt-maleic acid) (G) (HA
2
G50) in terms of biological 

properties, they were populated with two human cell lines: lung carcinoma (A549 cells) and liver 

carcinoma (HepG2 cells). Scaffolds were populated with HepG2 at different cellular densities 

(4.5x10
4
, 7.5x10

4
 and 2.5x10

5
 cells) and the cytotoxicity induced by HA

2
G50 was monitored 

over time (1 day, 7 days, 14 days after seeding). On the other hand, HA
2
G50 seeded with HepG2 

or A549 were processed for investigation by optical and fluorescence microscopy to reveal the 

actin cytoskeleton (eosin staining, respectively fluorescein-conjugated phalloidin - phalloidin-

FITC) and the cells nuclei (hematoxylin, respectively 4 ', 6-diamidino-2-phenylindole, DAPI). 

Thus, the effect of HA
2
G50 matrix on embedded cell morphology was highlighted.  

 

1. Materials and methods 

1.1. Cells 

 Hep G2 cells (human hepatocarcinoma cell line) and A549 cells (human lung carcinoma 

epithelial cell line) were cultured in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with fetal calf serum (10%), penicillin (100 U / ml), streptomycin (100 µg / ml) , 

neomycin (50 µg / ml) at 37°C in a 5% CO2 incubator. 
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1.2. In vitro determination of HA
2
G50-induced cytotoxicity 

 To determine the cytotoxicity induced by HA
2
G50 on HepG2, we used the XTT 

colorimetric assay based on formazan. The reagent 2,3-bis- (2-methoxy-4-nitro-5-sulfophenyl) -

2H-tetrazolium-5-carboxanilide (XTT) is taken up and transformed by the metabolically active 

cells into orange formazan in the presence of the reduction agent, methosulfate phenazine 

(PMS). The intensity of the orange color of the formazan resulted in the culture medium is 

quantified by measuring the absorbance at 450 nm using the infinite Tecan plate reader M 200. 

From the absorbance recorded in the sample is subtracted the absorbance of the control (medium 

with XTT without cells) and this value is normalized by weight ratio of the scaffold. The final 

results are expressed as a percentage of cells seeded in the presence of HA
2
G50 and incubated 

for one day (Day 1) at 37 
o
C, in an incubator containing 5% CO2. 

 

1.3. In vitro determination of the HA
2
G50 effect on cellular morphology 

 The effect of HA
2
G50 on the morphology of A549 and HepG2 cells was studied by 

staining with hematoxylin-eosin or phalloidin-FITC and DAPI, to investigate the distribution of 

actin filaments and cell nuclei. In order to examine the hematoxylin-eosin staining, the bright 

field technique was used, while in the case of fluorescently labeled phalloidin and DAPI 

staining, the Inverted Microscope Olympus IX81 with fluorescence filters for excitation in UV, 

blue, green equipped with powerful software Cell Sense Dimensions was employed. Cell 

morphology and parameters such as: cell elongation, round cell appearance, nucleus / 

cytoplasmic ratio will provide indications of the state / condition of the cells within HA
2
G50 

scaffold. 

 

1.3.1. Hematoxylin-eosin staining 

 The principle of the method consists in the binding of hematin, a product of hematoxylin 

oxidation to the lysine residues of histones, under acidic conditions and the contrast of cellular 

details by eosin, an acidophilic substance that specifically binds to the positively charged amino 

acid residues (lysine, arginine) in the cytosolic protein composition.  

 At the end of the incubation period, cell-populated HA
2
G50 was fixed with a 4% 

paraformaldehyde solution (PFA) at 4 °C for 2 hours. Subsequently, the scaffold was washed 

with cold phosphate buffer, pH 7.4 and cryoprotected by sequential incubation in glycerol 

solutions of increasing concentrations: 

 5% glycerol solution, for 15 min, RT; 

 10% glycerol solution, for 1h, RT; 

 20% glycerol solution, overnight, 4 
o
C; 

 50% glycerol solution, for 1h, 4 
o
C; 

 overnight incubation at -20 
o
C in 50% glycerol solution. 

 After cryoprotection, cell-populated scaffolds were included in the optimal cutting 

temperature (OCT) solution and subjected to final processing by performing 5-μm-thick 

cryosections. Briefly, the hematoxylin-eosin staining protocol consists of the following 

successive steps: incubation of cryosections with hematoxylin solution (6 min), treatment with 

0.1% HCl (10 sec), incubation with eosin solution (30 sec), dehydration with 100% ethanol, 

clarification with xylene and mounting with balm from Canada. The colored cryosections are 

examined with the optical microscope under normal light (Nikon Eclipse Ti). 

 

1.3.2. Phalloidin-FITC / DAPI Staining  

 The principle of the method consists in the binding of phalloidin conjugated with a 

certain fluorescent dye, phalloidin-FITC to the actin cytoskeletal filaments (with fluorescence in 

green) and staining of cell nuclei based on the strong binding of fluorescent dye 4 ', 6-diamidino-

2-phenylindole (DAPI) to sequences rich in adenine - thymine base pairs from DNA (blue). 

Briefly, the protocol involves the following sequence: permeabilization of samples (cryosections 
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or scaffold) with cold 0.5% Triton X100 in PBS (pH = 7.4) (5 min), incubation with phalloidin-

FITC 100 ng / mL in PBS (pH = 7.4) (dark, room temperature, RT, 40 min), incubation with 

DAPI 2 µg / ml in PBS, pH = 7.4 (dark, RT, 15 min). The examination of the samples is done 

using an inverted optical microscope (Inverted Microscope Olympus IX81 with fluorescence 

filters for excitation in UV, blue, green equipped with a powerful software Cell Sense). 

 In order to optimize the working conditions (seeding cell density, incubation time of 

scaffold populated with cells, etc.), a series of experiments, that involved HA
2
G50 seeding with 

one of the two cell lines and tracking cell viability and morphology over time, were carried out. 

 

2. Results 

2.1. The seeding of HA
2
G50 with A549 cells 

 The scaffold was previously cut (under stereomicroscope) to the following dimensions: L 

= 4-5 mm, l = 2-3 mm, h = 1 mm (the image corresponding to this scaffold is shown in Figure 

62). It was observed that the sponge has inhomogeneous areas. At different points there are 

cavities that affect the perfect cutting. To obtain reproducible results we weighed the scaffold cut 

to the dimensions mentioned above. The scaffold was sterilized by exposure to UV radiation (3 

min on each side). A549 cells were detached form culture plates with trypsin 1.25 ‰ and 

resuspended in 5 mL complete medium (DMEM 1 ‰ glucose, 10% fetal bovine serum - SFB, 

1% penicillin-streptomycin - PS and 1% neomycin - N), cold. The resulting cell suspension was 

centrifuged at 1050 rpm, 4°C, 5 min. After this procedure, the supernatant was removed and the 

cell sediment was resuspended and homogenized in 1 mL DMEM 1 ‰ completely. 

 
 

 
 

Figure 62. Tested scaffold having the initial dimensions of 

                   L = 4-5 mm, l = 2-3 mm, h = 1 mm. 

 

 The cells were seeded by directly pipetting the cell suspension, corresponding to the cell 

density of 2.5·10
5
 cells, on the scaffold placed in a 24-well plate. Following this procedure, the 

scaffold was kept idle for 10 min, and examined under the optical microscope (Figgure 63). 

 
 

 
 

Figure 63. The examination of the scaffold immediately after the seeding with A549 (2.5·10
5 

cells). The yellow arrow indicates the presence of air bubbles and the red arrow highlights the 

cells on the surface (left), or through the scaffold pore (right). 5x objective. 
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 At the end of the 10 min., 600 µL of complete medium was added by pipetting on the 

wall of the well containing the scaffold populated with A549. The cell-populated scaffold was 

incubated for three days at 37°C, in the incubator. The culture medium has been changed daily. 

At the end of the experiment, the scaffold with the attached cells was subjected to 4% 

paraformaldehyde (PFA) fixation, cryoprotection in glycerol solutions of increasing 

concentrations (5-50%) and inclusion in OCT to perform cryosections on the Leica CM 1850 

cryotome. 

 By optical microscope examining, it was observed the formation of a large number of air 

bubbles was observed inside and on the surface of the scaffold (Figure 63). Moreover, it was 

observed that about three thirds of the number of seeded cells remained on the scaffold, 

predominantly on the surface, while the difference of a quarter passed in the culture medium 

close to it (Figure 63-left). The color of the culture medium was rapidly changed from red (due 

to the existence of phenol red in the medium) to yellow, as a result of its acidification by the 

non-polymerized / unbound acid components of the scaffold, hyaluronic acid or maleic acid. 

Before the changing of the medium and immediately after this, the scaffold seeded with 

A549 cells was examined at microscope. A slight deterioration of the construct within 3 days 

from the cells seeding was observed (small fibers detached from it and floated in the culture 

medium). A549 cells in the construct had a round appearance compared to the cells around the 

scaffold, which adhered to the plastic support of the plate (2D), these being spread out and 

elongated. 

 Scaffold cryosections populated with A549 cells obtained according to the protocol 

described above were stained with hematoxylin-eosin. Microscopic examination revealed that 

the scaffold has affinity for the two dyes, so the binding is nonspecific and the identification of 

cells adhering to the scaffold could not be made. Moreover, it was observed that the fibers in the 

scaffold were affected by the washing with hydrochloric acid, respectively xylene specific to the 

staining protocol (the images are not shown). Further, other cryosections obtained from this 

scaffold populated with A549 were stained with phalloidin-FITC (green) and DAPI (blue) 

(Figure 64). 

 
 

 
 

Figure 64. The overlapping of phase 

contrast, DAPI (blue) and phalloidin-FITC 

(green) images for the same cryosection of 

the scaffold populated with A549 (seeding 

density was 2.5x105 cells / scaffold) and 

incubated at 37
o
C for 3 days. 10x objective. 

 

Following examination with the microscope, an inhomogeneous arrangement of the scaffold 

fibers was observed, possibly as a result of the cryoprotection processing, the cells are rare. An 

important observation is that the cells did not spread after adhesion (after 3 days) but remained 

round, as evidentiated by the round appearance of the nuclei (blue) and the lack of cytoplasm, 

evidenced by the absence of actin filaments (that should appear in green) (Figure 64). 

 

2.2. The seeding of HA
2
G50 hydrogel with HepG2 cells 

(a).  In a first experiment, 6 scaffolds were cut to the dimensions of L = 2-3 mm, l = 2-3 

mm, h = 1 mm (the image corresponding to a scaffold is shown in Figure 65) were weighed 
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individually and sterilized by exposure to UV radiation for 3 minutes on each side. 24 h before 

cell seeding, the scaffolds were incubated in complete medium (DMEM 4.5 ‰ glucose, 10% 

SFB, 1% PS), at 37
o
C, in an incubator that produces an atmosphere containing 5% CO2, for 

removal of unpolymerized / unbound acids. 

 
 

 
 

Figure 65. Tested scaffold having the initial dimensions of 

                   L = 2-3 mm, l = 2 mm, h = 1 mm. 

 

 It was observed that the culture medium rapidly changed its color from red to yellow 

when it came in contact with the scaffold. The culture medium was changed daily and 

microscopic examination was performed both before and after its replacement (Figure 66). 

 

 
 

Figure 66. Optical microscopy images. A) HepG2 cells (7.5x10
4
 cells / well) 24 hours after 

seeding on 2D cel culture plate 24 h; B) scaffold at 24 hours after seeding with 7.5x10
4
 HepG2 

cells; C) scaffold residues in culture medium, D) scaffold at 24 hours after seeding with 4.5x10
4
 

HepG2 cells and staining with XTT. 

 

 Prior to seeding with HepG2 cells, each scaffold was buffered on sterile filter paper to 

facilitate removal of excess media and subsequently placed in a 48-well plate. In parallel, the 

cells in the HepG2 line were detached from culture plates (2.5 ‰ trypsin). The total number of 

cells was determined by counting on the hemocytometer using the optical microscope and the 

seeding was done at two cellular densities: 4.5x10
4
 and 7.5 x10

4
 cells / scaffold. For each cell 

density, three scaffolds corresponding to the incubation period were seeded at 1 day (control, 

Day1), 7 days (Day7) and 14 days (Day14). After 24h, the scaffolds were transferred in other 
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wells, washed with colorless DMEM medium (without Phenol red) and incubated with XTT-

PMS in DMEM for 3h, at 37
o
C, in an incubator. At the end of incubation, 100 µL culture 

medium (orange color) was transferred to a 96-well plate in duplicate and the color intensity was 

monitored spectrophotometrically. 

 It was observed that the scaffold retains the formazan removed from the cells and thus the 

diffusion of the dye from the cytoplasm of the cells in the culture medium is reduced (Fig. 5 D). 

Moreover, by daily microscopic examination, we observed that the cells in the scaffold remain 

round and gradually detach, floating through the culture medium, indicating that they are dead 

(Figure 66). 

 Cell viability, determined by XTT assay, supports microscopic observations, namely, 

cells remain in a metabolically inactive state, in which they no longer proliferate, an effect 

evidenced after 7 days from the cellularization of HepG2 cell scaffold at 7.5x10
4
 cell density 

(Fig. 6). Moreover, in the case of scaffold seeded with HepG2 cells at density 4.5x10
4
 for 7 days 

we observed a decrease in cell viability by more than 40% compared to the control scaffold 

(Day1) (Fig. 6). 14 days after the cellularization of HepG2 scaffolds, the complete reduction of 

the viability of HepG2 cells was observed (Figure 67). 

 
 

 
 

Figure 67. Effect of HA
2
G50 scaffold on 

the viability of HepG2 cells (4.5x10
4
 and 

7.5x10
4
 cells / scaffold) at 1 (Day 1), 7 

(Day 7) and 14 days (Day 14). The 

results are expressed as a percentage of 

the viability of cells incubated in the 

presence of scaffolds at Day 1, 

considered to be 100%. 

 

 Subsequently, the scaffolds were washed with PBS, pH 7.4, at room temperature, fixed, 

cryoprotected, included in OCT and sliced according to the procedure described above. The 

cryosections were stained with hematoxylin-eosin or phalloidin-FITC / DAPI. The hematoxylin-

eosin staining revealed the same as observed for the scaffold populated with A549 cells. 

By staining with phalloidin-FITC and DAPI we observed that HepG2 cells seeded at the density 

of 7.5x10
4
 cells / scaffold form clusters, predominantly in the scaffold pores, adhering to its 

filaments, but remaining round (round nuclei, lack of cytoplasm) (Figure 68). 

 
 

 
 

Figure 68. The overlapping of phase contrast 

images, DAPI and phalloidin-FITC for the 

same scaffold cryosection one day from the 

population with HepG2 cells (7.5x10
4 

cells 

density); Objective 10x. 
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 In conclusion, the number of HepG2 cells per section is low, likely as a result of seeding 

the scaffolds with cell densities too low or due to the loss of the connections established between 

the cells and the fibers in the scaffold's composition following cryoprotection procedures. 

 

(b).  A second experiment: seeding of four scaffolds with dimensions L = 2-3 mm, l = 2 mm, 

h = 1 mm with HepG2 cells at a higher density of 2.5x10
5
 cells / scaffold and incubated at 37

o
C, 

in the incubator, for 1 day (Day 1, control), 7 days (Day 7), 14 days (Day 14) and 21 days (Day 

21). 

 Sterilization of the four scaffolds was also done by exposure to UV radiation (3 min on 

each side). In this case, the scaffolds were immediately populated with cells at a density of 

2.5x10
5
 cells / scaffold. The culture medium was changed daily. Each scaffold was 

microscopically monitored before and immediately after the change of the culture medium and 

the observations were similar to those described above. 

 Moreover, it was noticed that the cells have a high affinity for the edges of the scaffold, 

where they adhere in clusters, and are missing from the central region of the construct. 

 At the end of each incubation period, 1 day, 7 days, 14 days and 21 days respectively, the 

scaffolds were carefully transferred to other plate, washed with colorless medium and incubated 

with XTT-PMS in complete, colorless DMEM for 3 h, at 37 °C in a 5% CO2 incubator to 

determine the effect of the scaffold on cellular viability. 

 Thus, the results of the XTT test (Figure 69) showed that after 7 days, the scaffold favors 

a slight proliferation of HepG2 cells as compared to day 1, but after 14 days it induces cell death 

in more than 25% of the cells tested day 7; the cell viability at 14 days being similar to the one 

observed at day 1, which suggest that either a part of the seeded cells die after 14 days as a result 

of detachment from the fibers of the construct or that the constructs are extremely non-

homogenous and different areas of the same construct exert a completely different cytotoxic 

effect on the HepG2 cells that populate it. A very interesting fact is that in the time frame of 14 - 

21 days after cell seeding, the cells adapt to the conditions of the scaffold and manage to 

proliferate, the viability of HepG2 at 21 days increasing by about 90% compared to day 1 

(Figure 69). 

 
 

 
 

Figure 69. Effect of HA2G50 scaffold on 

the viability of HepG2 cells (2.5x10
5
 

cells / scaffold) at 1 day (Day 1), 7 days 

(Day 7), 14 days (Day 14) and 21 days 

(Day 21) after cellularization. The 

results are expressed as a percentage of 

the viability of the cells incubated in the 

presence of the scaffold for a day (Day 

1), considered 100%. 

 

 The scaffolds subjected to the XTT test were subsequently washed with PBS, pH = 7.4, 

stained directly with phalloidin-FITC, respectively DAPI and evaluated by fluorescence 

microscopy, to reduce the drawbacks observed in the first experiment (when staining was 

performed on scaffold cryosections). After fluorescence microscopy investigation, the scaffolds 

were included in OCT and stored at -80
o
C until further processing (these determinations are in 

progress). 

 Fluorescence microscopy images support the above observations on the effect of 

scaffolds on cell viability, established using the XTT assay. It can be observed that the cells 

remain round between 1 and 14 days after seeding and further the lack of green fluorescence, 
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characteristic of the actin filaments marked with phalloidin-FITC, at the end of the 14 days after 

the scaffold's cellularization with HepG2 indicates the continuation of cells in a metabolically 

inactive state, which favors their detachment from the fibers of the construct (Figure 70). 

 Similar to the results of the XTT assay, where we showed an increase in the viability of 

HepG2 cells at 21 days after scaffold cellularization compared to the control (day 1), the 

microscopic images reveal that the cells begin to spread, around the cell nuclei (blue) a slight 

appearance of the actin cytoskeletal filaments (green) can be observed (Figure 70), which can be 

translated into the assertion that the cells that remained adhered to the construct fibers after 14 

days begin to adapt to the scaffold conditions. 

 

 
 

Figure 70. The overlapping of phase contrast images, DAPI and phalloidin-FITC images for 

scaffolds at 1 day (Day 1), 7 days (Day 7), 14 days (Day 14) and 21 days (Day 21) after the 

cellularization with HepG2, at 2.5x10
5
 cell / scaffold density. 4x, 10x, 20x and 40x lens. 

 

3. Conclusion 

 Although the results of then experiment that optimized the working conditions with the 

surrogate HA
2
G50 scaffolds are encouraging, the scaffold's inhomogeneity (pore size and 

possibly slightly different composition), the long time required for the cells to accommodate 

inside the scaffold and prolonged blocking of metabolic activity influence the expected results by 

phenotypic modification of the cells. 

 

 

II. – Investigation of the HA
3
G50 as tumor surrogates populated with human tumor cells 

 

 In order to characterize scaffolds / sponge-type hydrogels based on hyaluronic acid (HA) 

and poly (methyl vinyl ether-alt-maleic acid) (G) (HA
3
G50) in terms of biological properties, they 
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were populated with human liver carcinoma (HepG2) cells. Scaffolds populated with HepG2 cells 

by seeding at a density of 2.5x10
5
 cells/scaffold (2x2x1 mm) were monitored for: cell adhesion to 

HA
3
G50 (at 4 and 24 hours after seeding) and cellular cytotoxicity / proliferation induced at 

different time points: 1, 7, 14 and 21 days after seeding. On the other hand, HA
3
G50 scaffolds 

seeded with HepG2 cells were processed for investigation by optical and fluorescence microscopy 

to reveal the effect of HA
3
G50 matrix on embedded cell morphology, by highlighted the actin 

cytoskeleton (fluorescein-conjugated phalloidin - phalloidin-FITC) and the nuclei (4 ', 6-

diamidino-2-phenylindole, DAPI). 

 

1. Materials and methods 

 1.1. Cells 
 Hep G2 cells (human hepatocarcinoma cell line) were cultured in Dulbecco's modified 

Eagle's medium (DMEM) supplemented with fetal calf serum (10%), penicillin (100 U / ml), 

streptomycin (100 µg / ml), neomycin (50 µg / ml) at 37°C in a 5% CO2 incubator. 

 

 1.2. Determination of HepG2 cells adhesion to HA
3
G50 scaffolds 

 For this purpose, HA
3
G50 scaffolds (2 mm x 2 mm x 1 mm) were individually weighed and 

sterilized by exposure to UV radiation for 3 minutes on each side. The scaffolds were seeded by 

directly pipetting the HepG2 cells suspension at a cell density of 2.5x10
5
 cells/scaffold (4 mm

3
), on 

the scaffold placed in a 24-well plate.  In parallel, for 2D experiments, HepG2 cells were seeded in a 

24-well polystyrene plate (1.92 cm
2
/well) at the same cell density, 2.5x10

5
 cells/2D support (control 

of adhesion). HepG2 cells seeded in 2D and 3D were incubated for 4 and 24 hours at 37 ºC, in an 

incubator with 5% CO2. At the end of the incubation period, the scaffolds were carefully moved into 

new wells and washed 3 times with phosphate buffer (PBS, pH = 7.4) to remove non-adherent cells. 

The cells seeded on 2D support were also subjected to the PBS washing procedure. Further, the cells 

that adhered to the scaffold and to the 2D support were trypsinized (0.25% trypsine), resuspended in 

PBS, centrifuged at 1050 rpm, 5 min, 4
o
C and counted. The number of adhered cells was normalized 

to the 2D surface or 3D scaffold volume. 

 

 1.3. Determination of HepG2 cells viability in 3D HA
3
G50 scaffolds 

 To determine the viability of HepG2 cells seeded in HA
3
G50 scaffolds, the XTT 

colorimetric assay was used. The reagent 2,3-bis- (2-methoxy-4-nitro-5-sulfophenyl) -2H-

tetrazolium-5-carboxanilide (XTT) is taken up and transformed by the metabolically active cells 

into orange formazan in the presence of the reduction agent, methosulfate phenazine (PMS). 

 Four scaffolds were cut to the dimensions of 2 mm x 2 mm x 1 mm (as shown in Figure 

71), weighed individually and sterilized by exposure to UV radiation, for 3 minutes on each side. 

 
 

 
 

Figure 71. The tested scaffolds having the dimensions of about L = 2 mm, l = 2 mm, h = 1 mm. 

 

 The experiment consisted in seeding the HA
3
G50 scaffolds (placed in the wells of a 24-well 

plate) with HepG2 cells at a density of 2.5x10
5
 cells / scaffold and incubating them at 37ºC, in an 

incubator that produces an atmosphere of 5 % CO2, for 1 day (Day 1, considered as control), 7 days 

(Day 7), 14 days (Day 14) and 21 days (Day 21). In parallel, HepG2 cells were seeded on 2D plastic 

supports (d = 15.6 mm, in 24-well plate) at the same cellular density and maintained under the same 

conditions as the scaffolds. The culture medium was changed daily throughout the incubation period. 
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After 24 h (Day 1) , the scaffolds were carefully moved into a new well. At the end of each 

incubation period, 1 day, 7 days, 14 days and 21 days respectively, the scaffolds were carefully 

transferred from in a new plate, washed with colorless medium and incubated with XTT-PMS in 

complete, colorless DMEM for 3 hours at 37°C, in a 5% CO2 incubator. Also, the cells grown on the 

2D supports were washed with colorless medium and incubated with XTT-PMS in colorless DMEM 

for 3 hours at 37 
o
C. The intensity of the orange color of the formazan resulted in the medium was 

quantified by measuring the absorbance at 450 nm using the infinite Tecan plate reader M 200. 

From the absorbance recorded in the sample is subtracted the absorbance of the control (medium 

with XTT without cells) and this value is normalized by weight ratio of the scaffold. For HepG2 

cells grown on 2D supports, the difference between the recorded absorbance and that of the 

control was raported to the area of the 2D well. 

 The results were expressed as percentages relative to the results obtained for cells seeded 

on 2D and 3D HA
3
G50 scaffolds and incubated for one day (Day 1) considered to be 100% 

viability. 

 

 1.4. Determination of the HA
3
G50 scaffold effect on cellular morphology 

 The effect of HA
3
G50 scaffold on the morphology of HepG2 cells was studied by 

staining the cells grown in scaffolds with phalloidin-FITC, to investigate the distribution of actin 

filaments and with DAPI, for nuclei staining. The principle of the method consists in the binding 

of phalloidin conjugated with a certain fluorescent dye, phalloidin-FITC to the actin cytoskeletal 

filaments (with fluorescence in green) and staining of cell nuclei based on the strong binding of 

fluorescent dye 4 ', 6-diamidino-2-phenylindole (DAPI) to sequences rich in adenine - thymine 

base pairs from DNA (blue). Briefly, the protocol involves the following sequence: 

permeabilization of samples (scaffolds) with cold 0.5% Triton X100 in PBS (pH = 7.4) (15 min), 

incubation with phalloidin-FITC 100 ng / mL in PBS (pH = 7.4) (dark, room temperature, RT, 

90 - 120 min), incubation with DAPI 2 µg / ml in PBS, pH = 7.4 (dark, RT, 15 min). The 

examination of the samples is done using an inverted optical microscope (Inverted Microscope 

Olympus IX81 with fluorescence filters for excitation in UV, blue, green equipped with a 

powerful software Cell Sense). For this purpose, the scaffolds subjected to the XTT test were 

subsequently washed for 2-3 times with PBS, pH = 7.4, stained directly with phalloidin-FITC, 

respectively DAPI and evaluated by fluorescence microscopy. 

 

2. Results 

 2.1. Determination of HepG2 cells adhesion to HA
3
G50 scaffolds 

 It can be observed that approximately 50% of HepG2 cells seeded on 3D HA3G50 

scaffold adhere and infiltrate to/in the scaffold volume at 4 hours after seeding, whereas in the 

case of 2D support almost all seeded cells adhere to the well’ surface (Figure 72a, and 72b). This 

result can be explained by the fact that the scaffold placed in a 24-well plate cover a surface of 

0.004 cm
2
 from the total of 1.92 cm

2
. Although the seeding was done in a small volume (6 μl) of 

medium on each side of scaffold to allow the cells to infiltrate into the depth of the scaffold, half of 

them migrate from the scaffold and attach to the well surface. However, the ratio between number 

of adhered cells at 24 hours and 4 hours is approximately 1.4 for both 2D supports and 3D scaffolds, 

suggesting that HepG2 cells proliferate at a same rate both in the case of seeding on 2D support, and 

in the case of seeding on 3D HA
3
G50 scaffolds. This observation indicate that the HA

3
G50 scaffold 

is a non-cytotoxic support for HepG2 cells, ensures the interaction of the cells with the fibers in its 

composition and promotes their proliferation. 

 The cells were seeded at the cell density of 2.5x105 cells / scaffold or 2D support. The 

number of attached cells was raported to the volume (4x10
-3

 cm
3
) of 3D scaffolds or to the area (1.92 

cm
2
) of 2D suport. Control represents the initial number of cells seeded on 3D-scaffold or 2D support 

(2.5x10
5
 cells) / cm

3 
or cm

2
). The results are expressed as mean ± SD of values from 2 independent 

experiments made in duplicate and analyzed using the independent t-student test; **p < 0.01 vs. 2D 

and 3D HA
3
G50 scaffold at 4 hours. 
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(a)  (b) 

Figure 72. HepG2 cell adhesion to the HA
3
G50 scaffold (a) and to the 2D support (b). 

 

 2.2. Determination of HepG2 cells viability in 3D HA
3
G50 scaffolds 

 The results of the XTT assay (Figure 73) demonstrated an increase in terms of the cells’ 

metabolic activity at 7 days after seeding, indicating that the scaffold promote the proliferation of 

HepG2 cells compared to day 1 (59 % increase, p <0.01). The metabolic activity of HepG2 cells 

seeded on 2D support slightly decreased at 7 days compared to day 1 (by 20 %, p <0.001), due to 

overpopulation of the available surface and formation of cell cluster (with apoptotic, inactive cells) 

instead of a monolayer with active, viable cells, in the absence of trypsinization recommended at 3-5 

days. 

 

 

Figure 73. The viability of HepG2 cells 

seeded on 2D support and HA
3
G50 

scaffold and grown for 1 day (Day 1), 7 

days (Day 7), 14 days (Day 14) and 21 

days (Day 21) from seeding. 

               The results are expressed as a 

percentage of viabile cells grown on 2D 

support or 3D HA
3
G50 scaffold for 7, 14 

and 21 days relative to the values obtained 

at Day 1, considered as 100%. 

***p<0.001 versus Day1, # p<0.05, ### 

p<0.001 versus Day 7, $$ p<0.01, $$$ 

p<0.001 versus day 14. 

 

 At 14 days after seeding, the viability of HepG2 cells was significantly lower in both the 

scaffold (41.5%, p <0.001) and the 2D support (37.5%, p <0.001) as compared to day 7 (Figure 74). 

This may be due to the detachment of cell clusters whose cells directly attached to the 2D substrate 

or to the lose of contacts between cells and 3D scaffold, causing the entire cell cluster to be removed 

when replacing the medium. At 21 days, it can be observed increases in the proliferation of HepG2 in 

3D scaffolds by approximately 100% (p <0.001) compared to day 1, by 34% (p <0.05) as compared 

to day 7 and by 129% (p <0.01) versus day 14 (Figure 73). In the case of cells grown on 2D support, 

a slight increase in cells’ metabolic activity is observed at day 21 (48%, p <0.001) compared to day 

14, a fact that can be explained by the creation of new cell-free areas, as a result of cell detachment 

from the substrate and subsequent proliferation of remaining attached cells in these spaces. 

 

 2.4. Evaluation of the HA
3
G50 scaffold effect on cellular morphology 

 Fluorescence microscopy images (Figure 74) support the observations mentioned above 

regarding the effect of scaffolds on cell adhesion and viability/proliferation (Figuress 72 and 73). 
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Figure 74. The overlapping of phase contrast images, and fluorescence images for DAPI and 

phalloidin-FITC  taken at Day 1, Day 7, Day 14 and Day 21 after HepG2 cells seeding on scaffolds. 

Images taken with objectives 4x (scale bar: 200 µm), 10x (scale bar: 100 µm), 20x (scale bar: 50 

µm), and 40x (scale bar: 20 µm) are shown. 

 

 It was observed that the cells adhere to the scaffold fibers and spread in the time range Day 1 

- Day 21 from the seeding, an aspect highlighted by the green fluorescence amplification, 

characteristic of the actin filaments (phalloidin-FITC) around the blue fluorescence, specific to nuclei 

(DAPI) (Figure 74). The images obtained with the 10x, 20x and 40x objectives were taken in the 

central zone of the scaffold. The cellular proliferation at the edges of the scaffold is significantly 

enhanced in comparison with that observed in the middle of scaffold, probably due to an increased 

difusion of nutrients from medium. Nevertheless, the fluorescence images show that HepG2 cell also 

proliferate at a high rate in the center of the scaffold. This increased tendency of the cells to 

proliferate and to form cell clusters, especially on the scaffold edge was more pronounced at Day 14 

after seeding, which may explain the easy detachment of the cellular clusters from the support 

(Figure 74). After 21 days from seeding, cells proliferate in almost all available areas of the 3D 

scaffold (extremities and center), outweighing the tendency of formed clusters to detach and to be 

removed when the used medium is is refreshed. 

 It can be concluded that HepG2 cells grown in HA
3
G50 scaffolds are metabolically active, 

proliferate and manage to populate a large area of scaffold at 21 days after seeding. 

 

3. Conclusion 
 The biological investigations indicate that HA

3
G50 scaffolds are non-cytotoxic and able to 

support attachment, proliferation and viability of HepG2 cell, beeing thus suitable for using as 

tissue/tumor surrogate. 
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III. – Evaluation of the efficacy of natural antioxidants by electrochemical methods 

 

 In the past years, a great level of attention focused spices as sources of antioxidants. The 

antioxidant properties are caused by the presence of compounds from different classes, such as 

vitamins, flavonoids, terpenes, carotenoids and phytoestrogens, which enable the use of spices as 

food preservatives. Natural antioxidants in spices are particularly attractive because they do not 

possess high toxicity [84]. 

 Among the various natural antioxidants, phenolic compounds are reported to be active, 

quenching oxygen-derived free radicals by donating hydrogen atom or an electron to the free 

radical. Recent studies point to the capability of plant extracts (like black pepper) to have similar 

patterns of phenolic compounds and their antioxidant activity was attributed mainly to their 

active principle, piperine [85]. Piperine, a naturally occurring alkaloid extracted from piper 

nigrum, has numerous demonstrated health effects and beneficial therapeutic properties which 

are systematically reviewed [86]. The antiinflammatory effect of piperine has been demonstrated 

in in vitro experiments, showing to protect against oxidative damage by inhibiting or quenching 

free radicals and reactive oxygen species and hydroxyl radicals [87]. The reported studies based 

on in vitro experiments point out that piperine has become one of potential candidates of 

antioxidants, but little attention has been paid to its chemical or electrochemical oxidation 

mechanism. 

 Our study focused on the electrochemical investigation of piperine using voltammetric 

techniques and different conditions to fully understand its oxidation mechanism. 

Electrochemistry is particularly useful to characterize the reducing potency of a compound, and 

controlled-potential techniques, such as cyclic voltammetry is commonly applied to rapidly 

assess the possible antioxidant activity. Low oxidation potentials values reflect the propensity of 

a given molecule for electron donation and thus, for exhibiting significant antioxidant 

(antiradical) activity. Therefore, determinations of the oxidation potentials can be employed to 

investigate the antioxidant activity. For many phenolic antioxidants, the reaction involves the 

transformation of a phenol moiety to a quinone, a typical feature for the oxidation process taking 

place in the 300–700 mV region [88]. Since piperine has no –OH groups, their redox behaviour 

was compared to that of some phenolic antioxidants chosen as reference: ascorbic acid, 

protocatechuic acid, syringic acid and tyrosine, given their ability to engender great electro-

oxidation current.  

The electro-oxidation of ascorbic, syringic, protocatechuic acids, tyrosine and piperine was 

followed by cyclic voltammetry in 0.1 M HClO4 at carbon electrodes (Figure 75). 

 It is found that the individual reference antioxidants used in this study (ascorbic acid, 

syringic acid, protocatechuic acid and tyrosine) are oxidized in acidic media at rather low 

positive potentials, which is probably depending on the number of their hydroxyl groups [89]. 

The standard antioxidants are oxidized in one step to form the corresponding o-quinone. In 

contrast to the studied phenolic antioxidants, piperine has no -OH groups at the aromatic rings 

that can be further oxidized. The most probable and unique site for oxidation is situated at the 

central segment of the molecule at carbon atoms involved in the two double bonds. The 

oxidation processes occurs in three steps as indicated by the three anodic peaks (Figure 75e) 

probably involving the formation of a piperine diol, followed by subsequent oxidation to a dione 

compound, which is further oxidized by breaking the bond between the two carbon atoms, with 

the formation of two carboxylic acids. When scanning the potential in the reverse direction, the 

process is accompanied by a reduction reaction, followed by dimerization and gradual 

passivation of the electrode surface, as indicated by the strong diminution of the peaks for 

repeated scans (fig. 1e, dotted line). The dimerization of piperine was intensively studied by 

Nikaido et al [90], who examined the cycloaddition reaction in the presence of cobalt-phosphine 

complexes as catalysts. 
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Figure 75. Cyclic voltammograms of 0.5 mM (a) ascorbic acid, (b) syringic acid, (c) 

protocatechuic acid, (d) tyrosine, and (e) piperine in 0.1 M HClO4. 

 

 The antioxidant ability of piperine, along with the reference antioxidants are evaluated 

comparatively by means of cyclic voltammetry and differential pulse voltammetry adjusted to 

different peroxidation models assays: (i) 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) 

scavenging; (ii) 1,1-diphenyl-2-picryl-hydrazylfree radical (DPPH) scavenging; (iii) ferric ions 

(Fe
3+

) reducing power; (iv) hydrogen peroxide (H2O2) scavenging. The typical example of a 

radical scavenging assay is presented in Figure 76, showing the ability of piperine to change the 

redox peaks characteristic for DPPH
•
 after their incubation. The decrease of all the peaks after 

mixture incubation indicates the partial consumption of DPPH
•
 with the formation of neutral 

DPPH-H by taking up a proton from piperine. 

 The assay developed and optimized within the scope of this study can be recommended 

as simple, rapid, reliable and inexpensive for the determination of antioxidant activity of 

different molecules. The proposed assay does not require enzymes, artificial radical species, 

chemiluminescent reagents or biological tissue. 

 The results showed that piperine readily reacts with highly oxidizing radicals and can 

also bind redox-active metal ions, thus underlying that piperine can probably operate as a 
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proficient antioxidant. Also, the present studies indicate that the potential scavenging abilities of 

antioxidants might be due to the active hydrogen donor ability. 

 

 

Figure 76. Cyclic voltammetry of 0.5 mM piperine (blue), 0.5 mM DPPH• (black), and their 

mixture: 0.5 mM DPPH
•
 + 0.5 mM piperine (red), after 45 min of incubation. 

 

 

A.6. In silico approaches on delivering systems adapted for macro- and supra-molecular constructs 

 

I – In silico studies of multi-responsive polymers as vectors for drug / gene delivery 

     and controlled release 
 

 Using tools from atomistic to meso-scale we will simulate the chain of processes needed 

to describe a cancer drug delivery and its controlled release using an amphiphilic multiple 

stimuli-responsive block copolymer vehicle. In this respect, the systematic approach consists of 

six steps (shown schematically in the Figure 77): (1) finding the polymer system, tuning its 

responses to the specific internal conditions found in tumour cells and loading the drug inside the 

vehicle, (2) transport of the vehicle in the blood flow to the target, (3) its binding to membrane of 

the cancer cell, followed by its endosomal uptake and translocation and (4) the endosomal escape 

followed by (5) controlled release of the drug by stimuli and finally (6) degradation of the 

vehicle. 

 The simulations are carried out in parallel with experiments (synthesis, characterisation 

and performance of the delivery) with the same polymers and drugs, as well as conditions (as 

close as it gets). Completing the above steps will allow us to construct a kinetic model with the 

average times and rate constants extracted from simulations to identify possible bottle necks and 

to optimize the delivery and release process. And if detailed enough, also to perform stochastic 

simulations covering same time scales as in the experiments. Of the steps above (2), (3) and (5), 

have been modelled previously (also by us), but not the entire chain. 

 

Introduction of the problem and motivation behind the work 
 Research and technology on nanoscale have brought together scientists from most 

diverse disciplines to discover new smart and functional materials. The fast development in 
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nano-technology, focusing on innovative nanomaterials and their applications in nanomedicine 

and diagnostics during the last two decades, make us to hope for a healthier future and longer life 

[91], but also worried as some of the development with the tiny nanoparticles may turn out to be 

(bio)toxic and things go out of control. Although not having delivered much so far, 

nanomedicine continues to have a large hype factor so an objective analysis of its status, 

promises and benefits would be required and weighted against its potential hazards to humans 

and nature. More (self-) critical research and better communication to public are needed to 

balance our hopes and worries. 

 

 

Figure 77. The steps in studying complex 

delivery systems of biomedical relevance. 

 

      In a forward approach, the engineering 

pathway of loading, transport, transfer, 

releasing, tunneling, and diffusion-

reaction and action-kinetics of active 

macro- / supra-molecular species are 

considered as unit processes able to be 

modelled. 

      In a backward approach, the molecular 

biology elementary actions are treated, 

starting from the requirements of internal 

cell delivery, and, in a manner of 

deconstructing complex systems, ending 

with the (bio)chemical steps of design and 

synthesis of both active species and their 

engineered vectors. 

 

 The human genome project has taught us that a majority of our diseases have a genetic 

origin in specific mutations of our DNA. To either knock out the mutated gene or to use healthy 

genes as medicine to replace the mutated one would be ideal therapy [92]. To administrate naked 

DNA same way as commonly used medicines is not a reliable option and a technology to deliver 

DNA directly right to the target cell, avoiding all the barriers, is still only a vision.  Meanwhile a 

great variety of delivery and release systems have been suggested using biocompatible functional 

nanomaterials to build a vehicle (vector) for either passive or active targeting of the gene. The 

basic idea is to embed the gene inside a carrier which gives a good protection but also has the 

functionality to guide and assist the vector to the diseased cell and penetrate the cell membrane 

via endocytosis or other mechanisms and release the gene to enter the cell nucleus to take part in 

the next cell cycle. Soon after delivering its cargo the vehicle should degrade itself without 

leaving any toxic waste. 

 Viruses did evolve during the evolution to highly efficient parasites and carriers of 

biological material, developing ingenious ways to enter the cells to transfer genes to infect them. 

Before getting there they have to pass successfully many barriers and defeat the immune system. 

For this, the viruses, with a character of armoured vehicles, have developed their own efficient 

counter mechanisms. To engineer viruses by replacing the infecting gene with a therapeutic gene 

appears therefore appealing and was tried first time already a half a century ago. Unfortunately, 

these modified viruses are difficult to produce in large amounts and their fixed size is a 

limitation. But more severely, when used in gene therapy they may introduce immunogenic 

reactions. There is a high continued interest in developing them [93] in spite of incidents where 

things have gone wrong in testing them on humans. Along with viral vectors there is 

development of non-viral vectors as safer and more flexible alternatives. 



61 

 

 Non-viral vectors have many benefits compared to viral vectors when used in gene 

therapy and drug delivery, such as their safety and high stability, low immune response, and are 

cheap to produce and modify in large quantities [94]. They exist in a great diversity such as 

polymeric systems, inorganic nanoparticles, lipid based carriers and many types of conjugates.  

However, they suffer from a low transfection efficiency compared to viral vectors, especially in 

vivo. Both viral and non-viral, these vectors are like Trojan horses trying to carry a small 

guerrilla group (genes/drugs) unnoticed from the patrolling troops (immune system) to get inside 

the city walls (cell) to win the battle by surprise (combat the source of sickness). In spite of this 

simple resemblance it is a highly complicated enterprise and the ingenuity on how it can be done 

is quite incredible in those thousands of published scientific articles in the topic. Still, very few 

of these ideas did reach in vivo stage. As only very few of the experimental studies are carried 

out combined with molecular modelling we think it is about time to change it. And there are 

many good reasons. 

 Molecular modelling and simulations as bottom up methods meet today several 

experimental top down techniques to study the very same phenomena at the corresponding length 

and time scales (meso-scale). Also, practically all analytical instrumental techniques in 

laboratories and their principles of operation on molecular samples can be connected to, and 

compared with results from computer modelling. However, molecular modelling has not been 

used very much to study gene/drug delivery and controlled release because of the high biological 

complexity and extensive length and time scales required. Also conventional particle and physics 

based models and techniques are not sufficient but need to be combined with stochastic and 

kinetic methods when approaching cellular environments and also complemented with data-

based tools and informatics, including machine learning to obtain reliable input data and find 

correlations and dependencies at all stages of simulations. New methodological developments 

and interdisciplinary approaches provide finally an opportunity to carry out a project like this. 

However, it should be stressed that at the very end a modelling study will be successful only 

when deeply coordinated step-by-step collaboration with skilful experimentalists telling how 

reality looks like. 

 In 5D-nanoP project we use polymers to construct the vehicle for drug and gene 

delivery. With “polymers” we mean here synthetic polymers omitting at the moment natural 

polymers like chitosan since they are not structurally stable enough and may induce immune 

response. With the “drug” in this work we mean a cancer drug used in chemotherapy and 

typically Doxorubicin (DOX) as it is used as a prototype in many studies. Near to its isoelectric 

point pI = 8.25, the net charge is roughly zero and the electrostatic interactions are minimized so 

it can easily get physically adsorbed in the pores of polymeric structures. DOX is soluble in 

water at low pH but insoluble at alkaline pH. With the “gene” we mean here a small DNA 

oligomer used in gene therapy. In this project we can consider them both in equal terms from the 

computational point of view as they both will be targeted to cancer cells. The term “drug” from 

now on also means “gene”. 

 Polymeric systems offer a high flexibility and a large number of architectures and 

interactions to close drugs/genes inside or at the periphery. Cationic polymers, in particular, 

interact with negatively charged DNA through electrostatic interactions preserving a part of the 

positive net charge to interact with negatively charged cell membrane in endocytosis. Polymers 

offer nearly endless possibilities to permute different types of monomers with tailored 

substituent groups and by combining differently charged polymeric structures as block 

copolymers they can be made partly hydrophobic partly hydrophilic and as amphiphilic 

structures they assemble in water to micelles and vesicles and other three dimensional structures. 

They can form hydrogels in which physically or chemically connected backbones form matrices 

filled with a large amount of water providing a tissue mimicking environment. The most useful 

property in this project is that certain polymers are (or can be made) stimuli-responsive [95]. As 

the interior of tumour tissues has a microenvironment which differs from that of healthy ones, 

our polymers can be tailored to react to these conditions. For example, the temperature is locally 
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higher than normal body temperature and the pH is lower than in the blood where we assume 

that the vector is injected. Also, the redox potential is high and also the concentration enzymes 

associated with the specific types of cancer. Concentration of ions and their ratios differ in 

cancer cells compared to healthy. 

 The mechanisms to respond to stimuli are important in (i) cellular uptake and in (ii) 

controlled release of the drug/gene and in (iii) degradation processes of the carrier. With all local 

(T, pH etc) gradients in mind we can design our vehicle to respond to one or several internal 

sources of stimuli. In this project we choose three: temperature, pH and redox potential. It should 

be mentioned that there are also possibilities to design nano carriers responding to external 

stimuli such as ultra sound, electric/magnetic fields and light (radiation) etc, but these are not 

considered here, even if all of them could be modelled. Besides responding to stimuli it is 

important to design the vehicle to protect well the drug/gene, including itself, during the 

transport. The vehicle should be able to travel in blood flow without getting attention from 

macrophages (white blood cells) trying to dispose it because it is very important that the vectors 

have a long lifetime in the vascular circulation, this way increasing the chances to find the target 

cell and enter in it. 
 

Details on the six steps involved 
 The whole project with its six steps (see Figure 77) will be described here as a pure 

computational project. However, it is performed in parallel and tightly coupled with experiments. 

Modelling and experiments are inter-dependent at several levels from synthesis to 

characterisation and measurement of the performance of delivery system. The project itself has 

an iterative character and failing at any of the steps 2-6 sends us back to step 1 for a further 

adjustment. Below we describe each step, giving first an overview and thereafter the key 

computational details. We use mainly methods, models and tools developed in my group or 

developed together with other groups. Also for visualisation we use gOpenMol software [96, 97] 

we did develop with Leif Laaksonen from CSC. 

 Molecular Dynamics (MD): M.DynaMix [98] and Dissipative Particle Dynamics (DPD): 

Galamost [99, 100] are the main tools throughout the project. All-atom MD is used whenever 

specific interactions are important, as well as to obtain effective coarse-grained (CG) potentials 

from atomistic simulations using the Inverse Monte Carlo (IMC). The IMC method [101, 102] is 

an accurate scheme for coarse-graining of complex general and biological systems. It can be 

used even for super-coarse-graining (coarse-graining of already coarse-grained models) and as a 

general tool for multi-scale modelling [103]. In delivery simulations to cover extended length 

and time scales all molecular systems (polymers, ligands, DNA, drug and water) are composed 

of CG beads. As soft potentials to obtain the conservative forces for DPD, we use either Flory-

Huggins (FH) polymer models for which we need to obtain/calculate the interaction (repulsion) χ 

parameters for the conservative soft forces (PPPDB has already many), or effective solvent 

mediated potentials calculated using IMC [104]. Electrostatic interactions are important in 

describing the pH-responsive mechanisms. Galamost uses (ENUF) the linearly scaling accurate 

Ewald summation method based on Non-Uniform FFTs [105]. 
 

Step 1. Optimizing the polymer material and packaging the drug/gene. 

 As the temperature-sensitive part we will use the hydrophilic homo polymer N-isopropyl-

acrylamide (NIPAM). It undergoes a coil-to-globule transition above its lowest critical solution 

temperature (LCST) which is 32 
°
C in aqueous solution. By adding ionisable co-polymers to 

NIPAM will elevate the LCST over the normal body temperature (as in a cancer cell). By adding 

hydrophobic co-polymers containing an acidic-sensitive part will create a system responding to 

certain pH. By further connecting the hydrophilic and hydrophobic blocks with a redox sensitive 

linker, for example a disulfide bridge, can create altogether a triply sensitive block copolymer. 

Above the LCST after the collapse, the system is all hydrophobic and insoluble in water while at 

lower pH it becomes hydrophilic and dissolves in water. Also the linker bond is made to break in 

simulations. 
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 More specifically, we plan to use block copolymers of type p(NIPAMxx-SS-co-AAAyy-

…) as starting structures. Following [106] the “AAA” block is initially chosen as 2-hydroxyethyl 

methacrylate (HEMA) which is pH-sensitive. The alcohol group is protected with a 

tetrahydropyran (THP) derivative. Lowering the pH will expose the THP moiety from the 

polymer converting the hydrophobic block to PHEMA which is essentially hydrophilic. We will 

also test 4-vinyl-pyrridine as AAA. The molar ratios of the monomers are denoted as “xx” and 

“yy”. As initially amphiphilic polymer placed in water it is expected to form micelles but also 

liposomal structures including polymersomes depending on block composition and block lengths 

and other details, where it is possible to load the drug/gene. 

 The suggested two starting structures above are chosen only as examples to initiate the 

project, while we need to explore carefully both the molecular and the chemical space to find the 

optimal polymeric structures. There are many data bases available of molecular structures: 

experimental, theoretical and even hypothetical. Similarly there are databases with physical and 

chemical properties of polymer materials, for example the Polymer Property Predictor and 

Database (PPPDB) [107] and PolyInfo [108]. We make much use of machine learning in the 

process following [109]. Already from the very beginning we start to build an ontology [110] of 

the materials and properties, which is a graph containing all data and meta-data we can collect. It 

will help us to navigate and see all inter-relationships between structures, properties, models and 

methods thereby giving us new ideas. We hope that it can be later linked to large established 

ontologies like the Open Biological and Biomedical Ontology (OBO) Foundry [111] to provide 

us a wealth of well-structured biological information. 

 Computational details: We will perform screening from databases and if needed using 

DFT calculations. Desired filters and descriptors are set and combined with (supervised) 

machine learning to add a predictive power to our search [109]. Using DFT and MD we can 

compute several characteristics such as pKa as well as solubilities, logP etc for the drugs and 

polymers involving free energy simulations [112, 113]. Using MD simulations we tune the 

LCST from 32 
0
C to ca 40 

0
C and to adjust the pH response we use the standard Henderson-

Hasselbalch equation to estimate the number deprotonated carboxylic and other deprotonated 

groups at low pH conditions. We use the radius of gyration or number of H-bonds in MD 

simulations as indicators for collapse/swelling of the polymers. We use MD to simulate the 

loading of drugs either by diffusion or “mimicking” in situ loading and inserting the drug 

molecule inside and controlling the stability of the loaded vehicle. We have previously studied 

pH-responsive hydrogels as drug carriers [114] and drug loading in vesicles [115]. The final task 

in this step is to coarse-grain all the used molecules by mapping the atomistic molecular 

structures onto molecular CG structures made of large beads and verify them by comparing 

several AA and CG results. Note, that we can, when needed, do back-mapping from CG models 

to AA same way as we have done previously in [116]. 
 

Step 2. Transport of the vector in the blood flow to specific target cell 

 We simplify the blood to a constant flow with a parabolic hydrodynamic profile, as any 

viscous fluid in a capillary. Blood is a very complicated liquid mixture where the solvent is 

plasma (>90 vol% water) in which blood cells; red (containing haemoglobin to transport oxygen) 

and white (in duty for our immune system) and also platelets (for coagulation) are accompanied 

by proteins, fat, electrolytes, gases, and many other substances. Blood is a shear-thinning non-

Newtonian fluid where viscosity increases by slowing down the flow. In our simulations we keep 

only the most important/ abundant components, namely, water, red blood cells (RBC) and the 

human serum albumin (HSA) proteins. One important reason to keep HSA is its role in moving 

metabolites, fatty acids and also drugs in our body. HSA also tends to bind to the nanoparticles 

and cover their surface to form a corona. How strongly it may bind depends on the size and 

shape, charge distribution and functional groups etc of the nanoparticle. In this way the vector 

can become unintentionally modified during the transport, affecting its selectivity to find the 

target as it may cover the crafted receptor-specific ligands. With the corona it can also make the 
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vehicle a target to macrophages swallowing it as part of immune defence. In modelling we 

investigate the forming of HSA corona and the effect of PEGylation (PEG = polyethylene 

glycol) which can reduce the adsorption of HSA. However, we do not model the macrophages. 

 Computational details: To make the blood and all its components to flow, an external 

force (pressure) is applied on them along the vessel which will get soon stabilized to a steady 

state. It is also important to describe well the behaviour of healthy RBCs in the flow and close to 

capillary wall. At the rest RBCs have a biconcave shape which is transformed to a parachute-like 

in the flow [117]. The high deformability of RBCs is important for them to get through narrow 

passages (not studied in this project). Several computational models exist for RBCs able to 

reproduce the behaviour of getting deformed. Normally 300+ beads are connected to a 2D 

network made of triangles kept together with harmonic springs within slightly fluctuating 

constant surface area and volume [117]. Both the diameter of the capillary and its molecular 

details and the flow velocity affect the morphology of RBCs. Blood flow is a complex molecular 

system and our aim is not to focus too much on the details but rather find a robust compromise in 

how to treat the rheology and boundary conditions. CG model is constructed for HSA which has 

585 amino acids. In the direction of the flow periodic boundary conditions are used to describe a 

pseudo-infinite linear blood vessel with no branches or narrowings. Reflecting boundary 

conditions are applied on particles trying to penetrate the blood vessel wall. We use LAMMPS 

[118] which is already prepared for this type of non-equilibrium simulation and we have used it 

for other related systems [119], while in Galamost we need to implement a method with more 

realistic reflection boundaries together with proper adhesion behaviour for this problem. The 

simulations are performed at in blood normal physical/chemical conditions (T=37
0
C and 

pH=7.4). No corresponding experiment is planned though. 
 

Step 3. Binding to the target cell membrane followed by endosomal uptake 

 As tumour tissues are already from the very beginning connected to the blood supply in 

order to get nutrients and oxygen to grow, our nano-carrier has found it thanks to the “enhanced 

permeability and retention (EPR) effect” which is universal to all types of tumour cells. EPR 

effect makes large macromolecules and nanoparticles to concentrate around tumour tissue more 

than healthy ones due to the leaky blood capillaries of the tumour tissue. EPR is connected to 

several characteristics such as lower pH and higher temperature but also a higher concentration 

of enzymes and reactive oxygen species (ROS) which is also the typical environment inside the 

cancer cell. There are many ways for nanoparticles to translocate across the cell membrane from 

endocytosis to direct penetration. Here we consider endocytosis and in particular with some help 

from receptors in the membrane and ligands we did attach to the nano-vehicle to get recognized 

by these receptors and to better initiate the engulfment of the vehicle. 

 Computational details: Computationally we study in this equilibrium simulation the 

cellular uptake by endocytosis using DPD and fine-tune the process of engulfment of the nano-

carrier by lipid bilayer with receptors on the surface. In modelling the process, we have all 

nanoparticles we constructed in Step1 but now we add also the CG lipids and receptors to be 

embedded in the lipid membrane. In the course of modelling the endocytosis we have the 

opportunity to further optimize both the amphiphilic stimuli-responsive polymer (its length and 

other characteristics) and its interactions with the cell membrane and also test systematically 

suitable combination of ligand(s) in the nanoparticle and receptor(s) in the membrane. Very 

important to study is also the effect of the carried drug/gene to endocytosis as well as 

PEGylation of the vehicle. We have performed a similar engulfment of PAMAM dendrimers by 

lipid membrane [120] 
 

Step 4. Endosomal escape 

 Once inside both in the cancer cell and still in the endosome the vector needs to come out 

to cytoplasm. This is very tricky as non-viral vectors lack biological mechanisms for that in the 

same way the viruses and bacterial toxins have [91]. Obviously this part is also the most difficult 
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one to model as it is the most biological process taking place in a very complex environment the 

cell is. For us it appears to have very much a character of a “road block”. Currently no efficient 

escape mechanisms have been suggested in experiments either for non-viral vectors to escape 

from the endosome, which does not make it better for us. Here we think that modelling can 

scratch this problem and give important insight. In fact, in this subproject we can allow us to 

move outside the original system to test new ideas. In summary, this step leads us to test both 

agents and mechanisms to disrupt the endosomal membrane for a great escape. 

 Computational details: For letting the vehicle to escape from endosome we basically 

would need make a hole in the endosome or destabilise it with a shock to allow the vehicle to 

come out. However, we can test some hypotheses [30] of how facilitate the escape: We can 

drastically change the environment and use both internal and external stimuli. Using MD we will 

test mechanisms from [121] and specific agents to make a pore in the endosomal membrane in a 

way mimicking bacteria. For example, we can test fusogenic agents. We can use charged 

dendrimers like PAMAM connected to a so called proton sponge effect in which the radius of 

hydration (gyration) of dendrimers increases with lowering pH. This in turn is connected to 

increasing osmotic gradient/pressure inside. Finding ways to induce a destabilization or even a 

phase transition in the cytoplasmic membrane is another strategy. We use entirely AA MD in 

this step due to delicate interactions involved. 
 

Step 5. Stimuli-responsive controlled release of the cargo 

 The interior of various tumour tissues have similar environment which differs that of 

healthy ones. This gives many opportunities to design a vehicle to respond to these internal 

sources of stimuli from the beginning in choosing the material to build the vehicle for a 

controlled release. We did choose temperature-, pH- and redox- sensitive polymers/copolymers. 

To use multiple responsive polymers increases generally the release efficiency [91] and will be 

now evaluated here. 

 Computational details: Our block copolymer which consists of acid-sensitive 

hydrophobic part and temperature sensitive hydrophilic part connected together with a disulphide 

bond. The polymer carrier with protonatable groups responds to low pH by swelling or gets 

degraded or dissolved. If we have applied PEGylation (to protect the carrier and prolong its life 

in blood), the lower pH in the vicinity of the cancer tissue could be now used to detach the PEG 

shield in. Unfortunately PEGylation makes the uptake of the nanocarrier more difficult so it 

should be removed before the contact with the cell membrane. A large part of the work is already 

done in Step1 where we did tune separately the temperature and pH responses. Now we verify 

how all the stimuli-responses work together. These are equilibrium simulations to monitor 

collapse and swelling of the hydrophilic and hydrophobic parts, respectively by calculating end-

to-end distances or radius of gyration in MD simulations to monitor these changes. 
 

Step 6. Biodegradation of the vector after its release 

 We have chosen synthetic polymers in this study simply because it offers us numerous 

choices in designing them and they are mechanically stable [91]. At this last step the choice of 

natural polymers would have been better due to their higher biocompatibility/ biodegradability. 

However, they would not have survived the journey. We will study and optimize the degradation 

of the carrier and look into the toxicity aspects. 

 Computational details: Here we follow the degradation process which closely 

connected to the stimuli-responsive release of the drugs as the polymer vehicles are already 

broken. There are force field models and simulation techniques which allow breaking (and 

forming) of the disulfide bridge on due thermal agitation/destabilisation. To simulate the 

breakage of the disulfide bridge caused by high oxidation potential is not really doable using 

classical models and we will test three strategies (i) we parameterize it to break at the same 

temperature as the hydrophilic block collapses by higher temperature (> LCST), (ii) we apply 

QM/MM methodology [122] or (iii) we use our fast tight-binding-like DFT method [123] as ab 
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initio simulation engine. Experimentally it is expected break due to the high oxidation potential 

and we may use these results to parameterize our models for classical MD simulations. The 

purpose of this step is simply to follow the disintegration of the polymer vehicle. The vehicle 

should have a good biodegradability even as synthetic polymer. We will also perform MD 

simulations to study the interactions between the vehicle fragments and lipid bilayers for a 

possible toxicity. 
 

Kinetic model (the final step) 

 After completing the steps (1) to (6) we should have information about the barriers and 

average times for different processes which we can translate to rate constants. This information 

can be used to create a kinetic model. Drug delivery and release using polymers is largely a 

diffusion-controlled stochastic process where convection, swelling, collapse, erosion and 

degradation (non-catalytic or autocatalytic) affect the diffusion. Steps and fragments of the 

whole process are now considered using molecular modelling across different length and time 

scales, however, only the main steps, with the fastest rate constants, have been included. We can 

also correlate our kinetic parameters with the data and parameters from our experimental 

colleagues. If we can estimate the kinetics even in rough terms, it will help us to further optimize 

the steps and remove bottle necks. However, we wish to go further and set up a stochastic 

simulation. The stochastic simulation algorithm (SSA) of Gillespie [124] is well rooted in 

cellular computing but we will use kinetic Monte Carlo (kMC) as we are more familiar with the 

method [125], and as both methods are closely related. 

 Computational detals: In every step we need to identify the key processes and estimate 

their mean times to obtain the rate constants. We collect data of diffusivities of the particles 

(individually and in clusters) based on mean square displacements. We measure average times 

for shrinkage and swelling, packing and unpacking the vectors, rates of degradation etc. There is 

a very large number of processes and events, both transport and reaction (association, 

dissociation etc). We will start with a limited number and we add more when obtained from 

analysis of the trajectories. The purpose is primarily to have a rough model telling us which step 

needs improvement. We have to accept that we cannot model everything what our experimental 

colleagues can measure but also they cannot measure many things we can simulate. Here we 

should be able to see the fruits of combining the both worlds. Kinetic Monte Carlo needs a 

landscape as input where every state leads to several other states and the rate constants exist for a 

passage to the new states. On a long run the kinetic model can be extended to other types of 

vehicles as the steps are roughly the same but there are differences in the rates. If we succeed to 

create a detailed enough kinetic model (better than “rough”) containing also rate constants for 

less probable transitions we could simulate the delivery and release in more details, covering 

very long time scales corresponding those in the experiments [121]. The ontology will be found 

very useful [110] for creating the landscape. 
 

State-of-the-art in the field of in silico modeling 

 5D-nanoP is an interdisciplinary project combining physics and knowledge-based 

materials modelling as well as multiple level life science modelling. We utilize here the most 

efficient methods, models and computational tools. For the current state-of-the-art we refer to 

following papers (which did inspire us): [126] for physics-based multi-scale modelling 

(connecting electronic, atomistic, mesoscopic and continuum models), for drug/gene delivery 

and release, [127] for pharmacokinetic multi-scale modelling, [128] for computational life 

science modelling, [129] for materials informatics, including high-throughput screening and 

Bayesian optimization, [130] for machine learning and statistical analysis for materials science. 

 

 As a very simple example how we can work together within Step 1, where the responses 

to certain temperature and pH, causing polymers to collapse and swell, respectively, can be tuned 

in a systematic way by modifying the polymer in simulations and simultaneously tested in 
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laboratory. Once the LCST transition for a thermo-responsive polymer takes place the 

appearance of the polymer solution changes from transparent to milky and can be quantified 

when transmittance makes a sharp drop from 100 to 0. In simulations we see the radius of 

gyration to decrease drastically at the same temperature interval. In this way we vary parameters, 

such us concentration, ionic strength, chain lengths, functional groups and hydrophobicity / 

philicity of the blocks, etc first in simulations before it is tested in laboratory. The Steps (1) – (6) 

can be performed both in simulations and in experiments (although not the one in the blood 

flow) and the results compared/verified. Occasionally data is also obtained from experiments to 

improve and calibrate the simulation model. 

 

 

II – Identifying the interaction between PEG and PEI, and explaining the role 

       these interactions have in DNA complexation 
 

 Efficient gene-therapy could be the holy grail of modern medicine, so the development of 

a perfect – non-viral carrier that will able to fulfill all the administration, transfection and 

biocompatibility requirements is mandatory. We propose a vector that is composed of 4 parts, 

Squalene (as an aggregation agent and as a cellular membrane penetrator), Poly Ethylene Glycol 

(PEG) (as a biocompatibility agent and as a stealth agent), a phenol derivative as a fluorescent 

marker, and branched Poly Ethylene  imine (PEI) (as a DNA binding agent). In order to 

understand the exact role these components have in DNA binding and condensation and how 

they interact with each other and with DNA, we have performed molecular dynamics (MD) 

simulations. The emphasis of these simulations was to determine how PEG interacts with PEI 

and if these interactions have any influence on the DNA binding capabilities. During our 

experimental work we had synthesized 3 vectors with three PEG chain lengths of 500 Da, 

1500Da and 3000 Da, which were also used in our simulations (see Figure 78). 

 

   
Figure 78. The three SQ-PEG-PEI vectors with a PEG chain 

(from left to right) of 500Da, 1500Da and 3000Da. 

 

 Prior to simulations, the vectors had to be built and parametrized. The structures where 

build using the Avogadro software and the atom type, bonds angles and dihedral parameters 

where obtained using AmberTools and GAFF2 forcefield. In order to increase the accuracy of 

the simulations, Quantum Mechanical calculations (QM) were used to fit the partial atomic 

charges. Because the entire molecules were too big for QM calculations there were split in 

smaller parts and the charges were calculated for each fragment and then put back together. The 

PEI segment of the vector was partially protonated (10 out of the 19 nitrogen atoms) in order to 

simulate a pH of about 7.4. 

 The actual simulations where done using the Gromacs 2018 software with the Amber 

Force Field.  Six simulations where done in total: 3 to see the micellization process of the vector 

in water and 3 to study the interactions between the previously formed micelles and DNA. In 

order to simulate the micellization process 30 molecules where randomly distributed in a 

15x15x15 nm simulation box than water and ions, to neutralize the PEI charge where added. 

Figure 79 shows an example of the micelles obtained. 
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Figure 79. Examples of micelles obtained for the SQ-PEG-PEI vectors with a PEG chain 

(from left to right) of 500Da, 1500Da and 3000Da. 

 

 After the micelles reached equilibrium, the water was removed and three 25 base-pairs 

DNA molecules where added to the system in a random position. We chose three DNA 

molecules in order to reach and N/P ratio of about 5, known from experiment. After that, water 

and ions where added in order to solvate and neutralize the system and to reach a physiological 

ion concentration. Figure 80 depicts how the previously showed micelles interact with the DNA 

molecules. 

 

  
 

Figure 80. MD snapshots of vector DNA interactions for the SQ-PEG-PEI vectors 

with a PEG chain (from left to right) of 500Da, 1500Da and 3000Da. 

 

 The preliminary conclusions that can be seen are as follow. (i) The PEG interacts through 

hydrogen bonds with the protonated nitrogen atoms of the PEI. (ii) These hydrogen bonds are 

stable and still present even when the DNA is added. (iii) The number of nitrogen atoms that 

form hydrogen bonds with the PEG increased with the length of the PEG chain. 

 

 

III – Conformational changes and [Ca
2+

]/temperature interplay in STIM1 activation 

 

 Store-operated Ca2+ entry (SOCE) mediates a myriad of cell functions. Stromal 

interaction molecule 1 (STIM1) detects [Ca2+] decrease in the endoplasmic reticulum (ER), 

using the EF-SAM machinery: helix-loop-helix motif (EF-hand) coupled to a sterile α motif 

(SAM). In lower ER [Ca2+] the STIM1 intraluminal EF-SAM undergoes substantial loss of 

secondary structure, exposure of hydrophobic residues, and dimerization/oligomerization, thus 

initiating SOCE. The puzzle of conformational dynamics of STIM1 activation has now been 

largely resolved, but some issues remain unclear, such as the mechanism of luminal EF-SAM 

dimerization, how this is transduced into cytoplasmic domain oligomerization, and STIM1 

temperature sensitivity. The aim of this study was to determine the conformational changes in 

the EF-SAM domain of STIM1, immediately after Ca
2+

 dissociates from its binding site. For this 

we used MD simulations of the NMR structure of EF-SAM (Sthatopulos, 2008) ensuing several 

scenarios. The overall simulation approach is schematized in Figure 81. 
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Figure 81. Strategy for molecular dynamics simulations of the EF-SAM domain 

of stromal interaction molecule 1 (STIM1). 

 

 Preliminary simulations showed that the RMSD of the protein backbone at 37 ºC with 

Ca
2+

 displayed large deviations from the NMR structure over the first several hundred ns, similar 

to those recorded for the Ca
2+

 free form. While for the Ca
2+

 free form this could be anticipated, it 

would rather not be for the Ca
2+

 bound form. This was attributed to the temperature difference 

between the simulations (37 ºC) and the NMR experiment (20 ºC). Also, early in the Ca
2+

 free 

simulation (50 to 150 ns) a profound conformational alteration of cEF in the Ca
2+

 binding site 

loop developed. While the Ca
2+

 binding site expansion is an expected consequence of Ca
2+

 

removal in EF-hand proteins, the large EF-SAM binding loop unfolding is atypical, though 

previously mentioned for some EF-hand proteins. Still, the uncommon structure of EF-SAM, 

which pairs together a Ca
2+

 sensitive (cEF) and a Ca
2+

 insensitive (hEF) EF-hand, may impose 

particular structural responses upon Ca
2+

 loss. To further investigate these aspects four 

simulation conditions were used in terms of temperature and Ca
2+

 presence: T = 20ºC with Ca
2+

, 

T = 20 ºC without Ca
2+

, T = 37 ºC with Ca
2+

 and T = 37 ºC without Ca
2+

. The simulations 

performed within each combination of parameters will be referred here as HOLO-20, APO-20, 

HOLO-37, and APO-37 respectively. Initially, for each combination, 12 short individual 

simulations (150 ns) were performed starting with different initial velocities. This was necessary 

to test the reproducibility of the observed large binding loop expansion in the Ca
2+

 free form and 

its stability in the Ca
2+

 loaded form. To investigate longer time scale behavior, four simulations 

(one per each set of 12) were extended to 1.8 μs. For APO-37 and APO-20 sets, the simulations 

with the largest binding site RMSD were chosen for continuation. For HOLO-37 and HOLO-20, 

the simulations to be continued were randomly chosen within each set. Due to the long-time 

scale of the extended simulations, one major concern over the accuracy of HOLO simulations 

was Ca
2+

 stability inside the binding site. A possible Ca
2+

 separation from the protein would have 

had the undesirably effect of converting HOLO to APO form. Distances between Ca
2+

 and 

different representative carbon atoms (Asp76 (Cγ), Asp78(Cγ), Asn80(Cγ), Asp82(Cγ), and 

Glu87(Cδ)) were plotted against simulation time (Fig. S1). The Ca
2+

 has never dissociated from 

the binding site, in neither HOLO-37 nor HOLO-20, so these simulations do describe the 

dynamics of the EF-SAM Ca
2+

-loaded form, with the preservation of the pentagonal bipyramidal 

geometry of the bound cation. Given that the correlations in low-frequency atomic displacements 

(i.e. large conformational changes) are under sampled in conventional MD, even on the 

microsecond time scale, we have decided to perform also extended ensemble simulations. 

Advanced replica exchange with solute tempering (REST2) simulations were undertaken to 

evaluate the EF-SAM conformation at different reference temperatures and to assess EF-SAM 

thermal unfolding curves. The latter ones could be directly compared with the experimental data. 

The REST2 simulations were performed both in the presence and in the absence of Ca
2+

 ions. 

The results showed that hEF-hand is highly sensitive to temperature compared to cEF. While 
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hEF is mainly folded at 20 °C in the Ca
2+

 presence, at 37 °C it is much less structured. Moreover, 

even at a lower temperature of 20 °C, the unfolding “threshold” is more efficiently reached when 

Ca
2+

 is lost. In Ca
2+

 depleted state, cEF becomes highly unstable which further destabilizes the 

hEF to become completely “unfolded“. SAM is stable displaying no Ca
2+

 dependency (see 

Figure 82). 

 
 

 
 

Figure 82. Temperature/Ca
2+

 interplay in EF-SAM sensor domain. 
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[116] Naômé A., Laaksonen A., Vercauteren D.P., A Coarse-Grained Simulation Study of the 

Structures, Energetics, and Dynamics of Linear and Circular DNA with Its Ions, J. Chem. 

Theory Comput., 11 (6), 2015, 2813-2826. 

 

[117] Tang Y.H., Lu L., Li H., Evangelinos C’, Grinberg L., Sachdeva V., Karniadakis G.E., 

OpenRBC: A Fast Simulator of Red Blood Cells at Protein Resolution, Biophysical Journal, 112 

(10), 2017, 2030-2037. 

 

[118] Plimpton S., Fast Parallel Algorithms for Short-Range Molecular Dynamics, J. Comp. 

Phys., 117, 1995, 1-19. 

 

[119] Sarman S., Wang Y., Laaksonen A., Variational principle for nonequilibrium steady states 

tested by molecular dynamics simulation of liquid crystal model systems, in: Non-Equilibrium 

Particle Dynamics, IntechOpen Limited, London (UK), 2018; DOI: 10.5772/intechopen.80977 

 

[120] Wang Y.L., Lu Z.Y., Laaksonen A., Specific binding structures of dendrimers on lipid 

bilayer membranes, Phys. Chem. Chem. Phys., 14, 2012, 8348-8359. 

 

[121] Smith S.A., Selby L.I., Johnston A.P.R., Such G.K., The Endosomal Escape of 

Nanoparticles: Toward More Efficient Cellular Delivery, Bioconjugate Chem., 30 (2), 2019, 

263-272. 

 

[122] Tu Y., Laaksonen A., Implementing Quantum Mechanics into Molecular Mechanics 

Combined QM/MM Modeling Methods, Advances in Quantum Chemistry, 59, 2010, 1-15. 

 



80 

 

[123] Tu Y., Jacobsson S., Laaksonen A., Efficient ab initio tight-binding-like method for 

electronic structure calculations, Phys. Rev. B, 74 (20), 2006, article 205104; DOI: 

10.1103/PhysRevB.74.205104 

 

[124] Gillespie D.T., Stochastic simulation of chemical kinetics, Annu. Rev. Phys. Chem., 58 (1), 

2007, 35-55; DOI:10.1146/annurev.physchem.58.032806.1046. 

 

[125] Mace A., Leetmaa M., Laaksonen A., Temporal Coarse Graining of CO2 and N2 

Diffusion in Zeolite NaKA: From the Quantum Scale to the Macroscopic, J. Chem. Theor. 

Comput., 11 (10), 2015, 4850-4860; DOI: 10.1021/acs.jctc.5b00401. 

 

[126] Shi X., Tian F., Multiscale Modeling and Simulation of Nano-Carriers Delivery through 

Biological Barriers - A Review, Adv. Theory Simul., 2018, article 1800105; DOI: 

10.1002/adts.201800105. 

 

[127] Ziemys A., Kojic M., Milosevic M., Schrefler B., Ferrari M., Multiscale models for 

transport and biodistribution of therapeutics in cancer, Chapter 7 in: Computer Aided Chemical 

Engineering, Vol. 42, 2018, p. 209-237; https://doi.org/10.1016/B978-0-444-63964-6.00007-6. 

 

[128] Neufeld E., Lloyd B., Schneider B., Kainz W.,3 Kuster N., Functionalized Anatomical 

Models for Computational Life Sciences, Front. Physiol., 9, 2018, article 1594; DOI: 

10.3389/fphys.2018.01594. 

 

[129] Rickman J.M., Lookman T., Kalinin S.V., Materials informatics: From the atomic-level to 

the continuum, Acta Materialia 168, 2019, 473-510. 

 

[130] Pankajakshan P, Sanyal S., de Noord O.E., Bhattacharya I., Bhattacharyya A., Waghmare 

U., Machine Learning and Statistical Analysis for Materials Science: Stability and 

Transferability of Fingerprint Descriptors and Chemical Insights, Chem. Mater., 29 (10), 2017, 

4190-4201. 

 

 

 

 III. Quantifiable results of the project, up to the current date 
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HepG2 cells in a time and dose-dependent manner, “The 37th Annual Scientific Session of the 

Romanian Society for Cell Biology and the 11th National Congress with International 
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Faculty of Biomedical Engineering, Centre for Tissue Engineering and Regenerative Medicine, 

Iasi, Romania, 30 May-20 June 2019, Short-period training course entitled "In vitro and in vivo 
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4. International and internal Work meetings 

 Maier S. S., participation to The 4th Satellite Meeting on Carbonic Anhydrases, 

November 14-17th 2019, Parma, Italy; https://ca2019parma.wordpress.com/. Biomedical 

and pharmacologic perspectives of the carbonic anhydrases and their activators and 

inhibitors. Molecular modeling and bioinformatic approaches. 
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 Prof. Aatto Laaksonen, the project director, has held scientific meetings with each partner 

teams, leading to intermediate and final scientific reports. 

 

 

 IV. Topics and prognoses for Stage 2020 

 

 Based on the approaches and results of the current year, the following commitments can 

be formulated for the next stage of the project. 

 

1. Regarding the molecular entities involved to supramolecular assembling 

 Setting up of compounds libraries. 

 Investigation of some particular inhibitors of carbonic anhydrases. 

 In silico investigation of docking and supramolecular assembiling of library unimers. 

 

2. Regarding the nanoplatforms synthesis and physical-chemical evaluation 

 Extending the design, synthesis, and characterization of (macro)molecular 

components of functional nanoplatforms. 

 Preparation of stock and etalon components of functional nanoplatforms, for accurate 

and systematic investigation of their functionality in crowded milieus. 

 

3. Regarding the production of simple constituents of future tissue / tumor surrogates  

 Diversification of the synthesized substrata. 

 

 

 We certify that all the goals of 2019 stage of 5D-nanoP project have been achieved. 

 

 December 2, 2019 

 

        Project Director, 

       Professor Aatto Laaksonen, PhD. 


