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Fig. 6.18: 2%Ca-Alg mechanical relaxation spectra at 
different temperatures. 

 
Fig. 6.19: 2%Cu-Alg mechanical relaxation spectra at 
different temperatures. 

 

As for the previous systems, on the base of the Flory and equivalent network theories [1, 5], 

the crosslink density ρx and the polymeric network mean mesh size φ (or mean mesh diameter) were 

calculated at all the experimental temperatures (Tab. 6.8). 

Temperature (°C) 
2%Ca-Alg 2%Cu-Alg 
crosslink density 
ρx (mol/cm3) 

mean mesh size φ 
(nm) 

crosslink density 
ρx (mol/cm3) 

mean mesh size φ 
(nm) 

10 8,0x10-6 7,3 4,4x10-6 9,0 

25 5,0x10-6 8,5 8,8x10-6 7,3 

40 2,4x10-6 11,0 4,6x10-6 8,8 

Tab. 6.8: crosslink density ρx and polymeric network mean mesh size φ of 2%Ca-Alg and 2%Cu-Alg systems 
calculated at different temperature. 

 

The data demonstrate, for the 2% Ca-alginate a decreasing in ρx with the temperature 

increase and a consequent mean pores diameters increasing while, the phenomena does not occur in 

the 2% Cu-alginate. Nevertheless, the mean diameter appears to be similar in both systems. 

6.3.2.2 – Microscopic characterizations by low field NMR 

More informations on the hydrogels structure were obtained from the low field NMR 

characterizations. In particular, the T2 relaxation times distribution at 25°C show, for both the 

considered systems, the presence of three hydrogen aggregation states (Fig. 6.20 - 6.21 for 2%Ca-

Alg and 2%Cu-Alg respectively). 

Considering the not perfect homogeneity of the systems, the three peaks can be explained as 

follows. Peak 3 represents the hydrogens of the water leaked from the gel during the samples 

loading into the NMR tubes. Peaks 1 and 2 correspond to the hydrogen of the water within the 

polymeric network according to a bimodal distribution. 
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Fig. 6.20: 2%Ca-Alg  1H proton T2 distribution 
spectrum obtained by LF-NMR at 25°C. 

 
Fig. 6.21: 2%Cu-Alg  1H proton T2 distribution 
spectrum obtained by LF-NMR at 25°C. 

 

The temperature effects on the relaxation times distribution supporting this hypothesis as 

shown in figures 6.22 and 6.23, that display the relative area of each peak Ai as function of mean 

relaxation time (T2,i) at 10°C, 25°C and 40°C. In both systems, the peaks areas does not change with 

the temperature but, the variation of mean relaxation time of peak 3 (T2,3) is significantly bigger 

than the standard deviation associated to T2,3 at 25°C while, peaks 1 and 2 remain practically 

constant. As for the previous systems, this is an indication of the low interaction of this water states 

with the polymer because the thermal effects are predominant on the molecular interaction. On the 

contrary the temperature increase does not affect the water states related to the peaks 1 and 2 

therefore, it is reasonable supposing that, these peaks correspond to hydrogens of the water with 

entrapped into the polymeric network. 

 
Fig. 6.22: 2%Ca-Alg mean relaxation time T2,i trend 
and respective relative area Ai at different temperature. 

 
Fig. 6.23: 2%Cu-Alg mean relaxation time T2,i trend 
and respective relative area Ai at different temperature. 

 

Another evidence supporting the peaks water interpretation regards the water and polymer 

hydrogen quantifications and the comparison of the theoretical and experimental peaks areas. 

Theoretical relative H2O area = 99,25% 

Theoretical relative alginate area = 0,75% 
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The experimental relative areas values Ai and the correspondent mean relaxation time T2,i 

for the 2%Ca-Alg and 2%Cu-Alg systems at 25°C, are displayed respectively in tables 6.9 and 6.10. 

Peak T2,i (ms) Relative Ai (%) 

1 8,2 66,7 

2 53,1 21,0 

3 276,7 12,3 

Tab. 6.9: 2%Ca-Alg hydrogel. 

Peak T2,i (ms) Relative Ai (%) 

1 265,6 65,2 

2 449,8 17,2 

3 1488,1 17,6 

Tab. 6.10: 2%Cu-Alg hydrogel. 
 

From the above tables, for both the considered systems, it is not possible to observe any area 

value matching to the theoretical 0,75% of the polymer hydrogen, therefore the polymer probable 

interact with the structured water entrapped into the hydrogel mesh and cannot be distinguished or, 

the signal is simply too low for its detection. Peak 3, in both systems, represent about the 15% of 

the total hydrogen and, considering the high T2,3 values, can be reasonably attributed to the water 

outside the polymeric network. Indeed, in order to load the gel into the NMR tube, it was broken in 

parts and slightly pressed to minimizing the empty space. This mechanical action probably, causing 

a partial water release from the network. An area value around 15% for peak 3, makes reasonable 

this hypothesis because most of the water remains within the polymeric reticule. In both systems, 

peaks 1 and 2 are characterized by low T2,i values and together represent about the 85% of the total 

peaks area therefore, there are strong reasons for their relation with the water entrapped into the 

polymeric network [8]. 

Once established the correspondence of the peaks 1 and 2 with the water into the hydrogels 

mesh, the k parameters and the systems mean relaxation time 2T  were calculate (Tab. 6.11) for both 

the hydrogels under investigation as described above. 

 k (ms/nm) 2T  (ms) 

2%Ca-Alg 36,0 14,4 

2%Cu-Alg 2,0 308,0 

Tab. 6.11. 
 

The mean relaxation times difference between 2%Ca-Alg and 2%Cu-Alg, is in accordance 

with the results obtained from the mechanical properties analysis where a decrease of the 

mechanical modules can be distinguished when the temperature increase. Indeed, the results suggest 

a higher mobility (lower interaction) of the water within the Ca-alginate gel compared to the Cu-

alginate gel and therefore, a temperature variation has a higher influence on the Ca-alginate system 

then the Cu-alginate. 
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Fig. 6.24: 2%Ca-Alg bimodal mesh size distribution at different temperature 
obtained by NMR-rheology analysis. 

 

 
Fig. 6.25: 2%Cu-Alg bimodal mesh size distribution at different temperature 
obtained by NMR-rheology analysis. 

 

Using the k parameters and the systems mean relaxation time 2T , the T2 distributions were 

converted into mesh size distribution with the assignment of an occurrence probability P(φ) [6-7]. 

Figures 6.24 and 6.25 show the results obtained for 2%Ca-Alg and 2%Cu-Alg systems 

respectively, at different temperatures (10°C, 25°C and 40°C). All the analyzed systems present a 

bimodal probability distribution. Focusing on the Ca-alginate system (Fig. 6.24), the data suggest a 

progressive increasing of the mean mesh size with the temperature. Interestingly, the ratio between 

peak 1 (smaller pores) and peak 2 (bigger pores) decrease with the temperature indicating a 

reduction in the number of smaller pores in favour of the bigger pores. On the contrary, the random 

distribution of the probability function of the Cu-alginate system suggests that the polymeric 

network internal structure is not significantly influenced by the temperature in the considered range 
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(Fig. 6.25). Therefore, the temperature has a stronger influence on the mechanical properties of the 

alginates gel crosslinked by calcium cations than alginate crosslinked by copper cations. 

The mesh size distribution indicates lower pores dimension for the Cu-alginate gel even if, 

as this system is highly inhomogeneous, the overall structure can be considered similar to the Ca-

alginate. The advantage of the use of Cu cations consists in the crosslinking solution concentration 

that is half of the Ca solution. In figure 6.26 the comparison of the 25°C mesh size distributions of 

2%Ca-Alg and 2%Cu-Alg are shown. 

 
Fig. 6.26: comparison of 2%Ca-Alg and 2%Cu-Alg pores diameter distribution at 25°C. 

 

6.3.2.3 – Cryoporometry structural properties studies on 2% copper alginate 

In order to further study system structural conformation, Cryoporometry studies were 

performed on the 2% alginates reticulated by Cu cations. During the DSC measurements, the water 

is present only inside the material pores indeed, from the DSC trace the absence of water melting at 

0°C can be appreciated (Fig. 6.27). 

 
Fig. 6.27: DCS trace of 2%Cu-Alg system. 

 
Fig. 6.28: Cryoporometry mesh size distribution on 
2%Cu-Alg considering a spherical (z=3) and cylindrical 
(z=2) pores geometry. 
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The DSC procedure consisted in three steps: 

4. Cooling from 25°C to -50°C at 10°C/min 

5. Hold at -50°C for 1 min. 

6. Warming from -50°C to 25°C at 2°C/min. 

The pores size distribution was obtained by the elaboration of the DSC traces data by the 

Fortran software as described in section 4.5. 

The procedure considers a cylindrical pores configuration without excess of water (z=2) and 

a spherical pores configuration (z=3). The resulting pores size distributions are compared in figure 

6.28. The non-freezable water layer thickness (β) was calculated as 0,12 nm considering a 

cylindrical geometry and 0,24 nm considering a spherical geometry. Both the resulting pores size 

distributions are asymmetrical and the most probable pores have a diameter of 50 nm or 80 nm 

respectively considering a cylindrical or spherical geometry. The NMR-rheology and 

Cryoporometry results are compared in figure 6.29. 

 
Fig. 6.29: comparison between pores size distribution according to NMR-rheology 
and Cryoporometry spherical (z=3) and cylindrical (z=2) geometries. 

 

These differences can be explained by several factors: 

• the hydrogels are not stable solids as zeolites and present strong viscoelastic 

properties (as demonstrated by mechanical spectra). Water solidification can cause 

mesh enlargement or even, network destructuring due to water volume increase. 

• The heating and cooling speed can influence the hydrogel structure. 

Figures 6.30 and 6.31, report the calculated reduction of water melting temperature and 

enthalpy with mesh diameter in the case of spherical and cylindrical pores. 



Fig. 6.30: variation of melting temperature (
enthalpy (∆Hm) of water entrapped inside spherical 
pores versus pores diameter. 

 

6.3.3 – 3% alginate hydrogels

This section deals with the characterization of alginate (Protanal™ LF10/60) crosslinked in 

a 3% aqueous solution containing calcium or copper cations (3%Ca

particular, the 3%Ca-Alg characterization is important because this gel was use

preparation of alginate-dextran methacrylate polymeric blend systems described in the following 

sections. 

6.3.3.1 – Macroscopic characterizations by rheological studies

For both systems SS test prove that the linear viscoelastic (25°C) region

critical stress around 10 Pa, corresponding to a critical deformation of 0,04% (graph not shown). 

Accordingly frequency sweep tests were performed at a constant stress of 3 Pa and 25°C. From the 

storage G’ and loss G”  moduli trends versus pu

behaviour for both systems. 

Fig. 6.32: 3%Ca-Alg and 3%Cu-Alg mechanical spectra 
at 25°C. Continue lines represent the generalized 
Maxwell model best fitting. 
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variation of melting temperature (T) and 

) of water entrapped inside spherical 
Fig. 6.31: variation of melting temperature (
enthalpy (∆Hm) of water entrapped inside cylindrical 
pores versus pores diameter.

3% alginate hydrogels 

is section deals with the characterization of alginate (Protanal™ LF10/60) crosslinked in 

a 3% aqueous solution containing calcium or copper cations (3%Ca-Alg and 3%Cu

Alg characterization is important because this gel was use

dextran methacrylate polymeric blend systems described in the following 

Macroscopic characterizations by rheological studies

For both systems SS test prove that the linear viscoelastic (25°C) region

critical stress around 10 Pa, corresponding to a critical deformation of 0,04% (graph not shown). 

Accordingly frequency sweep tests were performed at a constant stress of 3 Pa and 25°C. From the 

moduli trends versus pulsation ω (Fig. 6.32). It is possible infer strong gel 

 
Alg mechanical spectra 

at 25°C. Continue lines represent the generalized 
Fig. 6.33: relaxation spectra
3%Cu-Alg (white) at 25°C 
Maxwell model fitting. 
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variation of melting temperature (T) and 

) of water entrapped inside cylindrical 
pores versus pores diameter. 

is section deals with the characterization of alginate (Protanal™ LF10/60) crosslinked in 

Alg and 3%Cu-Alg). In 

Alg characterization is important because this gel was used also in the 

dextran methacrylate polymeric blend systems described in the following 

Macroscopic characterizations by rheological studies 

For both systems SS test prove that the linear viscoelastic (25°C) region spans up to a 

critical stress around 10 Pa, corresponding to a critical deformation of 0,04% (graph not shown). 

Accordingly frequency sweep tests were performed at a constant stress of 3 Pa and 25°C. From the 

). It is possible infer strong gel 

 
Fig. 6.33: relaxation spectra of 3%Ca-Alg (grey) and 

Alg (white) at 25°C obtained by generalized 
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The experimental data were satisfactory fitted with the generalized Maxwell model using 5 

Maxwell elements. The comparison of the relaxation spectra are shown in figure 6.33. From the 

sum of the elastic contribute of each Maxwell element (gk), crosslink density ρx was calculated. On 

the basis of Flory and equivalent network theories [1, 5], and ρx it was possible estimate the mean 

mesh size φ (Tab. 6.12). The 3%Cu-Alg system has a mean mesh diameter slightly lower than 

3%Ca-Alg system proof of higher network structuring, as confirmed by the mechanical spectra. 

 crosslink density ρx (mol/cm3) mean mesh size φ (nm) 

3%Ca-Alg 8,6x10-6 7,2 

3%Cu-Alg 1,4x10-5 6,1 

Tab. 6.12. 
 

6.3.3.2 – Characterizations by low field NMR 

The T2 distribution at 25°C demonstrates, for both investigated systems, the presence of 

three hydrogen aggregation states (Fig. 6.34 and 6.35 respectively for 3%Ca-Alg and 3%Cu-Alg). 

The consideration expressed for the previous alginate systems can be extended also to the 3% 

alginate systems. Therefore, the presence of the three states can be explained as follows: the peak 3 

(mean relaxation T2,3 and relative peak area A3), represents the hydrogen of water outside the gel 

while peaks 1 and 2 (T2,1 , A1; T2,2 , A2), represent hydrogen of the water entrapped into the 

polymeric network. 

 
Fig. 6.34: 3%Ca-Alg 1H proton T2 spectra obtained by 
LF-NMR at 25°C. 

 
Fig. 6.35: 3%Cu-Alg 1H proton T2 spectra obtained by 
LF-NMR at 25°C. 

 

The first experimental evidence supporting this hypothesis regards the temperature effects 

on the T2 distributions. Figures 6.36 and 6.37, reports the relative area for each peak (Ai) as 

function of the peak mean relaxation time (T2,i) at different temperatures (10°C, 25°C and 40°C), 

respectively for 3%Ca-Alg and 3%Cu-Alg. For both systems peaks area are nearly constant in the 

considered temperature range with the exception of 3%Cu-Alg peak 3 that shows a small decrease 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

100 1000 10000

T2 [ms]

a(T2)

A3A2

A1

T2,1

T2,3

T2,2

0.00

5.00

10.00

15.00

20.00

25.00

1 10 100 1000
T2 [ms]

a(T2)

A3A2

A1

T2,1

T2,3
T2,2



6 – Results and Discussions 

175 

at higher temperatures. While the T2,3 (peak 3) has a considerable increase with temperature, T2,1 

and T2,2 (peaks 1 and 2) do not change significantly with temperature increase. Indeed, only for T2,3 

the variation is significantly bigger than the standard deviation associated to T2,i at 25°C. Also for 

these two alginate systems, the thermal effects are predominant in the water outside the mesh. In the 

3%Cu-Alg gel, peak 3 shows an area decreasing at higher temperature. Contemporary, a small 

increase can be noticed in the peak 1 and 2. 

 
Fig. 6.36: 3%Ca-Alg mean relaxation time T2,I and 
respective relative area Ai at different temperature. 

 
Fig. 6.37: 3%Cu-Alg mean relaxation time T2,i and 
respective relative area Ai at different temperature. 

 

The fact that peak 1 (that characterized by the lowest T2) does not represent only 1H 

belonging to the polymeric can be explained by the comparison of the theoretical and experimental 

peaks areas. 

Theoretical relative H2O area = 98,87% 

Theoretical relative alginate area = 1,13% 

The experimental relative areas Ai and the correspondent mean relaxation time T2,i for the 

3%Ca-Alg and 3%Cu-Alg systems at 25°C, are displayed in tables 6.13 and 6.14. 

Peak T2,i (ms) Relative Ai (%) 

1 8,2 66,7 

2 53,1 21,0 

3 276,7 12,3 

Tab. 6.13: 3%Ca-Alg hydrogel. 

Peak T2,i (ms) Relative Ai (%) 

1 265,6 65,2 

2 449,8 17,2 

3 1488,1 17,5 

Tab. 6.14: 3%Cu-Alg hydrogel.  
 

Accordingly polymer relaxation cannot be distinguished from that of water entrapped into 

the mesh. In the Cu-alginate hydrogel, peaks 1 and 2 together represent more than 90% of the total 

protons, the remaining 10% can be assigned to water leaking from the gel mesh during the sample 

loading into the measurement system. In the Ca-alginate hydrogel, the structured water into the 

polymeric mesh is decreased to the 70% (peaks 1 and 2). In both case peak 3, , can be reasonably 
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assigned to the water outside the polymeric reticule. Due to peak T2,3 values this interpretation is 

also supported by the literature data on similar systems [8]. 

Based on the peaks meaning, k can be calculated and the conversion of T2 distribution into 

mesh size distribution can be achieved (Fig. 6.38) [6-7]. 

 k (ms/nm) 2T  (ms) 

3%Ca-Alg 33,4 240,0 

3%Cu-Alg 4,1 24,8 

Tab. 6.15. 
 

 
Fig. 6.38: comparison between mesh size distribution of 3%Ca-Alg and 
3%Cu-Alg at 25°C, evaluated by NMR-rheology. 

 

Both the systems show a bimodal mesh size distribution. In particular, for the 3%Ca-Alg 

system, the first peak is centred around 6,5 nm and is extended from 5 nm to 8 nm. The second peak 

is centred around 11,5 nm and extends from 9 nm to 14 nm. For the 3%Cu-Alg system, the first 

peak is centred on 2 nm and extends from 1 nm to 3 nm. The second peak is centred on 12 nm and 

extends from 9,5 nm to 15 nm. The comparison of the first peak from the two systems shows a great 

difference in mesh size distribution. The Ca-alginate hydrogel present a broad distribution in this 

area while, the Cu-alginate have a high mesh size developing concentrated in a small diameters 

range. The second peaks are instead, very similar. 

6.3.4 – Concentration effects on alginates hydrogels pores size distribution 

In order to better evaluate the effects of the alginate concentration on the polymeric mesh 

size distribution, the NMR-rheology results obtained at different concentration were plotted 

together. Figures 6.39 and 6.40 reports the trend of the mesh size distribution in 1%, 2% and 3% 
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alginate hydrogels crosslinked respectively with Ca cations and Cu cations. All the considered 

systems show a bimodal distribution. 

 
Fig. 6.39: effects of the alginate concentration on the pores diameter distributions 
of calcium alginate hydrogel (Ca-alginate). 

 

 
Fig. 6.40: effects of the alginate concentration on the pores diameter distributions of 
copper alginate hydrogel (Cu-alginate). 

 

As expected, the concentration increase corresponds to a general mesh size decrease and a 

crosslink density increase. The two salts used as source of cations results in different effect on the 

final alginate properties. Copper cations are more efficient as crosslinking agent. Interestingly, the 

ratio between the first peak (lower mesh size) and the second peak (higher mesh size). Increases 

with the polymer concentration in both Ca-alginates and Cu-alginates. This phenomenon indicates 

that polymer concentration increase,, not only causes an increase of the mesh size, but also a 

decrease of the relative number of bigger mesh in favour of the smaller ones. 
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6.4 – Pluronic™ F127 18% hydrogel system 

As discussed in the previous section on the general aspects of the Pluronics™ systems, the 

internal structure of this type of systems is highly dependent on temperature. For this reason, the 

Pluronics™ characterization was focused on the structural properties dependency on temperature 

variations. In this studies, Pluronics™ F127 at 18% concentration in water solution was used. In 

this condition systems gelation occurs around 20°. 

6.4.1 – Relaxation time (T2) measurements by CPMG sequence 

The relaxation times T2 trend of Pluronics™ was studied in a temperature range within 10°C 

and 40°C (Fig 6.36). The measurements were performed at temperature interval of 1°C in the 

regions 10-24°C and 24-30°C and 0,5°C in the region 24-30°C. 

Figure 6.41 reports T2 distribution as function of the temperature. The spectra can be 

divided in two areas on the basis of the different sample behaviour. Within 10°C and 14°C proton 

relaxation is described by two components: slow (free water, T2 ≈ 1000 ms) and medium 

(Pluronic™ unimers summed to the interacting water, T2 ≈ 160 ms) as shown in figure 6.41. Above 

15°C, proton relaxation is described by three components: slow (free water), medium (Pluronic™ 

unimers or poor structured Pluronic™) and fast (micelles Pluronic™ or high structuring 

Pluronic™). 

 
Fig. 6.41: 18% Pluronic™ T2 evolution versus temperature. 
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Peaks relative area at low temperature (82,9% and 17,0% respectively for the slow and 

medium peak), have a good matching with the theoretical areas calculated for the polymer and the 

water hydrogen as follows: 

Theoretical relative H2O area: %,284
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where, MH2O and MPlu are the molecular weight of water and Pluronic™ respectively, mH2O 

and mPlu are the weight % of water and alginate in the gel, NH2O and NPlu are the number of protons 

in the water molecule and polymer chain. In the calculation, it was considered the Pluronic™ 

formula HO-(EO)n-(PO)m-(EO)n-OH where m=65 and n=99 then, considering 4 protons for each 

EO monomer and 6 for each PO monomer, NPlu=(4·2·n)+(6·m)+2=1184. 

As the Pluronic™ is responsible for about the 16% of the relative areas, the remaining 1% it 

is supposed to be the hydrogen of water that interact with the polymer in solution. The hypothesis 

that the water interacting with the polymer, within 10°C and 14°C,  is limited to the 1% it is 

reasonable because, in this condition, the Pluronic™ unimers are prevalent on the Pluronic™ 

micelles where the water can be easily entrapped. 

The T2 and related relative areas evolutions as function of the temperature can gives 

information about the dynamics of the aggregation phenomena. Normally, temperature increase 

causes a viscosity reduction with a consequent molecules mobility increase and therefore, a T2 

increase. In the Pluronics™ system, molecules mobility increase is reduced and, in some case 

zeroed, by micelles aggregation. Indeed, it is known that, when temperature is increased, the 

equilibrium: 

Pluronic™ unimers ↔ Pluronic™ micelles 

moves toward Pluronic™ micelles. Therefore, a temperature increase should reflect into a 

decrease of the unimeric fraction, an increase in the structured fraction, where it is easier the 

entrapment of water strongly interacting with the polymer [8]. This evidence is better represented in 

figure 6.43 where the relative peak area A3 of the free water as function of the temperature is 

reported. It is clear that, temperature increase (and therefore micelles number or volume increase) 
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corresponds to a reduction in the quantity 

increases as consequence of the reduced viscosity and higher protons mobility (

the free water mean relaxation times 

remembering that the pure free water relaxation time, obtained experimentally, is about 2500 ms 

[9]. 

Fig. 6.42: evolution of the free water mean relaxation 
time (T2,3) with temperature in 18% Pluronic™ system.

 

For what concerns the medium 

non-structured Pluronic™ (unimers or small aggregates). In 

the temperature is reported. It is possible to distinguish six thermal regions:

• 10°C – 13°C: small relaxation time increasing.

• 13°C – 19°C: the T2 increase is higher (caused by the reduced viscosity).

• 19°C – 24°C: the curve slope decrease. In this region the

temperature is reduced.

• 24°C – 26°C: inversion of the curve slope. The relaxation time decrease with the 

temperature. In this region the formation of bigger structure with consequent 

reduction of the polymeric chain mobility occurs.

• 24°C – 32°C: the T2 remain constant (structuring region).

• Above 32°C: the temperature effect appearing again resulting in a 

 Taking into account peak area (A

have an estimation of the non-structured Pluronic™ and structured Pluronic™. The peak area trend 

in figure 6.45 can be divided in regions analogue to the above 

• 10°C – 14°C: no area variation occurs.

• 14°C – 19°C: a slow decreasing.

• 19°C – 24°C: the area remain constant.

• 24°C – 27°C: a sudden area decreasing.

corresponds to a reduction in the quantity of free water. At the same time, the 

increases as consequence of the reduced viscosity and higher protons mobility (

the free water mean relaxation times T2,3 as function of the temperature). In this sense it is useful 

emembering that the pure free water relaxation time, obtained experimentally, is about 2500 ms 

 
evolution of the free water mean relaxation 

) with temperature in 18% Pluronic™ system. 
Fig. 6.43: evolution of the free water re
area (A3) with temperature in 18% Pluronic™ system.

For what concerns the medium T2 values component (160-370 ms), it was assigned to the 

structured Pluronic™ (unimers or small aggregates). In figure 6.44, the T2,2 

e temperature is reported. It is possible to distinguish six thermal regions: 

13°C: small relaxation time increasing. 

increase is higher (caused by the reduced viscosity).

24°C: the curve slope decrease. In this region the

temperature is reduced. 

26°C: inversion of the curve slope. The relaxation time decrease with the 

temperature. In this region the formation of bigger structure with consequent 

reduction of the polymeric chain mobility occurs. 

remain constant (structuring region). 

Above 32°C: the temperature effect appearing again resulting in a 

Taking into account peak area (A2) variation with temperature (Fig. 6.45

structured Pluronic™ and structured Pluronic™. The peak area trend 

can be divided in regions analogue to the above T2 trend: 

14°C: no area variation occurs. 

19°C: a slow decreasing. 

24°C: the area remain constant. 

27°C: a sudden area decreasing. 

of free water. At the same time, the T2 of free water 

increases as consequence of the reduced viscosity and higher protons mobility (figure 6.42 reports 

as function of the temperature). In this sense it is useful 

emembering that the pure free water relaxation time, obtained experimentally, is about 2500 ms 
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 trend as function of 
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26°C: inversion of the curve slope. The relaxation time decrease with the 

temperature. In this region the formation of bigger structure with consequent 

Above 32°C: the temperature effect appearing again resulting in a T2 increase. 

Fig. 6.45), it is possible to 

structured Pluronic™ and structured Pluronic™. The peak area trend 
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two steps polymer chain structuring, according to what suggested in literature 

demonstrated by the rheological studies presented in 
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within 10°C and 24°C and second step from 24°C to 27°C). This behaviour can be desc

two steps polymer chain structuring, according to what suggested in literature 

demonstrated by the rheological studies presented in figure 6.84 The curve named as P18, shows 

the gelation process of an 18% Pluronic™ solution. The transition was followed by the storage 

variation as function of the temperature increasing. 
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assigned to the structured Pluronic™ fraction (rather organized in micelle

showed the peak relative area (A1) as function of the temperature. The trend is nearly symmetrical 

to the relative area of the medium component (A2, Fig. 6.45), confirming that the two components 

represent two aggregation states of the same chemical species: Pluronic™. For the 

trend is different: between 15°C and 20°C, the relaxation time T2,1 decreases, confirming the 

formation of less mobile structures (bigger). From 20°C to 27°C there is no significant 

decreases for higher temperature (Fig. 6.46). 
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the structured Pluronic™ increase. The curves crossing point, around 26°C, indicate the 

substantially completion of the structuring process. 
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structured Pluronic™ fraction decrease follows a two steps process (first step, 

within 10°C and 24°C and second step from 24°C to 27°C). This behaviour can be described as a 

two steps polymer chain structuring, according to what suggested in literature [10-11] and as 

The curve named as P18, shows 

ransition was followed by the storage 
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2) with temperature in 18% 

60 ms), appearing only at temperature above 14°C, was 

assigned to the structured Pluronic™ fraction (rather organized in micelles). In figure 6.47 it is 

) as function of the temperature. The trend is nearly symmetrical 

), confirming that the two components 

the same chemical species: Pluronic™. For the T2 instead, the 

decreases, confirming the 

formation of less mobile structures (bigger). From 20°C to 27°C there is no significant T2,1 

, the relative areas trend as temperature function of fast and medium 

structured Pluronic™ fractions) are merged 

structured Pluronic™ decrease is compensated by 

the structured Pluronic™ increase. The curves crossing point, around 26°C, indicate the 

relaxation times of the Pluronic™ 18% in water, allows 

following the polymeric chain structuration dynamics in micelles complex as the effect of 

temperature increasing. The presence of at least two discontinuities in the T2 trend of the fast and 
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medium component suggests that the phenomenon is not a simple equilibrium within two states 

(unimer-micelle) but, probably a sequence of events.

Fig. 6.46: evolution of the structured
mean relaxation time (T2,1) with temperature increase 
in 18% Pluronic™ system. 

 

Fig. 6.48: comparison between relative peak areas trend of structured Pluronic™ (A
red dots) and non-structur
18% Pluronic™ system.

 

6.5 – Dextran methacrylate hydrogel based systems

This section deals with hydrogel systems based on dextran methacrylate, in particular the 

D40 and D500 respectively 5% and 30

water solution. 

6.5.1 – Macroscopic characterizations by rheological studies

The two systems differ for the molecular weight and methacrylation degree. The SS tests 

and FS tests, performed at 25°C, allow 

mechanical spectra reported in figure 6.49

component suggests that the phenomenon is not a simple equilibrium within two states 

micelle) but, probably a sequence of events. 

 
structured Pluronic™ 

) with temperature increase 
Fig. 6.47: evolution of the structured
relative peak area (A1) with temperature increase in 
18% Pluronic™ system. 

 
comparison between relative peak areas trend of structured Pluronic™ (A

structured Pluronic™ (A2, blue dots) with temperature increase in 
18% Pluronic™ system. 

Dextran methacrylate hydrogel based systems  

This section deals with hydrogel systems based on dextran methacrylate, in particular the 

D40 and D500 respectively 5% and 30% methacrylate (D40MA5% and D500M30%), both in a 5% 

Macroscopic characterizations by rheological studies 

The two systems differ for the molecular weight and methacrylation degree. The SS tests 

and FS tests, performed at 25°C, allow determining the viscoelastic properties of the systems. In the 

figure 6.49, the storage G’ and loss G”  moduli are approximately 

component suggests that the phenomenon is not a simple equilibrium within two states 

 
structured Pluronic™ 

) with temperature increase in 

comparison between relative peak areas trend of structured Pluronic™ (A1, 
, blue dots) with temperature increase in 

This section deals with hydrogel systems based on dextran methacrylate, in particular the 

% methacrylate (D40MA5% and D500M30%), both in a 5% 

 

The two systems differ for the molecular weight and methacrylation degree. The SS tests 

determining the viscoelastic properties of the systems. In the 

moduli are approximately 
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parallel for both systems. Moreover, G’ is one order magnitude higher than G”  mining that, we are 

dealing with strong gels. Nevertheless D500MA30% stronger than D40MA5%, in virtue of the 

higher molecular weight and especially, the higher methacrylation degree. 

 
Fig. 6.49: mechanicals spectra (FS test) of D40MA5% 
(white) and D500MA30% (grey). 

 
Fig. 6.50: relaxation spectra of D40MA5% (white) and 
D500MA30% (grey). 

 

Both systems were satisfactory fitted by the generalized Maxwell model with 5 elements 

(Fig. 6.49, continues line). The resulting relaxation spectra (Fig. 6.50) differ from each other by, 

roughly, two orders of magnitude. This phenomenon affects the crosslink density ρx that is, exactly, 

two orders of magnitude lower for D40MA5%. 

 crosslink density ρx (mol/cm3) mean mesh size φ (nm) 

D40MA5% 8,1x10-8 34,0 

D500MA30% 2,0x10-6 11,6 

Tab. 6.16. 
 

6.5.2 – Cryoporometry structural properties studies 

From the DSC traces appears that in the analysed dextrans methacrylate systems water is 

present only inside the network pores indeed, there is no water melting around 0°C (Fig. 6.51 and 

6.52).  

 
Fig. 6.51: DSC trace of D40MA5% 

 
Fig. 6.52: DSC trace of D500MA30% 
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The thickness of non-freezable water layer into the nanopores (β) is reported in table 6.17 

for D40MA5% and D500MA30% in case of spherical and cylindrical geometry. 

 Non-freezable water layer thickness β (nm) 

 Spherical geometry Cylindrical geometry 

D40MA5% 2,3 1,2 

D500MA30% 2,8 1,3 

Tab. 6.17: non-freezable water layer thickness β for the D40MA5% and D500MA30% systems 
evaluated considering spherical geometry or cylindrical geometry without excess of water. 

 

The mesh size distributions obtained from the cryoporometric analyses, are reported in 

figures 6.53 and 6.54 respectively for D40MA5% and D500MA30%, considering a spherical 

geometry (z=3) and cylindrical geometry (z=2). The distribution curves show a maximum 

probability, for D40MA5%, at 50 nm and 7 nm and for D500MA30%, at 40 nm and 6 nm 

respectively in spherical and cylindrical geometry. 

 
Fig. 6.53: D40MA5% mesh size distribution obtained 
by Cryoporometry assuming spherical (z=3) or 
cylindrical (z=2) pores geometry. 

 
Fig. 6.54: D500MA30% mesh size distribution 
obtained by Cryoporometry assuming spherical (z=3) or 
cylindrical (z=2) pores geometry. 

 

Considering that, from the Rheology studies, the mean mesh size results 34,0 nm and 11,6 

nm respectively for D40MA5% and D500MA30%, the best matching between the two techniques 

occurs for D40MA5% spherical geometry and for D500MA30% cylindrical geometry. 

6.6 – Poly-1b hydrogel system 

Poly-1b derives from benzofulvene. The detailed preparation is described in the materials 

preparation section. Before performing the analysis, the dry polymer was swollen in distilled water 

at 25°C (about 10 hours) obtaining a transparent hydrogel system. 
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6.6.1 – Macroscopic properties characterizations by rheological studies 

The SS test (25°C) collocates the limit of the linear viscoelasticity region at a critical 

deformation of γ0=0,9% therefore, the FS test was performed at a constant deformation γ=0,01% 

and 25°C. The resulting mechanical spectrum is showed in figure 6.55 (pulsation ω=2πf ; f= 

frequency). 

 
Fig. 6.55: Poly-1b hydrogel mechanical spectra, comparison of storage modulus (G’) 
and loss modulus (G”). The continuous line represents the same values calculated by 
generalized Maxwell model. 

 

The moduli trends are parallel and moreover, G’ is about one order of magnitude higher than 

G”  therefore, the elastic properties are always predominant, a characteristic of a strong gel. The 

figure also reports a satisfactory data fitting by the generalized Maxwell model with 5 elements. 

Based on the Flory and equivalent network [1, 5], the crosslink density ρx and mean mesh size φ 

are: 

ρx=6,6x10-5 mol/cm3 

φ=3,6 nm 

6.6.2 – Microscopic characterizations by low field NMR 

Low field NMR studies on T2 (25°C), highlighted the presence of 4 different conditions of 

the hydrogen atoms in the system (Fig. 6.56). Remembering that the system is not perfectly 

homogeneous (it is similar to a concentrated suspension of particles), the presence of 4 peaks can be 

explained as follows. Due to its high T2,4 value, peak 4 corresponds to the water outside the gel 

meshes. The third peak (T2,3) should correspond to the hydrogen of the water entrapped in the 

cavities within gel particles while, the second peak (T2,2) should correspond to the hydrogen of the 

water entrapped within the polymeric mesh inside the particles. Finally, the first peak, because of 
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the low value T2,1=43 ms, can be assigned to the polymer hydrogens. Table 6.18 reports all the T2,i  

values and the correspondent peak relative area Ai. 

 
Fig. 6.56: Poly-1b hydrogel T2 distribution. Four peaks 
were detected with at T2,i mean relaxation time and Ai 
relative peak area. 

 

Peak T2,i (ms) Relative Ai (%) 

1 43 4 

2 261 23 

3 914 18 

4 2252 55 

Tab. 6.18. 

 

Two experimental evidences confirm the above hypotheses. The first regards the 

temperature effects on the T2 distribution. Figure 6.57 reports the peaks relative area Ai and the 

mean relaxation time T2,i at different temperature (15°C, 25°C and 40°C). While the relative areas 

are substantially constant with temperature, the same is not true for the men relaxation times T2,i . 

Indeed, T2,3 and T2,4 increase with temperature is significantly bigger than the standard deviation 

associated to T2,i at 25°C while, T2,2 and T2,1 are practically constant. This is an indication that, 

peaks 3 and 4 represent water that is not highly linked with the solid substrate because the thermal 

energy effects are clearly visible. On the contrary, an increase of the temperature has a negligible 

effect on the relaxation times of the peaks 1 and 2. Therefore, these peaks represent hydrogen atoms 

highly structured as the hydrogen of the water entrapped into the polymeric network or polymer 

chain hydrogens. 

 
Fig. 6.57: temperature effect on the peaks relaxation times (T2,i) and areas (Ai). 
A temperature increase causes a shifting to higher values of the T2,i 
corresponding to the peaks 3 and 4. On the contrary it does not influence 
significantly peaks 1 and 2. 
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The second experimental evidence supporting the peaks assignment hypothesis, regards the 

hydrogel swelling ratio Sw defined as the ratio between water mass inside the gel (mH2O) and the 

mass of polymer (mm). Indeed, because as area Ai is proportional to the number of hydrogen atoms 

relaxing to the mean peak relaxation times T2,i , Sw can be written as: 

1

2OOH

A

A

MN

MN

m

m
S 2 ⋅==

mm

H

m

OH
w

22    (6. 2) 

where NH2O (=2) and Nm (=52) are respectively the number of hydrogen atoms of the water 

molecule and polymer monomer; MH2O (=18) and Mm (=673) are respectively the molecular weight 

of the water molecule and polymer monomer; A1 and A2 are respectively the relative peak area of 

peak 1 and 2. Notably, the theoretical Sw evaluation according to (6.2) is similar to the experimental 

value determinate at 25°C by weight increase of the dry polymer swelling in water up to 

equilibrium. 

6.6.3 – Pores size distribution studies 

Once recognized that peak 3 represents the water entrapped into the polymeric meshes, it is 

possible to obtain the mesh size distribution as showed in figure 6.58 [6-7]. 

 
Fig. 6.58: mesh size distribution (pores diameter distribution) of Poly-
1b hydrogel obtained by NMR-rheology. 

 

Considering the mesh size, the polymeric system under analysis should be used as matrix for 

the controlled release of small molecules, characterized by a van der Waals radius (rvdW) lower than 

1 nm as, for example, theophylline (0,37 nm) or the vitamin B12 (0,85 nm) [12]. Interestingly, on 

the basis of the Peppas and Lustig theory [13], it is possible to estimate the reduction of the 

diffusion coefficient of this molecules in the gel system compared to the water. 
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where Dg and Dw are the diffusion coefficient of the molecule respectively in the swollen gel 

and in water; rvdW is the drug van der Waals radius; v2p is the volumetric fraction of polymer in the 

gel system (v2p=0,13 in this case). For theophylline and vitamin B12, Dg/Dw= 0,68 and 0,45 

respectively. 

The results obtained from NMR-rheology were compared with the data from 

Cryoporometry. The asymmetrical DSC trace (Fig. 6.59), evidences the non-homogeneity of the 

system. All the water melts at temperatures lower than 0°C. Melting starts from -10°C with two 

peaks at -1,5°C and -0,5°C. Figure 6.60 reports mesh size distribution. Once again the cylindrical 

geometry predicts smaller pores. The most probable diameters is 30 nm and 6,5 nm respectively for 

spherical (z=3) and cylindrical (z=2) geometry. 

 
Fig. 6.59: Poly-1b DSC trace. 

 
Fig. 6.60: mesh size distribution obtained by Cryoporometry 
assuming spherical (z=3) or cylindrical (z=2) pores geometry. 

 

 
Fig. 6.61: comparison between mesh size distribution obtained by NMR-rheology and 
Cryoporometry assuming spherical (z=3) and cylindrical (z=2) pores geometry. 

 

The pores distribution calculated by Cryoporometry and NMR-rheology are compared in 

figure 6.61. The two methodologies give different results in terms of distribution amplitude and 

position of the most probable diameter. Nevertheless, assuming a cylindrical geometry, the 
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differences are reduced at least for the most probable diameter, supporting the hypothesis that 

cylindrical pores are present. 

6.7 – Polymeric blends 

After the analysis on the single components, the attention was focused on the 

characterization of polymeric blends, in particular the systems composed by alginate-Pluronic™ 

(2%-18%) and alginate-dextran methacrylate (3%-5%) were studied. 

6.7.1 – Pluronic™-alginate hydrogel system 

The Pluronic™-alginate hydrogel consists in a mixture of 2% alginate (Protanal™ LF10/60) 

crosslinked by Cu cations and 18% Pluronic™ F127. 

6.7.1.1 – Structural analysis by NMR-rheology 

The SS test was performed at 25°C in order to establish the system linear viscoelastic limit. 

The limits is represented by a critical shear stress around 40 Pa, corresponding to a critical 

deformation of 0,07%. On this basis, the FS test was performed at the same temperature using a 

constant stress of 3 Pa, within the system linear viscoelastic region. Figure 6.62 reports the 

mechanical spectra obtained from the FS test. According to Flory and equivalent network theories 

[1, 5], the crosslink density ρx=2,7x10-5 (mol/cm3) and the mean mesh size φ=4,9 nm were 

evaluated. 

 
Fig. 6.62: mechanical spectra (FS test) of Pluronic™-alginate hydrogel at 25°C. The 

continues line represent generalized Maxwell model best fitting. 

 

Figure 6.63, reports the T2 relaxation spectrum obtained by LF-NMR measurements at 

25°C. The presence of 4 proton aggregation states are found. In order to assign a physical meaning 
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to each peak, the experimental data of peak relative area Ai and mean peak relaxation time T2,i (Tab. 

6.19) were compared with the theoretical relative areas calculated considering the hydrogen 

percentage in the species present in the system. 

 
Fig. 6.63: Pluronic™-alginate hydrogel T2 distribution 
at 25°C. Four peaks were detected. 

 

 

Peak T2,i (ms) Relative Ai (%) 

1 3,4 51,9 

2 11,4 21,5 

3 98,6 5,7 

4 376,8 20,9 

Tab. 6.19. 

The calculation was realized as previously described for the single polymer considering that, 

in this case, there are three species: water, alginate and Pluronic™. 

Theoretical relative H2O area: 83,27 % 

Theoretical relative alginate area: 0,77% 

Theoretical relative Pluronic™ area: 15,95% 

Taking into account this data and the results obtained from alginates and Pluronics™ 

systems, it is considered that, peak 1 and 2, characterized by the lower relaxation times and 

corresponding to a relative area of about 75%, can be assigned to the water entrapped into the 

polymeric mesh. These two components consider also polymer 1H. 

 
Fig. 6.64: Pluronic™-alginate hydrogel mesh size distribution obtained by NMR-
rheology. For comparison, also 2% copper alginate (2%Cu-Alg) is reported. 
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Once assigned the meaning to each peaks, the system mean relaxati

k=1,19 (ms/nm) was calculated

reported in figure 6.64. As evidenced by this figure, the addition of Pluronic™ does not change the 

bimodal nature of the pores distribution but it causes a general reduction of the mesh size.

6.7.1.2 – Structural analysis by Cryoporometry

The DSC trace shows that all the water is contained within the mesh of the gel because there 

is no melting peak around 0°C (

The mesh size distributions are reported in 

cylindrical (z=2) geometry. In both cases the distribution is unimodal. In the spherical geometry, 

the maximum probability occurs at 80 nm (range within 27 nm 

geometry, the maximum probability corresponds to 30 nm (range within 10 nm 

freezable water layer is β=0,88

Fig. 6.65: Pluronic™-alginate hydrogel DSC trace.

 

The comparison of mesh size distribution obtained by NMR

reveals big differences for what concern amplitude and position of the most probable diameter (

6.67). The differences could be due to mesh enlargement provoked by water freezing. In addition 

heating and cooling speed could influence the final 

pores geometry, the difference between the two methodologies are reduced at least for what 

concerns the dimension of the most frequent diameter.

6 – Results and Discussions

Once assigned the meaning to each peaks, the system mean relaxati

(ms/nm) was calculated. The conversion of the T2 distribution in mesh size distribution is 

. As evidenced by this figure, the addition of Pluronic™ does not change the 

f the pores distribution but it causes a general reduction of the mesh size.

Structural analysis by Cryoporometry 

The DSC trace shows that all the water is contained within the mesh of the gel because there 

is no melting peak around 0°C (Fig. 6.65). 

The mesh size distributions are reported in figure 6.66 assuming spherical (

) geometry. In both cases the distribution is unimodal. In the spherical geometry, 

the maximum probability occurs at 80 nm (range within 27 nm - 200 nm) while, in the cylindrical 

geometry, the maximum probability corresponds to 30 nm (range within 10 nm 

=0,88 for the spherical geometry and β=0,66 for the cylindrical geometry.

 
te hydrogel DSC trace. Fig. 6.66: Pluronic™-alginate hydrogel mesh size 

distribution obtained by Cryoporometry assuming 
spherical (z=3) and cylindrical (

The comparison of mesh size distribution obtained by NMR-rheology and Cryopor

reveals big differences for what concern amplitude and position of the most probable diameter (

). The differences could be due to mesh enlargement provoked by water freezing. In addition 

heating and cooling speed could influence the final result. Nevertheless, assuming a cylindrical 

pores geometry, the difference between the two methodologies are reduced at least for what 

concerns the dimension of the most frequent diameter. 
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Once assigned the meaning to each peaks, the system mean relaxation time 2T =5,8 ms and 

distribution in mesh size distribution is 

. As evidenced by this figure, the addition of Pluronic™ does not change the 

f the pores distribution but it causes a general reduction of the mesh size. 

The DSC trace shows that all the water is contained within the mesh of the gel because there 

assuming spherical (z=3) and the 

) geometry. In both cases the distribution is unimodal. In the spherical geometry, 

0 nm) while, in the cylindrical 

geometry, the maximum probability corresponds to 30 nm (range within 10 nm - 100 nm). The non-

for the cylindrical geometry. 

 
alginate hydrogel mesh size 

distribution obtained by Cryoporometry assuming 
=3) and cylindrical (z=2) pores geometry. 

rheology and Cryoporometry, 

reveals big differences for what concern amplitude and position of the most probable diameter (Fig. 

). The differences could be due to mesh enlargement provoked by water freezing. In addition 

result. Nevertheless, assuming a cylindrical 

pores geometry, the difference between the two methodologies are reduced at least for what 
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Fig. 6.67: comparison between mesh size distribution by NMR-rheology and 
Cryoporometry assuming spherical (z=3) and cylindrical (z=2) pores geometry. 

 

6.7.2 – Alginate-dextran methacrylate hydrogel systems 

Two types of alginate-dextran methacrylate hydrogel systems was considered in this studies. 

The first is composed by 3% alginate (Protanal™ LF10/60) crosslinked by calcium cations with 5% 

of D40 5% methacrylate (A3D40MA5%). The second is composed by 3% alginate crosslinked by 

copper cations with 5% of D500 30% methacrylate (A3D500MA30%). Moreover, the systems 

aging was considered in the T2 relaxation times distribution characterization. 

6.7.2.1 – Macroscopic characterizations by rheological studies 

After the preliminary SS tests, the FS tests was performed at 25°C and 3 Pa and the resulting 

mechanical spectra are showed in figure 6.68 for A3D40MA5% and A3D500MA30%. 

 
Fig. 6.68: mechanical spectres (FS tests) of alginate-dextran methacrylate hydrogels at 25°C. 
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On the basis of Flory and equivalent network theories [1, 5], the crosslink density ρx and 

mean mesh size φ were calculated; table 6.20 reports their values. 

 crosslink density ρx (mol/cm3) mean mesh size φ (nm) 

A3D40MA5% 2,1x10-7 24,5 

A3D500MA30% 4,4x10-6 9,0 

Tab. 6.20. 
 

6.7.2.2 – Characterization by low field NMR 

The low field NMR analysis was performed on both systems A3D40MA5% and 

A3D500MA30% comparing the results from freshly made gels or gels stored 15 days at room 

temperature (aged systems). Moreover, the effect of the temperature was considered analyzing the 

freshly made systems at 25°C and 37°C and the aged systems at 15°C, 25°C and 37°C. In all the 

considered situations and systems, the analysis shows the presence of 4 components (4 peaks). 

Focusing on the A3D40MA5% aged system, figure 6.69 reports the variation of the mean 

relaxation times of each peak (T2,i) versus temperature. The peak at T2,4≈900 ms certainly 

corresponds to the water outside the gel systems because of its elevated relaxation time and low 

relative area (A4≈0,1%). Moreover, the T2,4 values have the tendency to increase with the 

temperature. Indeed, as discussed above, only the free water hydrogens increase its mobility (and 

therefore the T2) with the temperature while, the water hydrogen entrapped inside the meshes or the 

polymer hydrogen do not change significantly with temperature. Figure 6.69 makes clear that only 

T2,4 significantly increases changing the temperature from 15°C to 37°C while the others remain 

constant. Indeed only in this case T2 increase is significantly bigger than the standard deviation 

associated to T2,I at 25°C. The lower T2,1≈9 ms, can be reasonably attributed to the polymer 

hydrogens since the relaxation time value correspond to very low mobility hydrogen and moreover, 

the experimental relative area (A1≈3%) is similar to the theoretical relative area calculated for the 

polymer phase (≈2,5%). The others two, T2,2 and T2,3 (respectively ≈20 ms and ≈60 ms), probably 

are related to the hydrogen of the water entrapped into the polymeric meshes. Indeed, the relative 

areas together represent about the 97% of all the system hydrogens 

A similar interpretation can be extended to the A3D500MA30% aged system (Fig. 6.70) 

with the exception of the component with lower relaxation time T2,1. In this case, the relative area 

A1 is much more evident, corresponding to the 20-30% of the total. Notably, A3D500MA30% 

system is characterized by relaxation times generally lower than the correspondent T2 in the 

A3D40MA5% system. This result, is in agreement with the rheological evidences. 
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Fig. 6.69: A3D40MA5% aged system. Temperature 
effect on the peaks mean relaxation times (T2,i). 

 
Fig. 6.70: A3D500MA30% aged system. Temperature 
effect on the peaks mean relaxation times (T2,i) 

 

Freshly made systems relaxation times T2,i and relative areas Ai at 25°C are reported in 

tables 6.21 and 6.22 for A3D40MA5% and A3D500MA30% respectively. 

Peak T2,i (ms) Relative Ai (%) 

1 38 48,4 

2 87 20,0 

3 363 24,4 

4 678 7,2 

Tab. 6.21: A3D40MA5% 25°C. 

Peak T2,i (ms) Relative Ai (%) 

1 32 57,4 

2 84 30,6 

3 351 7,6 

4 1013 4,4 

Tab. 6.22: A3D500MA30% 25°C. 
 

Both systems have similar T2,i values. Moreover, no relaxation times related to the polymer 

phase can be detected (theoretical relative area =3%). The different behavior between freshly made 

and aged systems is probably related to the water loss by aged hydrogels that causes the shrinking 

of the polymeric network. Indeed, A4 is negligible in aged systems. 

The temperature influence on the relaxation time T2,i and relative areas Ai of the freshly 

made systems, can be appreciated in figures 6.71 and 6.72 for A3D40MA5% and A3D500MA30% 

respectively. All the peaks relative area remain practically constant. Instead, mean relaxation times 

T2,3 (peak 3) and T2,4 (peak 4) increase with temperature this indicating the relation of these two 

peaks with the water outside the network. On the contrary, the temperature does not have significant 

effects on the T2,1 (peak 1) and T2,3 (peak 3). Therefore, these components can be assigned to the 

water entrapped within the polymeric meshes. 
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Fig. 6.71: temperature effect on the peaks mean 
relaxation times (T2,i) on freshly made A3D40MA5%. 

 
Fig. 6.72: temperature effect on the peaks mean 
relaxation times (T2,i) on freshly made A3D500MA30%. 

 

6.7.2.3 – Pores size distribution studies 

Based on the crosslink densities ρx and the relaxation times distributions, it is possible to 

evaluate the mesh size distribution in the considered systems. Figures 6.73 and 6.74 show the 

bimodal pores size distribution respectively for A3D40MA5% and A3D500MA30%. In the first 

case, the peaks (in blue) are centered on 16 nm and 40 nm. In red it is also shown the comparison 

with the cryoporometric results (z=3: spherical geometry) showing a monodisperse distribution 

matching quite well rheology diameters range. In the second system, the bimodal distribution 

obtained from NMR-rheology results (in blue) is centered on 7 nm and 16 nm while, the 

cryoporometric results (in red) is mismatching because it does not change significantly from the 

previous one. 

 
Fig. 6.73: comparison between mesh size probability 
distribution by NMR-rheology and Cryoporometry 
assuming spherical (z=3) pores geometry for the 
A3D40MA5% aged system. 

 
Fig. 6.74: comparison between mesh size probability 
distribution by NMR-rheology and Cryoporometry 
assuming spherical (z=3) pores geometry for the 
A3D500MA30% aged system. 
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6.8 – Biological evaluation of Pluronic™-alginate s ystem for NABDs 

delivery 

6.8.1 – Introduction 

In order to evaluate the potential use of the polymeric blends for the NABDs controlled 

release, a cellular model was selected for testing the release and uptake efficiency of nucleic acids 

complexes. The polymeric blend was constituted by Pluronic™ F127 18% and 2% alginate 

(Protanal™ LF10/60) non-reticulated. The nucleic acid was represented by a 21 base long siRNA 

called NAM-R which has demonstrated from previous study an antiproliferative effect [14]. Due to 

the high synthesis costs of siRNAs, the experiments shown in this work have been performed only 

in part with the NAM-R siRNA therefore, for the most part it was used the correspondent DNA 

duplex, here referred as NAM-D, carrying the same sequence as the respective siRNA. The nucleic 

acids were complexed with liposomes before being embedded into the polymeric blend. The 

alginate was not crosslinked in the system because, as demonstrated from the above data, the 

alginate network is too tight for a proper release of big complexes. Therefore, during these studies, 

the gelation was allowed only for Pluronic™. The cellular model used was represented by two cell 

lines: vascular smooth muscle cells (VSMC) and human umbilical vein cell (HUVEC). 

The basic idea is to realise a system that behaves as a solution in order to be easily injected 

on the treated area [15]. Then, body temperature causes the gelation of the Pluronic™ portion of the 

blends and finally, a bivalent cations solution can reinforce the systems creating an outer alginate 

gelation that shields the system from the blood flow and prevent the siRNA complex loosing into 

the blood stream [16-17]. 

6.8.2 – Choice of liposomes 

The ideal delivery system for some types of vascular pathology should block the 

proliferation of VSMC without affecting the proliferation of endothelial cells (EC), here represented 

by the HUVEC [18]. Uptake studies in VSMC and HUVEC were performed by a FITC-labeled 

NAM-R complexed with several commercial liposomes. Commercial liposomes were chosen to 

allow their immediate use in future in vivo experiments, thus overcoming synthesis-related 

problems. 

Cellfectin™ and Lipofectin™ (Fig. 6.75) complexed with the FITC-labeled NAM-R 

prepared in serum free medium gave the best results as the two cationic liposomes were efficiently 

uptaken by VSMC but not EC, fulfilling the above mentioned requirement. Notably, in VSMCs, 



uptake efficiencies were not substantially modified preparing the liposome 

(Cellfectin™/Lipofectin™) and NAM

6.76). 

Fig. 6.75: Uptake efficacies in VSMC and HUVEC
or Lipofectin™ in the presence of serum free medium. The amount of FITC positive cells (reported 
on the vertical ordinate axis as % of total cell population; means 
flow cytometry. It is evident the much higher transfection efficacy in VSMC compared to HUVEC.

 

Fig. 6.76: Uptake studies in VSMC 
in H2O and PBS; uptake efficiencies were comparable to those observed preparing 
liposome/NAM-R complexes in serum free medium (means 

 

6.8.3 – Characterization of liposomes particle size

Based on the above reported uptake studies, liposomes

undertaken for further analysis. To determine a possible relation between particle size and the 

Pluronic™ structuring process, complex dimensions were determined both in the presence (PBS) 

and absence (H2O) of salts. Figur

after preparation, are bigger in PBS than in H

liposomes (P>0.05). The addition of NAM

leads to a reduction in the complex diameters, both in the presence of H

polydispersity index, ranging from 0.1 to 0.35, suggests that diameter variations are representative 
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uptake efficiencies were not substantially modified preparing the liposome 

(Cellfectin™/Lipofectin™) and NAM-R complexes in serum free medium, H

Uptake efficacies in VSMC and HUVEC with either the cationic liposome Cellfectin™ 
or Lipofectin™ in the presence of serum free medium. The amount of FITC positive cells (reported 

ordinate axis as % of total cell population; means ± SEM, n=4) were evaluated by 
flow cytometry. It is evident the much higher transfection efficacy in VSMC compared to HUVEC.

Uptake studies in VSMC conducted preparing liposome/ NAM
O and PBS; uptake efficiencies were comparable to those observed preparing 

R complexes in serum free medium (means ± SEM, n=4).

Characterization of liposomes particle size 

Based on the above reported uptake studies, liposomes Cellfectin™ and Lipofectin™ were 

undertaken for further analysis. To determine a possible relation between particle size and the 

Pluronic™ structuring process, complex dimensions were determined both in the presence (PBS) 

Figure 6.77 reveals that whereas Lipofectin™ particles, 20 minutes 

after preparation, are bigger in PBS than in H2O (P<0.05), the same is not evident for Cellfectin™ 

liposomes (P>0.05). The addition of NAM-D to Cellfectin™ (P<0.05), but not to Lipofectin

s to a reduction in the complex diameters, both in the presence of H

polydispersity index, ranging from 0.1 to 0.35, suggests that diameter variations are representative 
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uptake efficiencies were not substantially modified preparing the liposome 

s in serum free medium, H2O and PBS (Fig. 

 
with either the cationic liposome Cellfectin™ 

or Lipofectin™ in the presence of serum free medium. The amount of FITC positive cells (reported 
SEM, n=4) were evaluated by 

flow cytometry. It is evident the much higher transfection efficacy in VSMC compared to HUVEC. 

 
conducted preparing liposome/ NAM-R complexes 

O and PBS; uptake efficiencies were comparable to those observed preparing 
SEM, n=4). 

Cellfectin™ and Lipofectin™ were 

undertaken for further analysis. To determine a possible relation between particle size and the 

Pluronic™ structuring process, complex dimensions were determined both in the presence (PBS) 

reveals that whereas Lipofectin™ particles, 20 minutes 

O (P<0.05), the same is not evident for Cellfectin™ 

D to Cellfectin™ (P<0.05), but not to Lipofectin™, 

s to a reduction in the complex diameters, both in the presence of H2O and PBS. The 

polydispersity index, ranging from 0.1 to 0.35, suggests that diameter variations are representative 



6 – Results and Discussions 

198 

for the vast majority of the particles. Finally, Lipofectin™ liposomes,

presence/absence of NAM-D, tend to be smaller in size compared to Cellfectin™ liposomes, 

especially when H2O is used for the preparation of the complexes.

Fig. 6.77: Liposomes diameter determination (
absence of NAM-D. Diameters were measured 20 minutes after liposomes preparation. * P<0.05 
diameters increase of Lipofectin™ complexes in PBS 
Cellfectin™ NAM-D vs Cellfectin™ alone 

 

Fig. 6.78: comparison between liposomes diameters evaluated in the presence of either 
NAM-R; in H2O no differences were detectable; in the presence of PBS, complexes containing 
R just showed the tendency to display an increased diameter (

 

The same sequence and the chemical similarity between NAM

guarantee a similar behavior with regard to the effects on liposome diameter. The data reported in 

figure 6.78 indicate that no significant differences were in

liposome diameter in H2O. In the presence of PBS, NAM

in the diameter, a variation which, however, was not significantly different from that induced by 

NAM-D (P>0.05).  

for the vast majority of the particles. Finally, Lipofectin™ liposomes, 

D, tend to be smaller in size compared to Cellfectin™ liposomes, 

O is used for the preparation of the complexes. 

Liposomes diameter determination (dm) in H2O and PBS either in the pr
D. Diameters were measured 20 minutes after liposomes preparation. * P<0.05 

diameters increase of Lipofectin™ complexes in PBS vs H2O; # P<0.05 diameter reduction of 
Cellfectin™ alone (means ± SEM, n=4). 

comparison between liposomes diameters evaluated in the presence of either 
O no differences were detectable; in the presence of PBS, complexes containing 

just showed the tendency to display an increased diameter (means ± SEM, n=4).  

The same sequence and the chemical similarity between NAM-D and 

guarantee a similar behavior with regard to the effects on liposome diameter. The data reported in 

indicate that no significant differences were induced by NAM

. In the presence of PBS, NAM-R determined the tendency to an increase 

in the diameter, a variation which, however, was not significantly different from that induced by 

 regardless of the 

D, tend to be smaller in size compared to Cellfectin™ liposomes, 

 
O and PBS either in the presence or in the 

D. Diameters were measured 20 minutes after liposomes preparation. * P<0.05 
O; # P<0.05 diameter reduction of 

 
comparison between liposomes diameters evaluated in the presence of either NAM-D or 

O no differences were detectable; in the presence of PBS, complexes containing NAM-

D and NAM-R should 

guarantee a similar behavior with regard to the effects on liposome diameter. The data reported in 

duced by NAM-R or NAM-D on 

R determined the tendency to an increase 

in the diameter, a variation which, however, was not significantly different from that induced by 



6.8.4 – Zeta potent

As it is known that charged particles can affect the process of Pluronic™ structuring 

liposomes are charged components, the superficial electric charge zeta

was measured. To evaluate the possible influences of salts

H2O, KCl and PBS. For both liposomes under investigation, the particle surface is positively 

charged and the charge does not substantially depend on the salt environment (

addition of NAM-D, negatively ch

polarity. 

Fig. 6.79: Liposomes Zeta potential (mV) 
absence of NAM-D. For both kinds of liposomes, regardless of the sa
prepared, particles surface display a positive charge; the addition of 
sign both for Lipofectin and Cellfectin complexes, regardless of the external medium considered. Data 
as means ± SEM (n=9). R/D = NAM

 

These data indicate that at least part of the negatively charged NAM

liposome surface, a fact confirme

liposome (Fig. 6.80a), as evidenced by Osmio staining (dark zones). Similar results were obtained 

preparing the complexes in PBS, using Cellfectin™ liposomes and NAM

should be noted that the distribution of NAM

that negatively and positively charged areas co

difficulties of negatively charged molecules to cross cellular membranes 

assume that the liposome complexes interacts with VSMC membranes by the positively charged 

spots allowing the transfer of NAM into the cells. The fact that this process occurs efficiently in 
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Zeta potential determination 

As it is known that charged particles can affect the process of Pluronic™ structuring 

liposomes are charged components, the superficial electric charge zeta-potential of the liposomes 

was measured. To evaluate the possible influences of salts, the measurements were evaluated in 

O, KCl and PBS. For both liposomes under investigation, the particle surface is positively 

charged and the charge does not substantially depend on the salt environment (

D, negatively charged molecules, induces a neatly inversion of global charge 

Fig. 6.79: Liposomes Zeta potential (mV) was evaluated in H2O (a), in PBS (b) and KCl (
. For both kinds of liposomes, regardless of the salt environment in which they have been 

prepared, particles surface display a positive charge; the addition of NAM-D, induces a neatly inversion of charge 
sign both for Lipofectin and Cellfectin complexes, regardless of the external medium considered. Data 
as means ± SEM (n=9). R/D = NAM-R/NAM-D 

These data indicate that at least part of the negatively charged NAM

liposome surface, a fact confirmed by the visualization of NAM-D on the surface of Lipofectin™ 

), as evidenced by Osmio staining (dark zones). Similar results were obtained 

preparing the complexes in PBS, using Cellfectin™ liposomes and NAM

d be noted that the distribution of NAM-D on liposome surface is not uniform. This implies 

that negatively and positively charged areas co-exists on liposome surface. Thus, given the 

difficulties of negatively charged molecules to cross cellular membranes 

assume that the liposome complexes interacts with VSMC membranes by the positively charged 

spots allowing the transfer of NAM into the cells. The fact that this process occurs efficiently in 

Results and Discussions 

199 

As it is known that charged particles can affect the process of Pluronic™ structuring [19] and that 

potential of the liposomes 

, the measurements were evaluated in 

O, KCl and PBS. For both liposomes under investigation, the particle surface is positively 

charged and the charge does not substantially depend on the salt environment (Fig. 6.79). The 

arged molecules, induces a neatly inversion of global charge 

 
and KCl (c) either in the presence or 

lt environment in which they have been 
, induces a neatly inversion of charge 

sign both for Lipofectin and Cellfectin complexes, regardless of the external medium considered. Data are expressed 

These data indicate that at least part of the negatively charged NAM-D molecules lies on the 

D on the surface of Lipofectin™ 

), as evidenced by Osmio staining (dark zones). Similar results were obtained 

preparing the complexes in PBS, using Cellfectin™ liposomes and NAM-R (data not shown). It 

D on liposome surface is not uniform. This implies 

exists on liposome surface. Thus, given the 

difficulties of negatively charged molecules to cross cellular membranes [20], it is reasonable to 

assume that the liposome complexes interacts with VSMC membranes by the positively charged 

spots allowing the transfer of NAM into the cells. The fact that this process occurs efficiently in 
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VSMC but not in EC, reflects the differ

may be also seen on the liposome particle (

complexes [21]. 

Fig. 6.80: Electronic microscopy images of 
taken after preparing the complexes in H2

of the particle with the black areas on the surface of the particles representing the osmio stained 
b) As in a) except that osmio staining was omitted and the complexes allowed to dry; it is evident the spherical lipid 
bi-layer of the particle. 

 

6.8.5 – Rheological characterization

After the evaluation of the structural properties of the alginate and Pluronic™ alo

blended together in an hydrogel system, the attention was focused on the effects induced by 

liposomes complexes (prepared in water) on the blend rheological properties

the trend of the complex modulus 

Pluronic™-18% (P18), Pluronic™

2%+Lipofectin™ (P18-A2-L) and Pluronic™

The stress sweep curves do not substantially differ from eac

viscoelastic range, similar for all the shown systems, extends up to a critical deformation 

Accordingly, as G*≈1.5x104 Pa, the critical stress is 

the G’ trend as function of the temperature during the gelation process relative to P18, P18

P18-A2-L and P18-A2-C systems (1 Pa, 1 Hz, 37°C). In particular for the P18 curve, it turns out 

that the structuring process occurs according to the two steps mechanism sugges

[10-11]. Indeed, up to approximately 22°C, the system behaves as a viscous liquid, since its elastic 

component G’, is always very small. In these conditions, the system can be seen as a diluted 

Pluronic™ micelles suspension whose continuous phase is made up by Pluronic™ aqueous 

solution. A modest temperature increment leads to important interactions between individu

VSMC but not in EC, reflects the differences in cell membrane composition and charge. NAM

may be also seen on the liposome particle (Fig. 6.80b) a fact observed for other DNA/liposome 

Electronic microscopy images of Lipofectin-NAM-D.  a) Lipofectin/NAM-D (180.000x 
2O and exposing them to osmio vapor. It is evident the grossly rounded shape 

of the particle with the black areas on the surface of the particles representing the osmio stained 
except that osmio staining was omitted and the complexes allowed to dry; it is evident the spherical lipid 

Rheological characterization 

After the evaluation of the structural properties of the alginate and Pluronic™ alo

blended together in an hydrogel system, the attention was focused on the effects induced by 

liposomes complexes (prepared in water) on the blend rheological properties. Figure 6.81

the trend of the complex modulus G* as function of the deformation γ (37°C; 1 Hz), relative to 

18% (P18), Pluronic™-alginate-18%-2% (P18-A2), Pluronic™

L) and Pluronic™-alginate-18%-2%+Cellfectin™ (P18

The stress sweep curves do not substantially differ from each other and, consequently, the linear 

viscoelastic range, similar for all the shown systems, extends up to a critical deformation 

Pa, the critical stress is τc≈30 Pa. Figure 6.83 shows the difference in 

function of the temperature during the gelation process relative to P18, P18

C systems (1 Pa, 1 Hz, 37°C). In particular for the P18 curve, it turns out 

that the structuring process occurs according to the two steps mechanism sugges

. Indeed, up to approximately 22°C, the system behaves as a viscous liquid, since its elastic 

’, is always very small. In these conditions, the system can be seen as a diluted 

Pluronic™ micelles suspension whose continuous phase is made up by Pluronic™ aqueous 

solution. A modest temperature increment leads to important interactions between individu

ences in cell membrane composition and charge. NAM-D 

) a fact observed for other DNA/liposome 

 
(180.000x ) image was 

O and exposing them to osmio vapor. It is evident the grossly rounded shape 
of the particle with the black areas on the surface of the particles representing the osmio stained NAM-D molecules. 

except that osmio staining was omitted and the complexes allowed to dry; it is evident the spherical lipid 

After the evaluation of the structural properties of the alginate and Pluronic™ alone and 

blended together in an hydrogel system, the attention was focused on the effects induced by 

. Figure 6.81 reports 

(37°C; 1 Hz), relative to 

A2), Pluronic™-alginate-18%-

2%+Cellfectin™ (P18-A2-C) systems. 

h other and, consequently, the linear 

viscoelastic range, similar for all the shown systems, extends up to a critical deformation γ0≈0.002. 

shows the difference in 

function of the temperature during the gelation process relative to P18, P18-A2, 

C systems (1 Pa, 1 Hz, 37°C). In particular for the P18 curve, it turns out 

that the structuring process occurs according to the two steps mechanism suggested in literature 

. Indeed, up to approximately 22°C, the system behaves as a viscous liquid, since its elastic 

’, is always very small. In these conditions, the system can be seen as a diluted 

Pluronic™ micelles suspension whose continuous phase is made up by Pluronic™ aqueous 

solution. A modest temperature increment leads to important interactions between individual 



micelles so that the suspension becomes sufficiently concentrated and every micelle begins to be 

caged by its neighbours. This is the reason why 

produces an additional increase of micelles phase volume 

caging can undergo rearrangements as demonstrated by the curves slope variation.

Fig. 6.81: stress sweep curves
Pluronic™-alginate-18%
A2-L) and Pluronic™
complex modulus (Pa), while 

 

According to literature evidence 

leads to a Tst decrease. In particular, in the considered system, this reduction is around 2 

6.82). Finally, liposomes addition (70

enlarging the width of the transition zone. If initially the liposomes favour the structuring, then, 

they would hinder the development of the entire process as their presence makes the rearrangements 

of Pluronic™ micelles more critical. Indeed, liposomes represent discontinuity elements and, when 

temperature effects prevail, a complete structuring cannot occur until they find a stable position 

inside the network. Notably, the structuring zone enlargement induced by Cellfe

pronounced than that corresponding to Lipofectin

alginate do not sensibly alter the liposome dimensions and surface charges measured (

6.79), the difference in diameter and zeta potential

the different temperature sweep curves (

contribute both to the differences observed in temperature sweep curves 
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micelles so that the suspension becomes sufficiently concentrated and every micelle begins to be 

caged by its neighbours. This is the reason why G’ undergoes in a sudden increase. Further heating 

produces an additional increase of micelles phase volume and, correspondingly, also the micelle 

caging can undergo rearrangements as demonstrated by the curves slope variation.

Fig. 6.81: stress sweep curves (1 Hz, 37°C) relative to the Pluronic™
18%-2% (P18-A2), Pluronic™-alginate-18%-2%+Lipofectin™ (P18

L) and Pluronic™-alginate-18%-2%+Cellfectin™ (P18-A2-C) systems. 
complex modulus (Pa), while γ is deformation. 

ccording to literature evidence [19, 22-23], the addition of the alginate, a sodium salt, 

decrease. In particular, in the considered system, this reduction is around 2 

). Finally, liposomes addition (70µg/cm3) further anticipates the system structuring transition 

enlarging the width of the transition zone. If initially the liposomes favour the structuring, then, 

they would hinder the development of the entire process as their presence makes the rearrangements 

s more critical. Indeed, liposomes represent discontinuity elements and, when 

temperature effects prevail, a complete structuring cannot occur until they find a stable position 

inside the network. Notably, the structuring zone enlargement induced by Cellfe

pronounced than that corresponding to Lipofectin™. Assuming that the presence of Pluronic™ and 

alginate do not sensibly alter the liposome dimensions and surface charges measured (

), the difference in diameter and zeta potential above discussed are reasonably, at the basis of 

the different temperature sweep curves (Fig. 6.82). Diameter and superficial charge factors 

contribute both to the differences observed in temperature sweep curves [24]
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micelles so that the suspension becomes sufficiently concentrated and every micelle begins to be 

’ undergoes in a sudden increase. Further heating 

and, correspondingly, also the micelle 

caging can undergo rearrangements as demonstrated by the curves slope variation. 

 
(1 Hz, 37°C) relative to the Pluronic™-18% (P18), 

2%+Lipofectin™ (P18-
C) systems. G* is the 

, the addition of the alginate, a sodium salt, 

decrease. In particular, in the considered system, this reduction is around 2 °C (Fig. 

s the system structuring transition 

enlarging the width of the transition zone. If initially the liposomes favour the structuring, then, 

they would hinder the development of the entire process as their presence makes the rearrangements 

s more critical. Indeed, liposomes represent discontinuity elements and, when 

temperature effects prevail, a complete structuring cannot occur until they find a stable position 

inside the network. Notably, the structuring zone enlargement induced by Cellfectin™ is more 

. Assuming that the presence of Pluronic™ and 

alginate do not sensibly alter the liposome dimensions and surface charges measured (Fig. 6.77 and 

above discussed are reasonably, at the basis of 

). Diameter and superficial charge factors could 

[24]. 
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Fig. 6.82: G’ temperature sweep curves
37°C) relative to the Pluronic™-18% (P18), Pluronic™
alginate-18%-2% (P18-A2), Pluronic™
2%+Lipofectin™ (P18-A2-L) and Pluronic™
18%-2%+Cellfectin™ (P18-A2-C) systems.

 

A possible alternative interpretation was offer by the results obtained after the addition of 

the NAM-D to both liposomes. Figure 6.83

the temperature for the polymeric blen

C), NAM-D-Lipofectin™ (P18-A2

From this figure it is possible to infer that, in absence of NAM

differ in terms of dimensions (Fig. 6.77

respective G’ vs T curves (Fig. 6.83

D complexes are considered, the Lipofectin

by a very similar negative surface charge (

systems). In this case, the differences in the 

systems, although present, are less evident than in the prev

hypothesis is in agreement with the anticipation of gelation caused by charged compounds 

23]. Notably, no significant effects on gelation kinetic were noted in the presence of NAM

(data not shown). Figure 6.83 shows also that, the addition of NAM

the liposome used, determines a decrease of the structuring temperature 

D being again characterized by an anticipation of the structuring, compared to Lip

D. Considering the in vivo applications, this aspect would favour Lipofectin

beginning of the structuring process occurs at a temperature as close as possible to physiological 

conditions in order to minimize any pre

polymeric blend. 

 
eep curves (τ=1 Pa, 1 Hz, 

18% (P18), Pluronic™-
A2), Pluronic™-alginate-18%-

L) and Pluronic™-alginate-
systems. 

Fig. 6.83: G’ temperature sweep curves
37°C) relative to Pluronic™
2%+Lipofectin™ (P18-A2-L), 
18%-2%+Cellfectin™ (P18-A2
alginate-18%-2%+Lipofectin™–NAM
and Pluronic™-alginate-18%-2%+Cellfectin™
D (P18-A2-L-D) systems. Comple
H2O. 

A possible alternative interpretation was offer by the results obtained after the addition of 

Figure 6.83 shows the G’ trend (τ=1 Pa, 1 Hz, 37°C) 

the temperature for the polymeric blend loaded by Lipofectin™ (P18-A2-L), Cellfectin

A2-L-D) and NAM-D-Cellfectin™ (P18-A2

From this figure it is possible to infer that, in absence of NAM-D, Lipofectin™

Fig. 6.77, H2O systems), surface charge (Fig. 6.79

Fig. 6.83, P18-A2-L and P18-A2-C). In contrast, when liposomes

D complexes are considered, the Lipofectin™-NAM-D and Cellfectin™-NAM-

a very similar negative surface charge (Fig. 6.79, H2O) but different dimensions (

systems). In this case, the differences in the G’ vs T curve relative to P18-A2-L-D and P18

systems, although present, are less evident than in the previous case, in particular at 

hypothesis is in agreement with the anticipation of gelation caused by charged compounds 

no significant effects on gelation kinetic were noted in the presence of NAM

shows also that, the addition of NAM-D to liposome, regardless of 

the liposome used, determines a decrease of the structuring temperature Tst with Cellfectin

D being again characterized by an anticipation of the structuring, compared to Lip

applications, this aspect would favour Lipofectin™ as we need that the 

beginning of the structuring process occurs at a temperature as close as possible to physiological 

conditions in order to minimize any pre-occurring structuring during the in situ
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A2-C), Pluronic™-
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A possible alternative interpretation was offer by the results obtained after the addition of 

Pa, 1 Hz, 37°C) as function of 

L), Cellfectin™ (P18-A2-

A2-C-D) complexes. 

™ and Cellfectin™ 

Fig. 6.79, H2O) and 

C). In contrast, when liposomes-NAM-

-D are characterised 

O) but different dimensions (Fig. 6.78, H2O 

D and P18-A2-C-D 

ious case, in particular at T<20°C. This 

hypothesis is in agreement with the anticipation of gelation caused by charged compounds [19, 22-

no significant effects on gelation kinetic were noted in the presence of NAM-D alone 
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acid (Phea-Sp-C4), PHEA-diethylenetriamine (Phea

(Phea-Eda) (Fig. 6.87). 

Figure 6.88 shows the results as percentage of FITC positive cells in comparison with the 

FITC-GL2/Cellfectin™ complex. Unfortunately, even if in the polyplexes formation a high ratio of 

nucleic acid was used compared to the polymers, only the Phea

take capability but was not sufficient for the purposed applications. The others P

poliplexes do not demonstrate any significant transfection properties on VSMC cells. Further 

studies are required in order to realize a more efficient polyplex to embed in the hydrogels siRNA 

delivery systems. 

Fig. 9.88: percentage of FITC p
of different PHAE derivates polyplexes: FITC
showed. In grey the results of FITC

diethylenetriamine (Phea-Deta) and PHEA-2-aminoethylcarbamate 
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7 – Conclusions 

Despite the great therapeutics potentiality demonstrated in vitro by NABDs, the application 

on real clinical case resulted much more difficult. The lacking of an efficient delivery system can 

invalidate the efficacy demonstrated by this class of molecules during the laboratory experiments. 

For this reasons, great number of studies were performed with both, private and public, 

investments. The aim of this project was to demonstrate the feasibility of polymeric hydrogel 

systems as drug delivery device for NABDs Polymeric hydrogels were analyzed from different 

point of view: compositions, mechanical properties, thermal stability, network mesh size and, 

finally, in vivo performances. 

7.1 – Systems characterization 

From the structural point of view, the rheological analysis demonstrates a clear 

preponderance of the elastic component in all the systems under examination, typical of strong gel 

behavior. Focusing on the pure alginate hydrogels, the elastic and loss modulus increase with the 

increasing of the polymer concentration. Gel strength increases with polymer concentration for 

systems Crosslinked by Ca2+ and Cu2+. This effect was more evident in the case of Cu. Indeed, 

while the 1%Cu-alginate mechanical properties were lower than 1%Ca-alginate, the 2% gel 

behavior was similar and even higher for Cu-alginate at 3% concentration. The explanations of the 

Cu-alginate properties are related to the better efficiency of the Cu2+ to be caged between the 

alginate egg-boxes. The reason of the half salt concentration used for the CuSO4 solution was the 

fast gelation speed. We hypothesize the use of Ca cations may lead to aggregates formation that 

locally precipitate causing a network destabilization. On the other side, in the 1%Cu-alginate, the 

salt and polysaccharide concentration is too low to have a full gelation and the Cu structuring 

capacity became evident only when concentration is increased. 

Another aspect that reinforces this hypothesis is constituted by the mechanical spectra trends 

as function of the temperature (10°C, 25°C and 40°C). The results have evidenced the strong 

stability of the Cu-alginate hydrogel while, the Ca-alginate presented a reduction of the mechanical 
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modulus with the temperature increasing, demonstrating the lower mechanical properties. Crosslink 

density ρx and the mean mesh size φ obtained by the fittings of the generalized Maxwell model 

increases, decreases, respectively with the polymer concentration increase. 

From the microscopic point of view, low field NMR, shows the presence of three 

aggregation states (or three peaks), except for the 1%Cu-alginate that had 4 peaks. The relaxation 

times (T2) of the Cu-alginate hydrogels were clearly lower than the relaxation times of the Ca-

alginate, another indication of the stronger interaction between water and the polymeric structure in 

the systems reticulated by Cu cations. On the contrary, in the Ca-alginate hydrogels, water was less 

vincolated, this meaning a lower interaction with polymer chains. Based on the temperature effects 

on the relaxation time distribution and comparing the theoretical peaks areas with the experimental 

areas, it was shown that is not possible to distinguish the peak correspondent to the polymer protons 

because of the low concentration. Therefore, the first two peaks, which resulted in an area of more 

than 70%, were assigned to the water entrapped into the polymeric reticule. 

Coupling the results obtained from Rheology and NMR, a bimodal mesh size  probability 

distribution was obtained for all the alginate samples. The concentration increase resulted in a 

reduction of the mesh size, especially in the Cu-alginate case. The Cu-alginate hydrogels present 

mesh slightly smaller than the Ca-alginate 

In the case of the Pluronic™ F127 solution temperature increase triggers great change in the 

system structure resulting in the gelation process. The analysis of the T2 relaxation time allowed 

following chain structuring dynamics from solution to complex micelles systems promoted by the 

temperature. The data treatment separated the contribution of a “non-structured” polymer phase, a 

“structured” polymer phase and a water phase. Indeed, at lower temperatures (10°C – 14°C), the 

system was described by two components: the slow, assigned to the free water, and the medium, 

assigned to the Pluronic™. The experimental peaks areas (82,9% and 17,0% respectively for the 

slow and medium) were in good agreement with the theoretical areas. Within 14°C – 40°C, the 

system was described by three components: slow (free water), medium (unimeric or low structured 

Pluronic™) and fast (structured or micelles Pluronic™). These peaks assignments was confirmed 

by the lower mobility of the micelles compared to the low structured Pluronic™. Normally a higher 

temperature results in a generalized T2 increasing because the lower system viscosity and 

consequent increase of the molecules mobility. Instead, in the Pluronic™ system, the mobility 

increasing is compensate and overcome by the micelles aggregates formations that results in a 

system structuring. The presence of at least two discontinuities in the T2 trend of the medium and 

fast components is an indication that, the structuring process is not a simple equilibrium within two 

states (unimers-micelles), but it is a sequence of phases. 
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The results obtained on the polymeric blend of 2%Cu-alginate-18%Pluronic™ were 

interpreted on the base of the hypothesis formulated on the single components characterization. The 

FS test reported mechanical modules for the polymeric blend one order of magnitude higher than 

the 2%Cu-alginate alone. This result affected in a similar manner also the crosslink density ρx and 

the mean mesh size φ. The analysis of the T2 relaxation spectra at 25°C had shown the presence of 4 

aggregation states (peaks) of the 1H protons. The peak assignment resulted difficult because of the 

complexity of the system. The comparison with the relaxation time distribution of the pure alginate 

hydrogels, allowed to assign the first two peaks to the polymeric mesh and, therefore, to a bimodal 

distribution of mesh size. Even if not so high, the different within this polymeric blend and the pure 

alginate system can be justified supposing an influence on the alginate join caused by the presence 

of the high concentrated Pluronic™. 

Regarding the systems made with dextran methacrylate and its polymeric blends (D40 5% 

methacrylate and D500 30% methacrylate pure in solution at 5% called respectively D40MA5% 

and D500MA30%, or blended with 3% alginate called respectively A3D40MA5% and 

A3D500MA30%), an increase of crosslink density ρx and reduction of the mean mesh size φ were 

seen with polymer molecular weight and methacrylation degree increase. As demonstrated by the 

comparison of the respective mechanical spectra, the addition of alginate crosslinked by Ca cations 

to the systems constitute by pure dextran methacrylate, contributes to increase the system 

structuring. The NMR spectra of A3D40MA5% and A3D500MA30%, demonstrated a similar 

hydrogels behavior when the systems were freshly made. The different composition could be 

appreciated after 15 days aging when part of the water was evaporated with shrinkage of the 

polymeric matrix. Indeed, lowering the quantity of water, allowed an easier distinction of the 

polymeric phase contribution in the relaxation time spectra. On the other side, the observed 

relaxation time of the water entrapped into the polymeric network were considerable reduced by 

aging, demonstrating a higher polymer concentration and different interaction with water. 

Poly-1b is the only one system not crosslinked in solution but obtained by swelling from the 

dry state. Considering mechanical characteristics, this systems demonstrated the higher absolute 

mechanical modules and, this result was reflected in the higher crosslink density ρx. The T2 

relaxation times distribution showed 4 peaks corresponding to 4 1H protons aggregation states. 

Comparing the theoretical and the experimental swelling ratio estimations and from the analysis of 

the temperature effect on the relaxation times distribution, it was possible to hypothesize the 

assignment of the first two peaks to the polymer phase and to the water entrapped into the mesh 

respectively. 



7 – Conclusions 

212 

7.2 – Cryoporometry studies 

The cryoporometric analysis allowed the evaluation of the mesh size distribution through the 

study of water melting inside the polymeric network, assuming spherical or cylindrical pores 

geometry. Cryoporometric analysis preformed on zeolites samples are in good agreement with the 

results obtained on the same samples by the BET analysis. Therefore, Cryoporometry can be 

considered a reliable methodology for the materials porosity studies. 

Cryoporometric analyses were performed on the polymeric blends, on the dextran 

methacrylate hydrogels (D40MA5 and D500MA30) and on the 2%Cu-alginate hydrogel. In the 

resulting DSC traces, it was showed that the lower the pores dimension (equal to a higher systems 

structuring), lower the temperature at which water melting starts. For examples, in the dextran 

methacrylate-alginate hydrogels, the water melting starts even at -16°C while in poly-1b start at -

10°C. Anyhow, in all the considered systems, water melting starts at temperatures lower than 0°C, 

this meaning that the polymeric structure forces the water into the nanopores where it freezes in 

small nanocrystal. 

The mesh size distributions obtained by Cryoporometry were different considering spherical 

or cylindrical geometry. In particular, assuming the cylindrical geometry the estimation results in 

smaller mesh. On the contrary, observing the trends of the melting enthalpy and the melting 

temperature of the water into the pores, it was possible to distinguish three characteristic regions. In 

the first, for both the curves, there was a high slope meaning a strong dependency from pores 

diameter. The second region represents a transition zone where ∆H and T dependency on pores 

diameter were gradually reduced. Finally, in the third region, the curves gets a plateau where ∆H 

and T were independent from pores diameter. Because in this region, a pore diameter increasing 

does not change significantly the melting temperature and enthalpy, it represents an approximation 

of the ideal crystal of infinite dimension (∆H=333,7 J/g). 

Nevertheless, Cryoporometry estimated higher mesh size than NMR-rheology. This can be 

explained considering that: 

1. The polymeric network could be damaged by water volume increase due to the 

freezing process. 

2. The viscoelastic properties of the network requires a very slow variation of boundary 

conditions in order to behave nearly to the equilibrium. 

Both these factors could influence, in some ways, hydrogels internal structural change. 

Indeed, Cryoporometric and NMR-rheology analysis are closer for stronger gels as the systems 

made by dextran methacrylate-alginate, where the interaction within chains is at least partially 
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covalent (within dextran chains) and thus, stronger. A possible way to overcome this problem is to 

change Cryoporometry procedure by performing the worming by a step scan mode that consists in 

an temperature increase of an established ∆T followed by a time interval that allows the system to 

equilibrate before the next increase. By this methodology, worming proceeds through a series of 

equilibrium states and the final response should be improved. As demonstrated before, for 

traditional porous systems such as the zeolites, this methodology is not necessary because of the 

much higher stability of the network. 

7.3 – Biological evaluations 

In order to prove the usefulness of hydrogels systems for the delivery of NABDs, biological 

studies were performed on VSMC and HUVEC cells culture as model for a particular case of 

siRNA delivery: an injectable anti-restenosis stent coating. Based on previous studies, the 

polymeric blend constituted by 18% Pluronic™ and 2% non crosslinked alginate had been chosen 

at this purpose. The basic idea is to realise a system that behaves as a solution when injected on the 

treated area than it undergoes a crosslinking process due to body temperature (gelation of the 

Pluronic™ portion of the blends). Finally, a bivalent cations solution can reinforce the systems 

creating an outer alginate gelation that shields the system from the blood flow and prevent the 

siRNA complex loosing into the blood. 

Cellfectin™ and Lipofectin™ were chosen as carrier and were complexed by siRNA. The 

complexes were then characterized. The rheological analysis showed that these complexes do not 

affect the gel final properties, even if they affect the structuring process. In particular, Cellfectin™ 

induces a certain anticipation of the structuring process compared to Lipofectin™, a phenomenon 

probably connected to the superficial charge of the particles rather than to their sizes. These 

observations together with the different efficiency in NAM-R uptake into VSMC, suggest that 

Cellfectin™ is preferable to Lipofectin™ as it can transfer more efficiently the therapeutic NAM-R 

into VSMC. However, Lipofectin™ is preferable to Cellfectin™ as, in its presence, the structuring 

process occurs at a slightly higher temperature. This feature can prolong the liquid status of the 

polymeric blend thus reducing the risk of polymeric blend gelation during application by endo-

vascular catheter. Moreover, in vitro release tests indicate that, at least in the case of Cellfectin™, 

complexes release is feasible and depends on the polymeric blend concentration. This would allow 

finding optimal release kinetics for endo-arterial application. 

In addition, the transfection efficiency of smaller siRNA carrier systems was evaluated with 

the aim to improve the release kinetics. FITC-GL2 fluorescent siRNA was complexed with PHEA 
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derivates in order to obtain polyplexes for the VSMC up-take evaluation. Unfortunately, these 

systems resulted into insufficient transfection efficiency on this cell line and further studies are 

required in order to find a better polyplex system. 

Whereas the final choice between the two liposomes tested will also require the evaluation 

of the delivery kinetic from the considered polymeric blend in vivo, we have now identified a 

polymeric system which is compatible with the presence of specific liposomes and of complexes 

liposomes/siRNA. These findings open the way for further analysis of our system, aimed at the 

delivery of NAM-R to diseased vessel wall and, more in general, prove the capability of hydrogels 

to be applied as delivery systems for NABDs release. 
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Symbols and Abbreviations 

∆cp cpl- cps 
�E Energy difference 
∆G0 Free energy variation caused by micellation 
�Gf Melting free energy 
�h Standard melting enthalpy (melting enthalpy per mass unit) 
�H Melting enthalpy 
�h(T0) Standard melting enthalpy of the ice that melting at T0=0°C 
∆H0 Micellation enthalpy 
�H1 Standard enthalpy in the Ist integration 
∆Hf Molar melting enthalpy 
�Hi Standard enthalpy in the i integration 
∆S0 Micellation entropy 
�S1 Standard entropy in the Ist integration 
∆Sf Molar melting entropy 
�Si Standard entropy in the i integration 
�x Critical displacement (or maximum displacement) 
°C Celsius temperature degree 
°K Kelvin temperature degree 

12-LOX Platelet-type 12-LipOXygenase 
2’-F Nucleotides fluorination on position 2’ of the sugar moiety 

2’-FANA 2’deoxy-2’fluoroβ-D-arabinonucleic acids, a nucleotides modification 
2’-O-Me Nucleotides methylation on position 2’ of the sugar moiety 

2’-O-MOE Nucleotides methoxyethyl modification on position 2’ of the sugar moiety 
4’-S Nucleotides modification by substitution of 4’oxygen by a sulphur atom 

a Importance factor (weight) 
A Equation parameters 
Å Amstrong (10-10m) 

AAV Adeno-Asociated Virus 
abl Proto-oncogene 

ADV Adenovirus 
ai Drug dose 
ai Importance factor (weight) of the i element 
Aij  Contact area between i and j phases 
ai

n Importance factor (weight) of the i element during the iterative test n 
Ak Pre-exponential factor of the k component 
Al Interfacial area of liquid phase 
Alv Contact area between liquid and vapor (or gas) phases 

AMI Acute Myocardial Infarction 
AP Anionic Polymerization 

AP-1 Activator Protein 1 
As Interfacial area of solid phase 
Asl Contact area between solid and liquid phases 

ASO AntiSense Oligonulcleotide 
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AT1 Angiotensin II receptor antagonists 

AtuFECT01 
b-L-arginyl-2,3-L-diaminopropionic acid-N-palmityl-N-oleyl-amide 
trihydrochloride 

Av Interfacial area of vapor (or gas) phase 
Avs Contact area between vapor (or gas) and solid phases 

B Equation parameters 
B0 External magnetic field 
B1 A cyclin’s family protein 
B1 External rotating magnetic field 

b2a2 Oncogene derived from bcr-abl L6 translocation 
bcl-2 Oncogene 
Bcl-x Proto-oncogene 
bcr Proto-oncogene 

bcr-abl Oncogene 
BF1 A benzofulvene derivate 
BH3 Boranophospate nucleotides modification 
BHK Cell line 
BV Baculovirus 

c 
Light speed 
BET constant (Gas porosimetry) 

C33A Tumor Cell line 
CAC Critical Aggregation Concentration 
CBA Cystamine bis-acrylamide 
CBS Carbosilane dendrimers 
Ccw NABD-complex concentration in the coronary wall 
CD Cyclodextrin 
CD4 Proto-oncogene 
cdc2 A regulatory kinase protein 

c-erb-2 Proto-oncogene 
c-fos Proto-oncogene 
CGT Critical Gelation Temperature 
c-jun Proto-oncogene 
CMC Critical Micellation Concentration 
cMET Mesenchymal-Epithelial Transition factor, a proto-oncogene 
CML Chronic Myelogenous Leukaemia 
CMT Critical Micellation Temperature 
CMV Cytomegalovirus 
c-myc Proto-oncogene 
COS7 Cell line 

cp specific heat capacity 
cpl liquid specific heat capacity 

CPMG Carr-Purcell-Meiboom-Gill pulse sequence 
CPP Cell Penetrating Peptide 
cps solid specific heat capacity 
d Gap between rheometer plates 

Da Dalton 
DA Delivery Agent 

DAH 1,6-diaminohexane 
DAPI Fluorescent staining for cells nuclei 
DDS Drug Delivery System 
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De Number of Deborah 
Dg Diffusion coefficient of molecules in gel 

DMA Di-methyl-acetamide 
DMAP 4-di-methyl-amino-pyridine 
DMF Di-methyl-formamide 

DMSO Di-methyl-sulfoxide 
DNA DeoxyriboNucleic Acid 
DNase Deoxyribonuclease 
DOPE dioleoyl-l-a-phosphatidylethanolamine 

DOSPA 
2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,Ndimethyl-1-
propanaminium trifluoroacetate 

DOTMA N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride 
DPhyPE 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine 

DPL dendritic α(-poly(L-lysine)) 
DSC Differential Scanning Calorimetry 

DSPE-PEG 
N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2-distearoyl-sn-glycero-3-
phosphoethanol-amine sodium salt 

dsRNA Double strand RNA 
dTTP Deoxythymidine tri-phosphate 
Dw Diffusion coefficient of molecules in water 

DZ2 Prostate cancer cell line 
e Charge 
E Young modulus 
E Equation parameters 
E1 A cyclin’s family protein 
E1 Adsorption enthalpy of the first layer 

E2F Transcription factor family (include E2F1, E2F2 and E2F3) 
E6 human papilloma virus oncogene 

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
eEF1A Peptide Elongation Factor 1A 
EGTA Ethylene-glycol-tetraacetic-acid 

EL Layer adsorption enthalpy (except the first layer) 
emt A zeolite variant of FAU 
EO Ethylene Oxide 
Ep Autovalues 

erg-1 Gene encoding early growth response 1, a growth factor 
f Frequency 
F Equation parameters 

Fas Receptor for TNF 
FAU Faujasite, a zeolite 
FCS Fetal Calf Serum 
FDA Food and Drug Administration (USA) 
FID Free Induction Decay 

FITC Fluorescent dye labeling 
Flt-1 Gene encoding FLT1 receptor 
FLT1 Human VEGF receptor 

fr Recall elastic force 
FS Frequency sweep 
FT Fourier Transformation 
g Grams (weight) 
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Spring constant 
G α-L-guluronate, one of the monomers of alginate copolymer 

G 
Gibbs free energy 
Shear modulus (Rheology) 

G* Complex modulus 
G’ Storage modulus (or elastic) 
G’e Pure elastic component 
G” Loss modulus (or viscous) 
gag HIV-1 gene encoding a viral core protein 

GDL D-glucono-δ-lacton 
gk Constant of k spring 

GL2 Control siRNA targeting luciferase 
GMA Glycidyl-methacrylate 

GMF/CSF Granulocytic-Monocytic colony forming unit activator, a growth factor 
gN g nuclear factor 
h Plank constant 

H1 DNA Polymerase type III promoter 

HA Hyaluronic Acid 
HCC Hepatocellular Cancer 

HCT-116 Colon cancer cell line 
HCV Hepatitis C Virus 
HeLa Cell line 

HER2/neu 
Human Epidermal growth factor Receptor 2 (CD340), a membrane growth 
factor receptor 

HIV-1 Human Immunodeficiency Virus variant 1 
h-ras Oncogene 
HRz Hammerhead ribozyme 
HSV Herpes Simplex Virus 

HUVEC Human Umbelical Vein Cell 
HXB2 HIV-1 gene 

Hz Hertz (cycle sec-1) 
i Intercept on x-axe 
I Nuclear spin quantum number 

I(��) Intensity at instant �� 
ICAM-1 Inter-Cellular Adhesion Molecule 1 (CD54), an adhesion protein 
IGF-1R Insulin-like Growth Factor Receptor tyrosine kinase 

I j(��)j  Intensity at instant �� of the j component 
IKK κB-kinase, a protein activator 
IPN Interpenetrating Polymer network 
ISR In-Stent Restenosis 

J Joule 
JL-1 Leukaemia-specific antigen 1 

k A constant parameter in general 
Kg Kilograms 

Ki-67 RNA synthesis factor 
k-ras Oncogene 

LF-NMR Low Field NMR 
LNA Locked Nucleotide, a nucleotides modification 
LTA Zeolite-A 

lv Liquid-vapor (or liquid-gas) interface 
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LV Lentivirus 
m Meters  

M 
Mass (in general) 
Molarity (moles concentration) 
Also used for β-D-mannuronate, one of the monomers of alginate copolymer 

M Magnetization (in general) 
MAlg Water molecular weight 
MB Microbubble 

MCP-1 Monocyte Chemotactic Protein 1, a chemotactic signal 
mdr1 Gene encoding Multi Drug Resistence 1, a membrane transporter 

MEND Means of an envelope-type nano device 
mH2O Water mass inside the gel 
MH2O Alginate monomer molecular weight 

mI Magnetic Quantum number 
MI Mechanical Index 

miRNA Micro RNA 
mm Mass of polymer in the gel 
Mm Polymer monomer molecular weight 
Mn Mean molecular weight 
Mo Equilibrium net magnetization 

MOEG Methyl PEG oligomers 
mol Moles 

MoMLV Moloney Murine Leukaemia Virus 
MPlu Pluronic™ monomer molecular weight 

mRNA Messenger RNA 
ms Milliseconds 
Mw Molecular weight 
Mx x axe magnetization component 

Mxy xy plane magnetization component 

My y axe magnetization component 

Mz z axe magnetization component 
N Newton 

N or n 
In general used to represent the number of elements (systems nuclei, 
exponentials, moles, nanopores, unimers as aggregation number, etc.) 

N2A Neuroblastoma cell line 
NA Avogadro’s number (6,22x1023 mol-1) 

NABD Nucleic Acid Based Drugs 
NAlg Number of protons in the alginate monomer 

NAM-D DNA duplex carrying the same sequence of NAM-R  
NAM-R siRNA targeting cyclin E1 
NF-κB Nuclear Factor-kappa B (transcription factor) 
NH2O Number of protons in the water molecule 

ni Number of moles of I component 
Ni Number of i data 

NIH3T3 Cell line 
nl Number of moles of the liquid phase 

nm Nanometers (10-9m) 
Nm Number of protons in polymer monomer 

NMR Nuclear Magnetic Resonance 
NP Nanoparticle 
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NPlu Number of protons in the Pluronic™ monomer 
n-ras Oncogene 

ns Number of moles of the solid phase 
nv Number of moles of the vapor (or gas) phase 

ODN OligoDeoxyNucleotide 
OEG Oligo(ethylene glycol) 

OEGMA Oligo(ethylene glycol methacrylate) 

P 
Pressure 
Angular moment (NMR) 
P-value: statistical significance parameter 

P(φ) Occurrence probability of the pore with φ diameter 
P(φi) Occurrence probability of the pores with φi diameter 
p53 Proto-oncogene 
Pa Pascal  

PAMAM poly(amidoamine) 
PBS Phosphate Buffer Solution 
PC Phosphorylcholine 
PC3 Prostate cancer cell line 

PCNA Proliferating Cell Nuclear Antigen, a replication factor 
PDGF-A Platelet-Derived Growth Factor subunit A 

PEG poly(ethylene glycol), also referred as poly(ethylene oxide) (PEO) 
PEG Poly(ethylene glycol) 

PEG-L Poly(ethylene glycol) modified liposome 
PEI poly(ethylenimine) 
PEO poly(ethylene oxide), also referred as poly(ethylene glycol) (PEG) 
PGA poly(glycolic acid) 
PGE2 Prostaglandin E2 
PHEA α,β-poly(N-2-hydroxyethyl) D,L-aspartamide 

Phea-Deta PHEA-diethylenetriamine 
Phea-Eta PHEA-2-aminoethylcarbamate 
Phea-Sp PHEA-spermine 

Phea-Sp-C4 PHEA-spermine-butiric acid 
pHPMA poly(N-2-hydroxypropyl-methacrylamide) 

PIC Nucleoprotein pre-integration complex 
Pl Pressure of the liquid phase 

PLA Poly(lactic acid) 
PLL poly(L-Lysine) 
PMO Phosphorodiamidate Morpholino Oligonucleotide 
PNA Peptide Nucleic Acid 
PO Propylene Oxide 

Pol II DNA Polymerase type II 
Pol III DNA Polymerase type III 

PPI poly(propylenimine) 
PPO Poly(propylene oxide) 
Ps Pressure of the solid phase 
PS Phosphorothioate nucleotides modification 

PTSA p-toluensulphonic monohydrate 
Pv Vapor pressure of the gas phase 
Pv

0 Vapor pressure in pore of radius ∞ (saturation vapor pressure) 
PVA Poly(vinyl-alcohol) 
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Pz Angular moment component belong z axes 
Pα or Pβ Nuclei population deviation (+ or -) from N/2 between two state 

Q Volumetric swelling ratio 
Q&  DSC trace power 
r Radius of the water solid crystal into a nanopore 
R Parallel plates sensor radius 
R Universal gas constant (8.31447.. JK-1mol-1) 

rad Radiant 
raf A regulatory kinase protein 
ras Proto-oncogene family 
Rbs Big/small delivery agent ratio 
RHI Micelles hydrophobic core radius 

RISC RNA Interfering Silencing Complex 
Rlv Curve radius of liquid-vapor (or liquid-gas) interface 
Rm Micelles hydrodynamic radius 

RNA RiboNucleic Acid 
RNAi RNA interfering 
RNase Ribonuclease 

RNase-H Ribonuclease that cut double strand RNA 
rp Radius of liquid-gas interface into a pore 
Rp Pore radius 
Rpi Pore radius in the i integration 

Rpi,Crio Pores radius obtained by cryoporimetry method 
Rpi,N2 Pores radius obtained by BET gas porimetry method 

Rsl Curve radius of solid-liquid interface 
Rsv Curve radius of solid-vapor (or solid-gas) interface 

runx1-cbfa2t1 Oncogene 
RV Retrovirus 
rvdW van der Waals radius 

s Linear function slope 
S Entropy 

SANS Small-Angle Neutron Scattering 
sec Seconds 

SFV Semliki Forest Virus 
si Molar entropy with i=s, l, v for solid, liquid and vapor (or gas) respectively 

siRNA small interfering RNA 
sl Solid-liquid interface 
Sl Entropy of the liquid phase 
SP Spontaneous Polymerization 

SRF Serum Responsive Factor 
Ss Entropy of the solid phase 
Ss Specific surface 
SS Stress sweep 

STAT3 Signal Transducer and Activator of Transcription 3 (transcription factor) 
sv Solid-vapor (or solid-gas) interface 
Sv Entropy of the vapor (or gas) phase 
Sw Swelling ratio 

SWCN Single Walled Carbon Nanotube 
t Time 
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�� Instant time 

T 
Tesla (magnetic field) 
Temperature 

T Torque moment 
T0 Melting temperature of crystal with ∞ radius (0°C for water) 
T1 Longitudinal relaxation time (spin-lattice) 
T1 Temperature in the Ist integration 
T2 Transversal relaxation time (spin-spin) 

2T  Mean relaxation time (in general) 
T2,i Mean relaxation time of the i peak 
T2

i Relaxation time of the i element (i=1 to N) 
T2

k Relaxation time of the k component (k=1 to N) 
Tl Temperature of the liquid phase 

Ts Temperature of the solid phase 

Tv Temperature of the vapor phase 

TAT/Rev HIV-1 regulatory protein 
tel-aml1 Oncogene 

TF Transcription Factor 
TFO Triplex Forming Ologonucleotide 

TGFβ-1 Transforming Growth Factor beta-1 
THF Tetra-hydrofuran 

Ti Temperature in the i integration 
Tl Temperature of the liquid phase 

TMPK Thymidylate kinase 
TNF-α Tumor Necrosis Factor alpha, a cytokine 

tp B1 (RF) pulse application time 
TP-10 A cell penetrating peptides 

tr Repetition time between RF pulse 
Ts Temperature of the solid phase 
Tst Structuring temperature 
Tv Temperature of the vapor (or gas) phase 

U2OS Tumor Cell line 
U6 DNA Polymerase type III promoter 

U937 Cell line 

v 
Heating speed 
Number of crosslink’s moles 

ν  Specific volume (volume/mass) 
V Volume (sometimes also used to define the final volume) 
V0 Initial volume 
v2 Polymeric volume fraction of the full swelled gel 
v2p Polymer volumetric fraction in the gel 
v2r Polymeric volume fraction at the crosslinked time (not full swelled) 
va Absorbed vapor quantity 
ve Number of crosslink’s 

VEGF Vascular Endothelial Growth Factor 
vegf-a Gene encoding VEGF-A 

vf Volume of water crystal into a nanopore (freezable water) 
Vf Total volume of freezable water (nanocrystal volume) 
vi Molar volume with i=s, l, v for solid, liquid and vapor (or gas) respectively 
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Vj Volume j phase 
Vl Volume liquid phase 
vm Quantity of vapor adsorbed as a monolayer 
vnf Volume of non-freezable water into a nanopore 
Vnf Total volume of non-freezable water 
vp Nanopore volume 
Vp Total nanopores volume 

Vp.calc Total nanopores volume calculated during iterative evaluation of β 
Vs Volume solid phase 

VSMC Vascular Smooth Muscle Cell, a cell line 
VSV-G Vesicular Stomatitis Virus Glycoprotein 

Vv Volume vapor (or gas) phase 
WeAlg Weight of alginate in gel system 
WeH2O Weight of water in gel system 
WePlu Weight of Pluronic™ in gel system 

Wf Mass of freezable water inside the pores 
WH2O Mass of water melting at 0°C 
Wnf Mass of non-freezable water inside the pores 
Wt Total water mass inside and outside the system 
z Pores geometry parameter (2=cylindrical, 3=cubic/spherical) 

ZK-4 A zeolite 
ZSM-11 Socony-Mobil 11 Zeolite 
ZSM-5 Socony-Mobil 5 Zeolite 
α Extension ratio 
αx Extension ratio in x axe 

αy Extension ratio in y axe 
αz Extension ratio in z axe 
β Thickness of non-freezable water layer into a nanopores 

γ 
Giromagnetic ratio (NMR) 
Deformation, in particular identify the shear deformation (Rheology) 
Surface tension (Cryoporimetry) 

γ&  Deformation speed 
γ0 Critical deformation 

0γ&  Critical deformation speed 
γH Proton giromagnetic moment 
γlv Surface tension liquid water-vapor (or liquid-gas) 
γlv Surface tension liquid-vapor (or liquid-gas) 
γsl Surface tension ice-liquid water (or solid-liquid) 
γsv Surface tension solid-vapor (or solid-gas) 
γvs Surface tension ice-vapor (or solid-gas) 

δ 
Excess of nuclei in higher energy state compared to the lower (NMR) 
Loss angle, phase displacement between γ&  and τ (Rheology) 

δPi i component pressure infinitesimal variation 

δT temperature infinitesimal variation 

δµi i component chemical potential infinitesimal variation 

ε 
Tolerance 
Deformation, in particular identify the deformation to normal stress (Rheology) 

η Viscosity (in general) 
ηk Viscosity of the k component 
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θ Angle between B1 and M0 
ϑlv Contact angle between liquid and vapor (or gas) phase 
ϑlw Contact angle between liquid and pore wall 
ϑsl Contact angle between solid and liquid phase 
κ Boltzman constant 

λ 
Wave length (NMR) 
Relaxation time (Rheology) 

Λ Applied deformation process time 
λk Mechanical relaxation time of the k component (Rheology) 

µ 
Magnetic moment (NMR) 
Chemical potential (Cryoporimetry) 

µl Chemical potential of the liquid phase 
µN Magneton (µ measure units) 
µs Chemical potential of the solid phase 
µv Chemical potential of the vapor (or gas) phase 
µz Magnetic moment component belong z axes 
ν0 Larmor precession frequency in Hertz, see also ω0 
νRF B1 rotation frequency 
π Pi constant = 3,14159… 
ρ Density 
ρice Ice density at temperature T 

ρice(0°C) Ice density at temperature T0=0°C 
ρl Liquid density 
ρs Solid density 
ρx Crosslink density 
σ Deviation 

τ 
Pulse sequence interval (NMR) 
Shear stress (Rheology) 

τ0 Critical stress 
φ Mean mesh size (or mean mesh diameters) 
ϕ Probability to have a pore of radius R in the system 
φi Single pores diameters into a mesh size distribution 
χ

2 Sum of square difference 
ω Angular frequency or pulsation (Rheology) 
Ω Rotational speed 
ω0 Larmor precession frequency in (rad sec-1), see also ν0 
ω1 Angular frequency between B1 and M0 
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