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Fig. 6.18: 2%Ca-Alg mechanical relaxation spectra at Fig. 6.19: 2%Cu-Alg mechanical relaxation spectra at
different temperatures. different temperatures.

As for the previous systems, on the base of theyFlod equivalent network theories [1, 5],
the crosslink density, and the polymeric network mean mesh giZer mean mesh diameter) were

calculated at all the experimental temperatufed(6.9.

296Ca-Alg 296Cu-Alg

Temperature (°C) ¢rosslink density mean mesh size crosslink density mean mesh size
o (mol/cn) (nm) ox (mol/cnT) (nm)

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

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

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

Tab. 6.8: crosslink densityp, and polymeric network mean mesh sizeof 2%Ca-Alg and 2%Cu-Alg systems
calculated at different temperature.

The data demonstrate, for the 2% Ca-alginate aedstirg inpx with the temperature
increase and a consequent mean pores diametegasimgy while, the phenomena does not occur in

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

6.3.2.2 — Microscopic characterizations by low fidl NMR

More informations on the hydrogels structure weldamed from the low field NMR
characterizations. In particular, tie relaxation times distribution at 25°C show, fortlbdhe
considered systems, the presence of three hydaggmegation statefig. 6.20 - 6.21for 2%Ca-

Alg and 2%Cu-Alg respectively).

Considering the not perfect homogeneity of theesyist the three peaks can be explained as
follows. Peak 3 represents the hydrogens of theemigbked from the gel during the samples
loading into the NMR tubes. Peaks 1 and 2 correggonthe hydrogen of the water within the

polymeric network according to a bimodal distrilouti
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Fig. 6.20: 2%Ca-Alg *H proton T, distribution Fig. 6.21: 2%Cu-Alg 'H proton T, distribution
spectrum obtained by LF-NMR at 25°C. spectrum obtained by LF-NMR at 25°C.

The temperature effects on the relaxation timegildigion supporting this hypothesis as
shown infigures 6.22and6.23 that display the relative area of each peala#\function of mean
relaxation time Tz,) at 10°C, 25°C and 40°C. In both systems, the paaas does not change with
the temperature but, the variation of mean relaxatime of peak 3T 3) is significantly bigger
than the standard deviation associatedl4g at 25°C while, peaks 1 and 2 remain practically
constant. As for the previous systems, this isnaication of the low interaction of this water st
with the polymer because the thermal effects agelgminant on the molecular interaction. On the
contrary the temperature increase does not affectwater states related to the peaks 1 and 2
therefore, it is reasonable supposing that, theskgpcorrespond to hydrogens of the water with
entrapped into the polymeric network.
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Fig. 6.22: 2%Ca-Alg mean relaxation timd,; trend Fig. 6.23: 2%Cu-Alg mean relaxation timd,; trend
and respective relative areaat different temperature. and respective relative areaat different temperature.

Another evidence supporting the peaks water ing¢ation regards the water and polymer
hydrogen quantifications and the comparison otttie@retical and experimental peaks areas.

Theoretical relative b area = 99,25%

Theoretical relative alginate area = 0,75%
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The experimental relative areas valugsaAd the correspondent mean relaxation fime
for the 2%Ca-Alg and 2%Cu-Alg systems at 25°C displayed respectively itables 69 and6.10.

Peak T,;(ms)  Relative A(%) Peak T (ms)  Relative A(%)
1 8,2 66,7 1 265,6 65,2

2 53,1 21,0 2 449,8 17,2

3 276,7 12,3 3 1488,1 17,6

Tab. 6.9:2%Ca-Alg hydrogel. Tab. 6.10:2%Cu-Alg hydrogel.

From the above tables, for both the considere@rystit is not possible to observe any area
value matching to the theoretical 0,75% of the pay hydrogen, therefore the polymer probable
interact with the structured water entrapped ihi ltydrogel mesh and cannot be distinguished or,
the signal is simply too low for its detection. Reg in both systems, represent about the 15% of
the total hydrogen and, considering the high values, can be reasonably attributed to the water
outside the polymeric network. Indeed, in ordelotd the gel into the NMR tube, it was broken in
parts and slightly pressed to minimizing the engggice. This mechanical action probably, causing
a partial water release from the network. An aralaer around 15% for peak 3, makes reasonable
this hypothesis because most of the water remaitisrvwthe polymeric reticule. In both systems,
peaks 1 and 2 are characterized by Towvalues andogether represent about the 85% of the total
peaks area therefore, there are strong reasorbdorrelation with the water entrapped into the
polymeric network [8].

Once established the correspondence of the peaksd 2 with the water into the hydrogels
mesh, the& parameters and the systems mean relaxationTinveere calculateTab. 6.1} for both
the hydrogels under investigation as described @bov

k (ms/nm) T, (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%(gaafdd 2%Cu-Alg, is in accordance
with the results obtained from the mechanical prioge analysis where a decrease of the
mechanical modules can be distinguished when thpdeature increase. Indeed, the results suggest
a higher mobility (lower interaction) of the wateithin the Ca-alginate gel compared to the Cu-

alginate gel and therefore, a temperature varidtema 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 tengpere
obtained by NMR-rheology analysis.
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Fig. 6.25: 2%Cu-Alg bimodal mesh size distribution at different tenaere
obtained by NMR-rheology analysis.

Using thek parameters and the systems mean relaxation Tim¢he T distributions were
converted into mesh size distribution with the gssient of an occurrence probabilityplp(6-7].
Figures 6.24 and 6.25 show the results obtained for 2%Ca-Alg and 2%Cg-Alystems
respectively, at different temperatures (10°C, 2at@d 40°C). All the analyzed systems present a
bimodal probability distribution. Focusing on tha-@lginate systent(g. 6.29, the data suggest a
progressive increasing of the mean mesh size Wweéht@émperature. Interestingly, the ratio between
peak 1 (smaller pores) and peak 2 (bigger poresjedse with the temperature indicating a
reduction in the number of smaller pores in favoiuthe bigger pores. On the contrary, the random
distribution of the probability function of the Gginate system suggests that the polymeric
network internal structure is not significantlylurgnced by the temperature in the considered range
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(Fig. 6.29. Therefore, the temperature has a stronger inflee®n the mechanical properties of the
alginates gel crosslinked by calcium cations tHgmate crosslinked by copper cations.

The mesh size distribution indicates lower poresetision for the Cu-alginate gel even if,
as this system is highly inhomogeneous, the ovstalcture can be considered similar to the Ca-
alginate. The advantage of the use of Cu cationsists in the crosslinking solution concentration
that is half of the Ca solution. figure 6.26the comparison of the 25°C mesh size distributmins
2%Ca-Alg and 2%Cu-Alg are shown.
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Fig. 6.26:comparison of 2%Ca-Alg and 2%Cu-Alg pores diamdistribution at 25°C.

6.3.2.3 — Cryoporometry structural properties studes on 2% copper alginate

In order to further study system structural confation, Cryoporometry studies were
performed on the 2% alginates reticulated by Ciooat During the DSC measurements, the water
is present only inside the material pores indesuin fthe DSC trace the absence of water melting at
0°C can be appreciateHi§. 6.27).
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Fig. 6.27:DCS trace of 2%Cu-Alg system. Fig. 6.28: Cryoporometry mesh size distribution on

2%Cu-Alg considering a spherica=@) 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 théatation of the DSC traces data by the
Fortran software as described in section 4.5.
The procedure considers a cylindrical pores condition without excess of water«2) and
a spherical pores configuratior=@). The resulting pores size distributions are camgbanfigure
6.28 The non-freezable water layer thickneg§ {as calculated as 0,12 nm considering a
cylindrical geometry and 0,24 nm considering a sigahegeometry. Both the resulting pores size
distributions are asymmetrical and the most prabgdares have a diameter of 50 nm or 80 nm
respectively considering a cylindrical or sphericgeometry. The NMR-rheology and

Cryoporometry results are comparedigure 6.29
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Fig. 6.29:comparison between pores size distribution acogrth NMR-rheology
and Cryoporometry spherica=3) and cylindrical £=2) geometries.

These differences can be explained by severalr&acto
* the hydrogels are not stable solids as zeolites @mredent strong viscoelastic
properties (as demonstrated by mechanical spedtfader solidification can cause
mesh enlargement or even, network destructuringaweater volume increase.
» The heating and cooling speed can influence thedgga structure.
Figures 6.30and 6.31, report the calculated reduction of water meltteghperature and

enthalpy with mesh diameter in the case of sphlesiwé cylindrical pores.
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6.3.3 — 3% alginate hydrogels

6 —Results and Discussic
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Fig. 6.31: variation of melting temperatureT) and
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This section deals with the characterization of atgn(Protanal™ LF10/60) crosslinked

a 3% aqueous solution containing calcium or copgarons (3%C-Alg and 3%Cr-Alg). In

particular, the 3%C&lg characterization is important because this wak usd also in the

preparation of alginatdextran methacrylate polymeric blend systems desdrin the following

sections.

6.3.3.1 -Macroscopic characterizations by rheological studig

For both systems SS test prove that the linearoglastic (25°C) regic spans up to a

critical stress around 10 Pa, corresponding toitecalr deformation of 0,04% (graph not show

Accordingly frequency sweep tests were performea einstant stress of 3 Pa and 25°C. Fron

storageG’ and lossG” moduli trends versus Isationo (Fig. 6.32. It is possible infer strong g

behaviour for both systems.
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Fig. 6.32:3%Ca-Alg and 3%Cu#lg mechanical specti
at 25°C. Continue lines represent the genera
Maxwell model best fitting.
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Fig. 6.33: relaxation spectri of 3%Ca-Alg (grey) and
3%CuAlg (white) at 25°C obtained by generalized
Maxwell model fitting.
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The experimental data were satisfactory fitted wiith generalized Maxwell model using 5
Maxwell elements. The comparison of the relaxaspectra are shown ifigure 6.33 From the
sum of the elastic contribute of each Maxwell elatr{gk), crosslink densityy was calculated. On
the basis of Flory and equivalent network theofiess], andpy it was possible estimate the mean
mesh sizep (Tab. 6.12. The 3%Cu-Alg system has a mean mesh diameightiglilower than
3%Ca-Alg system proof of higher network structuriag confirmed by the mechanical spectra.

crosslink densityy (mol/cnt)  mean mesh sizg (nm)

3%Ca-Alg 8,6x10 7,2
3%Cu-Alg 1,4x10 6,1
Tab. 6.12.

6.3.3.2 — Characterizations by low field NMR

The T, distribution at 25°C demonstrates, for both inigaded systems, the presence of
three hydrogen aggregation stategy( 6.34and6.35respectively for 3%Ca-Alg and 3%Cu-Alg).
The consideration expressed for the previous agisgstems can be extended also to the 3%
alginate systems. Therefore, the presence of tiee ttates can be explained as follows: the peak 3
(mean relaxatio, 3 and relative peak areag)) represents the hydrogen of water outside the gel
while peaks 1 and 2T§:, A1 T2z, Az), represent hydrogen of the water entrapped iheo t

polymeric network.
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Fig. 6.34: 3%Ca-Alg*H protonT, spectra obtained by Fig. 6.35: 3%Cu-Alg'H protonT, spectra obtained by
LF-NMR at 25°C. LF-NMR at 25°C.

The first experimental evidence supporting thisdilipsis regards the temperature effects
on the T, distributions.Figures 6.36and 6.37, reports the relative area for each peak @s
function of the peak mean relaxation timie f at different temperatures (10°C, 25°C and 40°C),
respectively for 3%Ca-Alg and 3%Cu-Alg. For botlsteyns peaks area are nearly constant in the

considered temperature range with the exceptidd?@Cu-Alg peak 3 that shows a small decrease
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at higher temperatures. While tfig; (peak 3) has a considerable increase with temperat, ;
andT,, (peaks 1 and 2) do not change significantly watmperature increase. Indeed, onlyTeg

the variation is significantly bigger than the stard deviation associated Tg; at 25°C. Also for
these two alginate systems, the thermal effectpr@@ominant in the water outside the mesh. In the
3%Cu-Alg gel, peak 3 shows an area decreasinggtehitemperature. Contemporary, a small
increase can be noticed in the peak 1 and 2.
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Fig. 6.36: 3%Ca-Alg mean relaxation timel,, and Fig. 6.37: 3%Cu-Alg mean relaxation timd,; and
respective relative area At different temperature. respective relative area At different temperature.

The fact that peak 1 (that characterized by theekiw,) does not represent onfyd
belonging to the polymeric can be explained bydbmparison of the theoretical and experimental
peaks areas.

Theoretical relative bO area = 98,87%
Theoretical relative alginate area = 1,13%

The experimental relative areas @d the correspondent mean relaxation timefor the
3%Ca-Alg and 3%Cu-Alg systems at 25°C, are disglagé¢ables 6.13and6.14

Peak T,;(ms)  Relative A(%) Peak T (ms)  Relative A(%)
1 8,2 66,7 1 265,6 65,2

2 53,1 21,0 2 449,8 17,2

3 276,7 12,3 3 1488,1 17,5

Tab. 6.13:3%Ca-Alg hydrogel. Tab. 6.14:3%Cu-Alg hydrogel.

Accordingly polymer relaxation cannot be distingnéd from that of water entrapped into
the mesh. In the Cu-alginate hydrogel, peaks 12atadjether represent more than 90% of the total
protons, the remaining 10% can be assigned to Med&mg from the gel mesh during the sample
loading into the measurement system. In the Canalgi hydrogel, the structured water into the

polymeric mesh is decreased to the 70% (peaks Rand both case peak 3, , can be reasonably
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assigned to the water outside the polymeric reticDiue to peaK> 3 values this interpretation is
also supported by the literature data on similatesys [8].

Based on the peaks meanikg;an be calculated and the conversiol pélistribution into
mesh size distribution can be achievey(6.39 [6-7].

k (ms/nm) T2 (Ms)
3%Ca-Alg 33,4 240,0
3%Cu-Alg 4,1 24,8
Tab. 6.15.
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Fig. 6.38: comparison between mesh size distribution of 3%{gaand
3%Cu-Alg at 25°C, evaluated by NMR-rheology.

Both the systems show a bimodal mesh size distoibutn particular, for the 3%Ca-Alg
system, the first peak is centred around 6,5 nmisaegtended from 5 nm to 8 nm. The second peak
is centred around 11,5 nm and extends from 9 nt4tom. For the 3%Cu-Alg system, the first
peak is centred on 2 nm and extends from 1 nmrtm3The second peak is centred on 12 nm and
extends from 9,5 nm to 15 nm. The comparison ofiteepeak from the two systems shows a great
difference in mesh size distribution. The Ca-altggnlaydrogel present a broad distribution in this
area while, the Cu-alginate have a high mesh s&eldping 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 theratg concentration on the polymeric mesh
size distribution, the NMR-rheology results obtainat different concentration were plotted
together.Figures 6.39and6.40 reports the trend of the mesh size distributioldb, 2% and 3%
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alginate hydrogels crosslinked respectively with €dions and Cu cations. All the considered

systems show a bimodal distribution.
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Fig. 6.39: effects of the alginate concentration on the padiemeter distributions
of calcium alginate hydrogel (Ca-alginate).
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Fig. 6.40: effects of the alginate concentration on the pdiameter distributions of
copper alginate hydrogel (Cu-alginate).

As expected, the concentration increase correspnesgeneral mesh size decrease and a
crosslink density increase. The two salts usedasce of cations results in different effect on the
final alginate properties. Copper cations are naffieient as crosslinking agent. Interestingly, the
ratio between the first peak (lower mesh size) tredsecond peak (higher mesh size). Increases
with the polymer concentration in both Ca-alginadesl Cu-alginates. This phenomenon indicates
that polymer concentration increase,, not only eauasn increase of the mesh size, but also a

decrease of the relative number of bigger meshvour of the smaller ones.
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6.4 — Pluronic™ F127 18% hydrogel system

As discussed in the previous section on the gere@dcts of the Pluronics™ systems, the
internal structure of this type of systems is hygtiependent on temperature. For this reason, the
Pluronics™ characterization was focused on thecttral properties dependency on temperature
variations. In this studies, Pluronics™ F127 at 188acentration in water solution was used. In
this condition systems gelation occurs around 20°.

6.4.1 — Relaxation time (T,) measurements by CPMG sequence

The relaxation time$, trend of Pluronics™ was studied in a temperatange within 10°C
and 40°C Fig 6.36. The measurements were performed at temperatieeval of 1°C in the
regions 10-24°C and 24-30°C and 0,5°C in the reg#30°C.

Figure 6.41reportsT, distribution as function of the temperature. Tipeddra can be
divided in two areas on the basis of the differmarhple behaviour. Within 10°C and 14°C proton
relaxation is described by two componenstow (free water, T, = 1000 ms) andmedium
(Pluronic™ unimers summed to the interacting wagr, 160 ms) as shown iigure 6.41 Above
15°C, proton relaxation is described by three comepts:slow (free water) medium(Pluronic™
unimers or poor structured Pluronic™) arfdst (micelles Pluronic™ or high structuring

Pluronic™).

40°C -

N ' T>(ms)
1000 ms
123 (As)

T(C)

160 ms
T2 (Ar)

14°C 50 1y
10° T2 (Ay)
Fig. 6.41: 18% Pluronic™T, evolution versus temperature.
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Peaks relative area at low temperature (82,9% ah@d% respectively for the slow and
medium peak), have a good matching with the thaaledreas calculated for the polymer and the

water hydrogen as follows:

H20

We [N,

M
Theoretical relative kD area:lOOE{N ™ R0 =84,2%
eHzO H,0 +Wq3|u |:NPIu

M H,0 Mgy,

WQ?IU [ NPIu

. ) . M
Theoretical relative Pluronic™ areZaOOQN Plu
eHzO ENHZO +Wq3lu |:NPIu

Mo Moy,

=157%

where,My,0 andMpy, are the molecular weight of water and Pluronic™peesively, my,o
andmpy, are the weight % of water and alginate in the Nglo andNp, are the number of protons
in the water molecule and polymer chain. In thecwaation, it was considered the Pluronic™
formula HO-(EO)-(PO),-(EO),-OH where m=65 and n=99 then, considering 4 profonsach
EO monomer and 6 for each PO monor&f,=(4-2-n)+(6-m)+2=1184.

As the Pluronic™ is responsible for about the 16%he relative areas, the remaining 1% it
is supposed to be the hydrogen of water that iotevéth the polymer in solution. The hypothesis
that the water interacting with the polymer, witli0°C and 14°C, is limited to the 1% it is
reasonable because, in this condition, the Pluf¥nimimers are prevalent on the Pluronic™
micelles where the water can be easily entrapped.

The T, and related relative areas evolutions as functbrthe temperature can gives
information about the dynamics of the aggregatibenmmena. Normally, temperature increase
causes a viscosity reduction with a consequent cutde mobility increase and therefore,Ta
increase. In the Pluronics™ system, molecules ntphilcrease is reduced and, in some case
zeroed, by micelles aggregation. Indeed, it is kmaWwat, when temperature is increased, the
equilibrium:

Pluronic™ unimers- Pluronic™ micelles

moves toward Pluronic™ micelles. Therefore, a tenajpee increase should reflect into a
decrease of the unimeric fraction, an increasehe dtructured fraction, where it is easier the
entrapment of water strongly interacting with ttedymer [8]. This evidence is better represented in

figure 6.43where the relative peak area Af the free water as function of the temperatgre i

reported. It is clear that, temperature increasel therefore micelles number or volume increase)
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corresponds to a reduction in the quanof free water. At the same time, tT, of free water

increases as consequence of the reduced viscosithigher protons mobilityfigure 6.42reports

the free water mean relaxation tinT, 3 as function of the temperature). In this senss iiseful

remembering that the pure free water relaxation ,tiolained experimentally, is about 2500
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Fig. 6.42:evolution of the free water mean relaxatior Fig. 6.43 evolution of the free water rdative peak
time (T,,3) with temperature in 18% Pluronic™ syst area (Az) with temperature in 18% Pluronic™ syst

For what concerns the mediuT, values component (16870 ms), it was assigned to 1

non-structured Pluronic™ (unimers or small aggregatesfigure 6.44 theT, ,trend as function of

the temperature is reported. It is possible to distish six thermal regior

10°C —13°C: small relaxation time increasi

13°C — 19°C: thd@; increase is higher (caused by the reduced visgc

19°C — 24°C: the curve slope decrease. In this regior T, increase with
temperature is reduce

24°C —26°C: inversion of the curve slope. The relaxatimne decrease with tr
temperature. In this region the formation of bigggructure with conseque
reduction of the polymeric chain mobility occt

24°C — 32°C: thd, remain constant (structuring regic

Above 32°C: the temperature effect appearing agasulting in €T, increase.

Taking into account peak area,) variation with temperaturd=(g. 6.4%), it is possible to

have an estimation of the nstructured Pluronic™ and structured Pluronic™. Ppbak area tren

in figure 6.45can be divided in regions analogue to the alT, trend:

10°C —14°C: no area variation occL
14°C -19°C: a slow decreasir
19°C —24°C: the area remain consti

24°C -27°C: a sudden area decreas
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» Above 27°C: the area remains more or less con
The nonstructured Pluronic™ fraction decrease follows @ tsteps process (first ste
within 10°C and 24°C and second step from 24°C7WC2. This behaviour can be dribed as a
two steps polymer chain structuring, according teatvsuggested in literatulf10-11] and as
demonstrated by the rheological studies presemdigure 6.84The curve named as P18, shc

the gelation process of an 18% Pluronic™ solutibime ransition was followed by the stora

modulusG’ variation as function of the temperature increa:
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Fig. 6.44: evolution of the non-structurec Pluronic™
mean relaxation time (T,,) with temperature in 18¢
Pluronic™ system.
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Fig. 6.45: evolution of the non-structured Pluronic™
relative peak area (A,) with temperature in 18%
Pluronic™ system.

Finally, the fast component (-60 ms), appearing only at temperature above 14°&3,
assigned to the structured Pluronic™ fraction @atbrganized in micels). In figure 6.47it is
showed the peak relative areg;) as function of the temperature. The trend is Igegrmmetrical
to the relative area of the medium componer,, Fig. 6.49, confirming that the two componer
represent two aggregation state:the same chemical species: Pluronic™. ForT, instead, the
trend is different: between 15°C and 20°C, the xatian time T, decreases, confirming tl
formation of less mobile structures (bigger). Fr@®°C to 27°C there is no significaiT,
variation, whileT,, ; decreases for higher temperatiFig. 6.49.

In figure 6.48 the relative areas trend as temperature functibrfast and mediur
component (Aand A; respectively structured and r-structured Pluronic™ fractions) are mer
for a bettercomparison. It is clear how the r-structured Pluronic™ decrease is compensate
the structured Pluronic™ increase. The curves grgspoint, around 26°C, indicate t
substantially completion of the structuring proc

Concluding, the analysis of 1 T, relaxation times of the Pluronic™ 18% in waterpais
following the polymeric chain structuration dynasiién micelles complex as the effect
temperature increasing. The presence of at leasdtscontinuities in thT, trend of the fast and
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medium component suggests that the phenomenon is not @esiequilibrium within two state

(unimermicelle) but, probably a sequence of eve
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Fig. 6.46: evolution of the structurec Pluronic™
mean relaxation time (T,,;) with temperature increa:
in 18% Pluronic™ system.
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Fig. 6.47: evolution of the structurec Pluronic™
relative peak area (A;) with temperature increase
18% Pluronic™ system.
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Fig. 6.48:comparison between relative peak areas trend wétstied Pluronic™ (4,
red dots) and nostructued Pluronic™ (A, blue dots) with temperature increase
18% Pluronic™ syster

6.5 — Dextran methacrylate hydrogel based systems

This section deals with hydrogel systems basedextrah methacrylate, in particular t
D40 and D500 respectively 5% anc% methacrylate (D40MA5% and D500M30%), both in a

water solution.

6.5.1 — Macroscopic characterizations by rheological studies

The two systems differ for the molecular weight andthacrylation degree. The SS te
and FS tests, performed at 25°C, alldetermining the viscoelastic properties of theayst. In the

mechanical spectra reportedfigure 6.4¢ the storag&s’ and lossG” moduli are approximatel
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parallel for both systems. Moreov&; is one order magnitude higher th@h mining that, we are
dealing with strong gels. Nevertheless D500MA30%regger than D40MA5%, in virtue of the

higher molecular weight and especially, the highethacrylation degree.

10000 ¢ o & DIIMALD®K 10000 ¢
G.G" WWWW 5 (] g.Pa] [
[Pa] | B G” D500MA30% g
1000 : 1000 G
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b6 (TOEOOECECROEOGINEENCEEnA0. o G” DS00MA30% 56
10 w o D\T/D/D/D
1 : 1
0001 001 04 1 10 100 1000 10000 o A 1 e
@[rad/sec] Aals]
Fig. 6.49: mechanicals spectra (FS test) of D40OMA5% Fig. 6.50: relaxation spectra of D40MA5% (white) and
(white) and D500MA30% (grey). D500MA30% (grey).

Both systems were satisfactory fitted by the gdimm@ Maxwell model with 5 elements
(Fig. 6.49 continues line). The resulting relaxation spe¢ki@. 6.50 differ from each other by,
roughly, two orders of magnitude. This phenomenfbects the crosslink densipy that is, exactly,

two orders of magnitude lower for D4A0OMA5%.

crosslink densityy (mol/cnt)  mean mesh sizg (nm)

D40MA5% 8,1x1¢° 34,0
D500MA30% 2.0x10 11,6
Tab. 6.16.

6.5.2 — Cryoporometry structural properties studies

From the DSC traces appears that in the analyselads methacrylate systems water is
present only inside the network pores indeed, tieer® water melting around 0°Eig. 6.51and
6.52.
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4 4
3 3
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0 T 0 T d
-12 -10 -8 -6 -4 -2 0 -12 -10 -8 -6 -4 -2 0
T[C] TIC]
Fig. 6.51:DSC trace of D4AOMA5% Fig. 6.52:DSC trace of DS00MA30%
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The thickness of non-freezable water layer intorthaoporesf) is reported irtable 6.17
for DAOMA5% and D500MA30% in case of spherical agtindrical geometry.

Non-freezable water layer thickngsgnm)

Spherical geometry Cylindrical geometry
D40MA5% 2,3 1,2
D500MA30% 2,8 1,3

Tab. 6.17: non-freezable water layer thickneggor the DA0MA5% and D500MA30% systems
evaluated considering spherical geometry or cylgadiigeometry without excess of water.

The mesh size distributions obtained from the coyometric analyses, are reported in
figures 6.53and 6.54 respectively for D4A0MA5% and D500MA30%, considgria spherical
geometry £=3) and cylindrical geometryz€2). The distribution curves show a maximum
probability, for D4A0MA5%, at 50 nm and 7 nm and ©BOOMA30%, at 40 nm and 6 nm
respectively in spherical and cylindrical geometry.

0018 - 0.035 -

0.016 1 0.03 -

0.014 - — spherical (z=3)
— cylindrieal (z=2) 0.025 - — spherical (z=3)

0.012 4 — cylindrical (z=2)

0.01 - 0.02

P K
0.008 - 0.015 -
0.006
0.01 -
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@ Inm] 1 10 @lnm] 100 1000

Fig. 6.53: DA0MA5% mesh size distribution obtained Fig. 6.54: D500MA30% mesh size distribution
by Cryoporometry assuming sphericalz=3) or obtained by Cryoporometry assuming spherizaB) or
cylindrical (z=2) pores geometry. cylindrical (z=2) pores geometry.

Considering that, from the Rheology studies, thammesh size results 34,0 nm and 11,6
nm respectively for DAOMA5% and D500MA30%, the bestiching between the two techniques
occurs for DA0OMA5% spherical geometry and for D5@®@% cylindrical geometry.

6.6 — Poly-1b hydrogel system

Poly-1b derives from benzofulvene. The detailed prepamnatsodescribed in the materials
preparation section. Before performing the analybis dry polymer was swollen in distilled water
at 25°C (about 10 hours) obtaining a transparedtdgel system.
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6.6.1 — Macroscopic properties characterizations by rheological studies

The SS test (25°C) collocates the limit of the din&iscoelasticity region at a critical
deformation ofyy=0,9% therefore, the FS test was performed at ataohdeformation=0,01%
and 25°C. The resulting mechanical spectrum is skow figure 6.55 (pulsation w=2xf ; f=

frequency).

10000

0.01 0.1 1 10 100 1000
@ [rad/sec]

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

The moduli trends are parallel and moreo@ris about one order of magnitude higher than
G” therefore, the elastic properties are always pradant, a characteristic of a strong gel. The
figure also reports a satisfactory data fittingthg generalized Maxwell model with 5 elements.
Based on the Flory and equivalent network [1, B§ trosslink density, and mean mesh size
are:

px=6,6x10° mol/cn?

»=3,6 nm

6.6.2 — Microscopic characterizations by low field NMR

Low field NMR studies o, (25°C), highlighted the presence of 4 differenhaitions of
the hydrogen atoms in the systefig( 6.56. Remembering that the system is not perfectly
homogeneous (it is similar to a concentrated susperof particles), the presence of 4 peaks can be
explained as follows. Due to its high 4 value, peak 4 corresponds to the water outsidegéthe
meshes. The third peal,(3) should correspond to the hydrogen of the watdérapped in the
cavities within gel particles while, the second €k ») should correspond to the hydrogen of the

water entrapped within the polymeric mesh inside pghrticles. Finally, the first peak, because of
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the low valueT, =43 ms, can be assigned to the polymer hydrogeatse 6.18reports all thel;
values and the correspondent peak relative area A

0.45 -

| Tas

S T ! Peak T, (ms)  Relative A(%)
a(T,) 002: ” 1 43 4

0.2 - 2 261 23
0.15 |
0.1 1 Ts Ty 3 914 18
gy A AS/\ A"[\ 4 2252 55

10 100 1000 10000 Tab. 6.18.

T, [ms]

Fig. 6.56: Poly-1b hydrogell, distribution. Four peaks
were detected with af,; mean relaxation time and; A
relative peak area.

Two experimental evidences confirm the above hygse#k. The first regards the
temperature effects on the distribution. Figure 6.57reports the peaks relative areaahkd the
mean relaxation tim&,; at different temperature (15°C, 25°C and 40°C).ilevthe relative areas
are substantially constant with temperature, tmeese not true for the men relaxation times .
Indeed, T, 3 and T, 4 increase with temperature is significantly big¢fesin the standard deviation
associated td,; at 25°C while,T,, and T, ; are practically constant. This is an indicatioatth
peaks 3 and 4 represent water that is not highkeli with the solid substrate because the thermal
energy effects are clearly visible. On the contrany increase of the temperature has a negligible
effect on the relaxation times of the peaks 1 anith2refore, these peaks represent hydrogen atoms
highly structured as the hydrogen of the wateragmed into the polymeric network or polymer
chain hydrogens.
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Fig. 6.57:temperature effect on the peaks relaxation tirffeg é&nd areas (A
A temperature increase causes a shifting to highaiues of the Ty,
corresponding to the peaks 3 and 4. On the conttadoes not influence
significantly peaks 1 and 2.
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The second experimental evidence supporting thiespassignment hypothesis, regards the
hydrogel swelling raticdw defined as the ratio between water mass insidg¢hgmy.o) and the
mass of polymern{,). Indeed, because as areasAproportional to the number of hydrogen atoms

relaxing to the mean peak relaxation timigs, Swcan be written as:

My0 NHZO M H,0

SN: rnm ) NmMm I% (6' 2)

whereNp20 (=2) andNp, (=52) are respectively the number of hydrogen atoirithe water

molecule and polymer monomeé,o (=18) andMy, (=673) are respectively the molecular weight
of the water molecule and polymer monomey;aldd A are respectively the relative peak area of
peak 1 and 2. Notably, the theoreti€abevaluation according to (6.2) is similar to thg@enmental
value determinate at 25°C by weight increase of ding polymer swelling in water up to

equilibrium.

6.6.3 — Pores size distribution studies

Once recognized that peak 3 represents the watiapged into the polymeric meshes, it is
possible to obtain the mesh size distribution asveld infigure 6.58[6-7].
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Fig. 6.58: mesh size distribution (pores diameter distritnjtiof Poly-
1b hydrogel obtained by NMR-rheology.

Considering the mesh size, the polymeric systeneuadalysis should be used as matrix for
the controlled release of small molecules, charaeteé by a van der Waals radiugg() lower than
1 nm as, for example, theophylline (0,37 nm) orxhamin B12 (0,85 nm) [12]. Interestingly, on
the basis of the Peppas and Lustig theory [13js ipossible to estimate the reduction of the
diffusion coefficient of this molecules in the ggistem compared to the water.

Dy/Dy = (kzr% = 6.3)
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whereD4 andD,, are the diffusion coefficient of the molecule restpely in the swollen gel
and in wateryqwis the drug van der Waals radiws; is the volumetric fraction of polymer in the
gel system \(;,;=0,13 in this case). For theophylline and vitamit2BD,/D,= 0,68 and 0,45
respectively.

The results obtained from NMR-rheology were comg@areith the data from
Cryoporometry. The asymmetrical DSC traéeg( 6.59, evidences the non-homogeneity of the
system. All the water melts at temperatures lowant0°C. Melting starts from -10°C with two
peaks at -1,5°C and -0,5°€igure 6.60reports mesh size distribution. Once again thendsital
geometry predicts smaller pores. The most probdiblmeters is 30 nm and 6,5 nm respectively for
spherical £=3) and cylindrical £=2) geometry.
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Fig. 6.59:Poly-1b DSC trace. Fig. 6.60: mesh size distribution obtained by Cryoporometry
assuming sphericat£3) or cylindrical £=2) pores geometry.
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Fig. 6.61: comparison between mesh size distribution obtame8iMR-rheology and
Cryoporometry assuming sphericat8) and cylindrical £=2) pores geometry.

The pores distribution calculated by Cryoporometnd NMR-rheology are compared in
figure 6.61 The two methodologies give different results emms of distribution amplitude and

position of the most probable diameter. Nevertl®lesssuming a cylindrical geometry, the
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differences are reduced at least for the most [mebdiameter, supporting the hypothesis that
cylindrical pores are present.

6.7 — Polymeric blends

After the analysis on the single components, th&endbn was focused on the
characterization of polymeric blends, in particulae systems composed by alginate-Pluronic™
(2%-18%) and alginate-dextran methacrylate (3%-®&#e studied.

6.7.1 — Pluronic™-alginate hydrogel system

The Pluronic™-alginate hydrogel consists in a mtaf 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 bshathe system linear viscoelastic limit.
The limits is represented by a critical shear strasound 40 Pa, corresponding to a critical
deformation of 0,07%. On this basis, the FS test performed at the same temperature using a
constant stress of 3 Pa, within the system linaacoelastic regionFigure 6.62 reports the
mechanical spectra obtained from the FS test. Aliegrto Flory and equivalent network theories
[1, 5], the crosslink density,=2,7x10° (mol/cnT) and the mean mesh siz&=4,9 nm were

evaluated.
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Fig. 6.62: mechanical spectra (FS test) of Pluronic™-algirtmsi@rogel at 25°C. The
continues line represent generalized Maxwell mbést fitting.

Figure 6.63 reports theT, relaxation spectrum obtained by LF-NMR measuremexit

25°C. The presence of 4 proton aggregation staefoand. In order to assign a physical meaning
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to each peak, the experimental data of peak relatiga Aand mean peak relaxation tinig; (Tab.
6.19 were compared with the theoretical relative areakulated considering the hydrogen
percentage in the species present in the system.
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Fig. 6.63: Pluronic™-alginate hydrogel, distribution
at 25°C. Four peaks were detected.

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

in this case, there are three species: water,abkyend Pluronic™.
Theoretical relative kO area: 83,27 %
Theoretical relative alginate area: 0,77%
Theoretical relative Pluronic™ area: 15,95%

Taking into account this data and the results abthifrom alginates and Pluronics™
systems, it is considered that, peak 1 and 2, cteaiaed by the lower relaxation times and
corresponding to a relative area of about 75%, lmarassigned to the water entrapped into the

polymeric mesh. These two components considerpaisoner’H.
0.9
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Fig. 6.64: Pluronic™-alginate hydrogel mesh size distributatrtained by NMR-
rheology. For comparison, also 2% copper algin28eGu-Alg) is reported.
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Once assigned the meaning to each peaks, the systam relaxaon time T.=5,8 ms and
k=1,19 (ms/nm) was calculat. The conversion of th&, distribution in mesh size distribution
reported infigure 6.64 As evidenced by this figure, the addition of Bhic™ does not change t

bimodal nature fothe pores distribution but it causes a geneidcgon of the mesh si:

6.7.1.2 -Structural analysis by Cryoporometry

The DSC trace shows that all the water is contawigiiin the mesh of the gel because tr
is no melting peak around 0°Fig. 6.65.

The mesh size distributions are reportecfigure 6.66assuming sphericaz=3) and the
cylindrical (z=2) geometry. In both cases the distribution is urdaioin the spherical geometi
the maximum probability occurs at 80 nm (range wwit27 nm- 200 nm) while, in the cylindrice
geometry, the maximum probability corresponds te@0(range within 10 nr- 200 nm). The non-

freezable water layer j$=0,88 for the spherical geometry afid0,66 for the cylindrical geometr

18 0.014 @ shperical geometry (z=3)
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Fig. 6.65:Pluronic™-alginée hydrogel DSC trac Fig. 6.66: Pluronic™alginate hydrogel mesh si

distribution obtained by Cryoporometry assum
spherical £=3) and cylindrical z=2) pores geometry.

The comparison of mesh size distribution obtaingdNMR-rheology and Cryopometry,
reveals big differences for what concern amplitadd position of the most probable diameFig.
6.67). The differences could be due to mesh enlargeqmervoked by water freezing. In additi
heating and cooling speed could influence the fresult. Nevertheless, assuming a cylindr
pores geometry, the difference between the two odeflogies are reduced at least for w

concerns the dimension of the most frequent dian
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Fig. 6.67: comparison between mesh size distribution by NMe&stogy and
Cryoporometry assuming sphericzt8) and cylindrical £=2) pores geometry.

6.7.2 — Alginate-dextran methacrylate hydrogel systems

Two types of alginate-dextran methacrylate hydraystems was considered in this studies.
The first is composed by 3% alginate (Protanal™Q/BQ) crosslinked by calcium cations with 5%
of D40 5% methacrylate (A3D40MA5%). The secondasmposed by 3% alginate crosslinked by
copper cations with 5% of D500 30% methacrylate 3BG0MA30%). Moreover, the systems

aging was considered in tig relaxation times distribution characterization.

6.7.2.1 — Macroscopic characterizations by rheolocgl studies

After the preliminary SS tests, the FS tests watpeed at 25°C and 3 Pa and the resulting
mechanical spectra are showedigure 6.68for A3D40MA5% and A3D500MA30%.
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Fig. 6.68:mechanical spectres (FS tests) of alginate-dextregthacrylate hydrogels at 25°C.
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On the basis of Flory and equivalent network theoiil, 5], the crosslink densipy and
mean mesh sizg were calculatedable 6.20reports their values.

crosslink densityy (mol/cnt)  mean mesh sizg (nm)

A3D40MA5% 2,1x10 24,5
A3D500MA30%  4,4x10 9,0
Tab. 6.20.

6.7.2.2 — Characterization by low field NMR

The low field NMR analysis was performed on bothstegpns A3D40MA5% and
A3D500MA30% comparing the results from freshly maghds or gels stored 15 days at room
temperature (aged systems). Moreover, the effetteotemperature was considered analyzing the
freshly made systems at 25°C and 37°C and the sggtdms at 15°C, 25°C and 37°C. In all the
considered situations and systems, the analysissstiee presence of 4 components (4 peaks).

Focusing on the ASD40MA5% aged systedigure 6.69reports the variation of the mean
relaxation times of each peal,() versus temperature. The peak Bt,~900 ms certainly
corresponds to the water outside the gel systeroguse of its elevated relaxation time and low
relative area (4:0,1%). Moreover, theT,, values have the tendency to increase with the
temperature. Indeed, as discussed above, onlyréleewfater hydrogens increase its mobility (and
therefore thél,) with the temperature while, the water hydrogetragped inside the meshes or the
polymer hydrogen do not change significantly weimperatureFigure 669 makes clear that only
T, 4 significantly increases changing the temperatuwenf15°C to 37°C while the others remain
constant. Indeed only in this ca$g increase is significantly bigger than the standaediation
associated tal,, at 25°C. The loweiT, <9 ms, can be reasonably attributed to the polymer
hydrogens since the relaxation time value correggorvery low mobility hydrogen and moreover,
the experimental relative area 8%) is similar to the theoretical relative areacuédted for the
polymer phase~2,5%). The others twadl,, and T, 3 (respectively=20 ms and=60 ms), probably
are related to the hydrogen of the water entrappiedthe polymeric meshes. Indeed, the relative
areas together represent about the 97% of aliyterm hydrogens

A similar interpretation can be extended to the ABOMA30% aged systenfig. 6.70
with the exception of the component with lower xelon timeT, ;. In this case, the relative area
A1 is much more evident, corresponding to the 20-3ff%he total. Notably, A3D500MA30%
system is characterized by relaxation times gelyetaiver than the correspondeiit in the
A3D40MA5% system. This result, is in agreement wiité rheological evidences.
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Fig. 6.69: ASD40MA5% aged system. Temperature Fig. 6.70: A3D500MA30% aged system. Temperature
effect on the peaks mean relaxation tinies)( effect on the peaks mean relaxation tinies)(

Freshly made systems relaxation timies and relative areas;/fat 25°C are reported in
tables 6.21and6.22for A3D40MA5% and A3D500MA30% respectively.

Peak T, (Ms) Relative A(%) Peak T, (Ms) Relative A(%)
1 38 48,4 1 32 57,4

2 87 20,0 2 84 30,6

3 363 24,4 3 351 7,6

4 678 7,2 4 1013 4.4

Tab. 6.21: A3D40MA5% 25°C. Tab. 6.22: A3D500MA30% 25°C.

Both systems have simild@k; values. Moreover, no relaxation times relatedh golymer
phase can be detected (theoretical relative aréa).=Bhe different behavior between freshly made
and aged systems is probably related to the wassridy aged hydrogels that causes the shrinking
of the polymeric network. Indeed4As negligible in aged systems.

The temperature influence on the relaxation tifag and relative areas;/f the freshly
made systems, can be appreciatefigares 6.71and6.72 for A3D40MA5% and ASD500MA30%
respectively. All the peaks relative area remamcpcally constant. Instead, mean relaxation times
T, 3 (peak 3) andl,4 (peak 4) increase with temperature this indicatimg relation of these two
peaks with the water outside the network. On thereoy, the temperature does not have significant
effects on thel,; (peak 1) and, 3 (peak 3). Therefore, these components can benaskitp the

water entrapped within the polymeric meshes.
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Fig. 6.71: temperature effect on the peaks meanFig. 6.72: temperature effect on the peaks mean
relaxation timesT;) on freshly made A3D40MA5%. relaxation timesT;) on freshly made A3D500MA30%.

6.7.2.3 — Pores size distribution studies

Based on the crosslink densitigsand the relaxation times distributions, it is pblesto
evaluate the mesh size distribution in the consdlesystemsFigures 6.73and 6.74 show the
bimodal pores size distribution respectively forD¥®MA5% and A3D500MA30%. In the first
case, the peaks (in blue) are centered on 16 nnd@muan. In red it is also shown the comparison
with the cryoporometric resultz<3: spherical geometry) showing a monodisperseiloigion
matching quite well rheology diameters range. Ia #econd system, the bimodal distribution
obtained from NMR-rheology results (in blue) is m#ad on 7 nm and 16 nm while, the
cryoporometric results (in red) is mismatching heeait does not change significantly from the

previous one.
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Fig. 6.73: comparison between mesh size probability Fig. 6.74: comparison between mesh size probability
distribution by NMR-rheology and Cryoporometry distribution by NMR-rheology and Cryoporometry
assuming sphericalz£3) pores geometry for the assuming sphericalz£3) pores geometry for the
A3D40MA5% aged system. 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 pelgmblends for the NABDs controlled
release, a cellular model was selected for teshiegelease and uptake efficiency of nucleic acids
complexes. The polymeric blend was constituted hyrdRic™ F127 18% and 2% alginate
(Protanal™ LF10/60hon-reticulated The nucleic acid was represented by a 21 bagpdNA
called NAM-R which has demonstrated from previotuglg an antiproliferative effect [14]. Due to
the high synthesis costs of siRNAs, the experimshtsvn in this work have been performed only
in part with the NAM-R siRNA therefore, for the migzart it was used the correspondent DNA
duplex, here referred as NAM-D, carrying the saemgusnce as the respective siRNA. The nucleic
acids were complexed with liposomes before beindgegided into the polymeric blend. The
alginate was not crosslinked in the system becaasejemonstrated from the above data, the
alginate network is too tight for a proper releaéb®ig complexes. Therefore, during these studies,
the gelation was allowed only for Pluronic™. Théudar model used was represented by two cell
lines: vascular smooth muscle cells (VSMC) and hunomabilical vein cell (HUVEC).

The basic idea is to realise a system that behav@ssolution in order to be easily injected
on the treated area [15]. Then, body temperatursesathe gelation of the Pluronic™ portion of the
blends and finally, a bivalent cations solution camforce the systems creating an outer alginate
gelation that shields the system from the bloodfind 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 vascyathology should block the
proliferation of VSMC without affecting the prolifaetion of endothelial cells (EC), here represented
by the HUVEC [18]. Uptake studies in VSMC and HUVE¢&re performed by a FITC-labeled
NAM-R complexed with several commercial liposom€ammercial liposomes were chosen to
allow their immediate use in futuren vivo experiments, thus overcoming synthesis-related
problems.

Cellfectin™ and Lipofectin™ Kig. 6.79 complexed with the FITC-labeled NAM-R
prepared in serum free medium gave the best ressiltse two cationic liposomes were efficiently
uptaken by VSMC but not EC, fulfilling the above miened requirement. Notably, in VSMCs,
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uptake efficiencies were not substantially modifiedoreparing the  liposorr
(Cellfectin™/Lipofectin™) and NAMR complexs in serum free medium,,0 and PBS Kig.
6.76).

100
Uptake:
HUVEC vs VSMC

——

80

60

40

H

% of FITC positive cells

20

O T HUVEC/Cellfectin HUVEC/Lipofectin VSMC/Cellfectin  VSMC/Lipofectin
Fig. 6.75:Uptake efficacies in VSMC and HUVEC with either the cationic liposome Cellfectin
or Lipofectin™ in the presence of serum free medililee amount of FITC positive cells (repor
on the verticabrdinate axis as % of total cell population; me+ SEM, n=4) were evaluated |

flow cytometry. It is evident the much higher triatdion efficacy in VSMC compared to HUVE
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Fig. 6.76: Uptake studies in VSMCconducted preparing liposome/ N/-R complexes
in H,O and PBS; uptake efficiencies were comparablehtise observed prepari
liposome/NAMR complexes in serum free medium (mex SEM, n=4)

6.8.3 — Characterization of liposomes patrticle size

Based on the above reported uptake studies, lipes Cellfectin™ and Lipofectin™ wer
undertaken for further analysis. To determine asibs relation between particle size and
Pluronic™ structuring process, complex dimensiomsendetermined both in the presence (F
and absence (@) of salts.Figure 6.77reveals that whereas Lipofectin™ particles, 20 rnes
after preparation, are bigger in PBS than .0 (P<0.05), the same is not evident for Cellfecti
liposomes (P>0.05). The addition of NA4D to Cellfectin™ (P<0.05), but not to Lipofec™,
leacs to a reduction in the complex diameters, boththie presence of ;O and PBS. The

polydispersity index, ranging from 0.1 to 0.35, gests that diameter variations are represent
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for the vast majority of the particles. Finally, pbfectin™ liposome regardless of the
presence/absence of NABI- tend to be smaller in size compared to Cellfgtti liposomes

especially when bO is used for the preparation of the comple

1400 Liposomes diameter:
1200 H,0 vs PBS preparation
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400 i + - F

200 _JT._ —-l_
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Lipofectin Lipofectin Lipofectin - Lipofectin I Cellfectin =~ Cellfectin =~ Cellfectin =~ Cellfectin
nfA20 NAMD @PBS NAMD  inH20 NAMD nPBS  NAMD
in H20 inPBS nE20 inPBS
Fig. 6.77:Liposomes diameter determination d,;,) in H,O and PBS either in theesence or in the
absence of NAMD. Diameters were measured 20 minutes after lipesopreparation. * P<0.(
diameters increase of Lipofectin™ complexes in Fvs H,O; # P<0.05 diameter reduction

Cellfectin™ NAM-D vsCellfectin™ alone(means + SEM, n=4)
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Fig. 6.78: comparison between liposomes diameters evaluatddeipresence of eithiNAM-D or
NAM-R; in H,O no differences were detectable; in the presehB8B8, complexes containirNAM-
R just showed the tendency to display an increassuheter means + SEM, n=4).

The same sequence and the chemical similarity BetwWweAM-D and NAM-R should
guarantee a similar behavior with regard to thea$f on liposome diameter. The data reporte
figure 6.78indicate that no significant differences wereduced by NAMN-R or NAM-D on
liposome diameter in ¥D. In the presence of PBS, N/-R determined the tendency to an incre
in the diameter, a variation which, however, was significantly different from that induced |
NAM-D (P>0.05).
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6.8.4 — Zeta potential determination

As it is known that charged particles can affeet pinocess of Pluronic™ structuri[19] and that
liposomes are charged components, the superfil@atrie charge ze-potential of the liposome
was measured. To evaluate the possible influenteslt, the measurements were evaluate
H.O, KCI and PBS. For both liposomes under investgatthe particle surface is positive
charged and the charge does not substantially depenthe salt environmenFig. 6.79. The
addition of NAMD, negatively carged molecules, induces a neatly inversion of alaharge

polarity.
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=268 | 1746 |-32.00) 4937 -30.03 : -5.600 [ 19.83 |-AR. 17| 44.63 |-T1.35 : =340 (1900 |-36.08 5650 (-52.80

Fig. 6.79: Liposomes Zeta potential (mVwas evaluated in 3@ (a), in PBS p) and KCI () either in the presence or
absence of NAM-D For both kinds of liposomes, regardless of thit environment in which they have be
prepared, particles surface display a positive gdrathe addition oNAM-D, induces a neatly inversion of chal
sign both for Lipofectin and Cellfectin complexesgardless of the external medium considered. are expressed
as means + SEM (n=9). R/D = NA-R/NAM-D

These data indicate that at least part of the hadgtcharged NAN-D molecules lies on the
liposome surface, a fact confird by the visualization of NAM> on the surface of Lipofectin?
liposome Fig. 6.809, as evidenced by Osmio staining (dark zones)il&imesults were obtaine
preparing the complexes in PBS, using Cellfectinpbdomes and NAIR (data not shown). It
shoull be noted that the distribution of NA-D on liposome surface is not uniform. This imp!
that negatively and positively charged area-exists on liposome surface. Thus, given
difficulties of negatively charged molecules to ssacellular membrane[20], it is reasonable to
assume that the liposome complexes interacts WBME membranes by the positively charg

spots allowing the transfer of NAM into the cellhe fact that this process occurs efficiently
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VSMC but not in EC, reflects the difences in cell membrane composition and charge. -D
may be also seen on the liposome partiFig. 6.800) a fact observed for other DNA/liposor

complexes [21].

1.0.0' nm Osmio Stained 100 nim
INueelic acid_

Double lipidic
layer

Fig. 6.80: Electronic microscopy images oiLipofectin-NAM-D. a) Lipofectin/NAM-D (180.000x) image was
taken after preparing the complexes gOHand exposing them to osmio vapor. It is evideatgrossly rounded sha
of the particle with the black areas on the surfaicthe particles representing the osmio staNAM-D molecules.
b) As ina) except that osmio staining was omitted and the ¢exes allowed to dry; it is evident the spherigaid

bi-layer of the particle.

6.8.5 — Rheological characterization

After the evaluation of the structural propertidstiee alginate and Pluronic™ ine and
blended together in an hydrogel system, the atienivas focused on the effects induced
liposomes complexes (prepared in water) on thedbtaeological properti.. Figure 6.8 reports
the trend of the complex modullG* as function of the deformation(37°C; 1 Hz), relative t
Pluronic™18% (P18), Pluronic-alginate-18%-2% (P182), Pluronic™alginate-18%-
2%-+Lipofectin™ (P18-A2-) and Pluronic™alginate-18%22%+Cellfectin™ (P1-A2-C) systems.
The stress sweep curves do not substantially diften eah other and, consequently, the lin
viscoelastic range, similar for all the shown sgseextends up to a critical deformatiyy~0.002.
Accordingly, asG*~1.5x10 Pa, the critical stress 1~30 Pa Figure 6.83shows the difference i
the G’ trend asfunction of the temperature during the gelationcpss relative to P18, F-A2,
P18-A2-L and P18-AZ systems (1 Pa, 1 Hz, 37°C). In particular for i€ curve, it turns ol
that the structuring process occurs according ¢éotito steps mechanism sugted in literature
[10-11]. Indeed, up to approximately 22°C, the system behas a viscous liquid, since its ela
componentG’, is always very small. In these conditions, thestem can be seen as a dilu
Pluronic™ micelles suspension whose continuous ghasmade up by Pluronic™ aquec
solution. A modest temperature increment leadsntportant interactions between indival
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micelles so that the suspension becomes suffigi@athcentrated and every micelle begins tc
caged by its neighbours. This is the reason G’ undergoes in a sudden increase. Further he
produces an additional increase of micelles phademe and, correspondingly, also the mice

caging can undergo rearrangements as demonstratbée burves slope variatic
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100 .
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1 1 Ll 1 11l Lol 1 Ll 1 Ll
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Fig. 6.81: stress sweep curv (1 Hz, 37°C) relative to the Pluronic-18% (P18),
Pluronic™-alginatet8%-2% (P18-A2), Pluronic™-alginate-18284+Lipofectin™ (P1-
A2-L) and Pluronic™alginate-18%-2%+Cellfectin™ (P18-A2} systems.G* is the

complex modulus (Pa), whiy is deformation

According to literature evidenc[19, 22-23] the addition of the alginate, a sodium ¢
leads to als; decrease. In particular, in the considered systhi®,reduction is around °C (Fig.
6.82. Finally, liposomes addition (pg/cnt) further anticipate the system structuring transiti
enlarging the width of the transition zone. If iaily the liposomes favour the structuring, th
they would hinder the development of the entirecpss as their presence makes the rearrange
of Pluronic™ micelle more critical. Indeed, liposomes represent discoity elements and, whe
temperature effects prevail, a complete structudagnot occur until they find a stable posit
inside the network. Notably, the structuring zomdasgement induced by Celctin™ is more
pronounced than that corresponding to Lipofe™. Assuming that the presence of Pluronic™
alginate do not sensibly alter the liposome dimamsiand surface charges measuFig. 6.77and
6.79, the difference in diameter and zeta pote above discussed are reasonably, at the ba:
the different temperature sweep curvFig. 6.82. Diameter and superficial charge factcould

contribute both to the differences observed in terafire sweep curvi(24].
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Fig. 6.82:G’ temperature sweep curve: (z=1 Pa, 1 Hz,
37°C) relative to the Pluronic™8% (P18), Pluronic™

alginate-18%-2% (P182), Pluronic™-alginate-18%-
2%-+Lipofectin™ (P18-A2:) and Pluronic™-alginate-
18%-2%+Cellfectin™ (P18-A2-Qystems
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Fig. 6.83:G’ temperature sweep curve (z=1 Pa, 1 Hz,
37°C) relative to  Pluronic™-alginate-18%-
2%+Lipofectin™  (P18-A2-L) Pluronic™-alginate-
18%-2%+Cellfectin™ (P1&2-C), Pluronic™-
alginate-18%-2%-+Lipofectin™NAM-D (P18-A2-L-D)

and Pluronic™-alginate-18%%+Cellfectin™NAM-
D (P18-A2-LD) systems. Compxes were prepared in
H,0.

A possible alternative interpretation was offerthg results obtained after the additior
the NAM-D to both liposomedszigure 6.8 shows the&s’ trend ¢=1 Pa, 1 Hz, 37°Cas function of
the temperature for the polymeric td loaded by Lipofectin™ (P18-AR}), Cellfectir™ (P18-A2-
C), NAM-D-Lipofectin™ (P18A2-L-D) and NAM-D-Cellfectin™ (P18A2-C-D) complexes.
From this figure it is possible to infer that, ibse&nce of NAND, Lipofectin™™ and Cellfectin™
differ in terms of dimensionsF{g. 6.77, H,O systems), surface chargeid. 6.7¢, H,O) and
respectiveG’ vs T curves Fig. 6.8¢, P18-A2-L and P18-AZ). In contrast, when liposon-NAM-
D complexes are considered, the Lipofe™-NAM-D and Cellfectin™-NAMD are characterised
by a very similar negative surface charFig. 6.79 H,O) but different dimensionsig. 6.78 H,O
systems). In this case, the differences inG’ vs T curve relative to P18-A2-D and P1-A2-C-D
systems, although present, are less evident th#meipreious case, in particular T<20°C. This
hypothesis is in agreement with the anticipatiogetion caused by charged compou[19, 22-
23]. Notably,no significant effects on gelation kinetic wereetbin the presence of NA-D alone
(data not shown)Figure 6.83shows also that, the addition of N/AD to liposome, regardless
the liposome used, determines a decrease of tn&ging temperaturTg with Cellfectir™-NAM-
D being again characterized by an anticipatiorhefdtructuring, compared to lofectin™-NAM-
D. Considering thén vivo applications, this aspect would favour Lipofe™ as we need that tt
beginning of the structuring process occurs atngptrature as close as possible to physiolo
conditions in order to minimize any |-occurring structuring during thi@ situ positioning of the

polymeric blend.
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6.8.6 — Release and uptake studies from the Pluronic™-alginate blend

In order to evaluate the release and uptake efftgi®f the siRNA liposome complex fra
the Pluronic™-alginate bhel, transfection experiments were performed on VSM€l line using
NAM-R siRNA tagged with FITC fluorescence dye (F-NAM-R). The lack of an organize
tissue structure in vitro limits the VSMC viabilitgompared to thin vivc condition. Thus, the
transfer of the FITC-NAMR by liposomes has to be limited to a defined shoré period. Fo
VSMCs was found in literature-4 hours [14]to be the optimal and maximal release time. Du
the limited release time, we decided to study ttamsfer of FIT(-NAM-R complexed with

Cellfectin™, which gave higher transfer rates compared tofeigton™.
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Fig. 6.84: NAM-R/Cellfectin™ release from the Pluronic™alginate gel. VSMCs were ove-laired with
FITC-NAM-R/Cellfectin™ embedded into ttPluronic™-alginate gelnepared at different concentrations; a
removing the gel, green fluorescent cells werediaed counted by a fluorescence microscope. Pesigi
were considered those with at least one clear gpgteen fluorescence within the cytoplasm. A cliinear
decrease in the numbef green fluorescent cells is evident when the F-NAM-R/Cellfectin™ is released
from increasing concentrationsPluronic™ Data are shown as mean + SEM, (n :

To study the release of the complexes F-NAM-R/Cellfectin™ from the Pluronic™-
alginate lend, the complexes were mixed with increasing eatrations of the polymeric blet
(from 0% to 20% of Pluronic™ and 2% alginate). VSMi@take was evaluated counting
number of green fluorescence positive cells (FITaSitove) and observing the concration of
green fluorescence per cell four hours after Phafdnoverlay. As reported iifigure 6.84 an
inverse linear relation between the amount of gféerescent cells and the % of Pluronic™ u
is evident. At 20% of Pluronic™, the amount of grfluorescent cells was vanishing. In addit
to the decrease in the number of green fluorescelid in the presence of Pluronic™, it w
observed a reduction in the amount of green flienese per cell compared to cells receiving

complexes withouthe polymeric blend (compafigures 6,85kwith d andf).
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Fig. 6.85: NAM-R/Cellfectin™ release from the Pluronic™-alginate gel.Pictures of the fixed cells a
shown at 40x magnification; ia-b, c-d and e-f are shown picture of VSMCs trasduced by F-NAM-
R/Cellfectin™ without, with 2,5% and 5% of Plurofii¢ respectivelya,c,e: phase contrast imagir; b,d,f:
correspondindluorescence imagines (green; F-NAM-R, blue: DAPI stained cellular nucle

The data presented clearly indicate that the pce of the polymeric blend, also at Ic
concentration, profoundly retards the release ef HTC-NAM-R/Cellfectin™ complexes, a fact
which is evidenced not only by the reduction in thenber of green fluorescence cells but als
the reduction of quari of FITC-NAM-R per cell. This phenomenon is clearly depender
Pluronic™ concentration, implicating that it is pdde to modulate complexes release kinetic:
the base of polymeric blend concentration allowimdind optimal release kinetics fore purposed

applications.
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6.8.7 — Polyplexes transfection experiments

Modelling studies have been demonstrated thatideeas the NABL-complexes is a crucial
property in release speed from gel systems. A siMABD-complex results in a high relea
Accordingly, a release system embedding small N,~complex turns out to be effective in the fi
stage of restenosis (s@gure 6.8€) but it is useless for the last stage of the pedéate coronar
remodeling). On the contrary, systems embedding &NBBD-complex will be effective only fc
the last part of restenosis process (late remaglelimnflammation). Thus, in order to render
delivery system effective for all the restenosegyss, it could be useful to incorporate both s|
and big NABD-complexFigure 6.8¢reports the simulation results of a delivery systanbeddin¢

both small and big NAB:omplex in a ratiR,sranging from 0,25 to 0,7[2].

Thrombi deposition

VSMCs pm:llieraﬂon

6 [ Ry, = Late remodelling

+ inflammation
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1r -
s R, =0.75; big D:\\\\\\’”

1 10 100 1000
days
Fig. 6.86:simulation studies of the NAB-complex (or delivery agent, DA) concentratiC,,) temporary evolution, in
the coronary wall after the release from gel systéhe simulations consider the release of a mixairkig-DA and
smallDA embedded into the gel at different initial rattotal amount of 7@g/cr® of DA). Ry is the percentage of the
big-DA in the gel: 0,25=25%big (75%small); 0,5=50%bi§0%small); 0,75=75%big (25%small). In gray
contributions of big-DA and smalbA respectively, in the case R,=0,75 are represent:

\s
/ :

C cw(pg.’cms)
(7]

While liposomes giving origin to big NAB-complex, polymercan give much smaller
complex. For example, PHEAa.p-poly(N-2-hydroxyethyl) D,Laspartamid) is a synthetic
polymer highly water soluble particularly interesti for its biocompatibility. PHAE himself
neutral but can be modified by addition of posityveharged side groups in order to obtain cac

polymers that are able to interact with negativdigrged nucleic acids and forming polyple[25-

26]. In order to test smaller NAE-complexes for the siRNA release from 18%Pluror-
2%alginate hydrogels systems, F-GL2 (control siRNA targeting lucerase conjugated with
fluorescent dye) was complexed cationic PHAE deéeiwand the cellular uptake was evaluate:

VSMC cells. Four PHEA derivates were used: Pl-spermine (Phe&p), PHE/spermine-butyric
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acid (Phea-Sp-C4), PHEdiethylenetriamine (Ph-Deta) and PHEA-Zminoethylcarbamai
(Phea-Eda)Kig. 6.87).
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Fig. 6.87:PHEA derivates

Figure 6.88shows the results as percentage of FITC positile tecomparison with th
FITC-GL2/Cellfectin™complex. Unfortunately, even if in the polyplexesnation a high ratio ¢
nucleic acid was used compared to the polymery, thiel Phe-Sp poliplexes showed a certain-
take capability but was not sufficient for the paspd applications. The otherHEA derivate
poliplexes do not demonstrate any significant ti@rtgon properties on VSMC cells. Furtl
studies are required in order to realize a moreiefft polyplex to embed in the hydrogels siR|

delivery systems.

et
=
[—]

o
—]
i

&
S
|

=
i

FITC positive cells (%)

[
(=]
|

Fig. 9.88:percentage of FITCositive cells in upake studies on VSMC cel
of different PHAE derivates polyplexes: FI-GL2/polymer ratio is als
showed. In grey the results of FI-GL2/Cellfectin™ 1:2,5 is also show«
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Despite the great therapeutics potentiality dematedin vitro by NABDs, the application
on real clinical case resulted much more difficlilhe lacking of an efficient delivery system can
invalidate the efficacy demonstrated by this clasmolecules during the laboratory experiments.
For this reasons, great number of studies wereopeed with both, private and public,
investments. The aim of this project was to denratestthe feasibility of polymeric hydrogel
systems as drug delivery device for NABDs Polymdmycirogels were analyzed from different
point of view: compositions, mechanical propertigdsgrmal stability, network mesh size and,

finally, in vivo performances.

7.1 — Systems characterization

From the structural point of view, the rheologicahalysis demonstrates a clear
preponderance of the elastic component in all yilséesns under examination, typical of strong gel
behavior. Focusing on the pure alginate hydroghks,elastic and loss modulus increase with the
increasing of the polymer concentration. Gel sttierigcreases with polymer concentration for
systems Crosslinked by €aand Cd". This effect was more evident in the case of Qdeéd,
while the 1%Cu-alginate mechanical properties wienger than 1%Ca-alginate, the 2% gel
behavior was similar and even higher for Cu-algratt 3% concentration. The explanations of the
Cu-alginate properties are related to the betticieficy of the CG" to be caged between the
alginate egg-boxes. The reason of the half salte@utnation used for the Cug®olution was the
fast gelation speed. We hypothesize the use ofdlans may lead to aggregates formation that
locally precipitate causing a network destabilizatiOn the other side, in the 1%Cu-alginate, the
salt and polysaccharide concentration is too lovwhave a full gelation and the Cu structuring
capacity became evident only when concentratiancieased.

Another aspect that reinforces this hypothesi®stituted by the mechanical spectra trends
as function of the temperature (10°C, 25°C and 30%@e results have evidenced the strong

stability of the Cu-alginate hydrogel while, the-@lginate presented a reduction of the mechanical
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modulus with the temperature increasing, demomsgrdhe lower mechanical properties. Crosslink
densitypx and the mean mesh sigeobtained by the fittings of the generalized Maxwebdel
increases, decreases, respectively with the polgorerentration increase.

From the microscopic point of view, low field NMRshows the presence of three
aggregation states (or three peaks), except fol¥h€u-alginate that had 4 peaks. The relaxation
times {T,) of the Cu-alginate hydrogels were clearly lomeart the relaxation times of the Ca-
alginate, another indication of the stronger intdoan between water and the polymeric structure in
the systems reticulated by Cu cations. On the aontin the Ca-alginate hydrogels, water was less
vincolated, this meaning a lower interaction withlymer chains. Based on the temperature effects
on the relaxation time distribution and comparihg theoretical peaks areas with the experimental
areas, it was shown that is not possible to distsigthe peak correspondent to the polymer protons
because of the low concentration. Therefore, tfe fivo peaks, which resulted in an area of more
than 70%, were assigned to the water entrappedhetpolymeric reticule.

Coupling the results obtained from Rheology and NMRimodal mesh size probability
distribution was obtained for all the alginate séap The concentration increase resulted in a
reduction of the mesh size, especially in the @Qirate case. The Cu-alginate hydrogels present
mesh slightly smaller than the Ca-alginate

In the case of the Pluronic™ F127 solution tempeeaincrease triggers great change in the
system structure resulting in the gelation procé&s® analysis of th@, relaxation time allowed
following chain structuring dynamics from solutiém complex micelles systems promoted by the
temperature. The data treatment separated theilmatidn of a “non-structured” polymer phase, a
“structured” polymer phase and a water phase. bhdatlower temperatures (10°C — 14°C), the
system was described by two components: the slegig@ed to the free water, and the medium,
assigned to the Pluronic™. The experimental pea&asa(82,9% and 17,0% respectively for the
slow and medium) were in good agreement with tie®rdtical areas. Within 14°C — 40°C, the
system was described by three components: slow {#eger), medium (unimeric or low structured
Pluronic™) and fast (structured or micelles Plucd). These peaks assignments was confirmed
by the lower mobility of the micelles compared lie {ow structured Pluronic™. Normally a higher
temperature results in a generalizéd increasing because the lower system viscosity and
consequent increase of the molecules mobility.ebudt in the Pluronic™ system, the mobility
increasing is compensate and overcome by the m&cafgregates formations that results in a
system structuring. The presence of at least twooditinuities in thd, trend of the medium and
fast components is an indication that, the strirguprocess is not a simple equilibrium within two

states (unimers-micelles), but it is a sequengehabes.
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The results obtained on the polymeric blend of 2%(@inate-18%PIluronic™ were
interpreted on the base of the hypothesis formdlatethe single components characterization. The
FS test reported mechanical modules for the polyartdend one order of magnitude higher than
the 2%Cu-alginate alone. This result affected sinailar manner also the crosslink dengigyand
the mean mesh size The analysis of th&, relaxation spectra at 25°C had shown the preseintde
aggregation states (peaks) of theprotons. The peak assignment resulted difficattause of the
complexity of the system. The comparison with thlaxation time distribution of the pure alginate
hydrogels, allowed to assign the first two peakthwopolymeric mesh and, therefore, to a bimodal
distribution of mesh size. Even if not so high, thikerent within this polymeric blend and the pure
alginate system can be justified supposing an émibe on the alginate join caused by the presence
of the high concentrated Pluronic™.

Regarding the systems made with dextran methaergad its polymeric blends (D40 5%
methacrylate and D500 30% methacrylate pure intisoluat 5% called respectively D40MA5%
and D500MA30%, or blended with 3% alginate callegspectively A3D40MA5% and
A3D500MA30%), an increase of crosslink dengifyand reduction of the mean mesh sjzeere
seen with polymer molecular weight and methacrytatiegree increase. As demonstrated by the
comparison of the respective mechanical specteaadldition of alginate crosslinked by Ca cations
to the systems constitute by pure dextran methaterylcontributes to increase the system
structuring. The NMR spectra of ABD40MA5% and A3D®MA30%, demonstrated a similar
hydrogels behavior when the systems were freshigem@he different composition could be
appreciated after 15 days aging when part of theenaas evaporated with shrinkage of the
polymeric matrix. Indeed, lowering the quantity whter, allowed an easier distinction of the
polymeric phase contribution in the relaxation timgectra. On the other side, the observed
relaxation time of the water entrapped into theyp@ric network were considerable reduced by
aging, demonstrating a higher polymer concentradiwh different interaction with water.

Poly-1bis the only one system not crosslinked in solubahobtained by swelling from the
dry state. Considering mechanical characteristlus, systems demonstrated the higher absolute
mechanical modules and, this result was reflectedhe higher crosslink densify,. The T,
relaxation times distribution showed 4 peaks cquesing to 4'H protons aggregation states.
Comparing the theoretical and the experimental lsvgetatio estimations and from the analysis of
the temperature effect on the relaxation timesritigion, it was possible to hypothesize the
assignment of the first two peaks to the polymeasghand to the water entrapped into the mesh

respectively.
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7.2 — Cryoporometry studies

The cryoporometric analysis allowed the evaluatibthe mesh size distribution through the
study of water melting inside the polymeric netwodssuming spherical or cylindrical pores
geometry. Cryoporometric analysis preformed onikamples are in good agreement with the
results obtained on the same samples by the BETysismiaTherefore, Cryoporometry can be
considered a reliable methodology for the matepal®sity studies.

Cryoporometric analyses were performed on the pefignblends, on the dextran
methacrylate hydrogels (D40MA5 and D500MA30) andtba 2%Cu-alginate hydrogel. In the
resulting DSC traces, it was showed that the Ialerpores dimension (equal to a higher systems
structuring), lower the temperature at which watezlting starts. For examples, in the dextran
methacrylate-alginate hydrogels, the water melstagts even at -16°C while poly-1b start at -
10°C. Anyhow, in all the considered systems, watetting starts at temperatures lower than 0°C,
this meaning that the polymeric structure forces whater into the nanopores where it freezes in
small nanocrystal.

The mesh size distributions obtained by Cryoporoynaere different considering spherical
or cylindrical geometry. In particular, assuming ttylindrical geometry the estimation results in
smaller mesh. On the contrary, observing the tremfdshe melting enthalpy and the melting
temperature of the water into the pores, it wasiptesto distinguish three characteristic regidns.
the first, for both the curves, there was a higtpsl meaning a strong dependency from pores
diameter. The second region represents a transittole whereAH and T dependency on pores
diameter were gradually reduced. Finally, in thiedtlegion, the curves gets a plateau wheire
and T were independent from pores diameter. Becaushisnrégion, a pore diameter increasing
does not change significantly the melting tempegatind enthalpy, it represents an approximation
of the ideal crystal of infinite dimensionki=333,7J/g).

Nevertheless, Cryoporometry estimated higher meghtean NMR-rheology. This can be
explained considering that:

1. The polymeric network could be damaged by wateuw@ increase due to the
freezing process.

2. The viscoelastic properties of the network requae®ry slow variation of boundary
conditions in order to behave nearly to the equiiin.

Both these factors could influence, in some waysljrdigels internal structural change.
Indeed, Cryoporometric and NMR-rheology analysis aloser for stronger gels as the systems

made by dextran methacrylate-alginate, where therantion within chains is at least partially
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covalent (within dextran chains) and thus, stronéepossible way to overcome this problem is to
change Cryoporometry procedure by performing themwirng by astep scan mod#at consists in

an temperature increase of an establiskiedollowed by a time interval that allows the systém
equilibrate before the next increase. By this meéthagy, worming proceeds through a series of
equilibrium states and the final response shouldirbproved. As demonstrated before, for
traditional porous systems such as the zeolites,nttethodology is not necessary because of the

much higher stability of the network.

7.3 — Biological evaluations

In order to prove the usefulness of hydrogels systtor the delivery of NABDs, biological
studies were performed on VSMC and HUVEC cellsweltas model for a particular case of
SsiRNA delivery: an injectable anti-restenosis stedtating. Based on previous studies, the
polymeric blend constituted by 18% Pluronic™ and @28t crosslinked alginate had been chosen
at this purpose. The basic idea is to realise #&Bythat behaves as a solution when injected on the
treated area than it undergoes a crosslinking peockeie to body temperature (gelation of the
Pluronic™ portion of the blends). Finally, a bivalecations solution can reinforce the systems
creating an outer alginate gelation that shields gisstem from the blood flow and prevent the
siRNA complex loosing into the blood.

Cellfectin™ and Lipofectin™ were chosen as carard were complexed by siRNA. The
complexes were then characterized. The rheologicalysis showed that these complexes do not
affect the gel final properties, even if they afféee structuring process. In particular, Cellfe€ti
induces a certain anticipation of the structurimgcess compared to Lipofectin™, a phenomenon
probably connected to the superficial charge of pleticles rather than to their sizes. These
observations together with the different efficienayNAM-R uptake into VSMC, suggest that
Cellfectin™ is preferable to Lipofectin™ as it caansfer more efficiently the therapeutic NAM-R
into VSMC. However, Lipofectin™ is preferable tollfectin™ as, in its presence, the structuring
process occurs at a slightly higher temperatureés Tdature can prolong the liquid status of the
polymeric blend thus reducing the risk of polymeblend gelation during application by endo-
vascular catheter. Moreoven, vitro release tests indicate that, at least in the ca§ellfectin™,
complexes release is feasible and depends on tige@ac blend concentration. This would allow
finding optimal release kinetics for endo-arteapplication.

In addition, the transfection efficiency of smal®RNA carrier systems was evaluated with

the aim to improve the release kinetics. FITC-Gludfescent siRNA was complexed with PHEA
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derivates in order to obtain polyplexes for the (SMp-take evaluation. Unfortunately, these
systems resulted into insufficient transfectioniogéhcy on this cell line and further studies are
required in order to find a better polyplex system.

Whereas the final choice between the two liposotested will also require the evaluation
of the delivery kinetic from the considered polymeblendin vivo, we have now identified a
polymeric system which is compatible with the preseof specific liposomes and of complexes
liposomes/siRNA. These findings open the way father analysis of our system, aimed at the
delivery of NAM-R to diseased vessel wall and, miorgeneral, prove the capability of hydrogels

to be applied as delivery systems for NABDs release
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Acp Cp- Cp:
AE Energy difference
AG? Free energy variation caused by micellation
AGs Melting free energy
Ah Standard melting enthalpy (melting enthalpy persnast)
AH Melting enthalpy
Ah(Tp) Standard melting enthalpy of the ice that meltin@,a0°C
AH° Micellation enthalpy
AH; Standard enthalpy in tH& integration
AH; Molar melting enthalpy
AH; Standard enthalpy in thentegration
AS Micellation entropy
AS Standard entropy in tH& integration
AG Molar melting entropy
AS Standard entropy in thantegration
AX 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 tkegar moiety
2’-FANA 2'deoxy-2’fluorop-D-arabinonucleic acids, a nucleotides modification
2'-O-Me Nucleotides methylation on position 2’ bketsugar moiety
2’-0O-MOE Nucleotides methoxyethyl modification oogition 2’ of the sugar moiety
4'-S Nucleotides modification by substitution ob&ygen by a sulphur atom
a Importance factor (weight)
A Equation parameters
A Amstrong (10°m)
AAV Adeno-Asociated Virus
abl Proto-oncogene
ADV Adenovirus
a Drug dose
3 Importance factor (weight) of theelement
Aj Contact area betweeémnd] phases
a" Importance factor (weight) of theelement during the iterative tast
A Pre-exponential factor of thecomponent
A Interfacial area of liquid phase
Ay Contact area between liquid and vapor (or gas)gshas
AMI Acute Myocardial Infarction
AP Anionic Polymerization
AP-1 Activator Protein 1
A Interfacial area of solid phase
Aql Contact area between solid and liquid phases
ASO AntiSense Oligonulcleotide
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AT1 Angiotensin Il receptor antagonists
AUEECTOL bTL-arginyI-2.,3-L-diaminopropionic acid-N-palmity-oleyl-amide
trinydrochloride
A, Interfacial area of vapor (or gas) phase
Ave Contact area between vapor (or gas) and solid phase
B Equation parameters
Bo External magnetic field
Bl A cyclin’s family protein
B; External rotating magnetic field
b2a2 Oncogene derived from bcr-abl L6 translocation
bcl-2 Oncogene
Bcl-x Proto-oncogene
ber Proto-oncogene
bcr-abl Oncogene
BF1 A benzofulvene derivate
BH; 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
Cen 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, @j@-oncogene
CML Chronic Myelogenous Leukaemia
CMT Critical Micellation Temperature
CMV Cytomegalovirus
c-myc Proto-oncogene
COS7 Cell line
cp specific heat capacity
cp liquid specific heat capacity
CPMG Carr-Purcell-Meiboom-Gill pulse sequence
CPP Cell Penetrating Peptide
Cp: 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
Dy 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
2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,Ndethyl-1-
DOSPA et :
propanaminium trifluoroacetate
DOTMA N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylemmonium chloride
DPhyPE 1,2-diphytanoyl-sn-glycero-3-phosphoethanoia
DPL dendritica(-poly(L-lysine))
DSC Differential Scanning Calorimetry
DSPE-PEG N-(carbonyl-methoxypolyethyleneglycol-2000)-1,2td&royl-sn-glycero-3-
i phosphoethanol-amine sodium salt
dsRNA Double strand RNA
dTTP Deoxythymidine tri-phosphate
Dy Diffusion coefficient of molecules in water
DZ2 Prostate cancer cell line
e Charge
E Young modulus
E Equation parameters
El A cyclin’s family protein
E; Adsorption enthalpy of the first layer
E2F Transcription factor family (include E2F1, E2&#d E2F3)
E6 human papilloma virus oncogene
EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
eEF1A Peptide Elongation Factor 1A
EGTA Ethylene-glycol-tetraacetic-acid
E. 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, atrtagtor
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 a-L-guluronate, one of the monomers of alginate typer
G Gibbs free energy
Shear modulus (Rheology)
G* Complex modulus
G’ Storage modulus (or elastic)
G Pure elastic component
G” Loss modulus (or viscous)
gag HIV-1 gene encoding a viral core protein
GDL D-gluconosé-lacton
Ok Constant ok spring
GL2 Control siRNA targeting luciferase
GMA Glycidyl-methacrylate
GMF/CSF Granulocytic-Monocytic colony forming uaittivator, a growth factor
ON g nuclear factor
h Plank constant
H1 DNA Polymerase type Ill promoter
HA Hyaluronic Acid
HCC Hepatocellular Cancer
HCT-116 Colon cancer cell line
HCV Hepatitis C Virus
HelLa Cell line
HER2/neu Human Epidermal growth factor Receptor 2 (CD340heambrane 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 (cyclesec)
[ Intercept orx-axe
I Nuclear spin quantum number
I(t) Intensity at instant
ICAM-1 Inter-Cellular Adhesion Molecule 1 (CD54) adhesion protein
IGF-1R Insulin-like Growth Factor Receptor tyroskirase
li(%); Intensity at instant of thej component
IKK kB-kinase, a protein activator
IPN Interpenetrating Polymer network
ISR In-Stent Restenosis
J Joule
JL-1 Leukaemia-specific antigen 1
Kk 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
Mass (in general)
M Molarity (moles concentration)
Also used fo3-D-mannuronate, one of the monomers of alginat®lyoper
M Magnetization (in general)
Maig Water molecular weight
MB Microbubble
MCP-1 Monocyte Chemotactic Protein 1, a chemotasgigjnal
mdrl Gene encoding Multi Drug Resistence 1, a mandbtransporter
MEND Means of an envelope-type nano device
Mi20 Water mass inside the gel
Mu2c Alginate monomer molecular weight
m Magnetic Quantum number
Ml Mechanical Index
MiRNA Micro RNA
Mn Mass of polymer in the gel
M Polymer monomer molecular weight
Mn Mean molecular weight
Mo Equilibrium net magnetization
MOEG Methyl PEG oligomers
mol Moles
MoMLV Moloney Murine Leukaemia Virus
Mpiy Pluronic™ monomer molecular weight
MRNA Messenger RNA
ms Milliseconds
Mw Molecular weight
My X axe magnetization component
My Xy plane magnetization component
My y axe magnetization component
M, Z axe magnetization component
N Newton
Norn In generall used to represent the number of elengeyﬂnams nuclei,
exponentials, moles, nanopores, unimers as aggragatmber, etc.)
N2A Neuroblastoma cell line
Na Avogadro’s number (6,22x¥0mol™)
NABD Nucleic Acid Based Drugs
Naig Number of protons in the alginate monomer

NAM-D DNA duplex carrying the same sequence of N/&RMV-

NAM-R siRNA targeting cyclin E1

NF-«xB Nuclear Factor-kappa B (transcription factor)
NHoc Number of protons in the water molecule
n; Number of moles of component
Ni Number ofi data
NIH3T3 Cell line
n, Number of moles of the liquid phase
nm Nanometers (10n)
Nm Number of protons in polymer monomer
NMR Nuclear Magnetic Resonance
NP Nanopatrticle
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Npiu Number of protons in the Pluronic™ monomer
n-ras Oncogene
Ne Number of moles of the solid phase
Ny Number of moles of the vapor (or gas) phase
ODN OligoDeoxyNucleotide
OEG Oligo(ethylene glycol)
OEGMA Oligo(ethylene glycol methacrylate)
Pressure
P Angular moment (NMR)
P-value: statistical significance parameter
P(®) Occurrence probability of the pore wittdiameter
P@i) Occurrence probability of the pores withdiameter
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 repliicat factor
PDGF-A Platelet-Derived Growth Factor subunit A
PEG poly(ethylene glycol), also referred as polyyktne oxide) (PEO)
PEG Poly(ethylene glycol)
PEG-L Poly(ethylene glycol) modified liposome
PEI poly(ethylenimine)
PEO poly(ethylene oxide), also referred as polyletie glycol) (PEG)
PGA poly(glycolic acid)
PGE?2 Prostaglandin E2
PHEA a,B-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
P Pressure of the liquid phase
PLA Poly(lactic acid)
PLL poly(L-Lysine)
PMO Phosphorodiamidate Morpholid@digonucleotide
PNA Peptide Nucleic Acid
PO Propylene Oxide
Pol Il DNA Polymerase type Il
Pol IlI DNA Polymerase type Il
PPI poly(propylenimine)
PPO Poly(propylene oxide)
P Pressure of the solid phase
PS Phosphorothioate nucleotides modification
PTSA p-toluensulphonic monohydrate
P, Vapor pressure of the gas phase
P’ Vapor pressure in pore of radiws(saturation vapor pressure)
PVA Poly(vinyl-alcohol)
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P, Angular moment component belongxes
P, or Pg Nuclei population deviation (+ or -) froh¥2 between two state
Q Volumetric swelling ratio
Q DSC trace power
r Radius of the water solid crystal into a nhanopore
R Parallel plates sensor radius
R Universal gas constant (8.31447K 'mol™)
rad Radiant
raf A regulatory kinase protein
ras Proto-oncogene family
Rbe Big/small delivery agent ratio
Rui Micelles hydrophobic core radius
RISC RNA Interfering Silencing Complex
Ry Curve radius of liquid-vapor (or liquid-gas) irftere
R, Micelles hydrodynamic radius
RNA RiboNucleic Acid
RNAI RNA interfering
RNase Ribonuclease
RNase-H Ribonuclease that cut double strand RNA
Mo Radius of liquid-gas interface into a pore
R, Pore radius
Ry Pore radius in theintegration
Rp.crio Pores radius obtained by cryoporimetry method
Rz Pores radius obtained by BET gas porimetry method
Rqi Curve radius of solid-liquid interface
Ra Curve radius of solid-vapor (or solid-gas) inteda
runxl-cbfa2tl  Oncogene
RV Retrovirus
I'vaw van der Waals radius
S Linear function slope
S Entropy
SANS Small-Angle Neutron Scattering
sec Seconds
SFV Semliki Forest Virus
S Molar entropy withi=s, |, v for solid, liquid and vapor (or gas) respectively
SiRNA small interfering RNA
sl Solid-liquid interface
S Entropy of the liquid phase
SP Spontaneous Polymerization
SRF Serum Responsive Factor
S Entropy of the solid phase
S Specific surface
SS Stress sweep
STAT3 Signal Transducer and Activator of Transaeoipt3 (transcription factor)
sv Solid-vapor (or solid-gas) interface
S Entropy of the vapor (or gas) phase
Sw Swelling ratio
SWCN Single Walled Carbon Nanotube

t

Time
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t Instant time
T Tesla (magnetic field)
Temperature
T Torque moment
To Melting temperature of crystal with radius (0°C for water)
T, Longitudinal relaxation time (spin-lattice)
Ty Temperature in thE' integration
T, Transversal relaxation time (spin-spin)
T, Mean relaxation time (in general)
T Mean relaxation time of thepeak
T, Relaxation time of theelement €1 to N)
T, Relaxation time of the componentK=1 to N)
T Temperature of the liquid phase
T, Temperature of the solid phase
T, Temperature of the vapor phase
TAT/Rev HIV-1 regulatory protein
tel-amll Oncogene
TF Transcription Factor
TFO Triplex Forming Ologonucleotide
TGH3-1 Transforming Growth Factor beta-1
TH Tetra-hydrofuran
T; Temperature in theintegration
T Temperature of the liquid phase
TMPK Thymidylate kinase
TNF-o Tumor Necrosis Factor alpha, a cytokine
ty B; (RF) pulse application time
TP-10 A cell penetrating peptides
t, Repetition time between RF pulse
T, Temperature of the solid phase
T Structuring temperature
T, Temperature of the vapor (or gas) phase
U20S Tumor Cell line
U6 DNA Polymerase type Ill promoter
U937 Cell line
v Heating speed
Number of crosslink’'s moles
v Specific volume (volume/mass)
V Volume (sometimes also used to define the findime)
Vo Initial volume
Vo Polymeric volume fraction of the full swelled gel
Vop Polymer volumetric fraction in the gel
Vor Polymeric volume fraction at the crosslinked tifnet full swelled)
Va Absorbed vapor quantity
Ve Number of crosslink’s
VEGF Vascular Endothelial Growth Factor
vegf-a Gene encoding VEGF-A
Vit Volume of water crystal into a nanopdfeeezablewater)
\ Total volume offreezablewater (nanocrystal volume)
Vi Molar volume withi=s, |, v for solid, liquid and vapor (or gas) respectively
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Symbols and Abbreviations

Vi Volumej phase
V Volume liquid phase
Vim Quantity of vapor adsorbed as a monolayer
Vnt Volume ofnon-freezablavater into a nanopore
" Total volume ofhon-freezablavater
Vp Nanopore volume
Vo Total nanopores volume
Vp.calc Total nanopores volume calculated during iteragivaluation ofs
Ve Volume solid phase
VSMC Vascular Smooth Muscle Cell, a cell line
VSV-G Vesicular Stomatitis Virus Glycoprotein
Vy Volume vapor (or gas) phase
Weng Weight of alginate in gel system
Weyzc Weight of water in gel system
We, Weight of Pluronic™ in gel system
W Mass of freezable water inside the pores
W0 Mass of water melting & C
Wi Mass of non-freezable water inside the pores
W, Total water mass inside and outside the system
z Pores geometry parameter (2=cylindrical, 3=cublusizal)
ZK-4 A zeolite
ZSM-11 Socony-Mobil 11 Zeolite
ZSM-5 Socony-Mobil 5 Zeolite
a Extension ratio
Oix Extension ratio irx axe
0y Extension ratio iry axe
0z Extension ratio irz axe
S Thickness ohon-freezablavater layer into a nanopores
Giromagnetic ratio (NMR)
y Deformation, in particular identify the shear def@ation (Rheology)
Surface tension (Cryoporimetry)
y Deformation speed
Y0 Critical deformation
Yo Critical deformation speed
YH Proton giromagnetic moment
Vv Surface tension liquid water-vapor (or liquid-gas)
Vv Surface tension liquid-vapor (or liquid-gas)
Vel Surface tension ice-liquid water (or solid-liquid)
Y\ Surface tension solid-vapor (or solid-gas)
Pve Surface tension ice-vapor (or solid-gas)
Excess of nuclei in higher energy state comparededower (NMR)
J Loss angle, phase displacement betwgendz (Rheology)
OP; i component pressure infinitesimal variation
oT temperature infinitesimal variation
S i component chemical potential infinitesimal vaoati
. Tolerance
Deformation, in particular identify the deformatittmnormal stress (Rheology)
n Viscosity (in general)
Nk Viscosity of thek component
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Symbols and Abbreviations

0 Angle betweerB; andMg
I Contact angle between liquid and vapor (or gasy@ha
I Contact angle between liquid and pore wall
951 Contact angle between solid and liquid phase
K Boltzman constant
5 Wave length (NMR)
Relaxation time (Rheology)
A Applied deformation process time
Ak Mechanical relaxation time of tkecomponent (Rheology)
Magnetic moment (NMR)
H Chemical potential (Cryoporimetry)
W Chemical potential of the liquid phase
UN Magneton 4 measure units)
s Chemical potential of the solid phase
Uy Chemical potential of the vapor (or gas) phase
Uz Magnetic moment component belongxes
Vo Larmor precession frequency in Hertz, see algo
VRE B, rotation frequency
T Pi constant = 3,14159...
p Density
Dice Ice density at temperatufe
pice(0°C) Ice density at temperatufg=0°C
Dl Liquid density
Ps Solid density
Ox Crosslink density
o Deviation
c Pulse sequence interval (NMR)
Shear stress (Rheology)
T Critical stress
® Mean mesh size (or mean mesh diameters)
1) Probability to have a pore of radiRdn the system
Oi Single pores diameters into a mesh size distributio
¥ Sum of square difference
w Angular frequency or pulsation (Rheology)
Q Rotational speed
wo Larmor precession frequency in (rad Sesee alsog
w1 Angular frequency betwed®y andMg
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