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/Abstract: An investigation of the constitutional adaptive ge-
lation process of chitosan/cinnamaldehyde (C/Cy) dynagels
is reported. These gels generate timely variant macroscopic
organization across extended scales. In the first stage, imine-
bond formation takes place “in-water” and generates low-or-
dered hydrogels. The progressive formation of imine bonds
further induces “out-of-water” increased reactivity within in-
terdigitated hydrophobic self-assembled layers of Cy, with
a protecting environmental effect against hydrolysis and

that leads to the stabilization of the imine bonds. The hydro-\
phobic swelling due to Cy layers at the interfaces reaches

a critical step when lamellar self-organized hybrids are gen-
erated (24 hours). This induces an important restructuration
of the hydrogels on the micrometric scale, thus resulting in
the formation of highly ordered microporous xerogel mor-
phologies of high potential interest for chemical separations,
drug delivery, and sensors.

/

Introduction

Constitutional dynamic chemistry (CDC) brings into play the
self-evolution of dynamic molecular and supramolecular sys-
tems toward the selection of discrete architectures from mix-
tures of exchanging components." The self-assembling of the
components into adaptive architectures across size scale, con-
trolled by mastering constitutional affinities, embodies the
flow of structural information from the molecular level toward
nanoscale/microscale dimensions.”

Within this context, we recently proved that the progressive
incorporation of hydrophobic synthons through imine-bond
formation onto hydrophilic chitosan backbones produces the
depletion of strongly hydrogen-bonded chitosan chains, thus
resulting, in some cases, in the formation of stable chitosan hy-
drogels, films, or powders, which are a function of the nature
of the grafted moiety in the Chitosan backbones.” The reor-
ganization of hydrophobic/hydrophilic systems is probably
connected to 1) a protecting environmental effect against hy-
drolysis and the stabilization of the reversible imino bonds at
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the molecular level®® and 2) the self-control of the balance of
interactions, which is a determinant for the emergence of
novel solid-phase formation and materials at the supramolec-
ular level

Previous studies in our laboratories® have shown that
among different formulations (i.e., films or powders)®® that
can be obtained from various aldehydes, stable hydrogels can
be prepared by treating cinnamaldehyde (Cy) with chitosan (C;
Scheme 1).2 Although the control of the hydrogel formation
seems to be reasonable, the dynamic reversible equilibrium of
the Cy imine-bond formation at the molecular level cumulated
and the self-organization of C/Cy hydrophilic/hydrophobic
supramolecular interfaces remain key challenges.

More generally, the formation of “dynamic gels” (i.e., dyna-
gels) dynamic on both the molecular and supramolecular
levels is reminiscent of a number of other nonexclusive consti-
tutional systems, including helical and lamellar nanometric
hybrid phases,“ cholesteric lyotropic systems,“! constitu-
tional dynamic gels,**? self-replicating dynablocks®® or dyna-
surfaces,“” and so forth.

Herein, we report the investigation of the dynamic constitu-
tional gelation process of C/Cy hydrogels and of the character-
istics of the corresponding xerogels in an attempt to extend
and engineer constitutional interactions to generate timely var-
iant-adaptive macroscopic organization of C/Cy dynagels
across extended scales.”

C/Cy hydrogels have been obtained by mixing solutions of
C and Cy in water and acetone, respectively, at various Cy.,/
Cycho molar ratios at 50 °C (see Scheme 1 and Table 1).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of Gy—G; hydrogels through the reversible molecular imino-bonding of Cy and hydrophilic/
hydrophobic supramolecular self-organization, thus giving rise to “in-water” and “out-of-water” populations of the
hydrophobic Cy component (see Table 1 for the composition of the Gy-G; hydrogels).

Table 1. The molar ratio of functional units and corresponding hydrogel
codes.”!

Code G, G, G, G; G;;5 G, Gys G;

Cun2/CYcho 1:2 1:1 2:1 3:1 3.5:1 4:1 4.5:1 5:1

[a] Calculated as the molar ratio of glucosamine repeat units to cinnamal-
dehyde.

Results and Discussion

Chitosan and cinnamaldehyde as important molecules in
bioapplications

Chitosan, a natural biopolymer obtained by the deacetylation
of chitin, has proved to possess many outstanding biological
properties, namely, biocompatibility, nontoxicity (its degrada-
tion products are known natural metabolites), non-antigenicity,
antitumoral activity, and haemostatic, antimicrobial, fungistatic,
spermicidal, central-nervous-system-depressant, and immune-
adjuvant properties. The abilities of this compound to improve
wound healing or blood clotting; form protective films and
coatings; selectively bind acidic liquids, thereby lowering
serum cholesterol levels (hypertension prevention); and accel-
erate bone formation or environmental protection results in
the utilization of chitosan in a huge “workbench” for research-
ers in various domains, especially those addressing bioapplica-
tions.®) One important use of chitosan is related to its hydro-
gels due to their presence in a large number of biomedical,
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cosmetics, personal-care, food,

and environment-protection ap-

plications, and so forth. Chitosan
" hydrogels can be prepared with-
out any crosslinking agent,” but
are usually obtained through the
formation of bridges between
chitosan backbones. The hydro-
gen-bonding interactions can be
modified by imine covalent link-
ages when the free amino
groups on chitosan react with
monoaldehydes or appropriate
difunctional cross-linkers, such as
glutaraldehyde,"” terephthalde-
hyde,'™  diisocyanate,'”? and
formaldehyde,"® when chemical
hydrogels are obtained. Relative
to physical hydrogels, the chemi-
cal hydrogels are permanent and
quite robust networks owing to
the presence of covalent cross-
linking agents. Recent studies
have demonstrated that usual
cross-linkers, such as glutaralde-
hyde, are in fact toxic,"*'" and
the attention of researchers has
focused on other cross-linkers to
yield more environmentally and health-friendly hydrogels ap-
propriate for bioapplications.

Cinnamaldehyde is a natural extracted oil used as a flavoring
agent and has proved to have a lot of beneficial properties,
such as hypoglycemic and hypolipidic characteristics, and thus
is a potential antidiabetic agent'’® with a shown vasodilator
effect,"” antipathogenic"® activity against both gram-positive
and -negative bacteria," antimicrobial® or antifungal activi-
ties,?" and inhibition of the proliferation of several human
cancer-cell lines including breast, ovarian, lung, and colon car-
cinomas and leukaemia.”? Besides, in vivo studies established
that the acceptable daily intake can reach 73.5 mgkg™' body
weightday .2

Systems containing both chitosan and cinnamaldehyde
should present interesting synergetic effects. The antimicrobial
properties of Schiff bases from chitosan and cinnamaldehyde
formed under high-intensity ultrasound have been recently re-
ported.” The delivery of baicalein by using cinnamaldehyde/
chitosan systems has been explored too, but no information
on the composite hydrogels was provided.”® The reversible co-
valent nature of the imine linkage (C=N) allows the aldehyde
subcomponents to be independently displaced in well-defined
ways, thus allowing the formation of nanostructured architec-
tures.?

Hydrogel synthesis

A 3% solution of cinnamaldehyde in acetone was added
slowly to a 2% solution of chitosan (0.05 g, 0.29 mmol glucos-
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amine repeat units) in 0.7% acetic acid (optimal amount for
the C solubilization) with vigorous stirring at 50°C. The
amount of Cy was varied to give molar ratios of Cy,/Cycho
(Table 1). The hydrogel formation was practically achieved in
few minutes, except for mixtures of 4:1 and 4.5:1 Cyu./CYchor
when the hydrogels were formed by cooling at room tempera-
ture, although the 5:1 mixture remained a viscous liquid.

The hydrogels were lyophilized to give the corresponding
xerogels to follow their morphology. The gels were flash frozen
in liquid nitrogen and lyophilized for 24 hours with a Martin
Christ Alpha 1-2LD freeze-dryer system.

HRMAS spectroscopic analysis

The reaction between C and Cy was quantified through High-
resolution magic-angle spinning (HRMAS) and 2D NMR experi-
ments performed in D,0/(CD,),CO (Figure 1). The spectra al-
lowed easy identification of the peaks that correspond to the
partial conversion of chitosan C into Gy-Gs hydrogels: § =3-
5 ppm for the C backbone protons;*® § =6-8 ppm for aromat-
ic Cy protons; interestingly, pairs of signals, a doublet and
a broad singlet at d=8.20 and 8.44 ppm, respectively, that

A
s

-CHNi

-CHNout

- 5/ ppm

Figure 1. HR-MAS spectra of the G,, G,, G,* and G, hydrogels (-CHO,,,
-CHO,y, -CHN,,, and -CHN,,, are the “in-water” and “out-of-water” aldehyde
and imine protons, respectively; see Scheme 1 and Table 1 for further details
and the composition of hydrogels, respectively).
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belong to the -CH=N- group; and a doublet and a broad sin-
glet at 0=9.50 and 9.10 ppm, respectively, that belong to the
starting-material -CH=0 group (Figure 1a). These signals were
assigned by using 'H NMR spectroscopy: the spectrum of Cy
was recorded in D-acetone and shows the solvated Cy alde-
hyde proton at §=9.50 ppm, whereas the spectrum registered
in D,0 shows the appearance of a supplementary “out-of-
water” Cy aldehyde proton peak at 0 =9.03 ppm (Figure 1b,c).
By analogy, the resulting chitosan imine bonds can be consid-
ered to present similar behavior, that is, a sharp peak and
a broad peak at 6=8.5 and 8.1 ppm for the “in-water” and
“out-of-water” imine groups, respectively. The “out-of-water”
formation of the imine groups might be stabilized at the hy-
drophobic interfaces, which resulted through the self-assembly
of Cy components along the chitosan backbones (see below),
with a protective environmental effect against hydrolysis
(Scheme 1). As expected, the yield of the imine formation in-
creases with increasing excess of the C amino groups; conse-
quently, the reaction is almost quantitative for G, (Table 2).

Table 2. Chitosan conversion into cinnamimine—chitosan.

Yield  Gg* G, G* G, G* G; G* G, G,*

N 287 329 21 29 205 161 103 134 1.7
Mot 383 162 297 75 207 98 201 95 125
Nowl™ 67 491 507 365 412 259 304 229 242
Neoid®  nd 90.1 nd 468 nd 29.7 nd 237 nd
N 100 100 100 50 50 333 333 25 25

[a] 7;, is the yield of imine formation in water. [b] 7., is the yield of imine
formation out of water. [c] 77,1 is the total yield of imine formation calcu-
lated from the HR-MAS spectra by using the equation 7 =(Acy-n)/
(A1%0.865) x 100, where Aq,—y and A,, are the areas of the imine and
amine adjacent the H2 protons of C, respectively (0.865 reflects the
degree of deacetylation). [d] 7, is the yield of imine formation in the
solid state calculated from *C NMR solid-state spectra. [e] 7., is the max-
imum possible yield according to molar ratio of the reagents. nd=not
determined.

Interestingly enough, the HRMAS spectra of the G hydrogels
kept for one week at room temperature (G*) show that the al-
dehyde groups are progressively converted into imino groups,
mostly present in “out-of-water” configurations (Figure 1). The
total yield 7. and “in-water” 7;, or “out-of-water” 7, Yyields
of the imine formation were determined to have better quanti-
tative insight into the gelation process (Table 2).

As for the imine-bond formation in G* hydrogels, the “in-
water” yields decrease while the “out-of-water” yields increase
relative to fresh hydrogels G. The progressive imine-bond for-
mation induces an increase of the concentration of the imino-
bound Cy groups, which further induces a specific self-organi-
zation process through the segregation of “out-of-water” hy-
drophobic Cy/"in-water” hydrophilic C layers (Scheme 1). The
solution/solid phase-transformation processes, including the
removal of water, are highly beneficial for increasing the yield
Nsoiig OF imine-bond formation (Table 2).%!

Despite the low solubility of Cy, it is important to note that
“out-of-water” imino-bond formation is very close to the
Nmax Value in the solid state (Table 2), thus suggesting strong
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constitutional correlation of reversible molecular imino-bond
formation and supramolecular self-assembly of hydrophobic
(Cy)/hydrophilic (C) mesophases during the dynagel formation.

ATR-FTIR spectroscopic analysis

Additional evidence of imine-bond formation was provided by
attenuated total reflectance (ATR)-FTIR spectroscopic analysis.
The IR spectra of chitosan and C/Cy xerogels are presented in
Figures 2 and 3. Cy presents strong five overlapped bands in
the region of #=3700-2700cm™' (i.e., 7#=23356, 3286, 3208,
3102, and 3034 cm™'; evidenced from the second derivative
spectrum), with a maximum at #=3328 cm™". These bands are
assigned to different OH stretching vibrations: the secondary

O
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Figure 2. FTIR spectra of chitosan (C) and chitosan-cinnamaldehyde G,-G,
hydrogels in the regions a) #=3700-2700 and b) 1800-700 cm™".
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Figure 3. FTIR spectra of G and G* chitosan-cinnamaldehyde hydrogels in
the regions a) #=3600-2700 and b) 1800-700 cm™".
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OH group at the C3 position forms a hydrogen bond with the
O5 atom of the adjacent ring (C3-H3--05 intramolecular hydro-
gen bond), the primary OH group at the C6 position is in-
volved in a hydrogen bond with the O3 atom in the neighbor-
ing chain (C6-H6--03’ intermolecular hydrogen bond), and also
the NH intra- and intermolecular hydrogen bonds.

(o]

o Y
~o0, HN
-[—or‘ihcs,os H—~o v _C
3 WA \0—|—
oo\ o J T o
1 C; 5
NH, HE,
C OH,

The bands assigned to symmetric and antisymmetric —CH,
stretching vibrations are located at ©7=2914, 2882, and
2859 cm™.

Significant bands were evidenced in the fingerprint region
at 7=1638, 1551 and 1256 cm™', which were assigned to the
-C=0 (amide 1), NH (amide II), and HNCO (amide Ill) stretching
vibrations, respectively. The bands that correspond to symmet-
ric and antisymmetric deformation vibrations of CH,, CH,, and
CH groups appeared at 7=1409, 1380, and 1325 cm™', respec-
tively. The spectral band located at #=1151 cm™' was assigned
to the symmetric structure of the C-O-C groups, whereas the
broad bands at 7=1031 and 1063 cm™' indicated the C-O
stretching vibration in primary and second OH groups, and the
band located at #=897 cm™' is due to the pyranose-ring vibra-
tions.

The IR spectra of the xerogels G and G* show clear modifica-
tions relative to the chitosan spectrum due to the imine-bond
formation (Figure 3).

One can observe an increase in intensity of the band located
at 7=3102 cm™" and a small shift to a higher wavenumber of
bands located at #=3357 and 3224 cm™', thus suggesting the
disappearance of the NH groups involved in hydrogen-bond
formation and a redistribution of the hydrogen bonds. With an
increase of the degree of substitution, a sharp band at 7=
1628 cm™, is evidenced in the fingerprint region. This band
partially overlaps with the band located at #=1638 cm™' and
is assigned to group stretching vibrations of the newly formed
C=N bond between chitosan and cinnamaldehyde. This assign-
ment is confirmed by the decrease of and shift to higher wave-
numbers of the band at #=1551cm™', which is assigned to
the NH, groups. The IR spectra of the xerogels also indicate
the presence of the stretching vibration of the C=C groups
from the aromatic ring at 7=1446 cm™' and the presence of
the CH bending vibration of the aromatic ring at =748 cm™".
Relative to the chitosan IR spectrum, a variation in the intensity
of bands for the C—O groups involved in primary and secon-
dary hydrogen bonds can be seen in the xerogel spectra, thus
suggesting a reorganization of the hydrogen bonds.

The IR spectra of the G and G* xerogels show the same
characteristic bands. However, the G* spectra show clear modi-
fications relative to the G spectra in terms of shifting of the
bands to higher or lower wavenumbers and intensity variation.
Therefore, a new band appears at #=23430 cm™', which is as-
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signed to the formation of new intermolecular hydrogen
bonds, in the spectra of G* xerogels.””” The band located at
7=3359 cm™' in the G xerogels spectra is shifted to a higher
wavenumber of #=3370 cm™', thus suggesting weaker intra-
molecular hydrogen bonds. The band at 7=2864 cm™', which
is assigned to the stretching vibration of CH, groups, is shifted
to a higher wavenumber of #=2877 cm™' and presents an in-
tensity increase, which is attributed to an increase in the
degree of ordering.”® At the same time, the band located at
7=1563 cm™' in the FTIR spectra of G, which is assigned to
the stretching vibration of NH, groups, is shifted to a lower
wavenumber in the FTIR spectra of G*. Generally, the region of
7=1500-1200 cm™" gives information about the local symme-
try - the variation in intensity, band frequency, and/or shape
are strongly affected by the inter- or intramolecular hydrogen
bonding of OH groups. The bands at #=1415 and 1375 cm™’
are assigned to CH, bending due to the rearrangements of hy-
drogen bonds on the most favorable orientation of the pri-
mary OH groups and CH bending and the C—CH; deformation
mode, respectively. For G* xerogels, these bands show a shape
modification and slight shifting to a higher wavenumber, thus
suggesting a modification in the environment of CH,OH
groups, although the high degree of bond coupling in this
region makes it difficult to assess the type of chain packing or
hydrogen-bonding network. On the other hand, the bands at
#=1063 and 1030 cm™, assigned to the C—O stretching vibra-
tion in the C6—OH and C3—OH groups, are shifted to a higher
wavenumber and, at the same time, the intensity of the band
at 7=1063 cm™' increases. All the above described modifica-
tions in the FTIR spectra of G* relative G point to mostly inter-
molecular rearrangements due to different interactions be-
tween the C/Cy components. As a main conclusion, the impor-
tance of the intermolecular hydrogen bonds increases while
that of the intramolecular hydrogen bonds decreases. A ration-
al explanation for this conclusion is that the chitosan chains
are coiled in the G xerogels, thus facilitating the intramolecular
linkages, whereas the chitosan chains are straighter in the G*
xerogels due to the self-assembled rigid cinnamaldehyde-
imine domains, thus hindering the intramolecular forces and
facilitating the intermolecular forces.

SEM

SEM micrographs reveal that the xerogels obtained by lyophy-
lization of the G,—-G, and G,*-G,* hydrogels present a porous
spongelike microstructure (Figure 4). The diameter of the
pores and their polydispersity progressively increases for the
G,-G, xerogels from 8 to 50 um with a decreasing Cy content
(i.e., the thickness of the walls is about 150 nm). In a close cor-
relation, mass equilibrium swelling (MES) was observed to be
higher for the samples with a lower Cy content that present
a higher porosity (see the Supporting Information for a detailed
discussion about the swelling behavior of xerogels). The con-
finement of a high amount of water in the hydrogels with
a high C content during xerogel-pore formation increases the
pore size. However, the G;-G, xerogels are morphologically
quite inhomogeneous relative to the more compact G,*-G,*
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Figure 4. SEM micrographs of the lyophilized hydrogels a) G;, b) G;*, ¢) G,,
d) G,*, ) G,, and ) G,*.

xerogels (i.e., 10 and 40 um for G,*-G;* and G,*, respectively),
for which the pore-diameter polydispersity decreases. It is in-
teresting to note a long-range organization of the G;*-G,* xe-
rogels toward a higher arrangement of the pores. This phe-
nomenon certainly depends on the superior emergence of
outer-hydrophilic/inner-hydrophobic domains in the walls of
the pores, thus regulating the innerpore amount of water
during pore formation much better. Interestingly enough, the
xerogel with the lowest Cy content G,* presents innerpore
“pins” on the walls, probably formed by the free-chitosan
chain segments solvated within innerpore water during pore
formation.

XRD

Further valuable insight into the self-organization of chitosan
hydrogels was obtained from XRD analysis of the pellet xero-
gel samples of the G,-G, xerogels (obtained by lyophilization
of fresh hydrogels) and the G,;*-G,* xerogels (obtained by lyo-
philization of the hydrogels kept for one week; Figure 5). In
this regard, the evolution of the wide-angle XRD pattern was
also recorded of a fresh hydrogel over 5 days.

The XRD patterns of pure chitosan films show broad peaks
of low intensity at 20=212° and 20=221°, which correspond to
d-spacings of 7.4 and 4.3 A, respectively, thus indicating the
presence of the crystalline form Il of hydrogen-bonded, highly
deacetylated chitosan®? (Figure 5). Relative to C, the XRD
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Figure 5. XRD patterns of C and the G,, G,* and G,* hydrogels. Possible
structural self-organization of polymeric C backbones (black lines) are pro-
gressively grafted with Cy (gray rectangles).

patterns of the G;—G, xerogels do not show remarkable differ-
ences, except for a weak broad band in the small-angle region
(20225°, d-spacing of 17.6 A), which corresponds to the length
of the interdigitated cinnamaldehyde layer. The XRD patterns
of the G1-G4 xerogels strongly evidence the nonperiodic Cy
incorporation into the chitosan backbones, which increases
the interchain distances and disturbs the hydrogen-bonding
network of C in an irregular manner (Figure 5).

On the other hand, the XRD patterns of the G;*-G,* xero-
gels are indicative of the self-organized lamellar nanophases,
thus exhibiting three sharper bands at 26==5, 11, and 20° re-
spectively, which correspond to d-spacings of 18.0 (i.e., the
length of the double interdigitated cinnamaldehyde layer),*”
8.0 (i.e., C hydrogen-bonding interchain distance), and 4.5 A
(i.e., m-m stacking distance between the phenyl moieties), re-
spectively, and are reminiscent of ordered mesomorphic poly-
azomethines.®"*? The important gain of reflection intensity is
correlated with increasing concentration of Cy (G,*—G,*) and
consequently with a longer range order due to the progressive
“out-of-water” incorporation of Cy in the chitosan backbones.
It can be seen that the interchain distances are a little bit
longer relative to the chitosan distances (7.4 A), thus indicating
disruption of the intramolecular hydrogen bonds and the pre-
ponderant presence of intermolecular hydrogen bonds, as con-
firmed by the FTIR spectra.

To understand the mechanistic details of constitutional hy-
drogel formation through molecular imino-bond dynamics and
supramolecular self-organization better, the XRD diffraction
measurements were performed repeatedly on fresh hydrogels
at pre-established time intervals. Although the fresh hydrogels
show only an amorphous broad peak at 262227 °, thus indicat-
ing the presence of hydrogen bonding with water mole-
cules,® the X-ray diffractograms drastically change with time
and are in agreement with G* formation within 24 hours, thus
remaining practically unchanged for more than 100 hours
when the dry hydrogel state is reached. Interestingly enough,
the XRD pattern recorded of the ground dried hydrogel shows
a similar pattern, but with an important loss of low-angle re-
flection intensity, thus indicating lower crystallinity.*”
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Swelling behaviors

The swelling behavior of C/Cy xerogels was analyzed in water,
buffer solution at pH 7.4, and dried alcohol and compared to
chitosan. The swelling increases first rapidly and then slowly to
reach a maximum constant swelling (see Table 3 for the MES)

Table 3. Mass equilibrium swelling (MES) of the studied hydrogels.

Solvent Chitosan  G1 G2 G4 G1*  G)* G*
alcohol 26 168 246 266 210 223 244
water tal 179 264 373 227 255 414
buffer (pH 7.4) - 26 54 59 83 35 53

[a] Not measured due to the dissolution of the sample.

within about 48 hours in alcohol and within approximately
5 days in water and the buffer solution at pH 7.4. The amount
of absorbed water at pH 7 in the hydrogel network was almost
similar to that in alcohol and drastically larger than that at
pH 7.4 measured at the same time intervals. The MES is directly
related to Cy content and xerogel morphology. Thus, the MES
value is higher for the samples with a lower Cy content and,
consequently, higher porosity. The swelling curves in alcohol
and the buffer solution are given as an example in Figure 3.

Relative to chitosan, the greater porosity of the C/Cy xero-
gels, the MES of which is about ten orders of magnitude
higher, is obvious. Although chitosan xerogels disintegrate in
water and the buffer solution, the C/Cy xerogels reach the
MES in a few days, thus indicating that the studied xerogels
become more hydrophobic due to the Cy units. Remarkably,
the G,/G,* swelling progress in water causes loosening of the
gel and reaches a high erosion rate after 5 days, in a similar
manner to chitosan xerogels, but slower, most probably due to
a lower Cy content.

Rheological measurements

A gel-like behavior is indicated by rheological measurements
for all the samples except G5 — the minimum amount of cinna-
maldehyde to obtain chitosan gelation is a 22.2:1 molar ratio
to the number of amine groups. High viscosity and elastic be-
havior are observed with an increased content of Cy, which is
reminiscent of the formation of the compact and elastic net-
works (total recovery R is approximately 80%) due to mechani-
cally adaptive self-assembled Cy.**

The frequency sweep measurements determined in the
linear viscoelastic regime indicated a gel-like behavior (G' > G")
for all the samples, except Gs which showed a liquidlike behav-
ior (G' < G"). Accordingly, the minimum amount of cinnamalde-
hyde to obtain chitosan gelation was established as a 4.5:1
molar ratio of the amino to chitosan and aldehyde groups (Fig-
ure 4Sa). The increasing frequency does not significantly affect
the values of G’ and G”; that is, the gel is not broken down by
the mechanical shear force. The G'-storage modulus is higher
than G"-loss modulus, which illustrates that strong interactions
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between the chitosan backbones are developed by the Cy
cross-linker. On the other hand, the G'-storage modulus, as-
cribed to the strain-energy reversibility stored in the sample,
increases along with an increase in the amount of cinnamalde-
hyde cross-linker, thus indicating an increasing number,
strength of the interactions in the system and, therefore, an in-
creasing linking density (Figure 4Sb).B

The complex viscosity #* decreases with increasing the oscil-
lation frequency for the G hydrogel samples, thus indicating
a shear-thinning behavior (i.e., pseudoplastic material). This vis-
cosity decrease, along with an increase in the velocity gradient,
can be attributed to a structural change of the hydrogel net-
work; that is, the chitosan backbones align according to flow
direction leading to a viscosity decrease. Higher viscosity is ob-
served for a higher Cy concentration, thus suggesting a more
compact network in which Cy has a reinforcing effect (Fig-
ure 4Sc). Thus, although the complex viscosity of the hydrogel
sample studied with a low Cy percentage (Gs) decreases insig-
nificantly in the investigated frequency range, an increase in
the Cy amount (G,5—G,) determines an increase in the #* value
of two orders of magnitude at a given oscillation frequency.

For the hydrogel samples containing lower Cy amounts
(G35-Gs), the temperature sweep tests show a slight increase
of the G’ value starting at 20 °C, whereas the hydrogel samples
containing higher Cy amounts (G,, G;) are stable, their storage
modulus remaining constant over the whole investigated tem-
perature range (Figure 45d). The weak in increment the
G’ value can be attributed to the temperature effect on the
chitosan gels in terms of stretching and deprotonation ef-
fects.?”

The creep and recovery tests, which inform about structural
properties, were carried out at a shear stress in the linear vis-
coelastic region in which the applied stress is very small. A typ-
ical creep and recovery curve shows the variation of compli-
ance J with time and is related to the softness of the sample;
consequently, a higher Jvalue indicates a weaker material
structure and a lower J value defines a stronger material struc-
ture.’ In the case of C/Cy hydrogels, the J-creep compliance
value decreases as the amount of Cy in the sample increases,
thus indicating a stronger elastic network structure, whereas
the compliance-time dependence of the G5 sample is typical
for a system with liquid-like behavior characterized by a contin-
uous deformation that begins at zero and a very small elastic
recovery value (Figure 5). On the other hand, the percentage
of total recovery RP® revealed high values of around 80%, thus
indicating a high elasticity degree conferred by the three-di-
mensional network of the hydrogel structure.

Conclusion

Cinnamimino-chitosan biodynamers have been obtained by
condensation of cinnamaldehyde and chitosan. The present re-
sults reveal that imine-bond formation takes place “in water”
and generates low-ordered hydrogels in the first stage of the
process. The progressive formation of imino bonds further in-
duces an “out-of-water” increased reactivity within interdigitat-
ed hydrophobic self-assembled layers of Cy, which has a pro-
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tecting environmental effect against hydrolysis and leads to
stabilization of the imine bonds (Scheme 1). The hydrophobic
swelling due to the cinnamimino Cy layers at the interfaces
reaches a critical step when lamellar self-organized hybrids are
generated (24 h). This process induces an important adaptive
restructuration on the micrometric scale and results in the for-
mation of highly ordered microporous morphologies of high
potential interest. It is important to note the morphological
and structural properties of the resulted gels are strongly relat-
ed to the amount of C and Cy components, thus determining
adaptive hydrophilic/hydrophobic phase-segregation behaviors
based on internal interactional mechanisms.

The combined features of synergetic dynamic reversible
generation (i.e., imine-bond formation) and increased conver-
sion by self-organization (i.e., hydrophobic/hydrophilic supra-
molecular segregation) recommend processes and species
such as those presented herein for the development of a con-
stitutional “self-fabrication” approach toward systems of in-
creasing behavioral complexity. These features open up wide
perspectives to imagining a fundamental transition from mo-
lecular/supramolecular design toward constitutional self-selec-
tion approaches, thus shortening the essential steps from mo-
lecular to nanometric/micrometric functional systems of poten-
tial addressability,” which can directly benefit the fields of
chemical separations,*® sensors,®*” or storage-delivery devi-
ces. ™
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