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Chitosan Hydrogel Structure
Modulated by Metal lons
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As one of the most important polysaccharide, chitosan (CS) has generated a great deal of interest for
. its desirable properties and wide applications. In the utilization of CS materials, hydrogel is a major and
Accepted: 10 October 2016 vital branch. CS has the ability to coordinate with many metal ions by a chelation mechanism. While
Published: 25 October 2016 : most researchers focused on the applications of complexes between CS and metal ions, the complexes

. can also influence gelation process and structure of CS hydrogel. In the present work, such influence was
studied with different metal ions, revealing two different kinds of mechanisms. Strong affinity between
CS and metal ions leads to structural transition from orientation to multi-layers, while weak affinity
leads to composite gel with in-situ formed inorganic particles. The study gave a better understanding
of the gelation mechanism and provided strategies for the modulation of hydrogel morphology, which
benefited the design of new CS-based materials with hierarchical structure and facilitated the utilization
of polysaccharide resources.
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Polysaccharide has gained tremendous attention as renewable resource, providing opportunity in sustainable
development!. Chitosan (CS), a polysaccharide obtained by the deacetylation of chitin, has received considerable
attention. With applications pervading advanced industry and research?-¢, CS has been utilized in the preparation
of various materials’. CS is becoming an increasingly important natural polymer because of its unique properties
like biodegradability, biocompatibility and bioactivity®-1%, in addition to physical and mechanical properties®!!.
Therefore, the utilization of CS has both environmental and practical importance.

In the utilization of CS material, hydrogels is a major and vital branch, since CS hydrogel not only represents
a very important form of CS materials, but also provides a vital approach for the preparation of dry CS-based
materials such as scaffold'>"3, wound dressing'*", and bone fracture fixation devices'®"'8. The control of hydrogel
structure, has been extensively studied to meet various needs in specialized fields. Although the study of structure
and interactions in CS hydrogels sheds light on formation mechanisms on molecular level'>?, the construction
of highly sophisticated microstructure remains challenging®'. Thus the understanding of gelation mechanisms
possesses fundamental importance for the design of hydrogel with enhanced mechanical and functional perfor-
mance. The basic way to prepare a CS hydrogel is solubilisation of CS in an acidic aqueous medium. The system
lays the foundations of CS material preparation in many aspects, including fabrication of sophisticated organiza-
tion?'"* and preparation of CS-based composite materials®>~2’.

It is well known that CS demonstrates the affinity towards many metal cations. There are abundant amino
groups and hydroxyl groups in the macromolecule. Metal cations can be adsorbed by chelation on amino groups
of CS due to the free electron doublet on nitrogen, and hydroxyl groups (especially in the C-3 position) may also
contribute to sorption?. While most researchers focused directly on the applications of complexes between CS
and metal ions, like decontamination of effluents?, catalysis industry®, advanced composite soft materials®2,
and noble metals reclamation®, few attention was paid on the design of novel hydrogel materials with hierarchical
structure taking advantage of the complexes. In addition to the interaction of metal ions and CS on molecular
level, it has been reported that the introduction of metal ions can influence the structure of in-situ prepared CS
hydrogel®**. The influence, compared with pure CS material, was revealed by more sophisticated morphology of
the resultant composite CS material. However, characteristics of such influence and the mechanism behind still
remained in the dark.

In the present work, the influence of metal ions on CS hydrogel structure was studied. Since the affinity
between CS and different metal ions are not identical, different kinds of metal ions were selected in the study, and
the corresponding mechanisms were discussed. Based on these mechanisms, design and modulation strategies
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Figure 1. Influence of Cu** on CS hydrogel structure. (a) Schematic illustration of the formation of CS
hydrogel; (b) Typical structure of CS hydrogel: oriented fibrous structure; (c) Multi-layered structure in CS
hydrogel; (d) The cross section (top panel, native wet state) and longitudinal section (bottom panel, freeze-
dried) of copper-CS hydrogels with different molar ratios of Cu** and amino group.

of CS-based hydrogel were proposed, which will hopefully facilitated the development of CS materials and the
utilization of polysaccharide resource.

Results and Discussion

Structural characters of CS hydrogel. CS becomes a polyelectrolyte because of the protonation of
-NH, groups®, and the CS solution can be transformed into hydrogel when it comes in contact with alkali.
CS hydrogel coagulated by bath with low ¢(OH™) had randomly located voids and very low modulus, which
would not be discussed further in this work. When the gelation process is powered by high c(OH™), the gelation
process possesses a layer-wise character due to the equipotential surface of c(OH™)*"?. This character brings
spatiotemporal sequence to the system (Supplementary Fig. S1), which endows orientation along the direction
of OH~ diffusion®.

A one-dimensional model was used to demonstrate the structural characters of CS hydrogel (Fig. 1a). The ori-
ented fibrous structure of CS hydrogel was shown in Fig. 1b and schematically illustrated in Supplementary Fig. S2a.
The mechanism had been reported and could be summarized as follows. Phase separation happened in the pri-
mary hydrogel layer. Then during the layer-wised gelation process, macromolecules at the gelation front were
inclined to rearrange below CS-rich zones of the previous layer due to entanglement in the gel-sol interface®.

CS hydrogel can also form multi-layered structure (Fig. 1c and Supplementary Fig. S2b). The formation of
layers can be explained by the Liesegang Ring Phenomenon, which is caused by periodical precipitation in the
supporting medium by the encounter of an inner and an outer electrolyte®”. Supersaturation theory is one of
the classic Liesegang Ring Phenomenon theories®. Based on the theory, a precipitate of inner and outer electro-
Iyte is not formed immediately, and the product remains in supersaturated solution. When it precipitates a short
distance behind the diffusion front, the product in solution diffuses toward the nuclei, and the inner electrolyte
was also absorbed by the precipitate. Thus a “clear space” was formed. When precipitate further formed after the
clear space, the boundary of two bands came into being as a result. For the system of CS solution, the diffusion
of supersaturated product towards precipitates was essentially the chain condensation (Supplementary Fig. S3).
However, pure CS system can only form one or two layers spontaneously, which is much less than typical
Liesegang Ring Phenomenon. This is because the diffusion of supersaturated product was much more difficult
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Figure 2. Microscopic structure of copper-CS hydrogel. (a) SEM image of freeze-dried CS hydrogel sample;
(b-d) SEM images of freeze-dried copper-CS hydrogel samples, (c) corresponds to the marked area in (b),
n(Cu?")/n(-NH,) = 5.0:100; (e) XRD profiles of copper-CS samples with different molar ratios of Cu?* and
amino group; (f) XRD profiles of copper-CS sample prepared by in-situ precipitation and Cu(OH),-CS sample
prepared by mixing, n(Cu)/n(-NH,) = 5.0:100.

than typical inorganic product, since the product corresponded to macromolecules in this case. The diffusion
difficulty originated from the entanglement and limited mobility of macromolecules. As introduced above, the
core principle of layer formation is the chain condensation. Thus, in order to fabricate layers in CS hydrogel,
signals were often given by alternate process to induce chain condensation®"*. Specifically speaking, the gelation
was manipulated by “on-off” program. Sol-gel transition happened in the “on-stage” and paused in the “off-stage”.
During the pause, the entangled chains at gel-sol interface disentangled, leading to chain condensation. When
sol-gel transition proceeded in the next “on-stage”, two spatially separated layers came into being.

Hydrogel structure transition from orientation to multi-layers by metal ions with strong affinity.
Copper was focused in many studies of the chelation mechanisms of CS and metal ions?®. Although several con-
tradictory hypotheses have been proposed for the interpretation of copper uptake, it is well known that CS has
strong affinity to Cu®*" ions. So the introduction of Cu*" might influence the behaviour of CS, and further influ-
ence the structure of CS hydrogel. In order to study the influence, an in-situ precipitation method was employed
in this work. A metal ions-CS solution was formed first, in which CS was solubilized due to protonation of partial
amino groups, while Cu*" form complex with the free -NH, and ~OH. Second, Cu?*-CS hydrogel was in-situ
formed with the diffusion of OH™.

When other parameters were fixed, the solution samples were clear with n(Cu?*)/n(-NH,) lower than 5:100
(molar ratios of Cu?* and amino groups), and became cloudy when ¢(Cu?*) kept increasing (Supplementary
Fig. S4). This was because the crosslinking effect of Cu?" decreased the solubility of CS. The formation of com-
plex in solution was validated by the increase of viscosity with rise of ¢(Cu?*) (Supplementary Fig. S5), and the
decrease of viscosity with rise of c(H™) (Supplementary Fig. S6). When comparing copper-CS hydrogel with dif-
ferent n(Cu?")/n(-NH,), the result indicated that the increase of c(Cu*") enhanced the mechanical strength of CS
hydrogel (Supplementary Fig. S7a). This could also be understood in view of the ionic cross-linking.

Besides the change of strength, it was very interesting that the structure of hydrogel also changed with the
rise of ¢(Cu?") (Fig. 1d), and the change possessed specific patterns (schematically illustrated in Supplementary
Fig. $8). (1) When n(Cu?")/n(-NH,) = 0, hydrogel showed typical oriented fibrous structure (Fig. 2a). With the
rise of ¢(Cu?*), the presence of fibrous structure was retained, but the space between fibres increased appar-
ently (Supplementary Fig. S9). (2) Formation of layers appeared with the rise of ¢(Cu*"). Moreover, with higher
n(Cu?")/n(-NH,) value, the formation of layer happened earlier and closer to the coagulation-system interface.
(3) Multi-layered structure appeared with high #n(Cu?")/n(-NH,) value, and the number of layers dramatically
increased compared with pure CS hydrogel (Fig. 2b,c). The change of hydrogel structure can be summarized as
the spontaneous transition from oriented fibres to multi-layers.
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Figure 3. Morphology of CS-based hydrogel samples in native wet state. Confocal laser scanning microscopy

image of (a) CS hydrogel sample, (b) copper-CS hydrogel sample (n(Cu?*)/n(-NH,) = 5.0:100), and (c)
calcium-CS hydrogel sample (n(Ca?*)/n(-NH,) =40.0:100).

Reasons behind such transition were investigated and discussed. The spontaneous formation of layers showed
resemblance with the Liesegang Ring Phenomenon. In the case of pure CS hydrogel, as mentioned above,
multi-layered structures cannot be formed spontaneously because of the limited mobility of macromolecules.
However, with the introduction of metal ions, there is another kind of inner electrolyte in the system, i.e. the
Cu?™. Based on the supersaturation theory mentioned above, Cu?* could form precipitation of Cu(OH), when
encountered the outer electrolyte (OH ™). Compared with macromolecues, the supersaturated Cu(OH), product
diffused much easier, and might form multi-precipitate bands under desired condition. So one possible hypoth-
eses is that the formation of Cu(OH), precipitate band acted as nuclei for the polyelectrolyte, and promoted the
separation of layers by creating “clear space” of CS.

However, when the microscopic morphology of copper-CS hydrogel was investigated, no inorganic crystalline
nor precipitate band was observed in the sample, (Fig. 2d, Supplementary Fig. $10). The hypotheses was further
investigated by XRD. The profiles of all samples showed characteristic diffraction peak of CS (20 =20°), but none
of them showed diffraction peaks of Cu(OH), or any other inorganic components (Supplementary Fig. S11). As
a comparison group, mixture of CS and Cu(OH), was prepared with n(Cu(OH),)/n(-NH,) = [5:100], which was
the same as the copper-CS hydrogel with the highest n(Cu?*)/n(-NH,) value. Results showed that, XRD profile of
the mixture clearly showed diffraction peaks of Cu(OH),. The results indicated that the absence of Cu(OH), was
not due to the detection limit of XRD or low amount of inorganic component. Cu?* ions did not exist as Cu(OH),
in the gel, nor did they induced layer formation of CS as multi-precipitate bands. On the other hand, it had been
reported that the complex between Cu?* and CS were reserved after co-precipitation®’. These results indicated
that, Cu?" did not fom precipitates as Liesegan Rings under conditions of this study. So the hypotheses mentioned
above could be excluded.

Thus it is highly possible and reasonable that Cu*" ions derectly influenced the behavior of CS macromole-
cules. The influece was then investigated from the relationship between strucutral chage and ¢(Cu?"). It has been
observed that, size of voids in hydrogel increased with the rise of ¢(Cu*"). To further exclude the interference of
drying process, CS hydrogel and copper-CS hydrogel were observed in native wet state (Fig. 3a,b). Comparing the
oriented part of pure CS and copper-CS samples, the latter showed more compact polymer zones with larger voids
(Fig. 3b). Due to the adhesion between the system and the side wall of single opening mold, the system would
not show lateral macroscopic shrinking. So the polymer zone compactness and voids size reflected the shrinking
tendency in the hydrogel. The results above indicated that copper-CS system had greater tendency of volume
shrinking during gelation. This could be accounted by the increased inter/intramolecular interaction among CS
chains after bound by Cu**.

Besides intrinsic difference between CS and Cu?*-CS systems, another factor has to be considered when inves-
tigating structrual transition, i.e. the gelation rate. The gelation rate has decisive influence on CS hydrogel struc-
ture?®. As mentioned above and demonstrated in Supplementary Fig. S12, the gelation process has spatiotemporal
sequence. Moreover, the gelation rate varied at different distance, due to the increasing diffusion distance to
the OH™ source. The most intriguing thing is that, the structural transition from orientation to multi-layers
also happened at different distance to the coagulation-system interface. This indicated that the structural tran-
sition could be essentially related to the decrease of gelation rate. As shown in Fig. 4a, for systems with differ-
ent n(Cu?*)/n(-NH,), the relationships between gel thickness and gelation time were almost identical. This was
because the difference of ¢(Cu*") was negligible due to high consentration of OH . It is noteworthy that, the gela-
tion rates of all copper-CS systems were in good accordance with the pattern mentioned above, which decreased
with the rise of diffusion distance.

When taking the two factors above into consideration, the mechanism of layer formation and structural
transition can be summarized as follows. Macromolecues entangelment exixted on the gel-sol interface. Cu®*
and CS formed strong complex, leading to increased tendency of volume shrinking of polymer zones compared
with pure CS system. When gelation front was near the system-coagulation interface (Fig. 4b), the gelation
rate was high, and the disentanglement was not sufficient in gel-sol interface. Thus upper gelation unit right
behind gelation front still possessed influence on the next unit®*. So in this stage, orientation was preserved and
the increased shrinking tendency led to larger voids between fibres. When gelation front was distant from the
system-coagulation interface (Fig. 4c), the gelation rate decreased apparently. It took longer for CS chains at the
gelation front to lose mobility thus disentanglement could happen. The shrinking tendency created a contraction
at the gel-sol interface and enhanced the disentanglement of macromolecules. Thus, a “clear space” was formed.
With further diffusion of OH™, gelation proceeded, creating two layers. The occurrence of disentanglelemt
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Figure 4. Gelation rate and gelation process of Cu?*-CS solution. (a) Relationship between gel thickness and
gelation time with different molar ratios of Cu?* and amino group, error bars indicate standard errors for n=3;
(b,c) Schematic illustration of gelation process of Cu*™-CS solution: (b) formation of oriented fibrous structure,
(c) formation of multi-layered structure.

corrsponded to the “off-stage” discussed above. Only in this case, the switch between “on-stage” and “oft-stage”
was spontaneous, controlled by the competetion between gelation rate and disentanglement.

Unchanged hydrogel structure with weak affinity metal ions.  As discussed above, CS has strong
affinity with Cu?* ions. Since the complex between metal ions and macromolecules is a crucial factor for struc-
tural transition, what the influence will be if CS has weak affinity with the metal ions in the system? It has been
observed that CS has very limited affinity with alkaline-earth metals due to the absence of d and f unsaturated
orbitals (unlike transition metals)*'. So calcium ions (Ca?*) was chosen to investigate this influence. Ca** could
also be fabricated into calcium-CS hydrogel via in-situ precipitation, and the maximum n(Ca**)/n(-NH,) value is
much higher than that of Cu®" ions (Supplementary Fig. S13a). Because the weak complex did not lead to evident
ionic cross-linking compared with Cu*". This was validated by the mechanical strength of calcium-CS hydrogel.
The introduction of Ca** did not exert much influence on the strength of CS hydrogel (Supplementary Fig. S7b).

Observation of morphology showed that calcium-CS hydrogel had oriented fibrous structure (Fig. 5a), and
did not show transition to layered structure (Supplementary Fig. S13b). Small particles were embedded in the
fibrous matrix (Fig. 5b,c and Supplementary Fig. S14a,b). XRD tests proved that these particles were inorganic
component originated from Ca>". XRD profile showed characteristic diffraction peaks of CS, Ca(OH), and calcite
(Fig. 5d). Ca(OH), was formed due to the encounter of OH ™, and partly transferred to calcite after contacted with
CO, in air during the subsequent operations.

More importantly, morphology of hydrogel in native wet state showed that, calcium-CS hydrogel did not
present increased tendency of volume shrinking (Fig. 3¢, Supplementary Fig. 14c). The oriented fibrous structure
was similar to pure CS hydrogel. Only in this case, the fibres appeared to be “curly”, which was caused by the
embedded inorganic particles. The formation mechanism of the typical structure in calcium-CS hydrogel was
summarized as follows. Ca*" has weak affinity with CS, and turned to precipitate when encountered OH™. Thus
the introduction of Ca*" did not directly influenced the gelation behavior of CS.

Influence of different metal ions and structrue design.  Typical structures and formation of copper-CS
hydrogel and calcium-CS hydrogel were schematically illustrated in Fig. 6 and Supplementary Fig. S15, respevc-
tively. Pure CS hydrogel, copper-CS hydrogel and calcium-CS hydrogel were all real gel materials (Supplementary
Fig. $16). The introduction of metal ions that has strong affinity with CS, such as Cu?* ions, leads to structural
transition directly. This could be the design basis of metal-CS complex hydrogel with sophisticated structure
and enhanced strength. These materials have potential values in applications such as copper-based fungicides*,
redox catalysts on the basis of CS matrix®, pre-concentration of inorganic arsenic anions*’, and urea uptake®.
On the other hand, the influence was quite different for metal ions that has weak affinity with CS, which was
also very beneficial. By in-situ precipitation, inorganic particles could be incorporated in hydrogel matrix with
oriented fibrous structure. Such morphology cannot be achieved by simple blending nor layer-by-layer process*.
Moreover, these inorganic particles can be completely transferred to calcite with the support of CO5?~ (Fig. 5e),
or transferred to apatite with the support of H,PO,~ (Fig. 5f). This provided a novel approach for the fabrication
of various calcium salts-CS composite materials, which has great potential in the field of bone repair.
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Figure 5. Microscopic structure of calcium-CS hydrogel. (a-c) SEM images of freeze-dried calcium-CS
hydrogel sample; (d) XRD profile of calcium-CS hydrogel sample prepared by in-situ precipitation; (e,f) XRD
profiles of calcium salt-CS hydrogel samples transferred after in-situ precipitation: (e) calcite-CS hydrogel
sample, and (f) apatite-CS hydrogel sample. n(Ca®*)/n(-NH,) = 40.0:100.
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Figure 6. Schematic illustration of the typical morphology of copper-CS hydrogel and calcium-CS$
hydrogel. (a) Copper-CS hydrogel; (b) Calcium-CS hydrogel.

Conclusion

In summary, the introduction of different metal ions exerted different influence on the CS hydrogel structure. The
introduction of metal ions that has strong affinity with CS, such as Cu?* ions, increases the volume shrinking ten-
dency of polymer zons due to ionic crosslinking effect. The shrinking tendency creates contraction at the gel-sol
interface, and could lead to structural transition to multi-layers with proper gelation rate. While metal ions that
has weak affinity with CS, such as Ca?" ions, tends to form precipitates themselves when encountered OH™. This
leads to the incorporation of inorganic particles, without chainging the structrual characteristics of CS hydrogel.
The study on the influence of metal ions on CS hydrogel structure gave a better understanding of the gelation
mechanism, and provided strategies for the modulation of hydrogel morphology. This benefited the design of new
CS-based materials and facilitated the utilization of polysaccharide resources.

Methods

Materials and reagents.  CS was purchased from Zhejiang Gold Shell Pharmaceutical Co. Ltd. The average
viscosity molecular weight (M) of CS was 5.63 x 10° Da, and degree of deacetylation (DD) was 91%. Fluorescein
iso-thiocyanate (FITC) was purchased from Sigma Chemical Company. FITC labelled CS (FITC-CS) was
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prepared following the process reported in literature*. Sodium hydroxide (NaOH), acetic acid, copper chlo-
ride (CuCl,), calcium chloride (CaCl,), and copper (II) hydroxide (Cu(OH),) were purchased from Sinopharm
Chemical Reagent Co., Ltd. and were of analytical reagent grade.

Preparation of CS hydrogel samples. CS hydrogel sample with oriented fibrous structure was prepared
as follow. CS solution with the final CS concentration as 5 wt.%, was prepared by dissolving CS powder in 2 vol.%
acetic acid aqueous solution. Coagulation bath was 10 wt.% NaOH aqueous solution. The volume of coagulation
bath was much larger than that of CS solution, so the c(OH ™) could be considered as constant. The volume of CS
solution for one sample varied slightly with different kinds of molds used in this study, and was in the range of
5-10mL. For one CS sample, the volume of coagulation bath was 1000 mL. CS solution was filled in a single open-
ing mold and immersed in the coagulation bath till the gelation was completed. CS hydrogel with multi-layered
structure was prepared as follows. The single opening mold with CS solution was first immersed in coagulation
bath. Then after a certain interval, the gelation process was interrupted by transferring the mold into a deionized
water bath for a same interval. The sequence was repeated 5 times. After gelation, resultant gel samples were
rinsed repeatedly to be neutral with deionized water, and monitored by a pH meter (PHS-3C, INESA Scientific
Instrument Co., Ltd).

Preparation of copper-CS and calcium-CS hydrogel samples.  Copper-CS complex hydrogels were
prepared via an in-situ precipitation method. First, a Cu*"-CS solution was prepared, with the final CS concentra-
tion as 5wt.%. CuCl, powder was used as the source of Cu>* in the system, which was added to pure CS solution
to form the Cu?"-CS solution. Samples with different concentration of Cu?* were prepared, and the concentration
was denoted as the molar ratios between Cu*" and amino group. A single opening mold was used to fabricate the
hydrogel. Then the solution was filled in the single opening mold and immersed in the coagulation bath till the
gelation was completed. After that, resultant complex CS gel was unloaded from the mold, and were washed with
deionized water repeatedly to be neutral. Calcium-CS complex hydrogels were prepared by similar procesure.

Morphology observation. Hydrogel samples were studied by scanning electron microscopy (SEM,
HITACHI S-4800), and confocal laser scanning fluorescence microscope (CLSM, Leica TCS SP5). For SEM
observation, CS hydrogels were freeze-dried and then gold-sprayed for conductance. For confocal fluorescence
microscopy characterization, hydrogels were prepared with FITC-CS and kept wet during observation.

X-ray measurements. Wide-angle X-ray diffraction profiles were collected at room temperature, with a
Bruker AXS D8 Advance X-ray diffractometer (40kV, 34 mA, Cu Ko radiation, k=1.5406 A) scanned at 2 degree
(260) s! in the 260 range 5-60°. Hydrogel smaples were freeze-dried and then prepared to be powder before
characterization.

Hydrogel formation rate. Hydrogel formation rate was calculated by reaction time and gel thickness?. The
reaction started as soon as the mold was immersed in the coagulation bath. The gel thickness was the distance
between the system-coagulation interface and the gel-sol interface, and was determined by a vernier caliper. The
experiments were repeated three times.
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