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It was shown first that solutions of nongelable polysaccharides, including such practically important ones as chitosan, hyaluronqge, and
cyclodextrin, can be gelled by generating silica in situ via sol-gel processing. This could be done owing to a novel silica precursor _that is
completely water-soluble and compatible with biopolymers. The gelation was caused by mineralization of carbohydrate macromolecules
which strengthened them and provided their cross-linking.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction ture, shape, spatial orientation, and organization of blosﬁ
ica[11-14] Glycoproteins, proteoglycans, and polysaccha-
Polysaccharides are widely used as gelling agents in therides are considered to be the main nucleating and templg?-
food, pharmaceutical, cosmetics, and other indusktieS]. ing agents in living celld15]. Silica formation is due to &
JL€  However, this group is not sb~uséfu| as one would like. the sol-gel processing caused by polycondensation of silicic
¥ Most polysaccharides increase only the viscosity, not form- acid. Processes resembling biomineralization are sugges?ed
ing hydrogels. There are numerous attempts to transfer themto apply in this article, but instead of silicic acid, tetrakls(2-
into the gelling group using various approaches. The generalhydroxyethyl) orthosilicate (THEOS) is used. This is al
practice is to use a cross-linking procedure or modify their novel silica precursor introduced in Refd6,17] It hy-
macromolecules chemically, as in the case, for example,drolyzes, producing a silicic acid, when it is added to
of such practically important polysaccharides as chitosan an aqueous solution. An advantage of THEOS over cur-
or hyaluronatg6—-10]. Cross-linking of macromolecules or rently used tetramethoxy- and tetraethoxysilane (TMOS and
chemical modification enables one to reach gelation, but the TEOS, respectively) is complete compatibility with blopoly-96
hydrogel biocompatibility of these biopolymers is heavily mers[18-20] As shown here, this enabled us to pen‘orrﬁ37
deteriorated. sol—gel processes in solutions that resulted in the gelation of
Here we demonstrate first that solutions of nongelable otherwise nongelable polysaccharides.
polysaccharide can be gelled by mineralizing their macro-
molecules with silica. This is a completely biocompatible
inorganic material because hydrated silica is widespread in2, Experimental
living nature, from single-celled organisms to higher plants
and animalg11,12] As a rule it is associated with biopoly- 21, Materials
mers. The latter are believed to control silica nucleation and

. . . . . . 106
growth (biomineralization), thus regulating the size, struc- Chitosan, guar gum, locust bean gum, and carboxymeth;
ylcellulose were purchased from Fluka, alpha-cyclodextrip,,
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4 E-mail address: yas@ich.dvo.r§Yu.A. Shchipunov). (USA). Sodium hyaluronate was a gift from Dr. T. Yanaki, , .
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(Shiseido, Japan). Fucoidan and laminaran were presentediopolymers. Such polysaccharides as locust bean gum, gaar
by Professor T.N. Zvyagintseva (Vladivostok, Russia), ara- gum, hydroxyethylcellulose (HEC), and its cationic derivass
binogalactan by Dr. (Irkutsk, Russia). Hydroxyethylcel- tive (cat-HEC) are referred to as graft-polymers owing t@2
lulose (950 kDa) and its cationic derivatives cat-HEC short chains attached to the linear backbones. In spite ®f
(950 kDa) were obtained from Hoekst (Germany). The their structural diversity, all the polysaccharides mentioneg
polysaccharides were used as received. Their list is givenmay be assigned to a particular group of biopolymers that
in Table 1 where their structural formulas are also shown. are unable to transform aqueous solutions into a gel state.
The silica precursor tetrakis(2-hydroxyethyl) orthosil- They could only increase the viscosity, providing a thickens4

icate (THEOS) was synthesized from tetraethoxysilane ing effect. 65
(ABCR, Germany) as described in detail[#1]. A transition into a gel state was found in the polysacchas
ride solutions only when THEOS was introduced. This is &

2.2. Methods silica precursor that is hydrolyzed after contact with water ifg8
accordance with the reaction 69

2.2.1. Hydrogel preparation Si(~OCH,CH2OH)s + 11H,0 — 70
An aqueous solution of polysaccharide with pH between (4o, Si(~OCH,CH,OH)4 _ , + "HOCH,CH,OH, 7
5.5 and 6.0 was initially prepared by dissolving it in wa- 72

ter. It was left for 1 day. An appropriate weighed amount of Where HOCHCH,OH s ethylene glycol and < 4. The 7
silica precursor was added into the polysaccharide solutionformed silanol group(s) (Si-OH) in the hydrolyzed mole-4

and thoroughly stirred. The mixture was set aside at ambi- cules are liable to condensation reactions, 75
ent temperature at least for a week prior to examination of (HOH,CH,0-); _ ,Si(-OH), 76
its properties. This period of time was enough to have a hy- 4 (HO-),Si(-OCH,CH,OH)4_,, — 7
drogel with reproducible rheological properties. 78

(OH), — 1(HOH,CH20-) — ,S—O-Si
(~OCHCH20H)4 — ,(OH),, — 1 + H20

79

2.2.2. Rheological measurements 80

Rheological measurements were performed with a Ro- and 81
tovisco RT20 stress-controlled rheometer (Haake) by using Si(—-OCH,CH,0H),4 82
cells having the cone-and-plate geometry of two versions. + (HO-),Si(-OCH,CH,OH)4_, — 83
Low-viscosity mixtures_were examined in a ceII_With the (HOH,CH,0-)3Si—O—Si(—OCH,CH20H)4 _ (OH), _ 1 84
double gap, hydrogels in a cell with a common single gap. 85

e 4 +HOCH,CH,0H,
The cone angle was®land its diameter 50 mm. The oscil- 86
latory shear measurements were made when the frequencyvhich are at the root of sol-gel processes and formation ef
was changed from 0.001 to 10 Hz. The zero-shear viscos-silica nanocomposite materig2,23] 88
ity no for liquidlike mixtures was found from a dependence  The introduction of THEOS induced the gelation ofss
of the complex viscosity against frequengyat f — 0, for polysaccharide solutions, in general, at a concentration be-

hydrogels with solidlike behavior, from the creep measure- ginning from a few wt%. It should be stressed that the sils1
ments as described i18]. The creep technique was also ica precursor was completely compatible with biopolymers2
used to determine the plateau modulEis The yield stress ~ Phase separation or precipitation was not observed after thesir

valueoy was found from stress sweep measuremgriis mixing. The gelled solutions were also homogeneous. Their
optical properties depended on the polysaccharide type asd
2.2.3. Scanning electron microscopy concentration. These are mentionedrable 1 The hydro- 9

A sample for observation was prepared by freezing a gels were stable in time. Phase separation and change in the
polysaccharide-silica hydrogel with liguid nitrogen. Then optical properties were not observed within a few months ogg
it was cleft to have a fresh surface that was covered by anin some specially examined cases, within a year. 99
evaporated platinum layer. Micrographs were taken by an  To carry out the sol-gel processes in the presence ob
FE-SEM Leo 1530 electron microscope. THEQS, it was unnecessary to introduce a catalyst, although

they took place at circumneutral pH. This is caused, as2
shown previously in[18,19] by a catalytic effect of the 103

3. Resultsand discussion polysaccharides. 104
It is worth mentioning advantages of THEOS as a pretos
Polysaccharides studied in this work are listedTer cursor over the currently used TMOS and TEOS or sodiumes

ble 1 They were of various types. The macromolecules silicate. It enabled us to transform solutions of nongelabl®?
were uncharged when they contained only hydroxyl groups, polysaccharides into the gel state. The common precursorss
or charged when they bore additionally anionic or cationic as discussed in RefEl8—20] are not sufficiently compati- 109
functional groups. Most polysaccharides had a linear back- ble with biopolymers. This is caused by introducing an acieio
bone, but there were also arabinogalactan anénd g- or alkali to catalyze the processes and an organic solvemtt
cyclodextrins, which were respectively branched and cyclic usually an alcohol, to provide the solubility of TMOS andz12
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Table 1
Nonjellified polysaccharides used to prepare a hydrogel; their structure and type as well as sol-gel transition concentration and hydraggticharacte
Polysaccharide Structural formula Type Cs—¢? (Wt%) Hydrogel
Chitosan ; " P o™ Linear, cationic nb Opalescent, monolith
Ho,c\z\?To HO/C\Z\CTQ
NINONTA L
U N
Cationic derivative of [ e 2 e | Graft polymer, cationic 0.5 Transparent, monolith 64
hydroxyethylcellulose %\\\’T/m/ ESACSS
(cat-HEC) e i B
X < LY
W L
L "o " n
R = CH—CHOH-CH-N*(CHz3)3CI~
Hydroxyethylcellulose (HEC) e 2] Graft polymer, uncharged nd Turbid, syneresis
"~ > A
5” < g A7
L Sou it in
Laminaran [ Linear, uncharged nd Turbid, syneresis
L " : n
Arabinogalactan m"}j Branched, uncharged ~5 Turbid, syneresis
n
Alpha- and beta-cyclodextrin g%% Cyclic, uncharged ~4 Opalescent, monolith
Locust bean gum o Graft polymer, uncharged ~5 Turbid, monolith
Guar gum { # . } Graft polymer, uncharged nd Turbid, syneresis
Fucoidan % Linear, anionic nd Turbid, monolith
RO
o‘\
o T, ox y
R=HorSG;
Carboxymethylcellulose Linear, anionic nd Opalescent, monolith o
H H n
Sodium hyaluronate Linear, anionic 2 Opalescent, monolith

oc,
CH, n

& Concentration of the silica precursor at which the sol-gel transition happens.

b Not determined.

103
104
105
106
107
108

TEOS, but it precipitates most polysaccharides. In addition, tempts to fabricate hybrid polysaccharide—silica nanocomes
an alcohol is evolved in the course of precursor hydrolysis. posite materials were undertaken in a few labs using TMOS0
Ethylene glycol separated by THEOS does not so notably TEOS, and sodium silicate. To our knowledge, synthesis has
influence the biopolymer solubility. However, successful at- been performed with cyclodextrif@4—26] chitosan[27],

112
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Gv > Gn 57

and alginatd28,29], but the latter refers to gelable polysac- 5
10° 3 58

charides that are outside the subject of article. A case in point
are cyclodextrins and chitosan, whose are mentiond@in
ble 1 The sol-gel processes were carried out at conditions at
which TMOS, TEOS, and sodium silicate formed a gel in the
absence of polysaccharides. It included acidification of solu-
tions, addition of an alcohol, or removal of that produced in
the course of precursor hydrolysis to prevent cyclodextrin
precipitation. Evidence of the accelerating or catalytic influ-
ence of polysaccharides on processing with TMOS, TEOS, G¢'<G" 1
and sodium silicate was not reported. Moreover, the synthe- 107 s NI E—
sis was made, as in the case of chitosan angSNz, at 10 10 10 68
increased temperature and pressure. It is also reasonable to Lg f (Hz) 69
point out that the amount of silica precursors involved in the 70
synthesis of hybrid materials was at the level of 30 wt%. Fig. 1. The storage modulu§’ (1, 3, 5) and loss modulus” (2, 4, 6) vs ~ 71
A system resembling THEOS, but not a precursor in the ”;e OtSﬂ”EEgOl: f('jeq“elncﬂf- All the megsbm_edt Sfte_ms g%mgi”fd 1;155W\,t\:?>/72
commonly accepted sense, was Sugges(elB0 I con- 1 SKHEC ot i pepaed g 09,6, and et
sisted of a silica sol from polyol esters of oligosilicates that 74
were prepared by transesterification of the oligomer prod- 75
ucts of partial hydrolysis and condensation of TEOS to ex- frequency range available for the measurement, this is chas-
change ethanol to various polyols. The authors could fab- acteristic of solid or solidlike (soft) materig82-34} Inthe 77
ricate polysaccharide-containing hydrogels at circumneutral case of polymer solutions, this means that the macromole-

Lg G', G" (Pa)

pH and ambient conditions even in the absence of a catalyst,cules are cross-linked through covalent bondBig34] 79
but an effect of biopolymers on sol-gel processing was not ~ Thus, it follows from the data presented fiig. 1 that so
mentioned30,31] the silica introduced into the cat-HEC solution resulted in &

THEOS addition into solutions of polysaccharides shown transition from a liquid to a solidlike state. The set of curves:
in Table linduced their transition into a gel state when the usually serves to provide support for the fact of sol—gel trarns
precursor concentration reached a critical level. This fol- sition in the system. As this takes place, there is a sol-gel
lows from rheological measurementg. 1 presents a set  point at whichG” ~ G” [34-36] This case is representedss
of dependences of the shear moduli (storage magdutind by curves 3 and 4 iffrig. 1, which almost exactly match in ss
loss moduliG”) against the oscillation frequency of applied the whole frequency range. Therefore, we may conclude that
shear stress for three systems. One, represented by curves the silica generated in situ by the sol-gel processing provides
and 2, was a 1.5 wt% aqueous solution of cat-HEC. The gelation of the cat-HEC solutions. This happens when onbg
curves corresponding to the storage modil{curve 1) and 0.5 wt% of THEOS is introduced. For other polysaccharidese
loss moduliG” (curve 2) are placed one below the other. The the concentration§'s_qof silica precursor at which the tran- o1
shear moduli scale a8’ ~ f2 and G” ~ f. This type of sition into the gel state takes place are giverTafle 1 As o
dependence is characteristic of liqu[8&,33] The polysac-  seen, there is a notable difference in the THEOS concess
charide macromolecules in the solution interact with each trations at which gelation is reached. This fact argues for
other, but the interactions are physical in their nature (mainly a dependence of the sol—gel transition on the nature of the
van der Waals and electrostatic ones). There are only tempo-olysaccharide. 96
rary contacts between them. Covalent cross-links are absent. It is significant that the silica precursor in itself did notsr

The rest of the data iRig. 1refer to systems containing have the capability to gel an aqueous solution under the samme
silica. It was produced with the help of sol-gel processing conditions if a polysaccharide was not introduced. To peps
by introducing THEOS into a 1.5 wt% cat-HEC solution. As form the sol—-gel processing, it was necessary, as usual (See
seen, the curves are shifted up with introduction of 0.5 wt% Refs.[16,17), to add a catalyst (acid or alkaline). In thisioz
and then increase of the concentration of the precursor incase, a monolithic gelled material was formed when no lesg
the initial solution to 5 wt%. Furthermore, the character of than 20 wt% of THEOS was mixed with water. At a smallenos
the dependencies is changed. For 0.5 wt% of THEOS, theprecursor concentration phase separation or silica precipe+
curves 3 and 4 are almost merged. Their slope is decreasedation was observed. Monolithic hydrogels with decreaseds
in comparison with curves 1 and 2. Tiig and G” moduli amounts of silica were fabricated without addition of the catws
scale with frequency with an exponent gf21 alyst on the basis of polysaccharide-containing solutions. 107

With the silica precursor concentration increases to  The mechanical properties of hydrogels depended on th@
5 wt%, a curve 5 corresponding to the storage modulus polysaccharide and precursor concentrations added into tie
is shifted up more than that relative to the loss modulus initial solution. Dependences of the zero-shear viscosity and
(curve 6), thus being above the other. In addition, the slope plateau modulus on the THEOS concentration are given im:
is further decreased. Whefi’ exceedsG” in the whole Figs. 2A and 2Brespectively, by the examples of cat-HEC112
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&+ 0
0 y : . .
28 Lg C (wt.%) THEOS into a solution with 0.5 wi% sodium hyaluronate (A) or 1.5 wt%*
29 cat-HEC (B). 85
30 Fig. 3. The plateau modulus (1) and yield stress (2) vs the concentration of 86

THEOS in the initial solution containing 5 wt% af-cyclodextrin. . . . .
st 9 M with results obtained with cat-HEC and sodium hyaluronaté?

32 but there is also a difference in the slope of straight line fit®
33 (curve 1) and sodium hyaluronate (curve 2). The sol-gel ted to the experimental data. A power law exponent for th#&
3¢ points are marked by dashed vertical lines to show how concentration dependence of the plateau modulus was foutid
35 they differ in the considered systenBiq. 2A). A transi- to be equal to 1.5. This value is notably lower than the powét
3 tion into the gelled state is accompanied by a sharp increas€ow exponent for cat-HEC, which comes out to 2.5. The vari®
37 of the solution viscosity. It is well seen in the case of the ation of scaling behavior with a change of polysaccharide i
38 hyaluronate-containing system (curveFg. 2A). Further  the hybrid nanocomposites was also mentionefd 8}, but %
39 addition of the silica precursor resulted in an increase of the the reason for it i cdw 95
40 mechanical strength of hydrogels. This is obvious from the Themﬁo@
41 concentration dependence of the plateau modHigs 8). after the silica generation in situ by sol-gel processing bé?
42 A power law exponent for the cat-HEC-containing system, comes evident if one examines hydrogel images taken by tPe
43 found from the best linear fit to the data (curve 1), is 2.5. scanning electron microscope. They are present&igind. %
44 This means that the increase of silica concentration strength-There are pictures of hydrogels prepared by the mixing df°
45 ens the polysaccharide hydrogel effectively. 10 wt% of THEOS with 0.5 wt% of sodium hyaluronate10:
46 Fig. 3 presents the plateau modulus and yield stress (Fig. 4A) or 1.5 wt% of cat-HEC Fig. 4B). As seen, their 102
47 against THEOS concentration for hydrogels containing main morphological elements are a network consisting ¢f3
48 5 wit% of a-cyclodextrin. The gelation in the presence cross-linked fibrils and un-cross-linked spherical particle®4
49 of cyclodextrins differed from that of previously consid- filling the mesh space. Both the former and the latter ares
50 ered cat-HEC and sodium hyaluronakég( 2). The sol—gel made up of silica. The fibrous structures represent macregs
51 processing, when small precursor amounts were added, wasnolecules that initially form a three-dimensional network irto?
52 accompanied by precipitation of reaction products. A ho- the solution bulk. Then they were covered, as shown by thes
53 mogeneous hydrogel was formed at a rather large critical AFM in Ref.[37], by a shell of precipitated silica. The spher-109
54 concentration of THEOS (ca. 4 wt%). The following in- ical particles could be separated macromolecules or silica st
55 creases of precursor concentration, as obvious framn 3, that was fabricated in the initial stages of silica polyconderi1
56 resulted in growth of its mechanical strength. This is in line sation[22,23] 112
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is valid for all the linear and branched polysaccharides ( [7] W.E. Hennink, C.F. van Nostrum, Adv. Drug Deliv. Rev. 54 (2002) 13.58
ble 1). The cyclodextrins do not form a three-dimensional [g] g-r'éagorbB"t’tecchhr?tf_"-érr]‘”“-_RteV-'\i(1'?/'5_"?) 222- fon. Basinastore”
network from entangled macromolecules. They are inte- L) G:A:F.Roberts, Chitin Chemistry, MacMillan Education, Basingstoke,

. . . 1992.
grated into the structure generated by silica. This was Shown, (10} T. vanaki, in: Y. Osada, K. Kajwara (Eds.), Gels Handbook. 2. Func®®

for example, in[25,26] However, the cyclodextrins had a tions, Academic Press, San Diego, 2001, p. 30. 62
strong catalytic effect on the sol-gel processing, initiating [11] T..L. Simpson, B.E. Volkgni (Eds.), Silicon and Siliceous Structures irs3
them even when were taken in trace amounts. Biological Systems, Springer-Verlag, New York, 1981. 64

. N _[12] J.J.R. Frausto da Silva, R.J.P. Williams, The Biological Chemistry ogs
The foregoing results demonstrated that the sol gel tech the Elements. The Inorganic Chemistry of Life, Oxford Univ. Press,66

nology can be used efficiently where it is necessary to gel Oxford, 2001.

solutions of nongelable polysaccharides. It is worth men- [13] c.C. Perry, T. Keeling-Tucker, J. Biol. Inorg. Chem. 5 (2000) 537. 67
tioning that this happens at small precursor concentrations[14] C.M. Zaremba, G.D. Stucky, Curr. Opin. Solid State Mater. Sci. k8
reaching even tenths of a percent in solutioR&g( 2, Ta- (1996) 425. , , N 69
ble 1). The commonly used precursors, TMOS and TEOS, [15] B.E. Volkani, in: T.L. Simpson, B.E. Volkani (Eds.), Silicon and 70

. . . L Siliceous Structures in Biological Systems, Springer-Verlag, New
are inapplicable of doing it in such amounts. Furthermore, York, 1981, p. 157. g y pring g 71

they are not compatible enough with biopolym¢34,38] [16] M. Meyer, A. Fischer, H. Hoffmann, J. Phys. Chem. B 106 (2002)72
The gelation of polysaccharide solutions demonstrated in 1528. 73
this work was possible owing to advantages of THEOS over [17] K. Sattler, M. Gradzielski, K. Mortensen, H. Hoffmann, Ber. Bunsen-74
the common precursors. It is completely water-soljb& ges. Phys. Chem. 102 (1998) 1544. 75

[18] Yu.A. Shchipunov, J. Colloid Interface Sci. 268 (2003) 68.

17] and its sol—gel processes are Catalyzed by pOlysac(:ha'[m] Yu.A. Shchipunov, Yu.T. Karpenko, Langmuir 20 (2004) 3882. &

rides that made it possible not to add an organic solvent [20] Yu.A. Shchipunov, Yu.V. Burtseva, T.Yu. Karpenko, N.M. Shey-77
or/and a catalysf18,19] What is also important is that the chenko, T.N. Zvyagintseva, Hydrobiologia (300.A P S S \?/578
produced polysaccharide—silica hydrogels are biocompatible[21] R.C. Mehrotra, R.P. Narain, Indian J. Chem. 5 (1967) 444. 79
materials because of the compatibility of both organic and [22] C.J. Brinker, G.W. Scherer, Sol-Gel Science. The Physics and Cherg;
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