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Description

FIELD OF THE INVENTION

[0001] The present invention relates to a hydrogel, and particularly to an injectable in-situ disulfide-bond crosslinked
hydrogel. Furthermore, the present invention relates to its preparation methods and using in medicine or surgical oper-
ations.

BACKGROUND OF THE INVENTION

[0002] Hydrogel is the most common and important substance with high water content but insoluble in water. They
can absorb water with an amount of up to several hundredfolds over its own weight while still keeping their shapes.
Natural gels existing inside of most organism and plants, and many chemically synthesized gels are belonging to hy-
drogels. Macromolecular gels are a kind of common hydrogels. They have a structure of three-dimensional crosslinked
network composed of the main chains of macromolecules and also their side chains containing hydrophilic (polar) groups,
hydrophobic groups and/or dissociable groups with the solvent entraped in the molecular network. The crosslinked sites
of the macromolecular gel network can be either formed by chemical-crosslinking through covalent bonds, or formed by
physical-crosslinking through electrostatic interaction, hydrogen-bond interaction, hydrophobic interaction, etc.
[0003] Hydrogels, especially the macromolecular hydrogels prepared with the extracellular matrix materials, are widely
used in biomedicine fields. Compared with the hydrogels prepared with the synthetic materials, the hydrogels prepared
with the extracellular matrix have many advantages, such as simulating the natural environment as the inside of organ-
isms, very high water content, good permeability, better biocompatibility, and adjustable enzymatic degradability (Silva
et al, Curr Top Dev Biol, 64, 181, 2004; Drury et al, Biomaterials, 24, 4337, 2003). More importantly,the extracellular
matrix may possess bioinduction functions, can direct and induce specific regeneration of tissues. For example, sodium
hyaluronate is a natural extracellular matrix macromolecule, possessing biological functions such as managing cell
adhesion and migration, and regulating cell division and differentiation. The high molecular weight sodium hyaluronate
can induce a chicken embryonic limb marrow stem cell to be differentiated into a cartilage cell (Kujawa et al, Develop
Biol, 114, 519, 1986). Therefore, in the biomedicine (particularly the tissue engineering) field more and more attention
is focued on the hydrogel prepared with extracellular matrix.
[0004] Although hydrogels have a number of advantages, its method of administration significantly limits its wide
application in the biomedicine field. Currently many medical products of hydrogels are formulated into films and porous
sponges etc., e.g. gelatin sponge and collagen sponge. Usually these products can only be used topically or in laparotomy.
However, with the development of the medical technology, more and more doctors and patients are inclined to the
minimally invasive surgery, requesting that the medical products can also be used under endoscopes, which presents
a new challenge for developing medical products.
[0005] The injectable hydrogel medical products can be used either under an endoscope or in combination with a
minimally invasive surgery. They are also suitable for three-dimensional wounds of any complicated shape, and can
adhere to the wounds very well, having prospects of wide application in the biomedicine field. For example, currently as
the new-generation anti-wrinkle fillers, various injectable crosslinked hydrogels made from sodium hyaluronate that
overcome the immunogenicity risk of the collagen anti-wrinkle filler, have been widely used in the cosmetology. As
representative products of such new-generation anti-wrinkle fillers, Restylane (Q-Med, Sweden), Hylaform (Inamed
Corporation, the United States), Juvederm (Leaderm, France), Belotero (Anteis, Switzerland), and Puragen (Mentor
Corporation, the United States) are commercial available in Europe (among them Restylane and Hylaforms have further
been approved by FDA of the United States).
[0006] Currently, most medical products of hydrogels are prepared by chemical crosslinking followed by purification
to remove residual crosslinking agents and byproducts. However, the chemical crosslinking agents usually have great
toxic and side effects, and even a complicated process can hardly guarantee to remove them completely. More seriously,
the residual crosslinking agents with part of functional groups crosslinked, have been immobilized in the hydrogel via
covalent bonds, and cannot be removed. These residual crosslinking agents may cause toxic and side symptoms such
as inflammation in clinicals. For example, trace amount of residual crosslinking agents in the gelatin sponge may cause
serious inflammation response in organisms. The previously described injectable crosslinked hydrogels made from
sodium hyaluronate are also prepared by the process of crosslinking firstly and then purification. For example, Restylane
and Hylaforms are prepared by chemical reactions between the hydroxyl group of sodium hyaluronate and 1,4-tetram-
ethylene glycol diglycidyl ether or divinyl sulfoxide (Malson et al, EP0185070, 1985; Balazs et al, US 4582865, 1986;
Balazs et al, US 4713448, 1987). However, the residual 1,4-tetramethylene glycol diglycidyl ether or divinyl sulfoxide
are very difficult to be removed completely from the hydrogel. and those with one function group being reacted and fixed
in the hydrogel via the covalent bond cannot be removed. This limitation not only requires a complicated purifying process,
but also raises clinical risks.
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[0007] Recently, disulfide-bond crosslinked hydrogels have been investigated. This disulfide bond is a reversible
chemical bond, free thiol groups can be oxidized into disulfide bonds which can be reduced back into freethiol groups.
For example, currently the disulfide-bond crosslinked hydrogel has been used as acell culture matrix, and the cells can
be recovered very conveniently by adding cell-compatible reducer of disulfide bonds.
[0008] Oxidants (i.e. hydrogen peroxide, iodine, alkyl peroxide, acid peroxide, dimethyl sulfoxide, Fe3+, Co3+, Ce4+,
etc.) can oxidize thiol groups into disulfide bonds (Capozzi G.; Modena G., In The Chemistry of the Thiol Group Part II;
Patai S. Ed.; Wiley: New York, 1974; pp 785-839). However, these oxidants usually have certain toxic and side effects,
and are highly harmful if being left in the medical products; moreover their oxidation capacity is too strong, and the
reaction is so vigorous that the disulfide bond will be further oxidize into byproducts such as sulfonate (Shu et al,
Biomacromolecules, 3, 1304, 2002; Capozzi et al, The Chemistry of the Thiol Group Part II, 785, 1974).
[0009] Oxygen can also oxidize free thiol groups into disulfide bonds. One oxygen gas molecule can oxidize four thiol
groups into two disulfide bonds, and produce two water molecules as well, without any other byproducts. Preparing
disulfide-bond crosslinked hydrogels with oxygen gas as the oxidant has many advantages, such as simple and mild
reaction conditions and no need for a crosslinking agent. By using oxygen gas as the crosslinking agent to prepare
disulfide-bond crosslinked hydrogels, it is hopeful to break the limitation of the residual crosslinking agent in the hydrogel
preparation process as described above.
[0010] Disulfide-bond crosslinked hydrogels have many potential applications in the biomedicine field, and been paid
much attention in recent years. So far, however, there has been no report about their practical clinical applications, and
two major reasons are responsible for that. The first is that the current preparation process of the disulfide-bond crosslinked
hydrogel is not suitable for the industrialized production. Using oxygen gas to oxidize the thiol group into the disulfide-
bond crosslinked hydrogel under physiological conditions is a slow process, which needs to continuously consume a lot
of oxygen gas. It is widely accepted by those skilled in the art commonly that making the solution open to air is a
precondition for forming the disulfide-bond crosslinked gel. In the current disclosed reports, all the biocompatible mac-
romolecule solutions containing thiol groups need to be open to air for forming the disulfide-bond crosslinked gel. For
example, thiolated sodium hyaluronate derivative solution can form the disulfide-bond crosslinked gel when being open
to air, and produce a disulfide-bond crosslinked film after being dried (Shu et al, Biomacromolecules, 3, 1304, 2002);
the mixed solution of thiolated sodium hyaluronate derivative and thiolated collagen derivative can form the disulfide-
bond crosslinked gel when being open to air, and produce the disulfide-bond crosslinked film or porous sponge after
being dried at the normal or freezing temperatures (Shu et al, Biomaterials, 24, 3825, 2003; Liu et al, Journal of Biomedical
Materials Research, 68, 142, 2004). The second for preventing the disulfide-bond crosslinked hydrogel from being used
in the clinical practice is the product form. Most of the disulfide-bond crosslinked gels currently reported are prepared
in the form of film or sponge, and can only be used topically or in laparotomy, not meeting the requirements of many
clinical therapies (especially the minimally invasive surgery).
[0011] So far there has been a widespread technical prejudice among those skilled in the art: The biocompatible
macromolecule solution containing the thiol group needs to be open to air for forming the disulfide-bond crosslinked
hydrogel (Shu et al, Biomaterials, 24, 3825, 2003; Liu et al, Journal of Biomedical Materials Research, 68, 142, 2004;
George et al, PCT Int. Appl. WO 2008/098019; Wallace et al, US6624245). To a great extent, this prejudice limits the
large-scale industrialized production process of the disulfide-bond crosslinked hydrogel. So far there has been no report
about preparing the disulfide-bond crosslinked hydrogel in a sealed injectable container, although this injectable disulfide-
bond crosslinked hydrogel has very wide applications in the biomedicine field.

SUMMARY OF THE INVENTION

[0012] A first purpose of the present invention is to provide an injectable in-situ disulfide-bond crosslinked hydrogel,
whose gelation process is completed in a syringe. This injectable in-situ disulfide-bond crosslinked hydrogel is injectable,
convenient to use, free of impurities, and good biocompatibility, and has no toxic and side effects, having prospects of
very wide application in the biomedicine field.
[0013] A second purpose of the present invention is to provide a method of preparing the injectable in-situ disulfide-
bond crosslinked hydrogel. This method eliminates the technical prejudice that being open to air is required for preparing
the disulfide-bond crosslinked hydrogel, resolves the technical problem with the large-scale industrialized production,
and simplifies the preparation process.
[0014] On one hand, the present invention provides a method of preparing the injectable in-situ disulfide-bond
crosslinked hydrogel, which includes the following steps:

(1) Filling a crosslinkable active solution into a container for injection of the hydrogel, wherein the crosslinkable
active solution contains at least one kind of biocompatible macromolecules with more than two thiol groups on the
side chain;
(2) Sealing the injectable container containing the crosslinkable active solution; and



EP 2 353 612 B1

5

5

10

15

20

25

30

35

40

45

50

55

(3) Oxidizing the thiol groups into the disulfide bonds to form the crosslinked hydrogel by the oxygen dissolved in
the crosslinkable active solution in the sealed injectable container;

wherein the biocompatible macromolecule with more than two thiol groups on the side chain is a derivative of polysac-
charides or proteins produced by one or more chemical modifications that includes at least one thiol modification. This
method is characterized in that the thiol group is oxidized in a sealed injectable container into the in-situ disulfide-bond
crosslinked hydrogel by the oxygen dissolved in the crosslinking active solution. Besides, this method can flexibly regulate
concentration of the oxygen dissolved in the crosslinking active solution by conveniently controlling such parameters as
temperature, partial pressure of oxygen gas, or contact time, thus regulating the disulfide bond crosslinking process and
properties of the disulfide-bond crosslinked hydrogel.
[0015] Some of the terms used in the present invention are defined as below.
[0016] "Hydrogel" refers to a substance with a three-dimensional crosslinked network structure containing a great deal
of water, with the state between a liquid and a solid without fluidity. "Gelation" refers to a process by which a liquid with
fluidity is changed into a gel without fluidity; and "gelation time" refers to a time period during which a liquid with fluidity
is changed into a gel without fluidity.
[0017] In the present invention, "crosslinking active solution" refers to a solution containing at least one kind of the
biocompatible macromolecules with more than two thiol groups on the side chain. The crosslinking active solution uses
water as the main solvent, and can also contain some salt components (e.g. sodium chloride and pH buffer salt) for
regulating osmotic pressure and stablizing pH value of the solution, etc.; besides, the crosslinking active solution may
also contain some other polar, water-soluble components, such as ethanol.
[0018] In the present invention, "biocompatible macromolecule with more than two thiol groups on the side chain"
mainly refers to the derivative produced by one or more chemical modifications of polysaccharides, proteins or synthetic
macromolecules, wherein at least one of the chemical modifications is the thiol modification.
[0019] Polysaccharides include chondroitin sulfate, heparin, heparan, alginic acid, hyaluronic acid, dermatan, dermatan
sulfate, pectin, carboxymethyl cellulose, chitosan, and so on as well as their salt forms (such as sodium salt and potassium
salt). The proteins include collagen, alkaline gelatin, acidic gelatin, gene recombination gelatin, and so on. The synthetic
macromolecules include polyacrylic acid, polyaspartic acid, polytartaric acid, polyglutamic acid, polyfumaric acid, and
so on as well as their salt forms (such as sodium salt and potassium salt). The chondroitin sulfate as described above
includes such various types as Type A, Type B, and Type C. Molecular weights of the polysaccharides, the proteins and
the synthetic macromolecules are usually in the range of 1,000-10,000,000. The synthetic macromolecules as described
above do not include polyethylene glycol.
[0020] The chemical modification method includes hydrophobization modification (e.g. alkylation modification), car-
boxylation modification (e.g. carboxymethylation modification), thiol modification and so on.
[0021] The thiol modification refers to a chemical modification process of introducing free thiol groups. Usually, the
free thiol groups can be introduced via the functional groups on side chains (such as carboxyl group, amino group, and
hydroxyl group) of polysaccharides, proteins and synthetic macromolecules through appropriate chemical reactions. A
common thiol modification mainly includes the following chemical reaction processes: Reacting of the side chain carboxyl
groups of polysaccharides, proteins and synthetic macromolecules with diamines or dihydrazides containing the disulfide
bonds under activation of carbodiimides to produce the intermediate products, and then reducing the disulfide bonds
into the free thiol groups (Shu et al, Biomacromolecules, 3, 1304, 2002; Aeschlimann et al, US 7196180; Prestwich et
al, PCT Int. Appl. WO 2004/037164). Primary amines with protected thiol groups are also can be used in place of the
diamines or dihydrazides containing the disulfide bonds (Gianolio et al, Bioconjugate Chemical, 16, 1512, 2005). Many
polysaccharides, proteins, and synthetic macromolecules containing carboxyl groups on the side chain can be processed
in this way to produce the derivatives with more than two thiol groups on the side chain, e.g. thiolated sodium hyaluronate
derivatives, thiolated chondroitin sulfate derivatives, thiolated gelatin derivatives (Shu et al, Biomacro-molecules, 3,
1304, 2002; Aeschlimann et al, US 7196180). The derivatives containing more than two thiol groups on the side chain
can also be produced through direct reaction of the carboxyl groups with the carbodiimides containing the disulfide bonds
(e.g. 2,2’-dithiobis-(N-ethyl (N’-ethylcarbodiimide))) following reduction of the disulfide bonds (Bulpitt et al, US 6884788).
[0022] Another common thiol modification is direct or indirect chemical modifications of the side chain amino groups
of polysaccharides, proteins and synthetic macromolecules. For example, the thiol modification can be realized by the
reaction of the side chain amino group of such proteins as collagen with an activation substance containing the disulfide
bond (e.g. the activated disuccinic bisacylcystamine dicarbonyl diimidazole ester), and the reduction of the disulfide
bond into the free thiol group (Benesch et al, Proc Natl Acad Sci USA, 44, 848, 1958; Yamauchi et al, Biosubstances,
22, 855, 2001; Nicolas et al, Biosubstances, 8, 807, 1997; Kafedjiiski et al, Biosubstances, 26, 819, 2005). The thiol
modification of the side chain amino group of polysaccharides, proteins and synthetic macromolecules can also be
realized indirectly, for example, first carboxylizing the amino group, and then realizing the thiol modification by means
of the carboxyl group modification (Song et al, CN101200504).
[0023] Thiol modification of the side chain hydroxyl group of polysaccharides, proteins and synthetic macromolecules



EP 2 353 612 B1

6

5

10

15

20

25

30

35

40

45

50

55

is also commonly used. For example, the side chain hydroxyl group of such polysaccharides as cellulose, hyaluronic
acid, chitin and chitosan can be carboxylized under strong alkaline conditions, and then the carboxyl group is thiolated
by the above method. Carbylan-S is just such a sodium hyaluronate thiolated derivative prepared in this way (Prestwich
et al, PCT Int. Appl., WO 2005/056608). The side chain hydroxyl group can also be thiolated through a direct chemical
reaction, such as the polyvinyl alcohol thiolated derivative (Ossipov et al, Maxromolecules, 41, 3971, 2008).
[0024] In the present invention, the biocompatible macromolecule containing more than two thiol groups on the side
chain can also be prepared through such methods as the fermentation of gene engineering. In the gene engineering,
the biocompatible macromolecule containing more than two thiol groups on the side chain can be produced through the
fermentation engineering by controlling the expression of the gene fragment according to the theoretically defined mo-
lecular structure (Lutolf et al, Nature Biotechnology, 23, 47, 2005).
[0025] In the present invention, the derivatives containing more than two thiol groups on the side chain can be prepared
conveniently into the injectable gel according to the present invention, such as thiolated sodium hyaluronate derivatives,
thiolated chondroitin sulfate derivatives, thiolated heparin derivatives, thiolated chitosan derivatives, thiolated gelatine
derivatives, and thiolated collagen derivatives.
[0026] In the present invention, the crosslinking active solution can contain either one kind or two or more kinds of the
biocompatible macromolecules containing more than two thiol groups on the side chain. For example, as required by
different applications, the crosslinking active solution can contain one kind or multiple kinds of following substances:
thiolated sodium hyaluronate derivatives, thiolated chondroitin sulfate derivatives, thiolated heparin derivatives, thiolated
gelatine derivatives, thiolated collagen derivatives, and thiolated chitosan derivatives.
[0027] In the present invention, besides at least one kind of the biocompatible macromolecules having more than two
thiol groups on the side chain, the crosslinking active solution can further contain one kind or multiple kinds of other
substances. These substances can be polysaccharides, proteins or macromolecule compounds, such as sodium hy-
aluronate, chondroitin sulfate, parin sodium, acidic gelatin, alkaline gelatin, gene recombination gelatin, polyacrylic acid,
polyaspartic acid, polytartaric acid, polyglutamic acid, polyfumaric acid, and so on; these substances can also be active
medical components, including steroids, antibiotics, and antitumor drugs, such as various protein drugs, e.g. various
growth factors (a basic growth factor, an acidic growth factor, a blood vessel growth factor, an ossification growth factor,
etc.), and nucleic acids (e.g. RNA); besides, these substances can be various small molecular drugs (e.g. antibiotics
and corticosteroids) and so on. This active medical component can be either dispersed in the crosslinking active solution
in a solid particle form, or dissolved in the crosslinking active solution.
[0028] The thiol group, as a functional group naturally existing in an organism and possessing good biocompatibility,
has very good reactivity. The disulfide bond is a reversible chemical bond. The free thiol group can be oxidized into the
disulfide bond, which can be reduced back into the free thiol group. This is important for biology. The disulfide-bond
crosslinked hydrogel has prospects of important application in the biomedicine field; for example, it can be used for
promoting wound healing, as a cell culture carrier, and for tissue repair and regeneration.
[0029] Oxygen gas, as a natural moderate biocompatible oxidant, widely exists in various physiological processes
inside the human body. Oxygen gas can also oxidize the free thiol group into the disulfide bond. One oxygen gas molecule
can oxidize four thiol groups into two disulfide bonds, and produce two water molecules as well, without any other
byproducts. The present invention, with oxygen gas as the oxidant, is advantageous in many aspects, such as simple
and mild reaction conditions, and no need for crosslinking agents.
[0030] For the disulfide-bond crosslinked hydrogel with oxygen gas as the oxidant, there is a widespread technical
prejudice among those skilled in the art: The biocompatible macromolecule solution containing the thiol group needs to
be open to air for forming the disulfide-bond crosslinked hydrogel (Shu et al, Biosubstances, 24, 3825, 2003; Liu et al,
Journal of Biomedical Substances Research, 68, 142, 2004; George et al, PCT Int. Appl., WO 2008/098019; Wallace
et al, US6, 624, 245). We made a deep research on the disulfide-bond crosslinking gelation process. The result indicates
that it is mainly the oxygen dissolved in solution instead of the oxygen gas in air that oxidizes the thiol group into the
crosslinked disulfide bond. This discovery provides a new approach for preparing the disulfide-bond crosslinked hydrogel,
and indicates the possibility of the large-scale industrialized production process.
[0031] So far there has been no research reports about preparing the disulfide-bond crosslinked hydrogel by means
of the oxygen dissolved in solution under sealed conditions. The research results as described above indicate a new
approach for us: The crosslinking active solution may also form the disulfide-bond crosslinked hydrogel under isolation
conditions from air, and the key point is the content of the oxygen dissolved in the crosslinking active solution. For
example, it is indicated by our research that the neutral solution of 1.0% (w/v) thiolated sodium hyaluronate derivative
(with 45% carboxyl groups modificated into the thiol groups) (Shu et al, Biomacromolecules, 3, 1304, 2002) is isolated
from air after being filled into an syringe, and will usually lose fluidity gradually in 2-7 days to form the disulfide-bond
crosslinked hydrogel.
[0032] It is revealed by further analysis that the content of thiol groups in the neutral solution of 1.0% (w/v) thiolated
sodium hyaluronate derivative in the above example is about 10 mmol/L (i.e. 330 mg/L), which correspondingly needs
2.5 mmol/L (namely 80 mg/L) dissolved oxygen gas to oxidize all the thiol groups into the disulfide bonds. The saturated
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solubility of oxygen gas in water is only 8.4 mg/L (25°C) at the normal temperature of 25°C, which can theoretically only
oxidize 10% free thiol groups in the thiolated sodium hyaluronate derivative solution described above into the disulfide
bonds. Although the concentration of the dissolved oxygen is usually lower than the saturated solubility in the actual
process, the dissolved oxygen is also enough to form the disulfide-bond crosslinked hydrogel under sealed conditions,
but the hydrogel is lower in strength and the gelation time is longer.
[0033] In order to further regulate the gelation process and the gel property (e.g. strength), the concentration of the
oxygen dissolved in the crosslinking active solution is regulated as one of the important means of the present invention.
Generally, the saturated solubility of oxygen gas in water can be calculated according to the Henry’s law (CO2 = KO2PO2),
where CO2 is the saturated solubility of oxygen gas in water, KO2 the Henry’s constant, and PO2 the partial pressure of
oxygen gas.
[0034] At 1 atm, for example, the solubility of oxygen gas in water saturated with air can be calculated according to
the Henry’s law. With the partial pressure of water vapor at 25°C being 0.0313 atm and there being 20.95% oxygen gas
in dry air, the partial pressure of oxygen gas according to the Dalton partial pressure law is PO2 = (1.0000 atm - 0.0313
atm) 3 0.2095 = 0.2029 atm; the Henry’s constant of oxygen gas in 25 °C water is KO2 = 1.28 3 10-8 mol/(L·Pa).
Therefore, the solubility of oxygen gas in water according to the Henry’s law is CO2 = KO2·PO2 = 1.28 3 10-8 3 0.2029
3 1.013 3 105 = 2.63 3 10-4 mol/L; with the molecular weight of oxygen gas being 32, the saturated solubility of oxygen
gas is 8.4 mg/L.
[0035] Temperature is an important factor affecting the solubility of oxygen gas in water, which can be expressed by

the Clausius-Clapeyron equation as  where C1 and C2 are saturated solubility of the

gas in water (mg/L) at absolute temperatures T1 and T2, respectively; ΔH is the heat of dissolution (J/moL); and R is the

gas constant (8.314 J/K.moL). It can be seen from the above formula that the saturated solubility of oxygen gas in water
decreases gradually with the increasing temperature. For example, when the temperature goes up from 4°C to 25 °C,
concentration of the oxygen saturatedly dissolved in pure water is decreased from 13.1 mg/L to 8.4 mg/L.
[0036] Pressure is a key factor affecting the solubility of oxygen gas in water. According to the Henry’s law CO2 =
KO2·PO2, the saturated solubility of oxygen gas in water is in direct proportion to the partial pressure of oxygen gas at
certain temperatures. At 25°C, for example, the solubility of oxygen gas in water saturated with air (1 atm) is 8.4 mg/L,
while the solubility in water saturated with oxygen gas (1 atm) is increased by about 5 times (about 40 mg/L).
[0037] The salt content in water will also affect the saturated solubility of oxygen gas in water, although not so signif-
icantly. The solubility of oxygen in water will decrease with the increasing salt content. For example, concentration of
the oxygen saturatedly dissolved in seawater is generally about 80% as much as that in fresh water.
[0038] In the present invention, concentration of the oxygen dissolved in the crosslinking active solution is usually
regulated by controlling partial pressure of oxygen gas and temperature. Concentration of the oxygen saturatedly dis-
solved can be increased by decreasing temperature, with the temperature commonly in the range of 0-50°C, most
commonly 4-40 °C. The partial pressure of oxygen gas is the most important factor for regulating concentration of the
oxygen dissolved in the crosslinking active solution. According to the Henry’s law, the saturated solubility of oxygen gas
in water is in direct proportion to the partial pressure of oxygen gas under the same conditions. By regulating the partial
pressure of oxygen gas, concentration of the oxygen dissolved in the crosslinking active solution can then be regulated
conveniently, thus the gelation process of the free thiol group oxidized into the disulfide bond being regulated. At 25°C,
for example, the saturated concentration of oxygen dissolved in water is 8.4 mg/L under 1 atm air, and will be increased
by about 5 times (40 mg/L) under 1 atm oxygen gas, equivalent to the concentration of the oxygen saturatedly dissolved
under 5 atm air; and vacuum pumping for 15 minutes can then remove almost all the oxygen dissolved in water. In the
present invention, increasing the concentration of the oxygen dissolved in the crosslinking active solution can significantly
expedite the gelation process and increase the strength of the gel, and will otherwise retard the gelation process and
decrease the strength of the gel.
[0039] The preparation method of the present invention usually incudes the following steps:

(1) Filling the crosslinking active solution into an injectable container;
(2) Sealing the injectable container containing the crosslinking active solution; and
(3) Oxidizing the thiol group into the disulfide bond by the oxygen dissolved in the crosslinking active solution to
form the crosslinked hydrogel.

[0040] The present invention can be realized through the sterile process or the terminal sterilization process, so as to
meet different medical requirements. Usually the crosslinking active solution can be filled into an injectable container
manually or by means of a filling equipment in the medical industry, and then the in-situ disulfide bonds in the injectable



EP 2 353 612 B1

8

5

10

15

20

25

30

35

40

45

50

55

container are crosslinked to form the gel.
[0041] The present invention eliminates the technical prejudice that being open to air is required for preparing the
disulfide-bond crosslinked hydrogel, and solves the technical problems with the large-scale industrialized production of
the injectable disulfide-bond crosslinked gel. With the preparation method of the present invention, the large-scale
industrialized production can then be realized with the filling production line commonly used in the medical industry, with
the hourly output easily up to more than 3000 pieces. The filling production line can be selected from a straight line full-
automatic syringe prefilling production line or a beehive syringe full-automatic prefilling and sealing equipment manu-
factured by the Groninger company, and a presterilization syringe liquid prefilling and sealing machine manufactured
by the Bosch company of Germany, etc.. The injectable container can be made of either glass or plastic, such as the
Hypac SCF presterilization syringe manufactured by the BD company. The syringe can also be replaced by such extrusible
containers as soft plactic bags.
[0042] The steps (1) and (2) as described above can be realized conveniently with the filling equipments in the medical
industry. In the process of filling the crosslinking active solution into the syringe, the needle connection side of the syringe
is usually sealed; the crosslinking active solution is filling from the open end (the push rod side of the syringe), which is
then sealed with a rubber plug; and finally the push rod is installed. In the step (3) as described above, the crosslinking
active solution filled into the syringe forms the disulfide-bond crosslinked hydrogel. The time taken for the crosslinking
active solution to gradually form the disulfide-bond crosslinked hydrogel in the injectable container is generally longer
than 30 minutes. Increasing temperature can promote gelation, with the gelation time usually from a few hours to several
days. The gelation process can also be accelerated by illumination or electron beam irradiation. The gelation process
can also be significantly affected by such factors as pH value of the crosslinking active solution and thiol group content
of the biocompatible macromolecule. The higher the pH value of the crosslinking active solution is, the faster the gelation
process will be. A pH value of weak acid, neutrality or weak base is usually adopted in the present invention. The increase
in the thiol group content of the biocompatible macromolecule will also significantly promote the gelation process.
[0043] In the present invention, the concentration of the oxygen dissolved in the crosslinking active solution can also
be regulated as required before and after the step (1), so as to regulate the gelation process and the gel property.
Concentration of the oxygen dissolved in the crosslinking active solution can be increased or decreased by controlling
such parameters as partial pressure of oxygen gas, temperature, and time. Concentration of the oxygen dissolved in
the crosslinking active solution can be decreased through vacuum pumping or interaction between the crosslinking active
solution and a gas whose oxygen partial pressure is smaller than the oxygen partial pressure in the atmospheric air.
Vacuum pumping is the most commonly used method for removing the dissolved oxygen. Keeping the crosslinking
active solution under vacuum for a certain period of time can then remove most of the dissolved oxygen; and then filling
the crosslinking active solution into the injectable container and sealing it under the protection of the inert gas. Here the
disulfide-bond crosslinked hydrogel has a longer gelation time and lower strength. Concentration of the oxygen dissolved
in the crosslinking active solution can be increased through interaction between the crosslinking active solution and a
gas whose oxygen partial pressure is higher than the oxygen partial pressure in the atmospheric air. Getting in touch
with a gas containing oxygen gas is a commonly used method for increasing concentration of the oxygen dissolved in
the crosslinking active solution. The gas containing oxygen gas can be selected from pressurized air, pure oxygen gas
or other gases containing oxygen gas, where the partial pressure of oxygen gas is higher than that of oxygen gas in the
atomospheric air; increasing the partial pressure of oxygen gas can then significantly increase the concentration of the
oxygen dissolved in the crosslinking active solution. During the operation process, the gas containing oxygen gas can
be directed into the crosslinking active solution or above the solution, with the dissolution speed of oxygen gas increased
by stirring. While getting in touch with the gas containing oxygen gas, the crosslinking active solution can be conveniently
filled into the syringe, which will be sealed quickly with a rubber plug to prevent the dissolved oxygen from escaping due
to variation of the air pressure.
[0044] After the crosslinking active solution is filled into the syringe, the rubber plug usually directly reaches the solution
surface when the filling and sealing equipment is used to plug, with no space left. However, the depth of the rubber plug
in the syringe can also be adjusted flexibly as required, with a certain volume of space left. For example, when filling 5
mL crosslinking active solution into a 10 mL syringe, the plug can be positioned at 6 mL or other scales to get the syringe
sealed as required. With the current available syringe prefilling and sealing production equipment, the sapce in the
syringe can conveniently be filled with gas (such as air, and pure oxygen gas etc.), which further regulates concentration
of the oxygen dissolved in the crosslinking active solution. Moreover, the crosslinking active solution can also be in
contact with the gas containing oxygen gas before being sealed with the rubber plug, which further regulates concentration
of the oxygen dissolved in the crosslinking active solution. For example, the gas with a certain partial pressure of oxygen
gas is directed into the injectable container, which will be sealed with a rubber plug after a certain period of time.However,
this operation makes the process complicated, and is generally not adopted.
[0045] On the other hand, the present invention provides the injectable in-situ crosslinked hydrogel prepared by the
method as described above.
[0046] In the present invention, the biocompatible macromolecule in the crosslinking active solution containing more
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than two thiol groups on the side chain can be purified in the solution state, and the current available purification processes
(e.g. ultrafiltration) can remove impurities completely; besides, without crosslinking agent added in the gelation process,
the oxygen gas dissolved in the solution canoxidize the thiol group into the crosslinked disulfide bond, with water as the
byproduct. Therefore, compared with other injectable crosslinked gel, the injectable in-situ crosslinked gel prepared by
the present invention is significantly advantageous.
[0047] The medical applications of the in-situ crosslinked hydrogel prepared by the present invention include: as wound
dressing for skin or other wounds to expedite wound healing; for preventing adhesion including the fibrous adhesion
between tissues or organs after a surgical operation (e.g. sinus surgery); for tissue repair and regenerationsuch as skin
regeneration and cartilage regeneration; and as a joint lubricant for arthritis treatment and so on.
[0048] The pharmaceutical applications of the in-situ crosslinked hydrogel prepared by the present invention include
being used as a carrier for various active therapeutic substances to realize sustained release. The active therapeutic
substance can be an activity factor in chemical drug or biology, such as antiphlogistic, antibiotic, analgesic, anaesthetic,
wound healing enhancer, cell growth promoter or inhibitor, immune stimulant, and antiviral medicine.

BEST MODE FOR CARRYING OUT THE INVENTION

[0049] The following examples can make those skilled in the art understand the present invention more completely,
rather than limit the present invention in any way.

Example 1. Preparation of thiolated sodium hyaluronate

[0050] The thiolated sodium hyaluronate was prepared by the method disclosed by Shu et al in Biomacromolecules,
3, 1304, 2002. 20 g hyaluronic acid was dissolved in 2 L distilled water. 23.8 g dithio dipropyl dihydrazide was added
and stirred to dissolve. Then pH value of the solution was adjusted to 4.75 with 0.1 mol/L hydrochloric acid solution.
19.2 g 1-ethyl-3-(3-dimethylaminepropyl) carbodiimide hydrochloride (Aldrich, the United States) was added and stirred
electromagnetically. An appropriate amount of 0.1 mol/L hydrochloric acid solution was continuously added into the
above solution to keep the solution pH value at 4.75. 1.0 mol/L sodium hydroxide was added to adjust the pH value to
7.0 to terminate the reaction. 100 g dithioerythreitol (Diagnostic Chemical Limited, the United States) and an appropriate
amount of 1.0 mol/L sodium hydroxide were added under stirring. The pH value of the solution was adjusted to 8.5 and
reaction was conducted at room temperature under electromagnetic stirring for 24 hours. Then 1 mol/L hydrochloric acid
was added into the above solution until pH was about 3.5. The above solution was filled into a dialysis tube (cut-off
molecular weight 3500, Sigma, the United States), and dialysized against large amount 0.0003 mol/L hydrochloric acid
and 0.1 mol/L sodium chloride solution for 5 days, with the change of dialysis solution every 8 hours; and then further
dialysized against large amount of 0.0003 mol/l hydrochloric acid solution for 3 days, with the change of dialysis solution
every 8 hours. Finally the solution in the dialysis tube was collected and lyophilized to give white flocculent solid.
[0051] The above white flocculent solid was dissolved in distilled water to give the 1.0-2.5% w/v solution and the
solution pH value was adjusted to to 4.0-8.0. After sterilized by filtration, the solution was immediately used or stored
under frozen for future use. Or during the preparation process as described above, the purified solution by dialysising
was concentrated through dialysis column to appropriate concentration (usually 1.0-2.5% w/v), and the pH value of the
solution was adjusted (usually 4.0-8.5). After sterilized by filtration, the solution was used immediately or stored under
frosen for future use.
[0052] The degree of substitution of the side chain thiol group in the thiolated sodium hyaluronate was 42/100 disac-
charide repeated units detected by the hydrogen spectrum nuclear magnetic resonance (1H-NMR) (with D2O as the
solvent); and the molecular weight and its polydispersity (dertermined by GPC) are as below: the weight-average mo-
lecular weight 136,000, and the number-average molecular weight 61,000.

Example 2. Synthesis and characterization of thiolated chondroitin sulfate

[0053] 1 g chondroitin sulfate (Type c, from the shark cartilage, Sigma, the United States) was dissolved in 100 mL
distilled water to give a clear transparent solution. 0.704 g disuccinate bisacylcystamine dihydrazide was added into the
above solution (Shu et al, Chinese invention patent No. CN101190891), and stirred to dissolve. The pH value of the
solution was adjusted to 4.75 with 0.1 mol/L hydrochloric acid solution. Then 0.192 g 1-ethyl-3-(3-dimethylaminepropyl)
carbodiimide hydrochloride (Aldrich, the United States) was added under electromagnetic stirring. An appropriated
amount of 0.1 mol/L hydrochloric acid solutiong was added continuously into the above solution to keep the solution pH
value at 4.75, The solution was stirred electromagnetically at room temperature for 2 hours. Then 10 g dithioerythreitol
(Diagnostic Chemical Limited, the United States) and a small amount of 0.1 mol/L sodium hydroxide solution were added
under electromagnetic stirring. The gel was dissolved gradually; 0.1 mol/L sodium hydroxide solution was added con-
tinuously at the same time to keep the solution pH value at 8.5. After all the gel was dissolved, the solution was stirred
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electromagnetically at room temperature for 24 hours. Then 6 mol/L hydrochloric acid solution was added into the above
solution until pH was about 3.0. The above solution was filled into a dialysis tube (cut-off molecular weight 2000, Sigma,
the United States), and dialysized against 10 L 0.001 mol/L hydrochloric acid and 0.3 mol/L sodium chloride solution for
5 days, with the change of dialysis solution every 8 hours; and then further dialysized against 10 L 0.001 mol/L hydrochloric
acid solution for 3 days with the change of dialysis solution every 8 hours. Finally the solution in the dialysis tube was
lyophilized or dehydrated through dialysis column to appropriate concentration (3.0-6.0% w/v), and pH value of the
solution was adjusted (usually 4.0-8.5). The solution was sterilized by filtration and stored for future use.
[0054] The characteristic methyl absorption peak of the acetyl group of chondroitin sulfate was used as the internal
standard. The substitution degree of the side chain of thiolated chondroitin sulfate was calculated out according to area
of the absorption peak, with the result being 47%.
[0055] The molecular weight and its polydispersity were detected by the GPC: The weight-average molecular weight
38,000, the number-average molecular weight 17,000, and the molecular weight polydispersity 2.23.
[0056] By the modified Ellman method reported by Shu et al in Biomacromolecules, 3, 1304, 2002, content of the
active thiol group of thiolated chondroitin sulfate was detected: 44.2 thiol groups/100 chondroitin sulfate disaccharide
repeated units.

Example 3. Preparation of thiolated gelatin

[0057] 1 g gelatin (Type B, from pig skin, Sigma, the United States) was dissolved in 100 mL distilled water to give a
clear transparent solution. 0.75 g disuccinate bisacylcystamine dihydrazide was added into the above solution (Shu et
al, Chinese invention patent No. CN101190891) and stirred to dissolve. The pH value of the solution was adjusted to
4.75 with 0.1 mol/L hydrochloric acid solution. 1 g 1-ethyl-3-(3-dimethylaminepropyl) carbodiimide hydrochloride (Aldrich,
the United States) was added under electromagnetic stirring. An appropriate amount of 0.1 mol/L hydrochloric acid
solution was continuously added into the above solution to keep the solution pH value at 4.75. The solution was increased
in viscosity continuously, and gel was formed in about 10 minutes. After the gel was formed, the solution was kept still
at room temperature for 2 hours. Then 10 g dithioerythreitol (Diagnostic Chemical Limited, the United States) and a
small amount of 0.1 mol/L sodium hydroxide solution were added under stirring. The gel was dissolved gradually; 0.1
mol/L sodium hydroxide solution was continuously at the same time to keep the solution pH value at 8.5. After all the
gel was dissolved, the reaction was conducted at room temperature under electromagnetical stirring for 24 hours. Then
6 mol/L hydrochloric acid solution was added into the above solution until pH was about 3.0. The above solution was
filled into a dialysis tube (cut-off molecular weight 2000, Sigma, the United States), and dialysized against 10 L 0.001
mol/L hydrochloric acid and 0.3 mol/L sodium chloride solution for 5 days, with the change of dialysis solution every 8
hours; and then further dialysized against 10 L 0.001 mol/L hydrochloric acid solution for 3 days with the change of
dialysis solution every 8 hours. Finally the solution in the dialysis tube was collected and lyophilized to give about 0.6 g
of white flocculent solid.
[0058] The white flocculent solid as described above was dissolved in distilled water to give the 3.0-6.0% w/v solution,
and pH value of the solution was 4.0-8.0. After sterilized by filtration, the solution was used immediately or stored under
frosen for future use.
[0059] Small molecular impurity peaks were not detected by the GPC (with pure water as the mobile phase, and
detected at UV 210 nm), indicating that the synthetic thiolated gelatin is highly purified and the impurities were below
the least limitation of equiment.
[0060] Content of the active thiol group of thiolated gelatin was 0.57 mmol/g detected by the modified Ellman method
reported by Shu et al in Biomacromolecules, 3, 1304, 2002.

Example 4. Preparation of injectable in-situ crosslinked hydrogel

[0061] Sodium hyaluronate gel: The thiolated sodium hyaluronate solution prepared in Example 1 (pH 7.0, 1.0%
w/v) was filled into a 1 mL syringe immediately after sterilization by filtration, was sealed and kept at room temperature.
It was observed after one week that the solution sealed in the syringe had lost fluidity to form a gel. The gel was insoluble
in water, but soluble in the dithioerythreitol solution, confirming the formation the crosslinked disulfide bond.
[0062] Chondroitin sulfate gel: The thiolated chondroitin sulfate solution prepared in Example 2 (pH 7.0, 5.0% w/v)
was filled into a 1 mL syringe immediately after sterilization by filtration. The syringe was sealed and kept at room
temperature. It was observed after one week that the solution sealed in the syringe had lost fluidity to form a gel. The
gel was insoluble in water, but soluble in the dithioerythreitol solution, confirming the formation of crosslinked disulfide
bond.
[0063] Gelatin gel: The thiolated gelatin solution prepared in Example 3 (pH 7.0, 5.0% w/v) was filled into a 1 mL
syringe immediately after aseptic filtration, and sealed to kept at room temperature. It was found after one week that the
solution sealed in the syringe had lost fluidity to form the gel. The gel was insoluble in water, but soluble in the dithio-
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erythreitol solution, confirming the formation of crosslinked disulfide bond.

Example 5. Preparation of injectable in-situ crosslinked hydrogel

[0064] Sodium hyaluronate/gelatin gel: The thiolated sodium hyaluronate solution prepared in Example 1 (pH 7.0,
1.0% w/v) and the thiolated gelatin solution prepared in Example 3 (pH 7.0, 5.0% w/v) were mixed uniformly according
to an appropriate volume ratio (e.g. 10: 1, 1: 1 and 1: 10), and the mixed solution was filled into a 1 mL syringe which
was then sealed and kept at room temperature. It was observed after one week that the solution sealed in the syringe
had lost fluidity to form a gel. The gel was insoluble in water, but soluble in the dithioerythreitol solution, confirming the
formation of the crosslinked disulfide bond.
[0065] Chondroitin sulfate/gelatin gel: The thiolated chondroitin sulfate solution prepared in Example 2 (pH 7.0,
5.0% w/v) and the thiolated gelatine solution prepared in Example 3 (pH 7.0, 5.0% w/v) were mixed uniformly according
to an appropriate volume ratio (e.g. 10: 1, 1: 1 and 1: 10), and the mixed solution was immediately filled into a 1 mL
syringe which was then sealed and kept at room temperature. It was observed after one week that the solution sealed
in the syringe had lost fluidity to form a gel. The gel was insoluble in water, but soluble in the dithioerythreitol solution,
confirming the formation of the crosslinked disulfide bond.
[0066] Sodium hyaluronate/chondroitin sulfate/gelatin gel: The thiolated sodium hyaluronate solution prepared
in Example 1 (pH 7.0, 1.0% w/v), the thiolated chondroitin sulfate solution prepared in Example 2 (pH 7.0, 5.0% w/v),
and the thiolated gelatin solution prepared in Example 3 (pH 7.0, 5.0% w/v) were mixed uniformly according to an
appropriate volume ratio (e.g. 1: 1: 1), and the mixed solution was immediately filled into a 1 mL syringe which was then
sealed and kept at room temperature. It was observed after one week that the solution sealed in the syringe has lost
fluidity to form a gel. The gel was insoluble in water, but soluble in the dithioerythreitol solution, confirming the formation
of the crosslinked disulfide bond.

Example 6. Preparation of injectable in-situ crosslinked hydrogel

[0067] Sodium hyaluronate gel containing chondroitin sulfate: Chondroitin sulfate (Type c, from shark cartilage,
Sigma, the United States) was dissolved in water to give the 1.0% w/v solution. It was mixed with the thiolated sodium
hyaluronate solution prepared in Example 1 (pH 7.0, 1.5% w/v) according to the volume ratio of 2: 1, then the mixed
solution was immediately filled into a 1 mL syringe which was then sealed and kept at room temperature. It was observed
after one week that the solution sealed in the syringe has lost fluidity to form a gel. The gel was insoluble in water, but
soluble in the dithioerythreitol solution, confirming the formation of the crosslinked disulfide bond.
[0068] Chondroitin sulfate gel containing sodium hyaluronate: Sodium hyaluronate (with the molecular weight
about 1,000,000, manufactured by Shandong Freda Biochem Co., Ltd.) was dissolved in water to give the 1.0% w/v
solution. It was mixed uniformly with the thiolated chondroitin sulfate solution prepared in Example 2 (pH 7.0, 6.0% w/v),
then the mixed solution was immediately filled into a 1 mL syringe which was then sealed and kept at room temperature.
It was observed after one week that the solution sealed in the syringe had lost fluidity to form a gel. The gel was insoluble
in water, but soluble in the dithioerythreitol solution, confirming the formation of the crosslinked disulfide bond.
[0069] Gelatin gel containing sodium hyaluronate: Sodium hyaluronate (with the molecular weight about 1,000,000,
manufactured by Shandong Freda Biochem Co., Ltd.) was dissolved in 0.9% physiological saline to give the 1.0% w/v
solution. It was mixed uniformly with the thiolated gelatin solution prepared in Example 3 (pH 7.0, 8.0% w/v). The mixed
solution was immediately filled into a 1 mL syringe, which was then sealed and kept at room temperature. It was observed
after one week that the solution sealed in the injector had lost fluidity to form a gel. The gel is insoluble in water, but
soluble in the dithioerythreitol solution containing sodium chloride, confirming the formation of the crosslinked disulfide
bond.

Example 7. Regulation of concentration of oxygen dissolved in active crosslinking solution

[0070] The thiolated sodium hyaluronate solution prepared in Example 1 (pH 8.0, 1.0% w/v) was evacuated for 10
minutes and then exposed to air at room temperature under electromagnetic stirring. Concentration of the oxygen
dissolved in the solution was recorded by a dissolved oxygen analyzer (HI 9143, manufactured by the HANNA company)
at a certain time interval, with the measuring results as below:

Time (minutes) 0 5 10 15 20 25 30 35

Concentration of Dissolved Oxygen (mg/L) 0.28 2.77 4.73 5.82 6.50 7.00 7.22 7.33
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Example 8. Preparation and characterization of injectable in-situ crosslinked hydrogel

[0071] In Example 6, the solution stirred at room temperature for 5 minutes (solution A) and the other solution stirred
at room temperature for 20 minutes (solution B) was filled into a 1 mL syringe, respectively, and the syringes were sealed
and kept at room temperature. It was observed after 48 hours that the solution A, though having become very viscous,
still had certain fluidity; while the solution B had lost fluidity completely and formed a gel. Through measuring content of
the disulfide bond in the solutions A and B with the method reported by Shu et al in Biomacromolecules, 3, 1304, 2002,
it was found that content of the disulfide bond in the solution B was about 15% higher than that in the solution A.

Example 9. Regulation of concentration of oxygen dissolved in active crosslinking solution

[0072] The thiolated sodium hyaluronate solution prepared in Example 1 (pH 8.0, 1.0% w/v) was exposed to 1 atm
oxygen gas in a sealed container under electromagnetic stirring. Concentration of the oxygen dissolved in the solution
was recorded by a dissolved oxygen analyzer (HI 9143, manufactured by the HANNA company) at a certain time interval,
with the measuring results as below:

Example 10. Preparation and characterization of injectable in-situ crosslinked hydrogel

[0073] In Example 8, when exposeing to 1 atm oxygen gas, the solution stirred for 0 minute (solution A) and the solution
stirred for 10 minutes (solution B) werefilled into a 1 mL syringe, respectively. The syringe were sealed and kept at room
temperature. In the solution B, gel was formed within 24 hours, while gelation of the solution A took about 48 hours.
After 48 hours, it was found that content of the disulfide bond in the solution B was about 30% higher than that in the
solution A by measuring content of the disulfide bond in the solutions A and B with the method reported by Shu et al in
Biomacromolecules, 3, 1304, 2002.

Example 11. Preparation of injectable in-situ crosslinked hydrogel containing drug

[0074] Into the 10 mL thiolated sodium hyaluronate solution prepared in Example 1 (pH 7.0, 1.0% w/v), 50 mg antibiotics
(gentamicin), 100 mg antitumor drug (Taxol) or 50 mg basic growth factor was added, alternatively. The solution was
mixed uniformly and then immediately filled into a 1 mL syringe. The syringe was sealed and kept at room temperature.
It was observed after one week that the solution sealed in the syringe had lost fluidity to form a gel.

Example 12. Preparation and characterization of injectable in-situ crosslinked hydrogel containing corticosteroid

[0075] Into the 10 mL thiolated sodium hyaluronate solution prepared in Example 1 (pH 7.0, 1.0% w/v), 0.1-10 mg
one type of corticosteroid (e.g. Beclomethasone, Beclomethasone dipropionate, Budesonide; Dexamethasone, Pred-
nisolone or Prednisone) was added. The solution was mix uniformly and immediately filled into a 1 mL syringe which
was then sealed and kept at room temperature. It was observed after one week that the solution sealed in the syringe
had lost fluidity to form a gel.
[0076] 0.2 mL gel containing drug as described above was filled into a 15 mL plastic centrifugal tube; 10 mL phosphate
buffer solution was added into the centrifugal tube which was then put in an incubator (37°C, 100 rpm); ultraviolet
absorption of the drug in the supernatant was recorded at a certain time interval. The measured wavelength results are
displayed as below: Beclomethasone 246 nm; Beclomethasone dipropionate 240 nm; Budesonide 248 nm; Dexameth-
asone 242 nm; Prednisolone 248 nm; and Prednisone 244 nm.
[0077] The cumulative releasing percentages of the drug at different times are as below:

Time (minute) 0 5 10 15 20

Concentration of Dissolved Oxygen (mg/L) 7.38 13.92 18.73 24.82 28.50
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[0078] It can be seen from the above results that the injectable in-situ crosslinked hydrogel, as a sustained release
carrier for many drugs, has good sustained release effect for six kinds of corticosteroid. Due to differences in hydropho-
bicity, the drugs are very different in their behaviors of being released from the gel. The stronger the hydrophobicity of
the drug is, the more sustained the release is. Taking the more hydrophilic Prednisolone for example, it had be released
substantially completely in 7 days; while for the very hydrophobic Beclomethasone dipropionate, release was rarely
detected.

Example 13. Application of injectable in-situ crosslinked hydrogel to prevent restenosis of nasal sinus ostium after 
nasosinusitis surgery

[0079] Eight New Zealand white male rabbits after Pasteur sterilization were used, each weighing 3.5-4.0 kg; they
were anesthetized by injecting ketamine (35 mg/kg) and toluolzosin (5 mg/kg) into their muscles. After external backsides
were stripped off their noses, the rabbits were disinfected with iodine, and anesthetized with a 3 mL mixed liquid of 1%
lidocaine and 1: 100000 adrenaline. Under aseptic conditions, a 2.5 mm perpendicular incision along the midline was
made. Soft tissues and periosteum covering on the antrum were lifted and separated. Anterior wall of the antrum was
openned with a surgery electric drill, breaking through between middle wall of the antrum and the nasal cavity with a 4
mm spherical cutting drill, thus forming a cylindrical pore canal of 4 mm in diameter without mucosa on the edge. Both
sides of the pore canal of the four rabbits were filled with the sodium hyaluronate gel prepared in Example 4 (therapeutic
group), and both sides of the pore canal of the other four rabbits were filled with nothing (control group). Then the
periosteum was sewed up with an absorbable ligature, and the antrum was sewed up and sealed with skin by the
absorbable ligature. No need for any other bandage. Rutine diet and water were offered to the animals after the operation.
[0080] The rabbits were sacrificed two weeks later. The healed wound was incised after the sacrifice to expose the
sinus cavity. Flushing with water and meanwhile gently extracting residues from the sinus cavity with an extractor, and
inspecting medial wall of the nasal sinus with a 30-degree nasal endoscope and photographing it. Each of the ostium
was measured with a ruler with millimeter scale. The ostium was observed and measured by means of the double-blind
technique. The ostium measuring results of the therapeutic group and the control group are as below:

[0081] Restenosis of the nasal sinus ostium, as an important problem with the nasosinusitis clinical operation, may
affect the operation effect, and even cause the nasosinusitis relapse. The results as described above indicate that the
injectable in-situ crosslinked hydrogel can significantly prevent stenosis of the nasal sinus ostium, and is thus hopeful
to get widely used in the clinical practice.

Example 14. Promoting wound healing with injectable in-situ crosslinked hydrogel

[0082] Adopted animal model reported by Kirker et al in Biosubstances, 23, 3661, 2002 was briefly described as below:
After ten mouses each weighing 25 g were anaesthetized, epidermis and dermis on the back of the mouses were excised
with a scalpel, with a wound of 1 cm in diameter obtained. The wound of the therapeutic group was filled with 0.3 mL
sodium hyaluronate gel prepared in Example 4, then bandaged with the Tegaderm™ excipients and gauze; the wound
of the control group was directly bandaged with the Tegaderm™ excipients and gauze. The mouses were sacrificed 5
and 10 days after the operation, and the wound healing situation was charactorized with the epidermis regeneration rate
(percentage of the neoepidermis to the initial wound). Results of the epidermis regeneration rate (%) are as below:

The injectable in-situ crosslinked hydrogel significantly promotes epidermis regeneration of the wound, and can thus be
used as wound dressing in the clinic practice.

INDUSTRIAL PRACTICALITY

[0083] The present invention realizes the gelation process of oxidizing the thiol group into the disulfide bond by the

Therapeutic group Control group

Diameter of nasal sinus ostium (mm) 2.961.32 0.760.44

Time (day) 5 10

Control group 47615 79613
Therapeutic group 80613 95610
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oxygen dissolved in the crosslinking active solution. This method eliminates the technical prejudice that being open to
air is required for preparing the disulfide-bond crosslinked gel, and resolves the technical problem with the large-scale
industrialized production; besides, this method can flexibly regulate concentration of the oxygen dissolved in the crosslink-
ing active solution by conveniently controlling such parameters as temperature and partial pressure of oxygen gas etc.,
thus regulating the disulfide bond crosslinking process and property of the disulfide-bond crosslinked hydrogel; meanwhile
the gelation process is completed in an injectable container and the produced hydrogel is injectable. The method of the
present invention has many advantages, such as no need for crosslinking agent, simple preparation process, convenient
application, containing no impurities, good biocompatibility, no toxic and side effect, and wide application in medical
science.
[0084] The present invention, with the gelation process completed in an injectable container, further has such advan-
tages as avoiding secondary pollution, being extremely convenient for clinical application, no cross infection during
usage, preventing unclean air from getting in touch with the product in a sickroom, no need for extracting medicine, and
being disposable.

Claims

1. A method of preparing an injectable in-situ crosslinked hydrogel, characterized in that: it comprises the following
steps:

(1) filling a crosslinkable active solution into a container for injection of the hydrogel, wherein the crosslinkable
active solution contains at least one kind of biocompatible macromolecules with more than two thiol groups on
the side chain;
(2) sealing the container containing the crosslinkable active solution; and
(3) oxidizing the thiol groups into disulfide bonds to form the crosslinked hydrogel by oxygen dissolved in the
crosslinkable active solution in the sealed container;

wherein the biocompatible macromolecule with more than two thiol groups on the side chain is a derivative of
polysaccharides or proteins produced by one or more chemical modifications that includes at least one thiol modi-
fication.

2. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, characterized in that: the
concentration of the oxygen dissolved in the crosslinkable active solution is regulated before and after the step (1).

3. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 2, characterized in that: the
regulation of concentration of the oxygen dissolved in the crosslinkable active solution includes increasing or de-
creasing the concentration of the dissolved oxygen.

4. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 2 or 3, characterized in that:
the concentration of the oxygen dissolved in the crosslinkable active solution is controlled by regulating temperature,
oxygen partial pressure of a gas in contact with the crosslinkable active solution, or contact time.

5. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 3, characterized in that: the
method of increasing the concentration of the dissolved oxygen includes interacting the crosslinkable active solution
with a gas whose oxygen partial pressure is higher than that in atmospheric air.

6. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 3, characterized in that: the
method of decreasing the concentration of the dissolved oxygen includes evacuating and exposing the crosslinkable
active solution to the gas whose the oxygen partial pressure is lower than that in the atmospheric air.

7. The preparation method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, characterized
in that: the container is a syringe or an extrusible container.

8. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, characterized in that: the
polysaccharide is selected from chondroitin sulfate, heparin, heparan, alginic acid, hyaluronic acid, dermatan, der-
matan sulfate, pectin, carboxymethyl cellulose, and chitosan, as well as their salt forms; the protein is selected from
collagen, acidic gelatin, alkaline gelatin, and gene recombination gelatin.



EP 2 353 612 B1

16

5

10

15

20

25

30

35

40

45

50

55

9. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, characterized in that: the
thiol modification includes the following chemical reaction processes: reacting of carboxyl groups with diamines or
dihydrazides containing the disulfide bonds under activation of carbodiimide to produce intermediate products, then
reducing the disulfide bonds into the thiol groups, and purifying the thiolated derivatives.

10. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, characterized in that: the
biocompatible macromolecules containing more than two thiol groups on the side chain are selected from the
following group: thiolated sodium hyaluronate derivatives containing more than two thiol groups on the side chain,
thiolated chondroitin sulfate derivatives containing more than two thiol groups on the side chain, thiolated gelatine
derivatives containing more than two thiol groups on the side chain, thiolated collagen derivatives containing more
than two thiol groups on the side chain, thiolated chitosan derivatives containing more than two thiol groups on the
side chain, or thiolated heparin derivatives containing more than two thiol groups on the side chain.

11. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, characterized in that: the
crosslinkable active solution contains two or more kinds of biocompatible macromolecules containing more than
two thiol groups on the side chain.

12. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 11, characterized in that:
the crosslinkable active solution contains two or more kinds of thiolated derivatives selected from the following group:
the thiolated sodium hyaluronate derivatives, the thiolated chondroitin sulfate derivatives, the thiolated heparin
derivatives, the thiolated gelatine derivatives, the thiolated collagen derivatives, and the thiolated chitosan deriva-
tives.

13. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, 11 or 12, characterized
in that: the crosslinkable active solution further contains one or more kinds of polysaccharides, proteins and synthetic
macromolecules.

14. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 13, characterized in that:
the polysaccharide is selected from chondroitin sulfate, heparin, heparan, alginic acid, hyaluronic acid, dermatan,
dermatan sulfate, pectin, carboxymethyl cellulose, and chitosan, as well as their salt forms; the protein is selected
from collagen, acidic gelatin, alkaline gelatin, and gene recombination gelatin; and the synthetic macromolecule is
selected from polyacrylic acid, polyaspartic acid, polytartaric acid, polyglutamic acid, and polyfumaric acid, as well
as their salt forms.

15. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, characterized in that: the
time taken for the crosslinkable active solution to gradually form the disulfide-bond crosslinked hydrogel in the
container is longer than 30 minutes.

16. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 1, 11 or 12, characterized
in that: the crosslinkable active solution contains an active drug component.

17. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 13, characterized in that:
the crosslinkable active solution contains an active drug component.

18. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 16, characterized in that:
the active drug component can be either dispersed in the crosslinkable active solution in a solid particle form, or
dissolved in the crosslinkable active solution.

19. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 17, characterized in that:
the active drug component can be either dispersed in the crosslinkable active solution in a solid particle form, or
dissolved in the crosslinkable active solution.

20. The method of preparing the injectable in-situ crosslinked hydrogel according to any of claims 17 to 19, characterized
in that: the active drug component includes steroids, antibiotics and antitumor drugs.

21. The method of preparing the injectable in-situ crosslinked hydrogel according to claim 16, characterized in that:
the active drug component includes steroids, antibiotics and antitumor drugs.
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Patentansprüche

1. Verfahren zur Herstellung eines injizierbaren in-situ vernetzten Hydrogels, dadurch gekennzeichnet, dass es die
folgenden Schritte umfasst:

(1) eine vernetzbare aktive Lösung zur Injektion des Hydrogels in einen Behälter füllen, wobei die vernetzbare
aktive Lösung mindestens eine Art von biokompatiblen Makromolekülen mit mehr als zwei Thiolgruppen an der
Seitenkette enthält;
(2) den Behälter, der die vernetzbare aktive Lösung enthält, versiegeln; und
(3) Thiolgruppen in Disulfid-Bindungen oxidieren, um das vernetzte Hydrogel durch Sauerstoff zu bilden, der
im versiegelten Behälter in der vernetzbaren aktiven Lösung gelöst ist;

wobei das biokompatible Makromolekül mit mehr als zwei Thiolgruppen an der Seitenkette ein Polysaccharid- oder
Proteinderivat ist, das durch eine oder mehrere chemische Modifikationen, die mindestens eine Thiolmodifikation
umfasst, hergestellt wird.

2. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, dadurch gekenn-
zeichnet, dass die Konzentration des in der vernetzbaren aktiven Lösung gelösten Sauerstoffs vor und nach Schritt
(1) reguliert wird.

3. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 2, dadurch gekenn-
zeichnet, dass die Regulierung der Konzentration des in der vernetzbaren aktiven Lösung gelösten Sauerstoffs
das Erhöhen oder Verringern der Konzentration des gelösten Sauerstoffs umfasst.

4. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 2 oder 3, dadurch ge-
kennzeichnet, dass die Konzentration des in der vernetzbaren aktiven Lösung gelösten Sauerstoffs dadurch ge-
regelt wird, indem die Temperatur, der Sauerstoffpartialdruck eines mit der vernetzbaren aktiven Lösung in Kontakt
stehenden Gases oder die Kontaktzeit reguliert werden.

5. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 3, dadurch gekenn-
zeichnet, dass das Verfahren zur Erhöhung der Konzentration des gelösten Sauerstoffs die Wechselwirkung der
vernetzbaren aktiven Lösung mit einem Gas umfasst, dessen Sauerstoffpartialdruck höher ist als der in der atmos-
phärischen Luft.

6. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 3, dadurch gekenn-
zeichnet, dass das Verfahren zur Verringerung der Konzentration des gelösten Sauerstoffs umfasst, die vernetzbare
aktive Lösung zu evakuieren und dem Gas auszusetzen, dessen Sauerstoffpartialdruck niedriger ist als der in der
atmosphärischen Luft.

7. Präparationsmethode zur Vorbereitung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, dadurch
gekennzeichnet, dass der Behälter eine Spritze oder ein extrusionsfähiger Behälter ist.

8. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, dadurch gekenn-
zeichnet, dass das Polysaccharid entweder aus Chondroitinsulfat, Heparin, Heparan, Alginsäure, Hyaluronsäure,
Dermatan, Dermatansulfat, Pektin, Carboxymethylcellulose, Chitosan oder deren Salzformen besteht; das Protein
entweder aus Kollagen, saurer Gelatine, alkalischer Gelatine oder Genrekombinationsgelatine besteht.

9. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, dadurch gekenn-
zeichnet, dass die Thiolmodifikation die folgenden chemischen Reaktionsabläufe umfasst: Carboxylgruppen mit
Diaminen oder Dihydraziden, die die Disulfid-Bindungen enthalten, unter Aktivierung von Carbodiimid reagieren
lassen, um Zwischenprodukte herzustellen, die dann die Disulfid-Bindungen in Thiolgruppen reduzieren und die
thiolierten Derivate reinigen.

10. Verfahren zur Herstellung des injizierbaren in situ vernetzten Hydrogels gemäß Anspruch 1, dadurch gekenn-
zeichnet, dass die biokompatiblen Makromoleküle mit mehr als zwei Thiolgruppen an der Seitenkette unter folgen-
den Makromolekülgruppen ausgewählt sind: thiolierte Natriumhyaluronatderivate mit mehr als zwei Thiolgruppen
an der Seitenkette, thiolierte Chondroitinsulfatderivate mit mehr als zwei Thiolgruppen an der Seitenkette, thiolierte
Gelatinederivate mit mehr als zwei Thiolgruppen an der Seitenkette, thiolierte Kollagenderivate mit mehr als zwei
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Thiolgruppen an der Seitenkette, thiolierte Chitosanderivate, mit mehr als zwei Thiolgruppen an der Seitenkette
oder thiolierte Heparinderivate mit mehr als zwei Thiolgruppen an der Seitenkette.

11. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, dadurch gekenn-
zeichnet, dass die vernetzbare aktive Lösung zwei oder mehr Arten von biokompatiblen Makromolekülen mit mehr
als zwei Thiolgruppen an der Seitenkette enthält.

12. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 11, dadurch gekenn-
zeichnet, dass die vernetzbare aktive Lösung zwei oder mehr Arten von diesen thiolierten Derivaten enthält: die
thiolierten Natriumhyaluronatderivate, die thiolierten Chondroitinsulfatderivate, die thiolierten Heparinderivate, die
thiolierten Gelatinederivate, die thiolierten Kollagenderivate und die thiolierten Chitosanderivate.

13. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, 11 oder 12, dadurch
gekennzeichnet, dass die vernetzbare aktive Lösung ferner eine oder mehrere Arten von Polysacchariden, Pro-
teinen und synthetischen Makromolekülen enthält.

14. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 13, dadurch gekenn-
zeichnet, dass das Polysaccharid entweder aus Chondroitinsulfat, Heparin, Heparan, Alginsäure, Hyaluronsäure,
Dermatan, Dermatansulfat, Pektin, Carboxymethylcellulose, Chitosan oder deren Salzformen besteht; das Protein
entweder aus Kollagen, saurer Gelatine, alkalischer Gelatine oder Genrekombinationsgelatine besteht; und das
synthetische Makromolekül entweder aus Polyacrylsäure, Polyasparaginsäure, Polyweinsäure, Polyglutaminsäure,
Polyfumarsäure oder deren Salzformen besteht.

15. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, dadurch gekenn-
zeichnet, dass die vernetzbare aktive Lösung länger als 30 Minuten benötigt, um im Behälter allmählich das ver-
netzte Disulfid-gebundene Hydrogel zu bilden.

16. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 1, 11 oder 12, dadurch
gekennzeichnet, dass die vernetzbare aktive Lösung eine aktive Wirkstoffkomponente enthält.

17. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 13, dadurch gekenn-
zeichnet, dass die vernetzbare aktive Lösung eine aktive Wirkstoffkomponente enthält.

18. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 16, dadurch gekenn-
zeichnet, dass die aktive Wirkstoffkomponente in der vernetzbaren aktiven Lösung entweder in fester Partikelform
dispergiert oder in der vernetzbaren aktiven Lösung gelöst ist.

19. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 17, dadurch gekenn-
zeichnet, dass die aktive Wirkstoffkomponente in der vernetzbaren aktiven Lösung entweder in fester Partikelform
dispergiert oder in der vernetzbaren aktiven Lösung gelöst ist.

20. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß einem der Ansprüche 17 bis 19,
dadurch gekennzeichnet, dass die aktive Wirkstoffkomponente Steroide, Antibiotika und gegen die Tumorbildung
wirkende Arzneimittel umfasst.

21. Verfahren zur Herstellung des injizierbaren in-situ vernetzten Hydrogels gemäß Anspruch 16, dadurch gekenn-
zeichnet, dass die aktive Wirkstoffkomponente Steroide, Antibiotika und gegen die Tumorbildung wirkende Arz-
neimittel umfasst.

Revendications

1. Un procédé de préparation d’un hydrogel réticulé in situ injectable caractérisé en ce que : il comprend les étapes
suivantes :

1) remplir une solution active réticulable dans un récipient pour l’injection de l’hydrogel, dans lequel la solution
active réticulable contient au moins un type de macromolécules biocompatibles avec plus de deux groupes
thiol sur la chaîne latérale ;
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2) sceller le récipient contenant la solution active réticulable ; et
3) oxyder les groupes thiol en liaisons disulfure pour former l’hydrogel réticulé par l’oxygène dissous dans la
solution active réticulable dans le récipient scellé ;

dans lequel la macromolécule biocompatible avec plus de deux groupes thiol sur la chaîne latérale est un dérivé
de polysaccharides ou de protéines produit par une ou plusieurs modifications chimiques qui comprend au moins
une modification thiol.

2. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 1, caractérisé en ce que:
la concentration de l’oxygène dissous dans la solution active réticulable est régulée avant et après l’étape (1).

3. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 2, caractérisé en ce que :
la régulation de la concentration de l’oxygène dissous dans la solution active réticulable comprend l’augmentation
ou la diminution de la concentration de l’oxygène dissous.

4. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 2 ou 3, caractérisé en ce
que : la concentration de l’oxygène dissous dans la solution active réticulable est contrôlée par la température de
régulation, la pression partielle d’oxygène d’un gaz en contact avec la solution active réticulable, ou temps de contact.

5. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 3, caractérisé en ce que :
le procédé d’augmentation de la concentration de l’oxygène dissous comprend l’interaction de la solution active
réticulable avec un gaz dont la pression partielle d’oxygène est supérieure à air atmosphérique.

6. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 3, caractérisé en ce que :
le procédé de diminution de la concentration en oxygène dissous comprend l’évacuation et l’exposition de la solution
active réticulable au gaz dont la pression partielle d’oxygène est inférieure que dans l’air atmosphérique.

7. Le procédé de préparation de la préparation de l’hydrogel réticulé injectable in situ selon la revendication 1, carac-
térisé en ce que : le récipient est une seringue ou un récipient extrusible.

8. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 1, caractérisé en ce que :
le polysaccharide est choisi parmi le sulfate de chondroïtine, l’héparine, l’héparane, l’acide alginique, l’acide hya-
luronique, le dermatane, le dermatane sulfate, la pectine, la carboxyméthylcellulose, et le chitosane, ainsi que leurs
formes salines ; la protéine est choisie parmi le collagène, la gélatine acide, la gélatine alcaline et la gélatine de
recombinaison génique.

9. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 1, caractérisé en ce que :
la modification thiol comprend les réactions chimiques suivantes : réaction de groupes carboxyle avec des diamines
ou des dihydrazides contenant les liaisons disulfure sous activation de carbodiimide pour produire des produits
intermédiaires, puis en réduisant les liaisons disulfure dans les groupes thiol, et en purifiant les dérivés thiolés.

10. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 1, caractérisé en ce que :
les macromolécules biocompatibles contenant plus de deux groupes thiol sur la chaîne latérale sont choisies dans
le groupe suivant : hyaluronates de sodium thiolés contenant plus de deux les groupes thiol sur la chaîne latérale,
les dérivés de sulfate de chondroïtine thiolatés contenant plus de deux groupes thiol sur la chaîne latérale, les
dérivés de gélatine thiolatés contenant plus de deux groupes thiol sur la chaîne latérale, les dérivés de collagène
thiolés contenant plus de deux groupes thiol sur la chaîne latérale, des dérivés de chitosane thiolatés contenant
plus de deux groupes thiol sur la chaîne latérale, ou des dérivés d’héparine thiolatés contenant plus de deux groupes
thiol sur la chaîne latérale.

11. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 1, caractérisé en ce que :
la solution active réticulable contient deux ou plusieurs types de macromolécules biocompatibles contenant plus
de deux groupes thiol sur la chaîne latérale.

12. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 11, caractérisé en ce que:
la solution active réticulable contient deux ou plusieurs types de dérivés thiolés choisis parmi le groupe suivant :
les dérivés de hyaluronate de sodium thiolé, les dérivés de sulfate de chondroïtine thiolatés, les dérivés d’héparine
thiolatés, les dérivés de gélatine thiolatés, les dérivés de collagène thiolés et les dérivés de chitosane thiolatés.
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13. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 1, 11 ou 12, caractérisé
en ce que: la solution active réticulable contient en outre un ou plusieurs types de polysaccharides, de protéines
et de macromolécules synthétiques.

14. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 13, caractérisé en ce que :
le polysaccharide est choisi parmi le sulfate de chondroïtine, l’héparine, l’héparane, l’acide alginique, l’acide hya-
luronique, le dermatane, le dermatane sulfate, la pectine, la carboxyméthylcellulose, et le chitosane, ainsi que leurs
formes salines ; la protéine est choisie parmi le collagène, la gélatine acide, la gélatine alcaline et la gélatine de
recombinaison de gènes ; et la macromolécule synthétique est choisie parmi l’acide polyacrylique, l’acide polyas-
partique, l’acide polytartrique, l’acide polyglutamique et l’acide polyfumarique, ainsi que leurs formes salines.

15. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 1, caractérisé en ce que :
le temps nécessaire à la solution active réticulable pour former progressivement l’hydrogel réticulé à liaison disulfure
dans le récipient est supérieur à 30 minutes.

16. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 1, 11 ou 12, caractérisé
en ce que: la solution active réticulable contient un composant médicamenteux actif.

17. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 13, caractérisé en ce que :
la solution active réticulable contient un composant médicamenteux actif.

18. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 16, caractérisé en ce que :
le composant médicamenteux actif peut être soit dispersé dans la solution active réticulable sous forme de particules
solides, soit dissous dans la solution active réticulable.

19. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon la revendication 17, caractérisé en ce que :
le composant médicamenteux actif peut être soit dispersé dans la solution active réticulable sous forme de particules
solides, soit dissous dans la solution active réticulable.

20. Le procédé de préparation de l’hydrogel réticulé in situ injectable selon l’une quelconque des revendications 17 à
19, caractérisé en ce que : le composant médicamenteux actif comprend des stéroïdes, des antibiotiques et des
médicaments antitumoraux.

21. Le procédé de préparation de l’hydrogel réticulé injectable in situ selon la revendication 16, caractérisé en ce que:
le composant médicamenteux actif comprend des stéroïdes, des antibiotiques et des médicaments antitumoraux.
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