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METHOD AND SYSTEM FOR REVERSAL
OF INTERACTIONS BETWEEN HYDROPHOBICALLY MODIFIED
BIOPOLYMERS AND VESICLES OR CELL MEMBRANES

TECHNICAL FIELD

[0001] The present invention generally relates to the field of hydrophobically modified
polymers and their interactions with cells and vesicle membranes. In particular, this
invention relates to a method and system that specifically reverses the interaction between

hydrophobically modified biopolymers and cell or vesicle membranes.

BACKGROUND ART

[0002] The blood coagulation cascade is an exquisite example of a responsive self-assembly
process in biology."” When a wound is formed, a cascade of self-assembly events occur in
blood at the site of the wound. The net outcome is the assembly of the globular protein,
fibrinogen, catalyzed by a second protein, thrombin to yield chains of fibrin.** A network of
insoluble fibrin chains forms a hemostatic “plug” or clot, which presents a physical barrier to
the loss of blood from the wound."? The coagulation cascade is a delicately balanced series of
events — if it was to occur too casily, blood clots may form in unwanted areas leading to
strokes or other complications.

[0003] Scientists have long sought to harness the clotting power of fibrin to create hemostatic
dressings or bandages.”” Hemostatic dressings that can staunch the bleeding from serious
wounds are a pressing need both in civilian trauma centers as well as for military personnel.
Indeed, uncontrolled hemorrhage from severe injuries is a leading cause of death among
young adults (e.g., accident victims) and it is also responsible for the majority of deaths on
the battlefield.*' Fibrin-based hemostatic sealants were first-developed in the 1940s and
have proven to be quite effective.®” For example, one form involves a dry powdered mixture
of human fibrinogen and thrombin packed onto a solid bandage backing. When such a
bandage is firmly pressed onto a bleeding injury, a strong fibrin seal quickly forms and
bleeding is stopped.® However, fibrin bandages have limited practical applicability in trauma
medicine because human fibrinogen and thrombin are highly expensive molecules that are
scarce in supply.”

[0004] A need thus exists for an inexpensive hemostatic agent based on widely-available
materials that could match the blood-clotting ability of fibrin. Although a variety of

5,11-15

hemostats have been brought to market, none have shown the efficacy of fibrin
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sealants.'"'? Several products work simply by absorbing the blood at the site of the wound
rather than by coagulating the blood.'>'* Recently, a new approach has been put forward by
Ellis-Behnke ez al.,'® wherein the self-assembly of a synthetic peptide into a nano-fibrous
network'” is used to achieve hemostasis independent of the natural coagulation cascade.
While this method is promising, the synthetic peptides employed are expensive and difficult
to synthesize — therefore their practical viability is unclear. An additional factor to consider
with hemostats such as the above is the risk of undesired gelation or clotting, i.c.,

embolization, in parts of the body that are peripheral to the site of injury.'*'®

To mitigate
against such risks, it would be desirable to have the hemostat disassemble or “unclot” if and
when desired; however, none of the hemostats described in the literature have been shown to

have this ability.

DESCRIPTION OF THE INVENTION

[0005] One embodiment of the present invention provides a method for reversing the
interaction between a hydrophobically modified polymeric matrix (e.g., hm-chitosan) and
membranes (cell membranes or vesicle membranes), which form a gelled matrix. In
accordance with the method a supramolecule capable of disrupting interactions between
hydrophobic substituents on the hydrophobically modified polymeric matrix, without
affecting the structure of the membrane or the hydrophobically modified polymer to which
the hydrophobic substituents are attached, is applied to the gelled matrix and cell or vesicle
membranes. In one such embodiment, the supramolecule is a cyclodextrin, which may be
selected from the group consisting of a-CD, B-CD, y-CD, methyl-B-CD, 2-hydroxypropyl--
CD, 2-hydroxypropyl-y-CD, sulfobutylether-B-CD and other cyclodextrin derivatives.

[0006] A further embodiment of the present invention provides a kit for treating wounds.
The kit has several components, including a hydrophobically modified polymeric matrix for
application to a wound and a supramolecule to reverse the interactions between the cells at
the wound site and the hydrophobically modified polymeric matrix.

[0007] In yet a further embodiment, a method for treating wounds is presented in which the
first step is to apply a hydrophobically modified matrix, e.g., hm-chitosan, to a wound. The
hydrophobically modified matrix is applied in the form of a bandage, a gel, a liquid in spray
or through a syringe, or in liquid form directly on the wound. Once the wound has healed or

when the treatment is to be removed, in a second step, a supramolecule, e.g., cyclodextrin, is
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applied to the wound, releasing the hydrophobically modified matrix. The supramolecule is

applied in the form of a liquid solution through a syringe, spray, or directly on the wound.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The numerous advantages of the present invention may be better understood by those
skilled in the art by reference to the accompanying figures in which:

FIG. 1 is a graphical representation of gelling by interactions between hm-
chitosan and cell membranes.

FIG. 2A is a graphical representation of a method for reversing blood gelation
in accordance with one embodiment of the present invention.

FI1G. 2B is a dynamic rheology chart that demonstrates reversal of gelation of
blood and hm-chitosan by the addition of a supramolecule such as cyclodextrin.

FIG. 3 is a picture that shows the effect of the addition of a-cyclodextrin to a
mixture of hm-chitosan and blood.

FI1G. 4 is a steady-state rheology chart of hm-chitosan with vesicles in the
presence or absence of a-cyclodextrin.

FIG 5 is a dynamic rheology chart of hm-chitosan with vesicles in the
presence or absence of a-cyclodextrin.

FIG 6 is a steady-state rheology chart of hm-chitosan with vesicles in the
presence or absence of y-cyclodextrin.

FIG 7 is a dynamic rheology chart of hm-chitosan with vesicles in the

presence or absence of y-cyclodextrin.

BEST MODE(S) FOR CARRYING OUT THE INVENTION

[0009] The following description is of a particular embodiment of the invention, set out to
enable one to practice an implementation of the invention, and is not intended to limit the
preferred embodiment, but to serve as a particular example thereof. Those skilled in the art
should appreciate that they may readily use the conception and specific embodiments
disclosed as a basis for modifying or designing other methods and systems for carrying out
the same purposes of the present invention. Those skilled in the art should also realize that
such equivalent assemblies do not depart from the spirit and scope of the invention in its

broadest form.
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[0010] The Applicants describe a type of self-assembling molecule which is able to halt
blood flow via barrier formation, but yet retains the versatility to disassemble these barriers
on demand. These molecules are hydrophobically-modified biopolymers, as described below,
and they are able to form gel barriers by crosslinking of blood cells and other vesicles into 3-
dimensional matrices via hydrophobic interactions with cell membranes. The applicants show
that such gels are reverted into a flowing state upon introduction of supramolecules such as
cyclodextrins into the gelled system. These supramolecules contain accessible hydrophobic
“pockets” that specifically sequester the hydrophobic substituents on the biopolymer
backbone, thus eliminating the gel-forming interactions between hydrophobic substituents
and cellular or vesicular membranes.

[0011] The applicants further describe a method for reversing the formation of a gel between
a biopolymeric matrix and cells or vesicles. The biopolymeric matrix or hemostatic material
consists of at least one polymer and plurality of short hydrophobic substituents attached along
the polymer backbone as described in United States Patent Application Publication Numbers
US2008/0254104A1 and US2009/0062849A1, both of which are incorporated herein by
reference in their entirety. The polymer is either synthetic or naturally occurring, including,
for example, water-soluble polysaccharides and polypeptides. In exemplary embodiments, the
polymer is one or more hydrophobically-modified polysaccharides selected from the group
consisting of cellulosics, chitosans and alginates. Cellulosics, chitosans and alginates are all
abundant, natural polymers. Cellulosics are found in plants, whereas chitosans and alginates
are found in the exoskeleton or outer membrane of a variety of living organism. All three
types of materials allow for the transfer of oxygen and moisture required for wound healing

19,2224 . .
’ which is an

metabolism. Chitosan also has inherent anti-microbial properties,
important asset for materials covering open wounds because it climinates the need to
constantly change wound dressings in order to disinfect the wound manually between
changes. Positive charges along the backbone of chitosan cause it to interact electrostatically
with negatively charge blood cells, thus creating a sticky interface between a chitosan
dressing and the wound. Chitosan provides hemostasis to severe hemorrhage injuries for a
period of 30-45 min before becoming saturated with blood and losing adhesion to the injury
site. Native chitosan, however, does not form gels when combined with blood.

[0012] Cellulosics include, for example, hydroethyl cellulose, hydroxypropyl cellulose,
methyl cellulose, hydroxypropyl methyl cellulose, hydroxyethly methyl cellulose, etc.

Chitosans include, for example, the following chitosan salts: chitosan lactate, chitosan

salicylate, chitosan pyrrolidone carboxylate, chitosan itaconate, chitosan niacinate, chitosan
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formate, chitosan acetate, chitosan gallate, chitosan glutamate, chitosan maleate, chitosan
aspirate, chitosan glycolate and quaternary amine substituted chitosan and salts thereof, etc.
Alginates include, for example, sodium alginate, potassium alginate, magnesium alginate,
calcium alginate and aluminum alginate, etc. In an example, the polymeric component of the
dressing comprises mixtures of polysaccharides between classes, e.g. cellulosics and
chitosan, or within the same class, ¢.g. two alginates.

[0013] A hydrophobic substituent (also referred to as a hydrophobic tail) comprising a
hydrocarbon group having from about 2 to about 50 carbon atoms, more preferably 6 to 36
carbon atoms is attached to the backbone of at least one polymer. In a further embodiment,
the hydrophobic substituents are hydrocarbon groups having 8 to 24 carbon atoms. In an
exemplary embodiment, the hydrocarbon group comprises an alkyl or aryl group. As used
herein, the term “arylalkyl group” means a group containing both aromatic and aliphatic
structures. Examples of procedures for modifying polymers are as follows:

1) Alginates are hydrophobically modified by exchanging their positively charged
counterions (e.g. Na') with tertiary-butyl ammonium (TBA") ions using a
sulfonated ion exchange resin. The resulting TBA-alginate is dissolved in
dimethylsulfoxide (DMSO) where reaction occurs between alkyl (or aryl)
bromides and the carboxylate groups along the alginate backbone.

2) Cellulosics are hydrophobically-modified by first treating the cellulosic material
with a large excess of highly basic aqueous solution (e.g. 20 wt% sodium
hydroxide in water). The alkali cellulose is then removed from solution and
vigorously mixed with an emulsifying solution (for example, oleic acid)
containing the reactant, which is an alkyl (or aryl) halide (e.g. dodecyl bromide).

3) Chitosans are hydrophobically-modified by reaction of alkyl (or aryl) aldehydes
with primary amine groups along the chitosan backbone in a 50/50 (v/v)% of
aqueous 0.2 M acetic acid and ethanol. After reaction, the resulting Schiff bases,
or imine groups, are reduced to stable secondary amines by drop wise addition of
the reducing agent sodium cyanoborohydride or sodium triacetoxyborohydride.
When the biopolymer used is chitosan, the hydrophobically-modified biopolymer
is referred to as hm-chitosan.”**!

[0014] These hydrophobically modified polymers cause the gelation of bilayer enclosed
structures such as vesicles and cells by means of an energetically driven self-assembly
process. As utilized in this application, the term “vesicle” refers to any hollow spherical

structures formed by the self-assembly of surfactants, lipids, or block copolymers in aqueous
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solution. Vesicles are of technological interest for applications ranging from drug delivery
and controlled release to bioseparations and sensing. Many of these applications rely upon the
ability of vesicles to entrap desired chemicals (i.e., functionalization) in their interior and
thereafter release these chemicals to the external medium in a controlled manner. The
biological cell, which is the building block of any living organism, is also a bilayer enclosed
structure, much like a vesicle. The term “cell”, as used in this application, refers to any
biological cell, e.g. fibroblasts, HeLa cells, endothelial cells, red blood cells, white blood
cells, platelets, cancer cells, osteoblasts, epithelial cells, of any living species.

[0015] Gels form by the physical bridging of cells and/or vesicles into a 3-dimensional
network via insertion of hydrophobic substituents/tails grafted onto hydrophilic polymer
backbones into the cell and/or vesicle bilayers. The cells and/or vesicles act as physical
crosslinks in the network and the polymers act as bridges between the crosslinks as shown on
Figure 1. As referred to in this application, “membranes” are the bilayers that form the outer
surface of cells and vesicles. Membranes in the exterior of cells are referred to as “cellular
membranes” and the membranes that form the exterior of vesicles are referred to as “vesicle
membranes.” The hm-chitosan is combined with a blood cell suspension that contains red
blood cells, white blood cells, and platelets. The hydrophobic tails or substituents are
integrated within the interior of the cell membrane, creating a blood cell network in the form
of a gel or clot. Applicants have previously described a blood clotting and tissue adhesion
mechanism orchestrated by the self-assembly of amphiphilic polymers, e.g. hydrophobically
modified chitosan, into a 3-dimensional matrix. US2008/0254104A1 and
US2009/0062849A1. Hemostasis, or stoppage of blood flow, provided by amphiphilic
polymers is driven by the gelation of blood resulting from the hydrophobic affinity between
grafted alkyl tails on the polymer backbone and the acyl tails of lipids in cell bilayers.

[0016] The Applicants have discovered that this gelation is readily reversed by introduction
of an amphiphilic supramolecule. The term “supramolecule” as utilized in this application
refers to a molecule that is capable of interfering with the interaction between the
hydrophobic substituents and the membranes of vesicles or cells. The supramolecule,
however, does not affect the structure of the membrane or the hydrophobically modified
polymeric matrix to which the hydrophobic substituents are attached. As a result, the
biopolymeric matrix becomes disengaged from the vesicles or cells and is easily removed
without damaging the cell or vesicle membranes. In one embodiment of the present
invention, the supramolecules described herein are barrel-shaped molecules where the

exterior of the barrel is hydrophilic while its interior pocket is hydrophobic. The
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hydrophobic nature of the interior pocket allows the supramolecules to interact with the
hydrophobic substituents attached to the biopolymeric matrix. Some examples of such
supramolecules include cyclodextrins. In one preferred embodiment, a-cyclodextrin (a-CD),
B-cyclodextrin (B-CD), or y-cyclodextrin (y-CD) or are used as the supramolecules to reverse
gelation of the biopolymeric matrix and vesicles or cells. In yet a further embodiment,
methyl-B-CD, 2-hydroxypropyl-B-CD, 2-hydroxypropyl-y-CD, sulfobutylether-B-CD, or
similar variations of molecules that interfere with the interactions between the hydrophobic
substituents of the polymer are utilized. These sugar-based cyclodextrins sequester polymer
hydrophobic substituents within their hydrophobic pocket.”>?® As a result, gels formed by the
interaction of hydrophobically modified chitosans, alginates, and cellulosics matrices will be
dissolved by the addition of the supramolecules.

[0017] As explained above, a-CD belongs to a cyclodextrin family of barrel-shaped
supramolecules where the exterior of the barrel is hydrophilic, whereas its interior pocket is
hydrophobic. In particular, the pocket diameter of 0.57 nm in a-CD is optimum for
sequestering single-tailed hydrophobes such as those on hm-chitosan whereas the pocket is
too narrow to fit two-tailed lipids from cell membranes. These molecules are soluble in water
and thus can be applied to a hydrophobically-modified polymer/blood gel so as to reverse the
gelation, either through an aqueous spray bottle, or simply by dispensing the a-CD containing
fluid into the treated area of tissue via syringe applicator. As described in the examples
below, other Cyclodextrins and supramolecules such as a-CD, B-CD, y-CD, methyl--CD, 2-
hydroxypropyl-p-CD, 2-hydroxypropyl-y-CD, sulfobutylether-B-CD and other cyclodextrin
derivatives that interfere with the interactions between the hydrophobic substituents and the
membranes, but without harming the structure of the membranes or the hydrophobically
modified biopolymer.

[0018] Applicants have shown that by adding an aqueous solution of a-CD to a blood gel
formed by adding hm-chitosan, the gel reverts back to a liquid-like state, as shown in Figure
3. From visual observations, it is clear that a-CD is able to quickly reverse the gelling and
convert the sample into a thin, flowing liquid or “sol.” Dynamic rheology confirms these
observations: the response in the presence of a-CD is liquid like with G (viscous modulus) >
G’ (elastic modulus) over the range of frequencies. The hydrophobes on hm-chitosan chains
are shown to be sequestered within the hydrophobic pockets of a-CD molecules. In turn, the

polymer chains no longer connect adjacent cells, allowing the cells to flow freely.
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Effectively, the strong a-CD-to-hydrophobe affinity causes the hydrophobes to “unhook”
from the cells and bind to a-CDs instead.

[0019] Applicants have also demonstrated similar effects of cyclodextrins when introduced to
hm-chitosan and vesicle mixtures. Both a-CD (6 membered sugar ring molecule) and y-CD
(8 membered sugar ring molecule) are shown to reverse the gelation of vesicles by hm-
chitosan as described in the examples below.

[0020] In one embodiment of the present invention, a spray formulation and applicator which
contains either aqueous or powdered cyclodextrins (either a-, -, or y-CD) used in liquefying
systems which have gelled, i.e. have become elastic solids, as a result of mixing a solution of
amphiphilic polymer, e.g. hydrophobically modified chitosan, with any suspension of
biological cells, ¢.g. blood. In other embodiments, manufactured vesicles are released from
hm-chitosan, e.g., mixed surfactant vesicles or L-a-phosphatidylcholine liposomes.

[0021] The reversal of blood gelation acts as a mitigation to unwanted clotting caused by
amphiphilic polymers used as hemostats. It also serves another practical application, as
surgeons who receive patients treated with amphiphilic polymer for bleeding control may
want to reverse the clotting action so as to remove the material in order to identify and treat
the point of injury quickly and accurately. A method for treating wounds in accordance with
one embodiment of the present invention consists of a first step of applying a hm-biopolymer
matrix to a wound. The hm-biopolymer matrix may be in the form of a liquid, a liquid spray,
a gel, a dry film (alone or as part of a bandage), or lyophilized film (alone or as part of a
bandage). In a second step, when medical personnel determine that the hm-chitosan should
be removed, a supramolecule solution is applied to the site where the hm-chitosan was added
to the wound. The supramolecule solution used is based on the type of solvent in which a
supramolecule may dissolve. For example, a-CD and y-CD are soluble in water, so a water
solution is used when either of these two supramolecules is used. On the other hand, B-CD is
more soluble in ethyl alcohol. Thus, a B-CD/ethyl alcohol solution is used in such an
instance. It is contemplated that any combination of solute and solvent that is medically
advantageous may be utilized. Other solvents include methanol and 2-propanol

[0022] When blood clots (i.e., the fibrin “plug” is formed) in live specimens or patients, the
method may not result in dissolution of the blood clot. However, the supramolecule solution
is still used to allow removal of the hm-biopolymer from the site of the wound. By way of
non-limiting example, when a bandage containing an hm-biopolymer is used to treat a
wound, the bandage is soaked in the supramolecule to help release the bandage from the

wound. The quantity of the supramolecule used to aid in removing such bandages varies
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depending on the amount of time that the bandage has been on the wound and the severity of
the wound.

[0023] In one exemplary method, cyclodextrin molecules are introduced into the gel systems
in aqueous solution. The molecules are delivered through a syringe or a spray apparatus. In
an alternative embodiment, the supramolecules are provided in powdered form to be
dissolved in an appropriate solvent before application to a gelled biopolymer matrix mixed
with blood or vesicles. In yet further embodiments, the supramolecules are delivered in the
form of ointments that are rubbed on the gelled clot. In some therapeutic embodiments, the
supramolecules are combined with antimicrobial and antibacterial agents to further prevent
infection. In one example, the supramolecules are delivered with antibacterials such as silver,
norfloxacin, ampicillin or penicillin. In further embodiments, the supramolecules are
delivered with biodegradable polymers like gelatin, collagen, PEG, and PLGA providing skin
protection.

[0024] In one embodiment of the present invention, brief shearing of the gel allows un-
gelling of the structures to occur more quickly as numerous hydrophobes become displaced
from the vicinity of cell and/or vesicle bilayers and, as such, become available for interaction
with cyclodextrin molecules.

[0025] Gelation is driven by the hydrophobic affinity between the grafted tails (hydrophobic
substituents) on the polymer and the acyl tails of lipids in cell bilayers.*® Thus, a
mechanism to reverse the gelation via a species that preferentially binds to the polymer
hydrophobes and thereby disengage the hydrophobic substituents from the cells is described.
Applicants have demonstrated such reversal using the sugar-based supramolecule a-CD as
shown below.

[0026] In one embodiment of the present invention, an insitu gelling system is provided
consisting of hm-biopolymer, a supramolecule, and functionalized vesicles. In one non-
limiting example, the vesicles are loaded (functionalized) with a drug, and the use of the drug
is optimized by localized controlled release from within a damaged body cavity. Because the
cavity is irregularly shaped, it is ideal to apply the system in liquid format, such that the
liquid system could fully fill the space of the cavity. As shown in Figure 5, the liquid forms a
gel over time and drug contained with the liposomes is slowly released. Similar scenarios are
used for tissue engineering applications. It may be desired to recruit specific cell types into
the damaged body cavity. As such the vesicles may be loaded with growth factor, for slow

and sustained release after gelation of the hm-chitosan + vesicle + supramolecule system.
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Alternately, cells are included in the initial cocktail so as to achieve the desired therapeutic
effect. In this case, the cells are mixed with the hm-chitosan + vesicles + supramolecule and
delivered into the irregularly shaped injury. After gelation of the system, the cells may
operate to repair the surrounding damaged tissue.

[0027] In one embodiment of the present invention, an in sifu gelling system is provided
consisting of hm-biopolymer, a supramolecule, and functionalized vesicles. In one non-
limiting example, the vesicles are loaded (functionalized) with a drug, and the use of the drug
is optimized by localized controlled release from within a damaged body cavity. Because the
cavity is irregularly shaped, it is ideal to apply the system in liquid format, such that the
liquid system could fully fill the space of the cavity. As shown in Figure 5, the liquid forms a
gel over long time scales and drug contained with the liposomes would be slowly released
from the gel. Note, again in reference to Figure 5, that dynamics of interaction between
hydrophobic substituents and either cyclodextrins or membranes depend significantly upon
time scale. At short time scales, mixtures of hm-chitosan + vesicles + cyclodextrin display
the physical characteristics of a freely flowing liquid, whereas at long time scales these
systems behave as elastic gels. Hence, at short time scales, the hydrophobes prefer interaction
with the cyclodextrins, but at long time scales (on the order of days), many hydrophobes
become re-entrenched into the membranes, causing the onset of gelation. This phenomenon
presents the potential usefulness of the hm-chitosan + vesicle + cyclodextrin mixture as an in
situ gelling system.

[0028] Similar ir situ gelling scenarios may be useful for tissue engineering applications. It
may be desired to recruit specific cell types into the damaged body cavity. As such, the
vesicles may be loaded with growth factor, for slow and sustained release after gelation of the
hm-chitosan + vesicle + supramolecule system. Alternately, cells are included in the initial
cocktail so as to achieve the desired therapeutic effect. In this case, the cells are mixed with
the hm-chitosan + vesicles + supramolecule and delivered into the irregularly shaped injury.
After gelation of the system, the cells may operate to repair the surrounding damaged tissue.
[0029] One embodiment of the present invention provides for a method for reversing the
interaction between a hydrophobically modified polymeric matrix (e.g., hm-chitosan) and
membranes (cell membranes or vesicle membranes), which form a gelled matrix. In
accordance with the method a supramolecule capable of disrupting interactions between
hydrophobic substituents on the hydrophobically modified polymeric matrix is applied to the
gelled matrix. As described above, in one embodiment, the supramolecule is a cyclodextrin,

which may be selected from the group consisting of a-CD, B-CD, y-CD, methyl--CD, 2-
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hydroxypropyl-p-CD, 2-hydroxypropyl-y-CD, sulfobutylether-B-CD and other cyclodextrin
derivatives. In a further embodiment, a method for treating wound bleeding is provided in
which a hydrophobically modified polymer is applied to a wound. When the hydrophobically
modified polymer needs to be removed, the supramolecule solution is applied to the site of
the wound.

[0030] A further embodiment of the present invention provides a kit for treating wounds or
releasing vesicles from a hydrophobically modified polymeric matrix. The kit has several
components, including a hydrophobically modified polymeric matrix for application to a
wound and a supramolecule solution to reverse the interactions between the cells at the
wound site and the hydrophobically modified polymeric matrix. The hydrophobic polymeric
matrix may be provided in the form of a gel, spray, or bandage, as described in United States
Patent Application Publication Numbers US2008/0254104A1 and US2009/0062849A1. The
supramolecule, such as any of the cyclodextrins or cyclodextrin derivatives described above,
are provided in various different forms. For example, the supramolecule is provided in
powder form for mixing with a solvent before application to the wound or hydrophobically
modified polymeric matrix loaded with vesicles. The supramolecule in another example, is
provided in the form of a liquid solution.

[0031] In yet another preferred embodiment, a vesicle + hm-polymer gel may be applied over
the exposed area of a chronic wound (e.g. diabetic ulcer). The vesicles may be pre-loaded
with growth factor for slow and sustained release, so as to accelerate healing of the wound.
Once the wound is healed, the gel is dissolved and washed away by application of a
supramolecule, e.g., cyclodextrin, solution via spray bottle, a syringe or any other method
that allows the solution to be delivered to the gelled compound.

[0032] Examples

[0033] Materials. Chitosan of medium molecular weight (190-310K) and Brookfield
viscosity of 286 cps was purchased from Sigma-Aldrich. The reported degree of
deacetylation was about 80-%. Chitosan was dissolved in 0.15 M of either L-lactic acid or
acetic acid (both from Sigma-Aldrich) so as to mimic physiological ionic strength. The
supramolecules a-CD and y-CD were purchased from TCI.

[0034] Synthesis of hm-Chitosan. hm-chitosan was synthesized by attaching benzene-n-
octadecyl tails to the chitosan backbone via reaction with 4-octadecylbenzaldehyde
(purchased from TCI). The procedure is identical to that used in our earlier paper®' and it also

follows those described in the literature®®. The degree of hydrophobic substitution follows the
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reaction stoichiometry and, here, hm-chitosans of 1.5 and 2.5 mol% of the available amine
groups were prepared.

[0035] Obtaining Blood. 5 human subjects volunteered to have 20 mL of blood drawn by a
registered nurse at the UMD School of Medicine. Subjects were healthy adults ranging age
from 20 to 40 years of age (4 males, 1 female). 10 mL intervals of blood were drawn into
Becton Dickinson Vacutainers® containing 143 USP units of sodium heparin. The protocol
was approved by the Institutional Research Board (IRB) at UMD.

[0036] Preparation of Vesicles. The surfactant system employed was a mixture of the
cationic surfactant, cetyl trimethylammonium tosylate (CTAT), and the anionic surfactant,
sodium dodecyl benzene sulfonate (SDBS). The surfactants were purchased from Aldrich,
and all solutions were made using distilled-deionized water. The phase diagram for
CTAT/SDBS mixtures has been reported previously.” To form vesicles, CTAT and SDBS
were mixed at a weight ratio of 70/30, respectively, at a combined 2 wt% concentration in
water. The mixture was stirred overnight to ensure complete dissolution and equilibration of
the vesicles prior to experiments.

[0037] Rheological Experiments: Steady and dynamic rheological experiments were
performed on a Rheometrics AR2000 stress-controlled rheometer. A cone-and-plate
geometry of 40 mm diameter and 4° cone angle was used and samples were run at the
physiological temperature of 37°C. Dynamic frequency spectra were obtained in the linear
viscoelastic regime of the samples, as determined from dynamic strain sweep experiments.
[0038] Results

[0039] Figure 2 shows the result of adding 3 wt% of a-CD to a blood gel formed by adding
0.25 wt% hm-chitosan. From visual observations, it was clear that the a-CD was able to
instantly reverse the gelling and convert the sample into a thin, flowing liquid or “sol”.
Dynamic rheology confirms these observations: note from Figure 2 that the response in the
presence of a-CD is liquid-like with G” > G’ over the frequency range. Figure 2 also presents
a schematic illustrating the action of a-CD: here, the hydrophobes on hm-chitosan chains are
shown to be sequestered within the hydrophobic pockets of a-CD molecules. In turn, the
polymer chains no longer connect adjacent cells, allowing the cells to flow freely.
Effectively, the strong affinity of a-CD for the hydrophobes causes these moieties to
“unhook” from the cells and bind to the a-CDs instead. Note that the results with a-CD

further demonstrate that free hydrophobes are required for gelation, as depicted in Figure 1.
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[0040] Figure 3 is a visual representation of the rheological results presented in Figure 2.
Figure 3(a) is a photograph of human heparinized blood gelled by 0.25 wt% hm-chitosan.
The mixture is elastic and holds its own weight upon vial inversion. In contrast, the
introduction of 3 wt% a-CD to the mixture in Figure 3(b) results in the disruption of the gel
into a freely flowing viscous liquid. Note that this sample cannot hold its own weight upon
vial inversion.

[0041] In Figures 4-7, hm-chitosan is mixed with vesicles instead of blood. It is important to
note that vesicles have a great deal of structural similarity with cells: both are water-enclosed
bilayers. A key difference is that vesicles are significantly smaller than cells with sizes on
the order of 100 nm. In contrast, red blood cells are ~8 um in size. These experiments show
that the supramolecules work both in cells and vesicles.

[0042] Figure 4 displays the steady shear rheology of two samples which were prepared by
mixing aqueous solutions of hm-chitosan (benz-C18, 1.5% modified), vesicles (70/30
CTAT/SDBS) and a-CD. The concentrations of hm-chitosan and vesicles were held constant
at 0.238 wt% and 0.952 wt%, respectively, in both samples. One sample contained 0 mM a-
CD (open diamonds) and the other contained 28.6 mM o-CD (open circles). The sample
containing no a-CD showed a zero-shear viscosity approaching 10*. In contrast, the a-CD-
containing sample showed a zero-shear viscosity approaching 107, a viscosity drop on the
order of a million-fold.

[0043] Figure 5 shows the dynamic rheology of the same two samples. The initial gel based
on hm-chitosan and vesicles shows an elastic, gel-like response (closed symbols), with G* >
G” over the range of frequencies and both G’ and G” becoming independent of frequency as
© = 0. In contrast, upon addition of 28.6 mM a-CD to the mixture, the response converts to
that of a viscous liquid (open symbols), with G < G’ over the range of frequencies. As © =
0, G’ and G” are observed to overlap, indicating the onset of gelation over long time scales.
However, at practical time scales, the hm-chitosan + vesicle + a-CD mixture behaves as a
freely flowing liquid.

[0044] Figures 6 and 7 explore the use of y-cyclodextrin, instead of a-CD, in conjunction
with hm-chitosan and vesicles. Again, two samples were prepared by mixing aqueous
solutions of hm-chitosan (benz-C18, 1.5% modified), vesicles (70/30 CTAT/SDBS) and y-
CD. The concentrations of hm-chitosan and vesicles were held constant at 0.238 wt% and
0.952 wt%, respectively, in both samples. One sample contained 0 mM y-CD (open
diamonds) and the other contained 28.6 mM y-CD (open circles). In Figure 6, we find that the
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sample containing no y-CD showed a zero-shear viscosity approaching 10*. In contrast, the y-
CD-containing sample showed a zero-shear viscosity approaching 104, a viscosity drop on the
order of a thousand-fold. While the addition of y-CD causes a significant drop in the apparent
viscosity of the sample, this drop is still a thousand-fold lower in magnitude relative to the
drop caused by the addition a-CD. This difference may be attributed to a better geometric fit
between the a-CD and the single tailed benzyl-C,s hydrophobe, as compared to that of y-CD
and the same single-tailed hydrophobe.

[0045] In Figure 7, the same two samples described in Figure 6 are characterized by dynamic
rheology. The initial gel based on hm-chitosan and vesicles shows an clastic, gel-like
response (closed symbols), whereas upon addition of 28.6 mM y-CD, the response converts
to that of a viscous liquid (open symbols). with G’ > G” over the range of frequencies and
both G’ and G” becoming independent of frequency as @ = 0. In contrast, upon addition of
28.6 mM y -CD to the mixture, the response converts to that of a viscous liquid (open
symbols), with G” < G’ over the range of frequencies. As ® = 0, G’ and G” are not observed
to overlap, indicating that the sample does not become more gel-like ast = .

[0046] The invention has been described with references to a preferred embodiment. While
specific values, relationships, materials and steps have been set forth for purposes of
describing concepts of the invention, it will be appreciated by persons skilled in the art that
numerous variations and/or modifications may be made to the invention as shown in the
specific embodiments without departing from the spirit or scope of the basic concepts and
operating principles of the invention as broadly described. It should be recognized that, in
the light of the above teachings, those skilled in the art can modify those specifics without
departing from the invention taught herein. Having now fully set forth the preferred
embodiments and certain modifications of the concept underlying the present invention,
various other embodiments as well as certain variations and modifications of the
embodiments herein shown and described will obviously occur to those skilled in the art upon
becoming familiar with such underlying concept. It is intended to include all such
modifications, alternatives and other embodiments insofar as they come within the scope of
the appended claims or equivalents therecof. It should be understood, therefore, that the
invention may be practiced otherwise than as specifically set forth herein. Consequently, the

present embodiments are to be considered in all respects as illustrative and not restrictive.
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INDUSTRIAL APPLICABILITY

The present invention is applicable to wound dressings and drug delivery. A method
is disclosed for reversing the interaction between hydrophobic substituents in a
hydrophobically modified biopolymer and a vesicle or cell membrane. A kit is also disclosed
for treating wounds and delivering medications through vesicles. The method and kit can be

made in industry and practiced in the wound treatment field.
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CLAIMS

What is claimed is:
1
2 1. A method for reversing gelling of a hydrophobically modified biopolymer and
3 amembrane, comprising:
4 applying, to a gelled hydrophobically modified biopolymer, a supramolecule
5 capable of disrupting interactions between a hydrophobic substituent on the
6 hydrophobically modified biopolymer and a membrane, without affecting the
7 structure of the membrane or the hydrophobically modified polymer to which
8 the hydrophobic substituents are attached.
1 2. The method of claim 1, wherein the supramolecule is a cyclodextrin.
1 3. The method of claim 2, wherein the cyclodextrin is selected from the group

2 consisting of a-cyclodextrin, B-cyclodextrin, y-cyclodextrin, methyl-B-cyclodextrin,
3 2-hydroxypropyl-p-cyclodextrin, 2-hydroxypropyl-y-cyclodextrin, sulfobutylether-B-

4 cyclodextrin and other cyclodextrin derivatives.

5 4. The method of claim 1, wherein the membrane is selected from the group

6  consisting of a cellular membrane and a vesicle membrane.

1 5. The method of claim 4, wherein the cellular membrane is selected from the
2 group consisting of red blood cellular membrane, a white blood cellular membrane,

3 and a platelet membrane.

1 6. The method of claim 4, wherein the vesicle membrane is selected from the
2 group consisting of a liposome membrane, a mixed surfactant vesicle membrane, and

3 L-a-phosphatidylcholine liposome membrane.

1 7. The method of claim 1, wherein said supramolecule is applied to the gelled

2 matrix by a syringe or a spray bottle.
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8. The method of claim 1, wherein the supramolecule is dissolved in a solvent.

9. The method of claim 8, wherein the solvent is selected from the group

consisting of water, ethyl-alcohol, methanol, and 2-propanol.

10. The method of claim 8, wherein the hydrophobically modified biopolymer is

selected from the group consisting of chitosans, alginates, and cellulosics.

11. A kit for treating wounds, comprising:

a hydrophobically modified biopolymer, and

a supramolecule capable of disrupting interactions between the hydrophobically
modified biopolymer and a membrane, without affecting the structure of the
membrane or the hydrophobically modified polymer to which the hydrophobic

substituents are attached.

12. The kit of claim 11, wherein the hydrophobically modified biopolymer is

selected from the group consisting of chitosans, alginates, and cellulosics.

13. The kit of claim 11, wherein the supramolecule is a cyclodextrin.

14. The kit of claim 13, wherein the cyclodextrin is selected from the group
consisting of a-cyclodextrin, B-cyclodextrin, y-cyclodextrin, methyl-p-cyclodextrin,
2-hydroxypropyl-B-cyclodextrin, 2-hydroxypropyl-y-cyclodextrin, sulfobutylether-p-

cyclodextrin and other cyclodextrin derivatives.

15. The kit of claim 11, wherein the membrane is selected from the group

consisting of a cellular membrane and a vesicle membrane.

16. The kit of claim 15, wherein the cellular membrane is selected from the group
consisting of red blood cellular membrane, a white blood cellular membrane, and a

platelet membrane.

17. The kit of claim 16, wherein the vesicle membrane is selected from the group
consisting of a liposome membrane, a mixed surfactant vesicle membrane, and L-a-

phosphatidylcholine liposome membrane.
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18. The kit of claim 11, wherein said supramolecule is applied to the gelled matrix

by a syringe or a spray can.

19. The kit of claim 11, wherein the supramolecule is dissolved in a solvent.

20. The kit of claim 19, wherein the solvent is selected from the group consisting

of water, ethyl-alcohol, methanol, and 2 propanol.

21. The kit of claim 11, wherein the supramolecule is provided as a liquid or dry

powder.

22. The kit of claim 21, further comprising a solvent.

23. The kit of claim 11, wherein the hydrophobically modified biopolymer has

hydrophobic substituents connected to functionalized vesicles.

24. The kit of claim 11, wherein the functionalized vesicles contain medications

for release at the site where the hydrophobically modified biopolymer is placed.

25. The kit of claim 11, wherein the hydrophobically modified biopolymer is

selected from the group consisting of chitosans, alginates, and cellulosics.

26. A method for treating wound bleeding, comprising:
applying a hydrophobically modified biopolymer to a wound, and
applying to the hydrophobically modified biopolymer on the wound, a
supramolecule capable of disrupting interactions between a hydrophobic
substituents on the hydrophobically modified matrix and a membrane, without
affecting the structure of the membrane or the hydrophobically modified
polymer to which the hydrophobic substituents are attached.

27. The method of claim 26, wherein the supramolecule is a cyclodextrin.

28. The method of claim 27, wherein the cyclodextrin is selected from the group

consisting o-cyclodextrin, B-cyclodextrin, y-cyclodextrin, methyl-B-cyclodextrin, 2-
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3 hydroxypropyl-B-cyclodextrin, 2-hydroxypropyl-y- cyclodextrin, sulfobutylether-B-

4 cyclodextrin and other cyclodextrin derivatives.

5 29. The method of claim 26, wherein the membrane is selected from the group

6  consisting of a cellular membrane and vesicle membrane.

1 30. The method of claim 29, wherein the cellular membrane is selected from the
2 group consisting of red blood cellular membrane, a white blood cellular membrane,

3 and a platelet membrane.

1 31. The method of claim 29, wherein the vesicle membrane is selected from the
2 group consisting of a liposome membrane, a mixed surfactant vesicle membrane, and

3 L-a-phosphatidylcholine liposome membrane.

1 32. The method of claim 29, wherein said supramolecule is applied to the gelled

2 matrix by a syringe or a spray can.

1 33. The method of claim 26, wherein the supramolecule is dissolved in a solvent.

1 34. The method of claim 33, wherein the solvent is selected from the group

2 consisting of water and ethyl-alcohol.

1 35. The method of claim 26, wherein the hydrophobically modified biopolymer is

2 selected from the group consisting of chitosans, alginates, and cellulosics.
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