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METHOD AND SYSTEM FOR CAPTURE AND
USE OF INTACT VESICLES ON
ELECTRODEPOSITED HYDROPHOBICALLY
MODIFIED BIOPOLYMER FILMS

CROSS REFERENCE TO RELATED
APPLICATION

The present application claims priority under 35 U.S.C.
§119 to U.S. Provisional Application Ser. No. 61/419,159
filed on Dec. 2, 2010, which is incorporated herein by refer-
ence in its entirety.

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with government support under
CBET0650650 awarded by the National Science Foundation.
The government has certain rights in the invention

FIELD OF THE INVENTION

The present invention generally relates to the field of
biopolymeric films. In particular, this invention relates to a
method for the preparation of modified biopolymeric films by
electrodeposition onto a substrate, devices incorporating the
modified biopolymeric films, use of such devices for capture
of'vesicles and membranes, and lastly the use of the modified
films with functionalized vesicles captured on the film.

BACKGROUND OF THE INVENTION

Vesicles (or liposomes) are self-assembled “nano-contain-
ers” formed by lipids or surfactants in aqueous solution.’
These structures are ~100 nm in size and comprise an aqueous
core and a lipid bilayer. The aqueous core can be used to
encapsulate hydrophilic molecules such as drugs, proteins, or
genes, while hydrophobic and amphiphilic substances can be
integrated into vesicle bilayers.! Few, if any, other nanostruc-
tures demonstrate this level of versatility as carriers of useful
payloads. Accordingly, vesicles have been explored and
exploited for a myriad of applications, including targeted
drug delivery, gene transfection, imaging agents, biosensors,
food science, and cosmetics.”

Recently, there has been considerable interest into the cap-
ture of intact vesicles at precise locations on solid sub-
strates.>™'* The motivation for such studies includes: (a) fun-
damental aspects, e.g., related to vesicles as biological
models for adherent cells; as well as (b) applied aspects
related to the fabrication of biosensors or modified biomate-
rials. For example, the internal volume of intact vesicles
would be available for entrapping biomolecules, drugs, or
fluorescent molecules, which could be useful for sensor and
immunoassay applications. In addition, proteins embedded in
vesicle bilayers are expected to more closely mimic their in
vivo function compared to the same proteins in supported
planar bilayers.*** There is particular interest in creating
“vesicle arrays” via the spatially controlled immobilization of
vesicles, which could spawn a new generation of biomolecu-
lar assay tools.*®

Previous attempts to capture intact vesicles with spatial
precision have employed DNA tethering, *-¢ covalent binding
to gold or polystyrene,”® or biotin-streptavidin linking
schemes.'°-!? These methods generally involve labor-inten-
sive experimental procedures or expensive chemical labels.
An alternate simpler approach is to use amphiphilic polymers
bearing hydrophobic (lipophilic) moieties as tethers to bind
either supported lipid bilayers or vesicles to surfaces.'>'®
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This approach has been used to capture label-free vesicles on
the commercially available Biacore L1 chip;**'* however,
this approach does not offer significant spatial resolution. A
greater level of spatial and temporal control over vesicle
capture (i.e., onto specific areas of a given surface at a given
time) could be advantageous for many applications, including
for the creation of vesicle arrays.

SUMMARY OF THE INVENTION

Disclosed is a biosensor, comprising an electrically con-
ductive substrate coated with a modified chitosan biopolymer
that has been electrodeposited on the substrate, wherein said
modified chitosan biopolymer comprises at least one vesicle
binding molecule. A preferred embodiment of the invention
comprises a method of manufacturing a biosensor, compris-
ing electrodepositing a modified chitosan biopolymer on a
substrate by applying voltage to the substrate, wherein the
biopolymer is capable of coating the substrate upon applica-
tion of electricity and wherein the modified chitosan biopoly-
mer comprises at least one vesicle binding molecule.

Further disclosed, is a bandage, comprising a modified
chitosan biopolymer and a functionalized vesicle, wherein
the film is manufactured by the steps of electrodeposition of
the modified chitosan biopolymer on a substrate and remov-
ing the modified chitosan film from the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

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:

FIGS. 1a and 15 are a graphical representation of a biosen-
sor in accordance with one aspect of a preferred embodiment.

FIGS. 2a and 25 are a graphical representation of a biosen-
sor in accordance with a further aspect of another preferred
embodiment.

FIG. 3 is a graphical representation of the spatiotemporal
capture of vesicles using hm-chitosan. The structure of hm-
chitosan as well as a schematic of its chain are shown in the
top left. The chain has a hydrophilic backbone shown in blue
and pendant hydrophobes (C12 tails) that are shown inred. In
step (1), thin films of hm-chitosan are electrodeposited onto
gold cathodes that are patterned on a silicon chip. Next, in
step (2), the chip is incubated with a solution of vesicles.
Intact vesicles become spontaneously anchored onto the
polymer films. The inset shows the likely mechanism for such
anchoring, which is via non-covalent interaction between the
hydrophobes on the polymer and vesicle bilayers.

FIG. 4 is a photograph that shows exemplary substrates
(micropatterned chips) in accordance with one embodiment
of'the present invention. The leads and electrodes are formed
by depositing gold on a silicon wafer using lithographic tech-
niques. On the left is a 2-electrode chip and on the right a
6-electrode chip. A US penny is shown for size comparison.

FIG. 5 is a fluorescent pictures demonstrating the capture
of vesicles & liposomes specific to electrodeposited films of
hydrophobically modified chitosan (H) but not of unmodified
variants (C). Top images: Green-filtered (shown in grey
herein) fluorescence micrographs showing deposition of
NHS-tagged hm-chitosan on the left electrode and NHS-
tagged chitosan on the right electrode of a two-electrode chip.
The chips are then incubated with vesicles for 10 min, fol-
lowed by rinsing with DI water. Bottom images: Red-filtered
fluorescence micrographs showing the presence of Dil-
tagged vesicles on the electrodes. The results in (a) (left-
column) are obtained with catanionic surfactant vesicles,
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while those in (b) (right-column) are obtained with lipo-
somes. In both cases, the stronger signals from the left elec-
trodes indicate that vesicles are anchored preferentially to the
hm-chitosan film than to the chitosan one.

FIG. 6 is a picture that shows the effect of variation in the
extent of vesicle capture based on the time of chip incubation
with a vesicle solution. Hm-chitosan (H) and chitosan (C) are
deposited on the left and right electrodes, respectively. The
chip is incubated with a solution of surfactant vesicles for
different lengths of time and then imaged by fluorescence
microscopy. The images are red-filtered fluorescence micro-
graphs showing Dil-tagged vesicles on the electrodes. A con-
stant exposure time of 20 s at the excitation wavelength was
used to obtain each image. The results show increasing cap-
ture of vesicles on the H side (increasing signal intensity) and
negligible capture on the C side.

FIG. 7 is a picture showing immobilization of giant unila-
mellar vesicles (GUVs) on an hm-chitosan film. After 10 min
incubation with Dil-tagged GUVs, multiple red-fluorescent
‘hot spots’ appear on the electrode bearing hm-chitosan. A
zoomed-in image of a ‘hot-spot” shows an intact GUV of ca.
20 pum diameter.

FIG. 8 is a cryo-transmission electron micrograph of
vesicles captured on such films. Cryo-TEM image of vesicles
on an hm-chitosan film. The hm-chitosan was deposited on
the TEM grid and then used to capture surfactant vesicles
from solution. The image shows numerous spherical objects
of ~100-150 nm diameter, which are presumably intact
vesicles.

FIG. 9 is a scheme of experiment that demonstrates the
release of contents from vesicles upon intentional rupture of
previously intact vesicles. Evidence for capture of intact lipo-
somes on hm-chitosan films. (a) Green-filtered fluorescence
image showing preferential binding of liposomes (filled with
the hydrophilic dye CF) to the hm-chitosan (H) side relative
to the chitosan (C) side. The chip is then exposed to the
detergent Triton X-100 and rinsed. The detergent disrupts the
liposomes into micelles, as shown by the schematics, and the
encapsulated dye is thus released and washed away. (b) Fluo-
rescence image of the rinsed chip shows nearly complete loss
of fluorescent signal, confirming disruption of originally
intact liposomes.

FIG.10is apicture demonstrating the capture of vesicles as
a patterned substrate in accordance with one embodiment of
the present invention. Patterning of vesicles on 6-electrode
chips. (a) NHS-tagged hm-chitosan (H) and chitosan (C) are
electrodeposited in an alternating pattern, HCHCHC. (b) Fol-
lowing contact with Dil-tagged surfactant vesicles and rins-
ing, the red fluorescence indicative of vesicles is found only
on the H electrodes. (¢) H and C are electrodeposited in an
‘outside-inside’ pattern, HCHHCH. (d) Once again, Dil-
tagged surfactant vesicles are found anchored only on the H
electrodes.

FIG. 11 is a scheme and result demonstrating the function-
ality of captured vesicles as a biosensing platform. Protein
sensing via vesicles anchored to an hm-chitosan film. (a)
Schematic of the experiment: biotin-decorated liposomes are
first immobilized, then the chip is contacted with the fluores-
cently labeled protein, FITC-streptavidin. The binding of the
protein is then detected by fluorescence microscopy. (b) Fluo-
rescence image showing a strong signal from the hm-chitosan
(H) electrode compared to the chitosan (C) electrode. The
strong signal is indicative of protein binding to the biotins on
the anchored liposomes. (c) Analysis of the intensities in (b).
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The average gray values for each electrode area are listed
above the corresponding regions.

DETAILED DESCRIPTION OF THE INVENTION

The invention summarized above may be better understood
by referring to the following description and claims, which
should be read in conjunction with the accompanying draw-
ings in which like reference numerals are used for like parts
and steps. The following description is of a particular embodi-
ment 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 embodi-
ments 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.

Method for Manufacturing a Modified Chitosan Biopoly-
mer Film by Electrodeposition.

One aspect of a preferred embodiment of the present inven-
tion provides a method for preparation of a modified chitosan
biopolymeric film (or matrix) that is electrodeposited on a
substrate. Chitosan solidifies in a temporal and spatially
selective manner on the substrate. In one such embodiment,
various types of Chitosan may be utilized such as the follow-
ing chitosan salts: chitosan chloride, chitosan lactate, chito-
san salicylate, chitosan pyrrolidone carboxylate, chitosan ita-
conate, chitosan niacinate, chitosan formate, chitosan acetate,
chitosan gallate, chitosan glutamate, chitosan maleate, chito-
san aspartate, chitosan glycolate and quaternary amine sub-
stituted chitosan and salts thereof. It is contemplated that any
chitosan salt is capable of depositing on an electrode. While
chitosan is a preferred biopolymer, it is contemplated that any
biopolymer capable of solidifying on an electrode upon appli-
cation of electricity to the electrode may be used in alternative
embodiments of the present invention.

The substrate is a chip comprising one or more electrodes
in one aspect of a preferred embodiment. Any material
capable of conducting electricity may serve as an electrode,
including but not limited to patterned gold, silver, copper,
platinum, and palladium electrodes. Other electrodes include
Indium Tin Oxide (ITO) coated glass, and Tin Dioxide
(SnO,) coated glass. A person of ordinary skill in the art,
however, would recognize that any electrode capable of con-
ducting electricity may be used in accordance with various
preferred embodiments of the present invention. The elec-
trodes can be arranged in any desired configuration on the
chip. Various configurations of electrodes on the chip result in
advantageous patterns of use of the modified polymers that
are electrodeposited on the electrodes.

In a first step of the method, a substrate is prepared in order
to deposit the film. In one preferred embodiment, the chip
contains an electrode in no specific configuration. Alterna-
tively, the chip may contain electrodes with various configu-
rations. The configuration of the electrode results defined film
pattern. Each electrode on the chip can be located at a specific
address on the chip. As used herein, the term “address” refers
to a specific location for an electrode on a chip. The capability
of producing patterned films provides a special advantage
over existing films. For example, in an application where the
chip is used to identify two distinct analytes, each film at a
specific address can be used to identify the presence of the
analyte as explained in more detail below.
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In a subsequent step, the substrate is placed in a solution
containing the biopolymer. It is contemplated that in some
preferred embodiments, the biopolymer solution consists of a
hydrophobically modified polymer. Alternatively, the
biopolymer solution may contain an unmodified biopolymer.
Inyet a further step of the process, electricity is applied to the
substrate and the biopolymer solidifies on and around the
substrate. [f unmodified polymer was used, the resulting film
coated substrate can be modified to include molecules
capable of capturing vesicles or membranes on the film. In
one preferred embodiment, the modifications are the addition
of hydrophobic tails to the film as described in more detail
below.

In a final step, the film is separated from the substrate. In an
alternative embodiment, when an unmodified biopolymer is
used, the separated unmodified film is further modified to
include as described above to be able to interact with and
capture vesicles and cells. It is contemplated that the film may
be separated from the substrate by peeling it off mechanically.
The separated film or the film coated substrate can be used for
various applications as further described below.

Functionalization of the Modified Chitosan Film

In a further preferred embodiment, a method for preparing
a functionalized chitosan film is provided. After the hydro-
phobically modified film is prepared, a further step comprises
functionalizing the film through interaction of the biopolymer
modifications with the membranes of vesicles (e.g., lipo-
somes) or cells to capture the vesicle or cell. In one preferred
embodiment, the vesicles may be empty “sacs” or may be
functionalized via incorporation of bioactive agents or moi-
eties either in the internal volume of the vesicle or as a part of
membrane layer or in the vicinity. For example, the aqueous
core of the vesicle can be filled with water-soluble drugs such
as doxorubicin, nicardipine hydrochloride, methylsalicylic
acid, and nitroglycerin. In other preferred embodiments, the
bilayer can incorporate lipid-soluble drugs such as warfarin,
pactlitaxel, diazepam, tamoxifen, progesterone, and estra-
dial. In yet a further preferred embodiment, the vesicle can
incorporate biological elements including, but not limited to,
enzymes, antibodies, proteins, nucleic acids.

The vesicles may further be stimuli-responsive where, for
example, the vesicles would deliver payload upon exposure to
the stimuli, e.g., light, heat, pH, electricity, and other such
triggers that allow the controlled release of functional con-
tents of the vesicle. Some examples of such stimuli response
vesicles, which are well-known in the art, include polyacrylic
acid-block-6-[4-(4-cyanophenyl)phenoxyl|hexyl acrylate-
c0-6-[4-(4-methoxyphenylazo)phenoxyl]hexyl acrylate
(P(BiPA-co-Az0)) copolymer vesicles (light), polyethylene
oxide-block-poly(N-isopropylacrylamide) copolymer
vesicles (heat), oleic acid vesicles (pH), and polystyrene-f3-
cyclodextrin/poly(ethylene oxide)-ferrocene supramolecular
vesicles (electricity).

The size of these functional and stimuli responsive vesicles
may range from 20 nm up to 20 pm in diameter. After the film
is functionalized, it can be used for various applications either
as a separated film or as part of the substrate. The function-
alized film can be utilized in the methods described below.

In some alternative preferred embodiments, the polymeric
film is modified by the addition of substrate specific moieties.
In such alternative embodiments, for example, the modifica-
tion is a ligand that a specific member receptor is capable of
recognizing. The method of the present invention provides for
the preparation of a patterned film in which some of the
modifications are located in one particular location of the
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film, while other modifications are located in a different loca-
tion. The resulting film is capable of capturing different
vesicles and other molecules.

Method of Preparing a Biosensor.

In a preferred embodiment, a method for manufacturing a
biosensor is provided. In one step of the method, a substrate is
placed in a solution of modified chitosan polymer in solution.
In a second step, the modified chitosan polymer is electrode-
posited on the substrate by applying voltage to the substrate.
The modified chitosan biopolymer the attaches to the sub-
strate upon application of electricity to the substrate. The
modified chitosan biopolymer comprises at least one vesicle
binding molecule.

In one embodiment of the present invention a method for
preparing a chip having at least two electrode addresses is
described. Each electrode address on the chip comprises an
electrically conductive substrate or electrode. Electricity can
be independently applied to each electrode on the chip. The
method provides a process for manufacturing a chip with
different chitosan biopolymer films at different electrode
addresses. In a first step of the method, the chip is prepared
with at least two electrode addresses and each electrode
address comprising an electrode that can be independently
electrified. In a second step, the chip is placed in a solution
containing a first type of biopolymer. Electricity is applied to
a first electrode address and the film is allowed to form at the
first electrode address.

In a subsequent step, the chip is placed in a second solution
having a different type of chitosan biopolymer. Electricity is
then applied to the second electrode address and the film is
allowed to form at the second electrode address. If more than
two electrode addresses are provided, it is contemplated that
the process continues to proceed in the same sequence until
all the electrode address in the chip are coated by different
types of biopolymers. In an alternative embodiment, several
chips may be coated with the same polymer while several
others are coated with a different polymer. In yet a further
alternative, some of the electrode addresses are coated and
others are not coated at all. The biopolymers are modified to
interact with different vesicles or cells. The coated chip may
be used as provided or the various films on the chip may be
separated from the electrodes for further use in various appli-
cations as described below.

Chitosan Biopolymer Based Biosensor

One preferred embodiment of the present application is a
modified chitosan biopolymer biosensor as shown in FIG. 1a
comprising an electrically conductive substrate coated with a
modified chitosan biopolymer that has been electrodeposited
on the substrate, as described above. The modified chitosan
biopolymer comprises a vesicle binding molecule. In a pre-
ferred embodiment, the biosensor further comprises a func-
tionalized vesicle noncovalently bound to the vesicle binding
molecule. As explained above, the vesicle binding molecule
can be any molecule that is capable of noncovalently binding
to a vesicle, by way of nonlimiting example, the vesicle
binding molecule may be an alkyl, e.g., n-dodecyl substitu-
ent, functional group attached to the chitosan backbone. The
electrically conductive substrate is an electrode as previously
described to which the film attaches upon application of elec-
tricity. The electrode may be provided on a chip, where the
chip is manufactured from silicon, copper oxide, germanium,
gallium arsenide and graphene.

In one preferred biosensor, the chip has a single electrode
as shown in FIG. 1a. Alternatively, the chip may include
multiple electrodes at various electrode addresses as sown in
FIG. 14. In one preferred embodiment, the electrodes are
covered with the modified chitosan biopolymer. The chip is
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functionalized by attaching vesicles containing biological
markers. In one embodiment of the present invention a first
type of vesicle having a first type of biological marker is
added to one electrode address. A second type of vesicle
having a second type of biological marker is then added to a
second electrode address. Ultimately, each address may have
a different type of vesicle containing various biological mark-
ers. This type of biosensor is also referred to as a vesicle array.
In one example, the biological markers may include biotin/
streptavidin pairs, carbohydrate/lectin binding pairs, anti-
body/antigen pairs, oligosaccharide/lectin pairs, and comple-
mentary nucleic acid strands. The vesicle may include one
member of the pair, which can be detected with the second
member of the pair that has been labeled for the detection as
understood by a person having ordinary skill in the art.

Alternatively, where each electrode address is coated with
a different receptor for vesicles, the specific vesicles are tar-
geted to each specific address. For example, one electrode
address may be coated with a chitosan biopolymer having
hydrophobic tails, e.g., n-dodecyl tails, will noncovalently
attach to any type of vesicle or cell membrane. A second
electrode address may be coated with a modified chitosan
biopolymer with a tail that is a specific ligand for a receptor on
a vesicle membrane.

Chitosan Biopolymer Based Biosensor Kit

Another embodiment of the present invention provides a
chitosan biopolymer based biosensor kit. One preferred
embodiment of the kit comprises a chip having a single elec-
trode coated with a modified chitosan biopolymer film. The
modified chitosan film comprises a hydrophobic substituent
capable of noncovalently binding membranes and vesicles.
The kit further comprises functionalized vesicles that can be
attached to the chip for various biological tests as described
above. The kit may further comprise other solutions and
components for testing samples for the presence of specific
analytes.

In an alternative embodiment, the kit comprises a chip
having multiple electrodes at various electrode addresses
coated with modified chitosan biopolymer films. The modi-
fied chitosan biopolymer comprises a hydrophobic substitu-
ent capable of noncovalently binding to the vesicles. In one
example, the kit further comprises various functionalized
vesicles comprising various biological markers. The vesicles
can be deposited at different electrode addresses as arrays to
conduct various biological tests. In a further embodiment, at
least one of the electrode addresses is coated with a modified
chitosan film with substituents that bind specifically to recep-
tors in vesicle membranes. The kit, in such exemplary
embodiment, comprises vesicles having the specific receptor
that binds to the ligand on the modified chitosan. For
example, vesicles may be prepared with biotinylated lipids.
Such vesicles present biotin on their surface. These structures
are able to capture streptavidin or streptavidin-associated
moieties from the surrounding solution due to highly-specific
binding between biotin and streptavidin. In a further example,
vesicles can be prepared with amphiphilic glycoconjugates
such as Cg-maltose, Cg-glucose, or Cg-maltotriose. The car-
bohydrate portion of the glycoconjugate is exposed on the
surface of the vesicle. Such carbohydrates have strong bind-
ing affinities for specific types of lectins, e.g. concanavalin A
and peanut aggluntinin, and can captures these molecules
from the surrounding media.

Chitosan Biopolymer Based Bandages

In yet a further embodiment of the present invention pro-
vides a modified chitosan biopolymer film for treating
wounds. The chitosan biopolymer film is prepared by the
method described above and separated from the electrode. It

10

15

20

25

30

35

40

45

50

55

60

65

8

is contemplated that the modified chitosan film in some pre-
ferred embodiments may include functionalized vesicles,
which may deliver biologically active agents to wounds. The
modified chitosan film may be combined with wound dress-
ings to treat bleeding, burns, and other skin conditions requir-
ing treatment.

In a further embodiment, the bandage can be provided as a
kit. The kit has several components, including a modified
chitosan polymer prepared in accordance with the method
described above and separated from the electrodes. The kit
further comprises functionalized vesicles that can be added to
the modified chitosan film for treatment of wounds. The
vesicle functionalized matrix can then be applied to a wound
serving as a functional dressing. This dressing can provide
protection from microbial invasion, acceleration of wound
healing, improved hemostasis and prevention of fluid exuda-
tion.

The vesicles may incorporate payloads of anti-microbial
agents (e.g. norfloxacin, silver, ampicillin and penicillin) for
sterilization purposes and/or growth factors (e.g. platelet-
derived growth factor (PDGF), epidermal growth factor
(EGF), basic fibroblast growth factor (bFGF), and vascular
endothelial growth factor (VEGF)) for accelerated healing
purposes. These agents retain their bioactivity inside the
vesicles and can be released in a sustained manner into the
wound site as the vesicles degrade for sterilization and accel-
erated healing purposes, respectively. The biopolymer film
itself improves hemostasis and prevents fluid exudation. Fur-
thermore, the vesicles can have triggers as described above.

EXAMPLES

The following are some examples of preferred embodi-
ments of the present invention.

Materials. Chitosan of medium molecular weight (190-
310K) and Brookfield viscosity of 286 cps was obtained from
Sigma-Aldrich. The reported degree of deacetylation was
about 80%. Chitosan is soluble only under acidic conditions
(pH<6.5) and here it was dissolved in 0.2 M acetic acid. The
phospholipids L-a-phosphatidylcholine (PC) and biotiny-
lated phosphatidylethanolamine (PE-biot), and the fluores-
cent lipid 1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocya-
nine perchlorate (Dil) were purchased from Avanti Polar
Lipids. The surfactants cetyltrimethylammonium tosylate
(CTAT), sodium dodecyl benzenesulfonate (SDBS), and Tri-
ton X-100, the dye 5,6-carboxyfluorescein (CF), and the
reagent n-dodecyl aldehyde were purchased from Sigma-
Aldrich. Streptavidin bound to fluorescein isothiocyanate
(FITC-streptavidin) and the succinimidyl ester of CF (NHS-
fluorescein) were purchased from Fluka. All experiments
were performed using distilled-deionized (DI) water.

Synthesis of Chitosan Derivatives. The hm-chitosan was
synthesized by attaching n-dodecyl tails to the chitosan back-
bone via reaction with n-dodecyl aldehyde. The procedure
has been reported in our earlier paper”> and follows that
described in the literature.?®*->° The degree of hydrophobic
substitution follows the reaction stoichiometry and in this
study it was fixed at ca. 2.5 mol % of the available amine
groups. Fluorescently-labeled chitosan and hm-chitosan
were synthesized by reacting the polymers with NHS-fluo-
rescein, as previously reported in the literature.

Vesicle and Liposome Preparation. Both surfactant
vesicles and lipid vesicles (liposomes) have been used in this
study. Catanionic surfactant vesicles®'~* were prepared by
mixing 0.7 wt % of the cationic surfactant CTAT and 0.3 wt %
of'anionic surfactant SDBS (~2:1 molar ratio) in DI water and
gently stirring overnight. Dye-filled catanionic vesicles were
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prepared by combining 1 mM of CF with the CTAT/SDBS
mixture, followed by separation of vesicles from free dye
using a Sephadex G-50 column (from Roche). Liposomes
were prepared by an extrusion method, as recommended by
the manufacturer (Avanti Polar Lipids). Briefly, dried films of
the lipids were hydrated under moderate stirring, freeze-
thawed 5 times, and then passed through two double-stacked
polycarbonate membrane filters (100 nm pores) using a Lipex
pressurized extrusion system. Dye-filled liposomes were pre-
pared in DI water from PC (20 mM) and CF (15 mM) and
purified of free CF using the Sephadex G-50 column. Fluo-
rescently labeled liposomes were prepared in DI water by
combining the lipid PC (13 mM) with trace amounts (13 pM)
of'the fluorescent lipid Dil. For the streptavidin binding assay,
biotinylated liposomes were prepared by combining PC and
PE-Biotin in a molar ratio of 9:1, with a total lipid concen-
tration of 1 wt %. Vesicle sizes in all cases were measured
using a Photocor-FC dynamic light scattering (DLS) instru-
ment.

Preparation of Giant Unilamellar Vesicles (GUVs). The
GUVs were prepared by electroformation, as described in the
literature.**** The lipids (1 mg/mL) and Dil (7.7 png/ml) were
dissolved in chloroform. One drop of'this solution (5 ul.) was
deposited onto the conducting side of an indium tin-oxide
(ITO)-coated glass slide. The solvent was removed first under
desiccation for 1 h, and then freeze-drying for 3 h. A chamber
was then made by creating an O-ring out of Seal-Ease and
then pressing a second ITO-coated slide, conducting side
facing downward, above the original slide (gap depth of 1
mm). The chamber was hydrated with a solution of 100 mM
sucrose in DI water via injection needle through the Seal-
Ease; after injection, the needle was removed and the hole
closed by Seal-Ease. Alligator clips were connected to both
glass slides as well as a function generator (BK Precision 10
MHz Sweep/Function Generator 4017) viaa BNC connector.
An electric potential of AC 1.5 V at 10 Hz (corresponding
electric field of 1500 V/m) was applied for 2 h at 55° C.; the
frequency was then dropped to 1 Hz for an additional 50 min.
In the process, GUVs were found to appear in the fluid in the
chamber.

Electrodeposition. Electrodeposition was performed on
“chips” fabricated from silicon watfers with deposited micro-
patterns of gold (FIG. 4). Fabrication procedures have been
described in detail in our earlier papers.'*~' Electrodeposi-
tion was performed by negatively biasing a specific lead on
the chip while it was partially immersed in an aqueous solu-
tion containing 1 wt % of either chitosan or hm-chitosan at a
pH~5. A DC power supply (model 6641C, Agilent Technolo-
gies) was used to supply a constant current to the chip and
counter electrode over a 2 min period. Photomicrographs of
fluorescent electrodeposited materials were taken by a fluo-
rescence stereomicroscope (MZFLIIL, Leica) equipped with
a digital camera (Spot 32, Diagnostic Instruments). To
observe CF or FITC fluorescence, the microscope was set
with an excitation wavelength of 480 nm (bandwidth of 40
nm) and a long-pass emission filter at 510 nm. To observe Dil
fluorescence, the filters were chosen with an excitation wave-
length of 560 nm (bandwidth 0of 40 nm), and an emission filter
0of'610 nm. In all cases, Image J1.34S software from NIH was
used to analyze images and quantify fluorescence intensity.

Cryo-TEM. C-FLAT holey carbon grids with a hole size of
1.2 mm were purchased from Electron Microscopy Sciences.
Grids bearing hm-chitosan and surfactant vesicles were
plunged into liquid ethane (-183° C.) using a Gatan Cry-
oPlunge3, so as to form vitrified specimens and thereby pre-
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serve any molecular assemblies present. The samples were
thereafter imaged on a JEOL-2100 LaB6 TEM at liquid nitro-
gen temperature.

Results.

Vesicle Capture on hm-chitosan Films. A two-electrode
chip as shown in FIG. 4 was prepared. We conducted sequen-
tial electrodeposition of hm-chitosan and chitosan (both
tagged with the green fluorescent dye, NHS-fluorescein) on
the left and right electrodes, respectively. This was done as
follows: first, the right electrode was connected to the power
supply and the other unconnected while the chip was
immersed in a solution of chitosan. The connections were
then switched (only left electrode connected) and the chip
was immersed in a solution of hm-chitosan. After deposition,
the electrodes were disconnected from the power supply, and
the chips were rinsed several times with DI water. Both chi-
tosan and hm-chitosan were shown to deposit on each elec-
trode (FIG. 5 (top)) the two fluorescence images indicate
successful deposition of both hm-chitosan and chitosan on
the chip.

Next we examined the relative capabilities of hm-chitosan
and chitosan to capture vesicles from solution. These experi-
ments were conducted with both surfactant vesicles as well as
lipid vesicles (liposomes). The catanionic surfactant vesicles
(70/30 CTAT/SDBS, total 1 wt %) had an average diameter
around 120 nm, as measured by DLS. The liposomes of PC
were made by extrusion through 100 nm membrane filters and
had an average diameter around 110 nm from DLS. Both the
vesicles and the liposomes were tagged with the fluorescent
lipid Dil, which incorporates into the bilayer membranes of
the above structures. Note that Dil exhibits ared fluorescence,
i.e., a distinct color compared to the green signal from the
chitosan and hm-chitosan. We incubated the chip on the left
with surfactant vesicles and the one on the right with the
liposomes, both for 10 min. The chips were then rinsed three
times with DI water to remove weakly adsorbed structures
and then imaged under the fluorescence microscope using red
filters. The resulting images (FIG. 5, bottom) show a signifi-
cantly higher fluorescent signal from the hm-chitosan side
compared to the chitosan-side—for both the surfactant
vesicles and the liposomes. These results show that hm-chi-
tosan is considerably more effective at capturing vesicles than
chitosan.

The superior effectiveness of hm-chitosan in capturing
vesicles is a robust result and this is further proven by experi-
ments with varying vesicle incubation times. For these
experiments, surfactant vesicles were used and the time of
chip incubation in the vesicle solution was varied from 5 to 10
to 20 min. All other experimental variables, including rinsing
times and image exposure time were kept constant. The
results in FIG. 6 show an increase in red fluorescence from the
hm-chitosan electrode with increasing incubation time—the
increase is quite significant between 5 and 10 min and slight
between 10 and 20 min. In all cases, the signal from the
hm-chitosan side dwarfs that from the chitosan side. Similar
results were obtained for macroscopic films of chitosan and
hm-chitosan simply dried onto glass slides and incubated
with tagged surfactant vesicles for various time intervals.

Intactness of Captured Vesicles. Next we show that the
vesicles are intact in FIG. 5. In this case, we prepared a
solution of fluorescently tagged giant unilamellar vesicles
(GUVs) of phospholipids. Optical microscopy revealed that
the GUVs ranged in size from 10 to 50 mm, which is typical
of GUVs made via electroformation. We then incubated a
chip bearing hm-chitosan in the GUV solution for 10 min,
rinsed the chip and observed it under a fluorescence micro-
scope. Note the fluorescent “hot spots™ on the hm-chitosan
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film—these are shown at two different levels of magnification
in FIGS. 7. Thus, large microsized GUVs were shown to
remain intact when immobilized on an hm-chitosan film.

Next, evidence for the intact capture of nanosized surfac-
tant vesicles is provided by cryo-TEM. For these experi-
ments, we deposited hm-chitosan directly on holey-carbon
TEM grids. These grids were then incubated with surfactant
vesicles, followed by a rinsing step with DI water to remove
weakly adsorbed vesicles. The rinsed grids were maintained
in an aqueous environment at room temperature. These grids
were then prepared in the usual way for cryo-TEM (see
Experimental Section) by plunging into liquid ethane. Obser-
vation of the vitrified specimens showed the presence of
numerous spherical structures of 100-150 nm diameter (FIG.
8). These are evidently the surfactant vesicles and they all
seem whole—no breaks or holes can be found on the vesicle
shells. Thus, once again, the vesicles appear to have been
captured intact.

Lastly, we present indirect functional evidence for the
intactness of captured vesicles. In this experiment, we pre-
pared liposomes containing the hydrophilic dye CF. We
ensured that the dye was present only inside liposomal cores;
free (unencapsulated) dye was removed via size-exclusion
chromatography, as described in the Experimental Section.
The biopolymers were left untagged for this experiment to
avoid overlap with the green fluorescence from the CF. Again,
hm-chitosan was deposited on the left electrode and chitosan
on the right. The chip was then incubated with the CF-filled
liposomes followed by rinsing with DI water. At this stage,
FIG. 9a shows a strong green signal only on the hm-chitosan
side, implying that the liposomes preferentially attached
there. The only alternate explanation is that the fluorescence
comes from free CF dye stuck to the hm-chitosan, i.e., that the
liposomes had already been disrupted. To rule out this possi-
bility, we added the detergent Triton X-100 into the solution
above the chip. This detergent is known for its ability to
disrupt liposomes into mixed micelles, whereupon dye in the
liposomal cores would be released into solution (this is illus-
trated by the schematics in FIG. 9). After detergent addition
and subsequent rinsing, FIG. 95 shows that the green signal
has vanished from the hm-chitosan film. The loss of signal
after detergent treatment necessarily implies that the lipo-
somes were initially intact on the hm-chitosan surface in FIG.
9a.

Spatial Control of Vesicle Capture. We now demonstrate
the capability to create specific microscale patterns of
vesicles on the chip. Towards this end, we used two 6-elec-
trode chips with a view towards engineering two specific
patterns of vesicles. On one chip we deposited hm-chitosan
(H) and unmodified chitosan (C) in an alternating pattern, i.e.,
HCHCHC, on the 6 electrodes (FIG. 10a). After incubating
the film with a solution of Dil-tagged surfactant vesicles, the
signal indicative of vesicles is observed only on the hm-
chitosan (H) electrodes (FIG. 105). Next, on the other chip,
we deposited the polymers in an ‘outside-inside’ pattern, i.e.,
HCHHCH (FIG. 10c¢). Incubation of the chip with the same
tagged vesicles again results in a red signal only on the hm-
chitosan (H) electrodes (FIG. 104). Thus, in both cases, pre-
determined patterns of vesicles were successfully created.
Such patterning can be easily extended to more complex
designs and with finer resolution. Previous work with chito-
san has indicated the resolution limits of electrodeposition to
be on the order of 1 [Jm.>® We view this work as a step
towards the construction of “vesicle arrays™ that could prove
to be a useful tool for probing the properties of biomolecules
such as membrane proteins.
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Use of captured vesicles as biosensor. Lastly, for immobi-
lized vesicles to be useful in biosensing or binding assays, the
vesicles should be able to access ligands from the external
solution. To evaluate this aspect, we studied the interaction
between surface-bound biotinylated liposomes and streptavi-
din in the surrounding solution. The experiment is depicted
schematically in FIG. 11a. Biotinylated liposomes were pre-
pared by combining PC and PE-biot in a molar ratio of 9:1.
These liposomes were then contacted with a chip bearing
hm-chitosan (H) and chitosan (C) films on adjacent elec-
trodes. The chip was then rinsed with DI water and exposed to
a solution containing fluorescently tagged streptavidin, a pro-
tein that non-covalently binds to biotin with extremely high
affinity. Following a second rinsing, the results (FIG. 115)
show a significantly higher fluorescent signal from streptavi-
din on the hm-chitosan electrode than the chitosan electrode.
The signals are quantified in the plot shown in FIG. 11¢: the
fluorescence is approximately 6 times higher on the hm-
chitosan side (9.3+0.8 gray value) relative to the chitosan side
(1.6+0.3 gray value). The high signal on the hm-chitosan side
is evidently due to the binding of streptavidin to the biotiny-
lated liposomes captured on that film. The binding of strepta-
vidin to the chitosan side is not zero presumably because
streptavidin (a negatively charged protein) can bind non-
specifically to the positively charged chitosan, although most
of these proteins are removed in the rinsing step.

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 under-
lying the present invention, various other embodiments as
well as certain variations and modifications of the embodi-
ments 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 modifi-
cations, alternatives and other embodiments insofar as they
come within the scope of the appended claims or equivalents
thereof. 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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What is claimed is:

1. A biosensor, comprising:

an electrically conductive substrate coated with a hyrop-

bobically-modified chitosan biopolymer comprising at
least one vesicle binding molecule; wherein the biopoly-
mer has been electrodeposited on the substrate.

2. The biosensor of claim 1, wherein the modified chitosan
electrodeposited on the substrate is selected from the group
consisting of modified chitosan chloride, modified chitosan
lactate, modified chitosan salicylate, modified chitosan pyr-
rolidone carboxylate, modified chitosan itaconate, modified
chitosan niacinate, modified chitosan formate, modified chi-
tosan acetate, modified chitosan gallate, chitosan glutamate,
modified chitosan maleate, modified chitosan aspartate,
modified chitosan glycolate and quaternary amine substituted
chitosan and salts thereof.
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3. The biosensor of claim 1, wherein the vesicle binding
molecule is a hydrophobic molecule or a molecule that rec-
ognizes a specific receptor on the vesicle’s membrane.

4. The biosensor of claim 1, wherein the substrate is an
electrode.

5. The biosensor of claim 4, wherein the electrode is
selected from the group consisting of gold, silver, copper,
platinum, palladium, Indium Tin Oxide (ITO) coated glass,
and Tin Dioxide (SnO,) coated class electrodes.

6. The biosensor of claim 4, wherein the electrode is on a
chip.

7. The biosensor of claim 5, wherein the chip is made of a
material selected from the group consisting of silicon, copper
oxide, germanium, gallium arsenide and grapheme.

8. The biosensor of claim 1, further comprising at least one
vesicle.

9. The biosensor of claim 7, wherein the vesicle comprises
a biological marker.

10. The biosensor of claim 9, wherein the biological
marker is selected from the group consisting of biotin,
streptavidin, oligosaccharides, fluorescent markers.

11. The biosensor of claim 1, wherein the substrate further
comprises at least two electrode addresses.

12. The biosensor of claim 11, wherein at least one of said
at least two electrode addresses is coated with a first modified
chitosan biopolymer that is different from a second modified
chitosan biopolymer that coats another of said at least two
electrode addresses.

13. The biosensor of claim 11, wherein said first modified
chitosan binds a first type of vesicle, while said second modi-
fied chitosan biopolymer binds a second type of vesicle.

14. A method of manufacturing a biosensor, comprising:

electrodepositing a hydrphobically-modified chitosan

biopolymer on a substrate by applying voltage to the
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substrate, wherein the biopolymer is capable of coating
the substrate upon application of electricity and wherein
the modified chitosan biopolymer comprises at least one
vesicle binding molecule.

15. The method of claim 14, wherein prior to said elec-
trodepositing step the substrate is placed in a solution of the
modified chitosan polymer.

16. The method of claim 15, wherein the chitosan is a
modified chitosan salt selected from the group consisting of
modified chitosan chloride, modified chitosan lactate, modi-
fied chitosan salicylate, modified chitosan pyrrolidone car-
boxylate, modified chitosan itaconate, modified chitosan
niacinate, modified chitosan formate, modified chitosan
acetate, modified chitosan gallate, modified chitosan
glutamate, modified chitosan maleate, modified chitosan
aspartate, modified chitosan glycolate and quaternary amine
substituted modified chitosan and salts thereof.

17. The method of claim 14, further comprising the step of
attaching at least one vesicle to the biopolymer.

18. The method of claim 14, wherein the substrate com-
prises at least two electrode addresses.

19. The method of claim 18, further comprising the step
placing the substrate in a solution containing a first type of
modified chitosan biopolymer and applying voltage to a first
set of electrode addresses in order to coat the first set of
electrode addresses with the first type of modified chitosan
biopolymer.

20. The method of claim 19, further comprising the step
placing the substrate in a solution containing a second type of
modified chitosan biopolymer and applying voltage to a sec-
ond set of electrode addresses in order to coat the second set
of electrode addresses with the second type of modified chi-
tosan biopolymer.



