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Vesicle capture on patterned surfaces coated with amphiphilic biopolymers
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We describe a simple way to create patterns of “soft” biomolecular nanostructures such as vesicles on
“hard” surfaces such as gold. The key to our approach is the use of an amphiphilic biopolymer as an
“interconnect” or tether. The polymer is hydrophobically modified chitosan (hm-chitosan), which is
obtained by covalently attaching alkyl tails to the backbone of chitosan. We electrodeposit films of hm-
chitosan onto microscale gold cathodes formed by lithography on a silicon wafer. Subsequently, the
hm-chitosan films are used to spontaneously capture vesicles from solution; this is demonstrated both
for surfactant as well as lipid vesicles (liposomes). Vesicles remain strongly bound to the hm-chitosan to
a much greater extent than to native chitosan. This suggests that the mechanism for vesicle capture
involves non-covalent binding of hydrophobes from hm-chitosan chains to the hydrophobic portions
of vesicle bilayers. Importantly, the vesicles captured by hm-chitosan films are intact—this is shown
both by direct visualization of captured vesicles (via optical and cryo-transmission electron microscopy)
as well as through the capture and subsequent disruption of dye-filled vesicles. Various microscale
patterns of immobilized vesicles are created and the vesicles are demonstrated to be capable of sensing
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a reporter molecule from the external solution.

1. Introduction

Vesicles (or liposomes) are self-assembled “nano-containers”
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 nanostructures demonstrate
this level of versatility as carriers of useful payloads. Accord-
ingly, 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 capture
of intact vesicles at precise locations on solid substrates.>'* The
motivation for such studies includes: (a) fundamental 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 biomaterials. 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 biomolecular assay
tools.*?
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Previous attempts to capture intact vesicles with spatial preci-
sion have employed DNA tethering,*° covalent binding to gold or
polystyrene,”® or biotin—streptavidin linking schemes.**> These
methods generally involve labor-intensive experimental proce-
dures 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.'**® 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 the
creation of vesicle arrays.

In this study, we explore a simple and inexpensive method to
capture vesicles onto solid surfaces with a high degree of
spatiotemporal control. Our method exploits two sets of key
results from our laboratories over the past several years. The first
is the ability to electrodeposit the biopolymer chitosan onto
patterned surfaces using electrical signals.’** Chitosan is
a widely available cationic biopolymer that has a pH-responsive
character (pK, = 6.0), i.e., it transforms from a soluble to an
insoluble form upon increasing the pH above about 6.5.
Accordingly, chitosan films can be deposited onto cathode
surfaces upon application of a current due to the high local pH
near this electrode.®?' Here, we extend the electrodeposition
scheme to a derivative of chitosan that is functionalized with
hydrophobic tails (Fig. 1). We term this derivative as “hydro-
phobically modified chitosan”, or hm-chitosan for short.?
Previously, we have studied the interaction between hm-chitosan
and vesicles in solution.?*?* The key result was that the hydro-
phobes from this amphiphilic biopolymer tended to insert into
the hydrophobic bilayers of vesicles, thus transforming the
vesicle solution into a “vesicle gel”, with the vesicles now serving
as junction points in a network. Here, we show that the affinity
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Fig. 1 Schematic showing 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 in red. 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.

for vesicles also extends to hm-chitosan films. When a surface
coated with hm-chitosan is exposed to a solution of vesicles, the

film captures vesicles simply via non-covalent interactions between

the vesicles and the polymer hydrophobes (see schematic in Fig. 1).
Thus, hm-chitosan can act as a “soft” interconnect or tether
between vesicles and a hard surface such as a gold electrode.?
Moreover, our ability to selectively deposit hm-chitosan in pre-
designed patterns, as illustrated in Fig. 1, allows us to create
corresponding patterns of immobilized vesicles.

It is worth emphasizing certain features of our approach as
well as some potential applications. Our approach (Fig. 1)
involves deposition of hm-chitosan followed by capture of vesi-
cles on the surfaces of these films. The advantage is that the
vesicles remain accessible to the external environment, which
facilitates their use as sensors. (The accessibility of vesicles is
more problematic if the vesicles are simply co-deposited with the
polymer, as has been done earlier.?¢) We will also present several
pieces of evidence to show that the vesicles are indeed intact, i.e.,
they are not being ruptured into flat lipid bilayers within the hm-
chitosan film. Thus, the payload within the vesicles is expected to
remain available for future use. The latter aspect is important in
considering potential applications for vesicle-polymer hybrid
films in drug delivery or wound healing. For example, in the case
of chronic-wound healing, macroscopic films of hm-chitosan
could be therapeutically functionalized with vesicles housing
several types of growth factors (ie., proteins that promote
wound healing). These films could then be used to cover chronic
wounds while protecting them from exudation or infection
(chitosan is known also for its anti-bacterial properties). In turn,
the controlled release of the growth factors from the vesicles
attached to the films would enhance and sustain the wound-
healing process. Note also that the bioactivity of growth factors
is likely to be maintained when they are within vesicles; in
contrast, growth factors embedded directly within polymer films
may lose some of their activity.?” In sum, vesicle-polymer hybrids
can have interesting applications, and the present study shows
how these materials can be readily assembled via non-covalent
hydrophobic interactions.

2. Experimental section
Materials

Chitosan of medium molecular weight (190-310 K) and Brook-
field 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-phospha-
tidylcholine (PC) and biotinylated phosphatidylethanolamine
(PE-biot), and the fluorescent lipid 1’-dioctadecyl-3,3,3’,3'-tet-
ramethylindocarbocyanine perchlorate (Dil) were purchased
from Avanti Polar Lipids. The surfactants cetyl-
trimethylammonium  tosylate (CTAT), sodium dodecyl
benzenesulfonate (SDBS), and Triton X-100, the dye 5,6-car-
boxyfluorescein (CF), and the reagent n-dodecyl aldehyde
were purchased from Sigma-Aldrich. Streptavidin bound to
fluorescein isothiocyanate (FITC-streptavidin) and the succini-
midyl 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 backbone via reaction with n-dodecyl aldehyde. The
procedure has been reported in our earlier paper® and follows
that described in the literature.?®3° 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. Flu-
orescently labeled chitosan and hm-chitosan were synthesized by
reacting the polymers with NHS-fluorescein, 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
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0.3 wt% of the anionic surfactant SDBS (~2 : 1 molar ratio) in
DI water and gently stirring overnight. Dye-filled catanionic
vesicles were 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). Lipo-
somes 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 poly-
carbonate membrane filters (100 nm pores) using a Lipex pres-
surized extrusion system. Dye-filled liposomes were prepared in
DI water from PC (20 mM) and CF (15 mM) and purified of free
CF using the Sephadex G-50 column. Fluorescently labeled
liposomes and vesicles were prepared in DI water by combining
the lipid PC (13 mM) or the surfactants with trace amounts (13
uM) 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
concentration of 1 wt%. Vesicle sizes in all cases were measured
using a Photocor-FC dynamic light scattering (DLS) instrument.

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 pg mL ")
were dissolved in chloroform. One drop of this solution (5 pL)
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 an injection needle through the Seal-Ease; after injec-
tion, the needle was removed and the hole closed by Seal-Ease.
Alligator clips were connected to both glass slides as well as the
function generator (BK Precision 10 MHz Sweep/Function
Generator 4017) via a 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 wafers with deposited micropatterns of gold (Fig. 2).
Fabrication procedures have been described in detail in our
earlier papers.’®*' Electrodeposition was performed by nega-
tively biasing a specific lead on the chip while it was partially
immersed in an aqueous solution containing 1 wt% of either
chitosan or hm-chitosan at a pH = 5. A DC power supply
(model 6641C, Agilent Technologies) was used to supply
a constant current to the chip and counter electrode over a 2 min
period. Photomicrographs of fluorescent electrodeposited mate-
rials were taken by a fluorescence stereomicroscope (MZFLIII,
Leica) equipped with a digital camera (Spot 32, Diagnostic
Instruments). To observe CF or FITC fluorescence, the micro-
scope was set with an excitation wavelength of 480 nm

2 Electrodes 6 Electrodes

Fig.2 Photograph of micropatterned chips used in this study. The leads
and electrodes are formed by depositing gold on a silicon wafer using
lithographic techniques. On the left is a 2-electrode chip and on the right
a 6-electrode chip. A US penny is shown for size comparison.

(bandwidth of 40 nm) and a long-pass emission filter at 510 nm.
To observe Dil fluorescence, the filters were chosen with an
excitation wavelength of 560 nm (bandwidth of 40 nm) and an
emission filter of 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 um were
purchased from Electron Microscopy Sciences. Grids bearing
hm-chitosan and surfactant vesicles were plunged into liquid
ethane (—183 °C) using a Gatan CryoPlunge3, so as to form
vitrified specimens and thereby preserve any molecular assem-
blies present. The samples were thereafter imaged on a JEOL-
2100 LaB6 TEM at liquid nitrogen temperature.

3. Results and discussion
Vesicle capture on hm-chitosan films

The first step in our approach involves electrodeposition of hm-
chitosan films onto gold electrodes. These films are then to be
used to capture vesicles. In the context of vesicle capture, it is
useful to compare hm-chitosan with the native chitosan (no
hydrophobes). Electrodeposition of native chitosan was first
demonstrated nearly a decade ago;'® the present study is the first
to extend this capability to hm-chitosan. For our initial studies,
we used the two-electrode chip shown in Fig. 2. As mentioned
earlier, the chip substrate is a silicon wafer, on which gold elec-
trodes are deposited in a specific pattern. We then conducted
sequential 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 elec-
trode connected) and the chip was immersed in a solution of hm-
chitosan. After deposition, the electrodes were disconnected
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from the power supply, and the chips were rinsed several times
with DI water. Fig. 3 (top) shows the results of the experiment:
the green color on both electrodes in the two fluorescence images
indicates successful deposition of both hm-chitosan and
chitosan.

Next we examined the relative capabilities of hm-chitosan and
chitosan to capture vesicles from solution. These experiments
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

(a) Surfactant Vesicle
Deposition

(b) Lipid Vesicle
(Liposome) Deposition

H c H C

Rinse

+— <4+—

Vesicles preferentially anchor onto
hm-chitosan (H) than to chitosan (C)

Fig. 3 Comparison of hm-chitosan (H) and chitosan (C) films in terms
of their ability to capture vesicles. Top images: green-filtered 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,
followed by rinsing with DI water. Bottom images: red-filtered fluores-
cence micrographs showing the presence of Dil-tagged vesicles on the
electrodes. The results in (a) (left-column) are obtained with catanionic
surfactant vesicles, while those in (b) (right-column) are obtained with
liposomes. In both cases, the stronger signals from the left electrodes
indicate that vesicles are anchored preferentially to the hm-chitosan film
than to the chitosan one.

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 a red 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. 3,
bottom) show a significantly higher red fluorescent signal from
the hm-chitosan side compared to the chitosan-side—and this is
the case for both the surfactant vesicles and the liposomes. These
results show that hm-chitosan is considerably more effective at
capturing vesicles than chitosan. We believe this is because
hydrophobes from hm-chitosan chains can get inserted into
vesicle bilayers through non-covalent hydrophobic interactions
(as depicted in Fig. 1). Such interactions enable a tight anchoring
of the vesicles to the polymer film.

The superior effectiveness of hm-chitosan in capturing vesicles
is a robust result and this is further proven by experiments with
varying vesicle incubation times. For these experiments, surfac-
tant 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 expo-
sure time, were kept constant. The results in Fig. 4 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

H Cc H C H o

5 min 10 min 20 min

Fig.4 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 incu-
bated with a solution of surfactant vesicles for different lengths of time
and then imaged by fluorescence microscopy. The images are red-filtered
fluorescence micrographs showing Dil-tagged vesicles on the electrodes.
A constant exposure time of 20 s at the excitation wavelength was used to
obtain each image. The results show increasing capture of vesicles on the
H side (increasing signal intensity) and negligible capture on the C side.
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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 inter-
vals (data not shown). These results suggest that vesicle capture
on hm-chitosan proceeds by surface diffusion of vesicles until
they connect with free hydrophobes from the polymer, where-
upon the vesicles get strongly bound.® As the free hydrophobes
get used up, fewer vesicles are able to bind strongly and the
binding capacity of the film becomes saturated.

Intactness of captured vesicles

Next we tackle the question of whether the vesicles captured on
hm-chitosan films are intact or whether the red fluorescent signal
reflects fragments of vesicle bilayers. Fig. 5 is a first piece of
evidence to demonstrate the intactness of vesicles. In this case, we
prepared a solution of fluorescently tagged giant unilamellar
vesicles (GUVs) of phospholipids. Optical microscopy (not
shown) revealed that the GUVs ranged in size from 10 to 50 um,
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
microscope. Note the red fluorescent “hot spots” on the hm-
chitosan film—these are shown at two different levels of
magnification in Fig. 5. The spot sizes compare well with the sizes
of GUVs and therefore it is likely that the spots correspond to
intact GUVs. Thus, large microsized GUVs are shown to remain
intact when immobilized on an hm-chitosan film.

Next, evidence for the intact capture of nanosized surfactant
vesicles is provided by cryo-TEM. For these experiments, we
deposited hm-chitosan directly on Holey-carbon TEM grids.
These grids were then incubated with surfactant vesicles, fol-
lowed by a rinsing step with DI water to remove weakly adsorbed
vesicles. The rinsed grids were maintained in an aqueous envi-
ronment at room temperature. These grids were then prepared in
the usual way for cryo-TEM (see Experimental section) by
plunging into liquid ethane. Observation of the vitrified speci-
mens showed the presence of numerous spherical structures of
100-150 nm diameter (Fig. 6). These are evidently the surfactant

Fig. 5 Immobilization of giant unilamellar 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 pm
diameter.

Fig. 6 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.

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 intact-
ness of captured vesicles. In this experiment, we prepared lipo-
somes containing the hydrophilic dye CF. We ensured that the
dye was present only inside liposomal cores; free (unencapsu-
lated) 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. 7a shows a strong green signal only
on the hm-chitosan side, implying that the liposomes preferen-
tially 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 possibility, 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 the solution (this is
illustrated by the schematics in Fig. 7). After detergent addition
and subsequent rinsing, Fig. 7b shows that the green signal has
vanished from the hm-chitosan film. The loss of signal after
detergent treatment necessarily implies that the liposomes were
initially intact on the hm-chitosan surface in Fig. 7a.

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-
electrode 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, ie.,
HCHCHC, on the 6 electrodes (Fig. 8a). After incubating the
film with a solution of Dil-tagged surfactant vesicles, the red
signal indicative of vesicles is observed on/y on the hm-chitosan
(H) electrodes (Fig. 8b). Next, on the other chip, we deposited the
polymers in an ‘outside—inside’ pattern, i.e., HCHHCH (Fig. 8c).
Incubation of the chip with the same tagged vesicles again results
in a red signal only on the hm-chitosan (H) electrodes (Fig. 8d).
Thus, in both cases, pre-determined patterns of vesicles were
successfully created. Such patterning can be easily extended to
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Fig.7 Evidence for capture of intact liposomes on hm-chitosan films. (a)
Green-filtered fluorescence image showing preferential binding of lipo-
somes (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) Fluorescence image of the rinsed chip
shows nearly complete loss of fluorescent signal, confirming disruption of
originally intact liposomes.
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more complex designs and with finer resolution. Previous work
with chitosan has indicated the resolution limits of electrodepo-
sition to be on the order of 1 um.?® 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.

Accessibility of captured vesicles

Lastly, for immobilized 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
streptavidin in the surrounding solution. The experiment is
depicted schematically in Fig. 9a. Biotinylated liposomes were
prepared by combining PC and PE-biotin 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 electrodes.
The chip was then rinsed with DI water and exposed to a solution
containing fluorescently tagged streptavidin, a protein that non-
covalently binds to biotin with extremely high affinity. Following
a second rinsing, the results (Fig. 9b) show a significantly higher
fluorescent signal from streptavidin on the hm-chitosan electrode
than the chitosan electrode. The signals are quantified in the plot
shown in Fig. 9c: 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
biotinylated liposomes captured on that film. The binding of
streptavidin to the chitosan side is not zero presumably because
streptavidin (a negatively charged protein) can bind non-specif-
ically to the positively charged chitosan, although most of these
proteins are removed in the rinsing step. In sum, this is an
encouraging result because it does confirm the ability of immo-
bilized vesicles to sense reporter molecules from the surrounding
environment.

4. Conclusions

We have shown that vesicles and liposomes can be captured on
electrodeposited films of hm-chitosan. hm-Chitosan is

(b)

OITIOITOXT
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Fig. 8 Patterning of vesicles on 6-electrode chips. (a) NHS-tagged hm-chitosan (H) and chitosan (C) are electrodeposited in an alternating pattern,
HCHCHC. (b) Following contact with Dil-tagged surfactant vesicles and rinsing, the red fluorescence indicative of vesicles is found only on the H
electrodes. (c) 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.
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Fig. 9 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 fluorescently labeled
protein, FITC-streptavidin. The binding of the protein is then detected by
fluorescence microscopy. (b) Fluorescence image showing a strong signal
from the hm-chitosan (H) electrode compared to the chitosan (C) elec-
trode. The strong signal is indicative of protein binding to the biotins on
the anchored liposomes. (c) Analysis of the intensities in (b). The average
gray values for each electrode area are listed above the corresponding
regions.

significantly superior in its capability for vesicle capture
compared to unmodified chitosan, which implies that vesicle
capture on hm-chitosan is promoted by the non-covalent binding
of polymer hydrophobes to the hydrophobic interiors of vesicle

bilayers. We have presented a range of evidence to show that the
vesicles bound to hm-chitosan are intact structures. The evidence
includes direct visualization of captured vesicles—by optical
microscopy in the case of microscale GUVs and by cryo-TEM in
the case of nanoscale vesicles. Additionally, key functional
evidence for vesicle intactness comes from a study on dye-filled
vesicles—upon detergent treatment, a loss of fluorescence from
the film is observed, which can only be attributed to the deter-
gent-induced disruption of intact vesicles. We have also
confirmed the ability of biotinylated vesicles bound to hm-chi-
tosan to conjugate with the protein streptavidin from the
surrounding solution. A particular utility of using hm-chitosan
as a “soft” interconnect between “hard” surfaces and vesicles is
the prospect of creating patterns of immobilized vesicles. It is
straightforward to electrodeposit hm-chitosan in a variety of
predesigned patterns with micron-scale resolution; subsequently,
vesicles can be readily captured on the patterned regions without
the need for further chemistry (i.e., solely by non-covalent
hydrophobic interactions). The simplicity of this approach
should make it attractive for researchers to create new biosensors
and bioassays using vesicles.
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