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Description

TECHNICAL FIELD

[0001] The present invention relates to the fabrication
ofnanoengineered polypeptide films and microcapsules,
and methods for making and using such films and micro-
capsules. More specifically, the present invention relates
to the encapsulation of functional biomacromolecules in
nanoengineered polypeptide microcapsules.

BACKGROUND

[0002] Polyelectrolyte multilayer films are thin films
(e.g., a few nanometers to millimeters thick) composed
of alternating layers of oppositely charged polyelectro-
lytes. Such films can be formed by layer-by-layer assem-
bly onto a suitable substrate. In electrostatic layer-by-
layer self-assembly ("ELBL"), the physical basis of asso-
ciation of polyelectrolytes is electrostatics. Film buildup
is possible because the sign of the surface charge density
of the film reverses on deposition of successive layers.
The general principle of ELBL deposition of oppositely
charged polyions is illustrated in Figure 1. The generality
and relative simplicity of the ELBL film process permits
the deposition of many different types of polyelectrolytes
onto many different types of surface. Polypeptide multi-
layer films are a subset of polyelectrolyte multilayer films,
comprising at least one layer comprising a charged
polypeptide. A key advantage of polypeptide multilayer
films is environmental benignity. ELBL films can also be
used for encapsulation. Applications of polypeptide films
and microcapsules include, for example, nano-reactors,
biosensors, artificial cells, and drug delivery vehicles.
[0003] The design principles for incorporation of
polypeptides into multilayer films were first elucidated in
U.S. Patent Publication No. 20050069950. In brief, the
suitability of a polypeptide for ELBL is related to the net
charge on the polypeptide and the length of the polypep-
tide. A polypeptide suitable for ELBL preferably compris-
es one or more amino acid sequence motifs, that is, con-
tiguous amino acid sequences having a length of about
5 to about 15 amino acid residues and having a suitable
linear charge density for electrostatic deposition. A
polypeptide for ELBL can be designed in different ways,
for example, by joining a plurality of amino acid sequence
motifs to each other, either directly, or by a linker.
Polypeptides having the appropriate length and charge
properties can readily be deposited to form one or more
layers of a polypeptide multilayer film.
[0004] Proteins, peptides, and oligonucleotides can be
potent therapeutic agents. Such biomolecules, however,
are targets of various degradation mechanisms in vivo.
Encapsulation of biomolecules and other bioactive mol-
ecules within a biocompatible microenvironment, for ex-
tended preservation of function or controlled release, is
a strategy for improving the availability of the bioactive
molecules at targeted sites. Deposition of a polypeptide

film over a substrate coated with a biomolecule could
similarly extend preservation of function or control re-
lease of the biomolecule. Electrostatic layer-by-layer na-
noassembly is one means of preparing polyelectrolyte
multilayer films and microcapsules of high stability and
tunable permeability.
[0005] There remains a need for alternative means of
achieving direct and efficient retention of functional bio-
active macromolecules, for example a protein, in engi-
neered biodegradable polypeptide films and microcap-
sules.

SUMMARY

[0006] A method of making a film is described herein
which comprises depositing a first layer polyelectrolyte
on a surface of a substrate to form a first layer; and de-
positing a second layer polyelectrolyte on the first layer
polyelectrolyte to form a second layer. The first layer pol-
yelectrolyte, the second layer polyelectrolyte, or both, is
deposited on the substrate in the presence of a polymeric
precipitant; and the first layer polyelectrolyte and the sec-
ond layer polyelectrolyte have net charges of opposite
polarity. It is also described that the first layer polyelec-
trolyte, the second layer polyelectrolyte, or both, com-
prise a homopolypeptide of lysine, glutamic acid, or an-
other amino acid type that has a charged side chain at
neutral pH. Additionally it is described that the first layer
polyelectrolyte, the second layer polyelectrolyte, or both,
comprises a designed polypeptide, wherein the designed
polypeptide comprises one or more first amino acid se-
quence motifs, wherein the one or more first amino acid
sequence motifs consists of 5 to 15 amino acid residues
and has a magnitude of net charge per residue of greater
than or equal to 0.4, and wherein the designed polypep-
tide is not a homopolypeptide, is at least 15 amino acid
residues long, and has a magnitude of net charge per
residue of greater than or equal to 0.4.
[0007] A method of improving bioactive molecule re-
tention during fabrication of a polyelectrolyte multilayer
film is described which comprises depositing a first layer
polyelectrolyte on a surface of a substrate to form a first
layer; and depositing a second layer polyelectrolyte on
the first layer polyelectrolyte to form a second layer. The
first layer polyelectrolyte, the second layer polyelectro-
lyte, or both, is deposited on the substrate in the presence
of a polymeric precipitant; the first layer polyelectrolyte
and the second layer polyelectrolyte have net charges
of opposite polarity; and the substrate comprises a bio-
active molecule.
[0008] Thus, the present invention provides a method
of making a film, the method comprising either:

a) depositing a first layer polyelectrolyte on a surface
of a substrate to form a first layer; and depositing a
second layer polyelectrolyte on the first layer polye-
lectrolyte to form a second layer;
wherein
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(i) the first layer polyelectrolyte, the second layer
polyelectrolyte, or both is deposited on the sub-
strate in the presence of a polymeric precipitant;
(ii) the first layer polyelectrolyte and the second
layer polyelectrolyte have net charges of oppo-
site polarity; and
(iii) the first layer polypeptide, the second layer
polypeptide, or both is deposited in the presence
of a bioactive molecule and/or the substrate
comprises a bioactive molecule;

or
(b) depositing a bioactive molecule on the surface
of a substrate in the presence of a polymeric precip-
itant;
depositing a first layer polyelectrolyte on a surface
of the substrate to form a first layer; and depositing
a second layer polyelectrolyte on the first layer pol-
yelectrolyte to form a second layer;
wherein the first layer polyelectrolyte and second lay-
er polyelectrolyte have net charges of opposite po-
larity.

[0009] The above described and other features are ex-
emplified by the following figures and detailed descrip-
tion.

DRAWINGS:

[0010] Referring now to the figures, which are exem-
plary embodiments:
[0011] Figure 1 shows a schematic of the assembly of
oppositely charged polypeptide.
[0012] Figure 2 shows the adsorption capacity of glu-
cose oxidase (GOx) onto CaCO3 or melamine fomalde-
hyde (MF) particle templates as a function of the concen-
tration of the enzyme and concentration of NaCl.
[0013] Figure 3 shows the loss of adsorbed GOx from
CaCO3 templates during deposition of an encapsulating
poly(L-lysine)/poly(L-glutamic acid) (PLL/PLGA) film as
absorbance at 280 nm due to the released GOx present
in the wash, assembly buffer of poly(L-lysine) (PLL), or
assembly buffer of poly(L-glutamic acid) (PLGA) in the
absence of a polymeric precipitant, in the presence of
40% PEG 300, or in the presence of 50% PEG 300.
[0014] Figure 4 shows the retention of GOx on CaCO3
templates during deposition of an encapsulating (PLL)/
(PLGA) film in the presence or absence of 50% PEG 300
in the deposition solutions.
[0015] Figure 5 shows the reaction scheme for photo-
metric measurement of GOx activity in a polypeptide mi-
crocapsule.
[0016] Figure 6 shows the measured activity of encap-
sulated GOx as a function of number of layers of polypep-
tide.
[0017] Figure 7 shows (a) Confocal microscopy image
of microcapsules after dissolution of template. Left, flu-
orescence; right, brightfield. (b) Fluorescence intensity

profile of a capsule. Left, loaded capsule; right, coated
core prior to dissolution of template.

DETAILED DESCRIPTION:

[0018] The present invention is directed to methods for
making polyelectrolyte multilayer films. Films which com-
prise a bioactive molecule are discussed. Further, the
polyelectrolyte multilayer films comprise one or more
polypeptide layers.
[0019] Thus, the present invention provides a method
of making a film, the method comprising either:

a) depositing a first layer polyelectrolyte on a surface
of a substrate to form a first layer; and depositing a
second layer polyelectrolyte on the first layer polye-
lectrolyte to form a second layer;
wherein

(i) the first layer polyelectrolyte, the second layer
polyelectrolyte, or both is deposited on the sub-
strate in the presence of a polymeric precipitant;
(ii) the first layer polyelectrolyte and the second
layer polyelectrolyte have net charges of oppo-
site polarity; and
(iii) the first layer polypeptide, the second layer
polypeptide, or both is deposited in the presence
of a bioactive molecule and/or the substrate
comprises a bioactive molecule;

or
(b) depositing a bioactive molecule on the surface
of a substrate in the presence of a polymeric precip-
itant;
depositing a first layer polyelectrolyte on a surface
of the substrate to form a first layer; and depositing
a second layer polyelectrolyte on the first layer pol-
yelectrolyte to form a second layer;
wherein the first layer polyelectrolyte and second lay-
er polyelectrolyte have net charges of opposite po-
larity..

[0020] As used herein, "layer" means a thickness in-
crement, e.g., on a substrate for film formation, following
an adsorption step. "Multilayer" means multiple (i.e., two
or more) thickness increments. A "polyelectrolyte multi-
layer film" is a film comprising one or more thickness
increments of polyelectrolytes. After deposition, the lay-
ers of a multilayer film may not remain as discrete layers.
In fact, it is possible that there is significant intermingling
of species, particularly at the interfaces of the thickness
increments.
[0021] The term "polyelectrolyte" includes polycationic
and polyanionic materials having a molecular weight of
greater than 1,000 and at least 5 charges per molecule.
Suitable polycationic materials include, for example,
polyamines. Polyamines include, for example, a polypep-
tide, polyvinyl amine, poly(aminostyrene), poly(ami-
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noacrylate), poly(N-methyl aminoacrylate), poly(N-ethyl-
aminoacrylate), poly(N,N-dimethyl aminoacrylate), poly
(N,N-diethylaminoacrylate), poly(aminomethacrylate),
poly(N-methyl amino- methacrylate), poly(N-ethyl ami-
nomethacrylate), poly(N,N-dimethyl aminomethacr-
ylate), poly(N,N-diethyl aminomethacrylate), poly(ethyl-
eneimine), poly(diallyl dimethylammonium chloride), po-
ly(N,N,N-trimethylaminoacrylate chloride), poly(methy-
acrylamidopropyltrimethyl ammonium chloride), chi-
tosan and combinations comprising one or more of the
foregoing polycationic materials. Suitable polyanionic
materials include, for example, a polypeptide, a nucleic
acid, alginate, carrageenan, furcellaran, pectin, xanthan,
hyaluronic acid, heparin, heparan sulfate, chondroitin
sulfate, dermatan sulfate, dextran sulfate, poly(meth)
acrylic acid, oxidized cellulose, carboxymethyl cellulose,
acidic polysaccharides, and croscarmelose, synthetic
polymers and copolymers containing pendant carboxyl
groups, and combinations comprising one or more of the
foregoing polyanionic materials.
[0022] "Amino acid" means a building block of a
polypeptide. As used herein, "amino acid" includes the
20 common naturally occurring L-amino acids, all other
natural amino acids, all non-natural amino acids, and all
amino acid mimics, e.g., peptoids.
[0023] "Naturally occurring amino acid" means the 20
common naturally occurring L-amino acids, that is, gly-
cine, alanine, valine, leucine, isoleucine, serine, threo-
nine, cysteine, methionine, aspartic acid, asparagine,
glutamic acid, glutamine, arginine, lysine, histidine, phe-
nylalanine, tyrosine, tryptophan, and proline.
[0024] "Non-natural amino acid" means an amino acid
other than any of the 20 common naturally occurring L-
amino acids. A non-natural amino acid can have either
L- or D-stereochemistry.
[0025] "Peptoid," or N-substituted glycine, means an
analog of the corresponding amino acid monomer, with
the same side chain as the corresponding amino acid
but with the side chain appended to the nitrogen atom of
the amino group rather than to the α-carbons of the res-
idue. Consequently, the chemical linkages between
monomers in a polypeptoid are not peptide bonds, which
can be useful for limiting proteolytic digestion.
[0026] "Amino acid sequence" and "sequence" mean
a contiguous length of polypeptide chain that is at least
two amino acid residues long.
[0027] "Residue" means an amino acid in a polymer
or oligomer; it is the residue of the amino acid monomer
from which the polymer was formed. Polypeptide synthe-
sis involves dehydration, that is, a single water molecule
is "lost" on addition of the amino acid to a polypeptide
chain.
[0028] "Amino acid sequence motif" means a contigu-
ous amino acid sequence comprising n residues, wherein
n is 5 to 15. In one embodiment, the magnitude of the
net charge per residue of an amino acid sequence motif
is greater than or equal to 0.4. In another embodiment,
the magnitude of the net charge per residue of an amino

acid sequence motif is greater than or equal to 0.5. As
used herein, the magnitude of the net charge refers to
the absolute value of the net charge, that is, the net
charge can be positive of negative.
[0029] "Designed polypeptide" means a polypeptide
comprising one or more amino acid sequence motifs,
wherein the polypeptide is at least 15 amino acids in
length and the ratio of the number of charged residues
of the same polarity minus the number of residues of the
opposite polarity to the total number of residues in the
polypeptide is greater than or equal to 0.4 at pH 7.0. In
other words, the magnitude of the net charge per residue
of the polypeptide is greater than or equal to 0.4. In one
embodiment, the ratio of the number of charged residues
of the same polarity minus the number of residues of the
opposite polarity to the total number of residues in the
polypeptide is greater than or equal to 0.5 at pH 7.0. In
other words, the magnitude of the net charge per residue
of the polypeptide is greater than or equal to 0.5. While
there is no absolute upper limit on the length of the
polypeptide, in general, designed polypeptides suitable
for ELBL deposition have a practical upper length limit
of 1,000 residues.
[0030] "Primary structure" means the contiguous linear
sequence of amino acids in a polypeptide chain, and
"secondary structure" means the more or less regular
types of structure in a polypeptide chain stabilized by
non-covalent interactions, usually hydrogen bonds. Ex-
amples of secondary structure include α helix, β sheet,
and β turn.
[0031] "Polypeptide multilayer film" means a film com-
prising one or more polypeptides such as the designed
polypeptides defined above. For example, a polypeptide
multilayer film comprises a first layer comprising a de-
signed polypeptide and a second layer comprising a pol-
yelectrolyte have a net charge of opposite polarity to the
designed polypeptide. For example, if the first layer has
a net positive charge, the second layer has a net negative
charge; and if the first layer has a net negative charge,
the second layer has a net positive charge. The second
layer comprises another designed polypeptide or another
polyelectrolyte.
[0032] "Substrate" means a solid material with a suit-
able surface for adsorption of polyelectrolytes from aque-
ous solution. The surface of a substrate can have essen-
tially any shape, for example, planar, spherical, rod-
shaped, and the like. Substrate surface are regular or
irregular. A substrate can be a crystal. A substrate op-
tionally includes bioactive molecules. Substrates range
in size from the nanoscale to the macro-scale. Moreover,
a substrate optionally comprises several small sub-par-
ticles. A substrate can be made of organic material, in-
organic material, bioactive material, or a combination
thereof. Nonlimiting examples of substrates include sili-
con wafers; charged colloidal particles, e.g., microparti-
cles of CaCO3 or of melamine formaldehyde; protein
crystals; nucleic acid crystals; drug crystals; biological
cells such as erythrocytes, hepatocytes, bacterial cells,
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or yeast cells; organic polymer lattices, e.g., polystyrene
or styrene copolymer lattices; liposomes; organelles; and
viruses. In one embodiment, a substrate is a medical
device such as an artificial pacemaker, a cochlear im-
plant, or a stent.
[0033] When a substrate is disintegrated or otherwise
removed during or after film formation, it is called "a tem-
plate" (for film formation). Template particles can be dis-
solved in appropriate solvents or removed by thermal
treatment. If, for example, partially cross-linked mela-
mine formaldehyde template particles are used, the tem-
plate can be disintegrated by mild chemical methods, e,
g., in DMSO, or by a change in pH value. After dissolution
of the template particles, hollow multilayer shells remain
which are composed of alternating polyelectrolyte layers.
[0034] A "microcapsule" is a polyelectrolyte film in the
form of a hollow shell or a coating surrounding a core.
The term core thus means the interior of a microcapsule.
The core comprises a variety of different encapsulants;
such as a protein, a drug, or a combination thereof, in
liquid or crystalline form, for example.
[0035] "Bioactive molecule" means a molecule, mac-
romolecule, or macromolecular assembly having a bio-
logical effect. The specific biological effect can be meas-
ured in a suitable assay and normalizing per unit weight
or per molecule of the bioactive molecule. A bioactive
molecule can be encapsulated, retained behind, or en-
capsulated within a polyelectrolyte film. Nonlimiting ex-
amples of a bioactive molecule are a drug, a crystal of a
drug, a protein, a functional fragment of a protein, a com-
plex of proteins, a lipoprotein, an oligopeptide, an oligo-
nucleotide, a nucleic acid, a ribosome, an active thera-
peutic agent, a phospholipid, a polysaccharide, a lipopol-
ysaccharide. As used herein, "bioactive molecule" further
encompasses biologically active structures, such as, for
example, a functional membrane fragment, a membrane
structure, a virus, a pathogen, a cell, an aggregate of
cells, and an organelle. Examples of a protein that can
be encapsulated or retained behind a polypeptide film
are hemoglobin; enzymes, such as for example glucose
oxidase, urease, lysozyme and the like; extracellular ma-
trix proteins, for example, fibronectin, laminin, vitronectin
and collagen; and an antibody. Examples of a cell that
can be encapsulated or retained behind a polyelectrolyte
film is a transplanted islet cell, a eukaryotic cell, a bac-
terial cell, a plant cell, and a yeast cell.
[0036] "Biocompatible" means causing no substantial
adverse health effect upon oral ingestion, topical appli-
cation, transdermal application, subcutaneous injection,
intramuscular injection, inhalation, implantation, or intra-
venous injection. For example, biocompatible films in-
clude those that do not cause a substantial immune re-
sponse when in contact with the immune system of, for
example, a human being.
[0037] "Immune response" means the response of the
cellular or humoral immune system to the presence of a
substance anywhere in the body. An immune response
can be characterized in a number of ways, for example,

by an increase in the bloodstream of the number of an-
tibodies that recognize a certain antigen. Antibodies are
proteins secreted by B cells, and an antigen is an entity
that elicits an immune response. The human body fights
infection and inhibits reinfection by increasing the
number of antibodies in the bloodstream and elsewhere.
The specific immune response depends somewhat on
the individual, though general patterns of response are
the norm.
[0038] "Epitope" means the structure or sequence of
a protein that is recognized by an antibody. Ordinarily an
epitope will be on the surface of a protein. A "continuous
epitope" is one that involves several contiguous amino
acid residues, not one that involves amino acid residues
that happen to be in contact or in the limited region of
space in a folded protein.
[0039] "Polymeric precipitant" means a chemical such
as a soluble polymer that affects solubility of a bioactive
molecule. In one embodiment, a polymeric precipitant
means a water soluble polymer that decreases the sol-
ubility in water of a bioactive molecule adsorbed on a
template and/or the solubility in water of a polyelectrolyte
used in fabrication of a film on a template. In aqueous
solution, the polymeric precipitant attracts solvent water
molecules away from the surface of a bioactive molecule-
coated template, effectively decreasing solubility of the
bioactive molecule in bulk aqueous solution, and thereby
increasing the amount of the bioactive molecule that is
retained on the template during the polyelectrolyte film
assembly process. The polymeric precipitant can also
have a favorable influence on capsule stability during
template dissolution by changing the osmotic pressure
gradient across the capsule wall.
[0040] Nonlimiting examples of a polymeric precipitant
are polyethylene glycol (PEG), polyacrylic acid (sodium
salt), polyvinyl alcohol (PVA), polyvinylpyrrolidone, poly-
propylene glycol (PPG), diethylaminoethyldextran, poly-
ethyleneimine (PEI), and  combinations comprising one
or more of the foregoing polymeric precipitants. The pre-
ferred molecular weight of the polymeric precipitant will
vary from polymer to polymer. It must be noted that mo-
lecular weight is a strong determinant of the solubility of
a polymeric precipitant, so that the higher the molecular
weight, the lower the solubility. Practical values of mo-
lecular weight for some of the mentioned polymers for
use as polymeric precipitants of biomacromolecules are
425 Da for PPG, 5,000 Da for PVA, and 40 to 60 kDa for
PEI. Further details on the solubility of such polymers are
readily available in the scientific literature.
[0041] A method of making a multilayer film is dis-
closed herein. The method comprises depositing a plu-
rality of layers of oppositely charged polyelectrolytes on
a substrate. Deposition of at least one of the oppositely
charged polyelectrolytes is performed in the presence of
a polymeric precipitant. In some embodiments, the dep-
osition is by layer-by-layer assembly (LBL). Successively
deposited layers have opposite signs of net charge. The
one or more layers may comprise a designed polypep-
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tide. Further, at least one of the oppositely charged
polypeptides may comprise a homopolypeptide such as
poly (L-lysine) or poly (L-glutamic acid).
[0042] The design principles for polypeptides suitable
for electrostatic layer-by-layer deposition are elucidated
in U.S. Patent Publication No. 2005/0069950
Briefly, the primary design concerns are the length and
charge of the polypeptide. Electrostatics is the most im-
portant design concern because it is the basis of ELBL.
Without suitable charge properties, a polypeptide will not
be substantially soluble in aqueous solution at pH 4 to
10 and cannot readily be used for the fabrication of a
multilayer film by ELBL. Other design concerns include
the physical structure of the polypeptides, the physical
stability of the films formed from the polypeptides, and
the biocompatibility and bioactivity of the films and the
constituent polypeptides.
[0043] As defined above, a designed polypeptide
means a polypeptide comprising one or more amino acid
sequence motifs, wherein the polypeptide is at least 15
amino acid residues in length and the magnitude of the
net charge per residue of the polypeptide is greater than
or equal to 0.4 at pH 7.0. "Amino acid sequence motif"
means a contiguous amino acid sequence comprising n
amino acid residues, wherein n is 5 to 15. Positively-
charged (basic) naturally-occurring amino acids at pH
7.0 are Arg, His, and Lys. Negatively-charged (acidic)
naturally-occurring amino acid residues at pH 7.0 are Glu
and Asp. An  amino acid motif comprising a mixture of
amino acid residues of opposite charge can be employed
so long as the overall ratio of charge meets the specified
criteria. A designed polypeptide may not be a homopol-
ypeptide.
[0044] In one example, the amino acid sequence motif
comprises 7 amino acid residues. Four charged amino
acid residues is a suitable minimum for a motif size of 7,
because fewer than 4 charges yields decreased peptide
solubility and decreased control over ELBL. Further, re-
garding biocompatibility, each identified amino acid se-
quence motif in genomic data is long enough at 7 amino
acid residues to constitute a continuous epitope, but not
so long as to correspond substantially to residues both
on the surface of a protein and in its interior. Thus, the
charge and length of the amino acid sequence motif help
to ensure that an amino acid sequence motif identified
in genomic data is likely to occur on the surface of the
folded protein from which the sequence motif is derived.
In contrast, a very short motif could appear to the body
to be a random sequence, or one not specifically "self",
and therefore elicit an immune response.
[0045] In some cases, a design concern regarding ami-
no acid sequence motifs and designed polypeptides is
their propensity to form secondary structures, notably a
helix or β sheet. In some instances, it is desirable to be
able to control, e.g., minimize, secondary structure for-
mation by the designed polypeptides in an aqueous me-
dium in order to maximize control over thin film layer for-
mation. First, it is preferred that sequence motifs be rel-

atively short, that is about 5 to about 15 amino acid res-
idues, because long motifs are more likely to adopt a
stable three-dimensional structure in solution. Second,
a linker, such as a glycine or proline residue, covalently
joined between successive amino acid sequence motifs
in a designed polypeptide will reduce the propensity of
the polypeptide to adopt secondary structure in solution.
Glycine, for example, has a very low a helix propensity
and a very low β sheet propensity, making it energetically
very unfavorable for a glycine and its neighboring amino
acids to form regular secondary structure in aqueous so-
lution. Third, the a helix and β sheet propensity of the
designed polypeptides themselves can be minimized by
selecting amino acid sequence motifs for which the
summed a helix propensity is less than 7.5 and the
summed β sheet propensity is less than 8. "Summed"
propensity means the sum of the a helix or β sheet pro-
pensities of all amino acids in a motif. Amino acid se-
quence motifs having a somewhat higher summed a helix
propensity and/or summed β sheet propensity are suit-
able for ELBL, particularly when joined by linkers such
as Gly or Pro. In certain  applications, the propensity of
a polypeptide to form secondary structure can be rela-
tively high as a specific design feature of thin film fabri-
cation. The secondary structure propensities for all 20
naturally occurring amino acids can be calculated using
the method of Chou and Fasman (see P. Chou and G.
Fasman, Biochemistry, 13:211 (1974), which is incorpo-
rated by reference herein in its entirety).
[0046] Another design concern is control of the stability
of polypeptide ELBL films. Ionic bonds, hydrogen bonds,
van der Waals interactions, and hydrophobic interactions
contribute to the stability of multilayer films. In addition,
covalent disulfide bonds formed between sulfhydryl-con-
taining amino acids in the polypeptides within the same
layer or in adjacent layers can increase structural
strength. Sulfydryl-containing amino acids include
cysteine and homocysteine. In addition, a sulfhydryl can
be added to β-amino acids such as D,L-β-amino-β-cylo-
hexyl propionic acid; D,L-3-aminobutanoic acid; or
5-(methylthio)-3-aminopentanoic acid. Sulfhydryl-con-
taining amino acids can be used to "lock" (bond together)
and "unlock" layers of a multilayer polypeptide film by a
change in oxidation potential. Also, the incorporation of
a sulfhydryl-containing amino acid in a sequence motif
of a designed polypeptide enables the use of relatively
short peptides in thin film fabrication, by virtue of inter-
molecular disulfide bond formation. Amino acid se-
quence motifs containing sulfhydryl-containing amino ac-
ids may be selected from a library of motifs identified
using the methods described below, or designed de
novo.
[0047] In one instance, the designed sulfhydryl-con-
taining polypeptides, whether synthesized chemically or
produced in a host organism, are assembled by ELBL in
the presence of a reducing agent to prevent premature
disulfide bond formation. Following film assembly, the
reducing agent is removed and an oxidizing agent is add-
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ed. In the presence of the oxidizing agent disulfide bonds
form between sulfhydryls groups, thereby "locking" to-
gether the polypeptides within layers and between layers
where thiol groups are present. Suitable reducing agents
include dithiothreitol ("DTT"), 2-mercaptoethanol (2-ME),
reduced glutathione, tris(2-carboxyethyl)phosphine hy-
drochloride (TCEP), and combinations of more than one
of these chemicals. Suitable oxidizing agents include ox-
idized glutathione, tert-butylhydroperoxide (t-BHF),
thimerosal, diamide, 5,5’-dithio-bis-(2-nitro-benzoic ac-
id) (DTNB), 4,4’-dithiodipyridine, sodium bromate, hydro-
gen peroxide, sodium tetrathionate, porphyrindin, sodi-
um orthoiodosobenzoate, and combinations of more
than one of these chemicals.
[0048] Biocompatibility is a design concern in biomed-
ical applications. In such applications, genomic or pro-
teomic information is used as a basis for polymer design
to yield, ideally, "immune inert" polypeptides. The ap-
proach will be particularly useful if the fabricated or coat-
ed object will make contact with circulating blood. Be-
cause the amino acid sequence motifs are highly polar,
they typically occur on the surface of the native folded
form of the protein from which they are derived. The "sur-
face" is that part of a folded protein that is in contact with
the solvent or inaccessible to the solvent solely because
of the granular nature of water. Amino acid sequence
motifs identified in blood proteins are effectively always
in contact with cells and molecules of the immune system
while the protein is in the blood. Therefore, polypeptides
derived from the surface of folded blood proteins are less
likely to be immunogenic than sequences selected at ran-
dom. Designed polypeptides will generally be biocom-
patible, but the extent of immune response or any other
type of biological response may well depend on specific
details of a sequence motif.
[0049] Bioactivity can be incorporated into a film, coat-
ing or microcapsule by a number of methods. For exam-
ple, a designed polypeptide comprising the film can com-
prise a functional domain. Alternatively, bioactivity may
be associated with another bioactive molecule encapsu-
lated or coated by the polypeptide thin film. In one em-
bodiment, the template comprises a bioactive molecule
such as a protein crystal.
[0050] A functional domain in this context is an inde-
pendently thermostable region of a protein that has spe-
cific biofunctionality (e.g., binding phosphotyrosine). In a
multi-domain protein, multiple functional domains may
exist, as for example in the protein tensin, which encom-
passes a phosphotyrosine binding domain and a protein
tyrosine phosphatase domain. The inclusion of a func-
tional domain in a designed polypeptide incorporated into
a multilayer film can provide the film with a desired func-
tionality, including , for example, specific ligand binding,
targeting in vivo, biosensing, and biocatalysis.
[0051] The bioactive molecule can be a protein, a func-
tional fragment of a protein, a functional fragment of a
protein that is not part of a designed polypeptide, a com-
plex of proteins, an oligopeptide, an oligonucleotide, a

nucleic acid, a ribosome, an active therapeutic agent, a
phospholipid, a polysaccharide, a lipopolysaccharide, a
functional membrane fragment, a membrane structure,
a virus, a pathogen, a cell, an aggregate of cells, an or-
ganelle, a lipid, a carbohydrate, a pharmaceutical, or an
antimicrobial agent. The bioactive molecule can be in the
form of a well-ordered or amorphous crystal. The protein
can be an  enzyme or an antibody. The substrate can
comprise the bioactive molecule. In one embodiment,
the substrate has a bioactive molecule disposed on its
surface prior to deposition of layers of oppositely charged
polypeptides. In another embodiment, the substrate is a
crystal comprising the bioactive molecule.
[0052] In one instance, amino acid sequence motifs
are designed de novo or are selected from the genomic
or proteomic information of a specific organism, such as
the human genome. For example, the primary structure
of complentent C3 (gi|68766) or lactotransferrin
(gi|4505043) can be used to search for amino acid se-
quence motifs in a human blood protein.
[0053] A method of identifying a first amino acid se-
quence motif in a polypeptide comprises selecting a start-
er amino acid residue in the polypeptide; examining an
amino acid sequence comprising the starter amino acid
residue and the following n-1 amino acid residues in the
polypeptide for occurrences of positive and negative
charges, wherein n is 5 to 15; determining the 5 to 15
amino acid residues as an amino acid sequence motif if
the net charge of the side chains of the 5-15 amino acid
residues at pH 7 is greater than or equal to 0.4*n; or
discarding the sequence if the net charge of the side
chains of the 5-15 amino acid residues at pH 7 is less
than 0.4*n.
[0054] In one instance, the process of searching pro-
tein sequence data for a negatively charged amino acid
sequence motif of length n comprising only amino acids
that are neutral or negatively charged is described as
follows. First, a first amino acid residue is selected in a
protein sequence. Second, this amino acid residue and
the following n-1 amino acid residues are examined for
occurrences of arginine (Arg), histidine (His), or lysine
(Lys) (the three naturally occurring amino acids that may
be positively charged at neutral pH), where n is 5 to 15.
Third, if one or more Arg, His, or Lys residues is found
in these n amino acid residues, the process is begun
anew at a second amino acid residue. If, however, no
Arg, His, or Lys is found in these n residues, the n resi-
dues are examined to determine the number of occur-
rences of glutamate (Glu) and/or aspartate (Asp) (the two
negatively charged amino acids at neutral pH). Fourth,
if there are at least 0.4*n occurrences of Glu and/or Asp
in the n residues, the sequence is cataloged as a nega-
tively charged amino acid sequence motif. If, however,
fewer than 0.4*n occurrences of negatively charged ami-
no acid residues are found, the sequence beginning with
the first amino acid residue is discarded and the process
is begun anew, for example, at a second amino acid res-
idue immediately adjacent to the first amino  acid residue.
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After cataloging a motif, the process can begin anew at
a second amino acid residue.
[0055] The process for identifying a positively charged
sequence motif is analogous to searching protein se-
quence data for an n residue-long amino acid sequence
comprising only amino acid residues that are neutral or
positively charged, and for which the magnitude of the
net charge of the amino acid residue side chains at neu-
tral pH is greater than or equal to 0.4*n.
[0056] Also analogous is the process for identifying a
negatively charged amino acid sequence motif or a pos-
itively charged amino acid sequence motif of length n,
allowing both positively and negatively charged amino
acid residues in the motif. For example, the procedure
for identifying a positively charged amino acid sequence
motif of length n would be to select a first amino acid
residue in a polypeptide. Next, examine this amino acid
residue and the following n-1 amino acid residues for
occurrences of residues that are positively or negatively
charged at pH 7. Determine the net charge of the n amino
acid residue side chains. If the absolute value of the net
charge is less than 0.4*n, then the sequence is discarded
and a new search is begun at another amino acid, while
if the absolute value of the net charge is greater than or
equal to 0.4*n, then the sequence is an amino acid se-
quence motif. The motif will be positive if net charge is
greater than zero and negative if the net charge is less
than zero.
[0057] De novo design of amino acid sequence motifs
as presently defined follows essentially similar rules, ex-
cept that the sequences are not limited to those found in
nature. A length of motif n and a desired sign and mag-
nitude of net charge are chosen. Then, n amino acids
are selected for the amino acid sequence motif that result
in the desired sign and magnitude of charge, so that the
absolute value of the net charge of the n amino acids is
greater than or equal to 0.4*n. A potential advantage of
de novo design of an amino acid sequence motif is that
the practitioner can select from among all amino acids
(the 20 naturally occurring ones and all non-natural ami-
no acids) to achieve the desired net charge, rather than
being limited to the amino acids found in a particular
known protein sequence. The larger pool of amino acids
enlarges the potential range of physical, chemical and/or
biological characteristics that can be selected in design-
ing the sequence of the motif compared to identification
of an amino acid sequence motif in a genomic sequence.
[0058] A designed polypeptide as presently defined
will comprise one or more amino acid sequence motifs.
The same motif may be repeated, or different motifs may
be joined in designing a polypeptide for ELBL. In one
instance, the amino acid sequence motifs are covalently
joined with no intervening sequence. In another instance,
a designed polypeptide comprises two or more amino
acid sequence motifs covalently joined by a linker. The
linker can be amino acid based, e.g., one or more amino
acid residues such as glycine or proline, or it can be any
other compound suitable for covalently linking two amino

acid sequence motifs. In one instance, a linker comprises
1-4 amino acid residues, for example, 1-4 glycine and/or
proline resides. The linker comprises a suitable length or
composition so that the designed polypeptide is main-
tained at a magnitude of net charge per residue that is
greater than or equal to 0.4.
[0059] In one instance, a designed polypeptide is
greater than or equal to 15 amino acid residues long. In
other embodiments, a designed polypeptide is greater
than 18, 20, 25, 30, 32 or 35 amino acids long. 1,000
residues is a practical upper bound on polypeptide
length.
[0060] Once amino acid sequence motifs have been
selected or designed de novo, a designed polypeptide
with amino acid-based linkers is synthesized using meth-
ods well known in the art, such as solid phase synthesis
and F-moc chemistry, or heterologous expression in bac-
teria following gene cloning and transformation. De-
signed polypeptides may be synthesized by a peptide
synthesis company, for example, SynPep Corp. (Dublin,
California), produced in the laboratory using a peptide
synthesizer, or produced by recombinant DNA methods.
Any development of novel methods of peptide synthesis
could enhance the production of peptides but would not
fundamentally change peptide design as described here-
in.
[0061] A method of making a polyelectrolyte multilayer
film comprises depositing a plurality of layers of oppo-
sitely charged polyelectrolytes on a substrate. In one in-
stance, at least one polyelectrolyte comprises a polypep-
tide such as a charged homopolypeptide or a designed
polypeptide. Successively deposited polyelectrolytes will
have opposite net charges. Figure 1 is a schematic illus-
trating ELBL deposition. In one instance, deposition of a
designed polypeptide (or other polyelectrolyte) compris-
es exposing the substrate to an aqueous solution com-
prising a designed polypeptide (or other polyelectrolyte)
at a pH at which it has a suitable net charge for ELBL.
Alternatively, the deposition of a designed  polypeptide
or other polyelectrolyte on the substrate is achieved by
sequential spraying of solutions of oppositely charged
polypeptides or by simultaneous spraying of solutions of
oppositely charged polyelectrolytes.
[0062] In the ELBL method of forming a multilayer film,
the opposing charges of the adjacent layers provide the
driving force for assembly. It is not critical that polyelec-
trolytes in opposing layers have the same net linear
charge density, only that opposing layers have opposite
charges. One standard film assembly procedure for dep-
osition includes forming aqueous solutions of the polye-
lectrolytes at a pH at which they are ionized (i.e., pH
4-10), providing a substrate bearing a surface charge,
and alternating immersion of the substrate into the
charged polyelectrolyte solutions. The substrate is op-
tionally washed in between deposition of alternating lay-
ers.
[0063] The concentration of polyelectrolyte suitable for
deposition of the polyelectrolyte can readily be deter-
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mined by one of ordinary skill in the art. An exemplary
concentration is 0.1 to 10 mg/mL. Typically, the thickness
of the layer produced is substantially independent of the
solution concentration of the polyelectrolyte during dep-
osition in the stated range. For typical non-polypeptide
polyelectrolytes such as poly(acrylic acid) and poly(al-
lylamine hydrochloride), layer thicknesses are about 3 to
about 5 A, depending on the ionic strength of solution.
Short polyelectrolytes often form thinner layers than long
polyelectrolytes. Regarding film thickness, polyelectro-
lyte film thickness depends on humidity as well as the
number of layers and composition of the film. For exam-
ple, PLL/PLGA films 50 nm thick shrink to 1.6 nm upon
drying with nitrogen. In general, films of 1 nm to 100 nm
or more in thickness can be formed depending on the
hydration state of the film and the molecular weight of
the polyelectrolytes employed in the assembly.
[0064] In addition, the number of layers required to
form a stable polyelectrolyte multilayer film will depend
on the polyelectrolytes in the film. For films comprising
only low molecular weight polypeptide layers, a film will
typically have 4 or more bilayers of oppositely charged
polypeptides. For films comprising high molecular weight
polyelectrolytes such as poly(acrylic acid) and poly(al-
lylamine hydrochloride), films comprising a single bilayer
of oppositely charged polyelectrolyte can be stable.
[0065] As disclosed herein, one or more polyelectro-
lytes are deposited on the substrate in the presence of
a polymeric precipitant, typically in aqueous solution at
pH 4 to 10. The use of a polymeric precipitant, for exam-
ple, advantageously minimizes the loss of bioactive mol-
ecules contained within the multilayer film.
[0066] For a given set of deposition conditions, the
amount of a polymeric precipitant of a particular molec-
ular weight can be chosen to minimize loss of bioactive
molecules adsorbed to a template without making the
viscosity of the deposition solution unsuitable for the par-
ticular deposition process. In general, a suitable concen-
tration of polymeric precipitant will depend on the molec-
ular structure of the precipitant and its molecular weight.
In general, the higher the concentration of polymeric pre-
cipitant, the higher the insolubility of macromolecule.
Representative practical values of polymeric precipitant
concentration can be given as follows: for PEG of mo-
lecular weight 3500 to 4000 Da or PPG of molecular
weight 425 Da or PVA of molecular weight 5000 Da or
PEI of molecular weight 40 to 60 kDa, 5-15 % by weight.
PEG of 300 Da is considerably more soluble than PEG
of 3500-4000 Da; the former can be soluble in aqueous
solution up to about 50% by weight. The maximum useful
concentration of a particular precipitant will decrease in
relation to an increase in concentration of a co-precipi-
tant; for instance, a useful concentration of PEG 300 will
be lower if PVA is present. If the polymeric precipitant
and peptide solution is too viscous, it will not be possible
to control how well it sprays. With respect to LBL meth-
ods, viscosity can affect the rate of diffusion of the poly-
electrolytes in the deposition solutions, slowing down the

film assembly process. The balance under any particular
set of deposition conditions between the effect on the
retention of the adsorbed bioactive molecule and on the
viscosity of the deposition solutions can be weighed for
determining the concentration and molecular weight of
other polymers useful as a polymeric precipitant.
[0067] For the example of PEG as a polymeric precip-
itant, solution concentrations of up to about 50% (v/v) of
PEG 300 can be used throughout the temperature range
where the solution remains in the liquid state, nominally
about 0 to about 100°C for pure water at about 1 atm
pressure. A somewhat broader temperature range may
be employed when the precipitant is present in solution
and the functional activity of the bioactive molecule is not
irreversibly inactivated. The concentration of a particular
molecular weight of PEG that can  be effective in these
methods at a given set of deposition conditions is deter-
mined at least in part by the maintenance of an appro-
priate solutions viscosity.
[0068] The multilayer film or microcapsule comprises
a bioactive molecule. In one instance, the bioactive mol-
ecule is co-deposited with one or more polyelectrolyte
layers or the substrate comprises the bioactive molecule.
For example, the substrate can be a template comprising
liquid or crystalline bioactive molecules, such as drugs
or proteins. Alternatively, the substrate may be coated
with the bioactive molecule. For example, an inert core
such as a CaCO3 particle can be coated with the bioactive
molecule prior to deposition of polyelectrolyte layers. The
CaCO3 particle can be removed after polyelectrolyte dep-
osition to form a hollow microcapsule comprising the bi-
oactive molecule.
[0069] In one instance, the polymeric precipitant has
a favorable effect on deposition of polyelectrolyte in mak-
ing the film, as well as decreasing the solubility of an
adsorbed bioactive molecule, thereby increasing the
amount of material encapsulated. A suitable assay to
measure loss of the bioactive molecules from the tem-
plate can be used in making an empirical determination
of the appropriate concentration of a given polymeric pre-
cipitant. For example, the bioactive molecule can be la-
beled with a fluorescent group such as fluorescein or
CY3, a fluorescent cyanine compound (Amersham Bio-
Sciences), or with a group with a characteristic absorb-
ance spectrum such.as tyrosine. Assays to determine
fluorescence or absorption retained with the template can
be performed to evaluate retention of the bioactive mol-
ecule in the presence or absence of a particular concen-
tration of a given polymeric precipitant.
[0070] A film made by this method is described herein.
It is possible that some polymeric precipitant will become
incorporated into the film the fabrication process. In some
cases, such incorporation might be desirable or useful.
[0071] Methods of improving bioactive molecule reten-
tion during fabrication of a polyelectrolyte multilayer film
are discussed. The method may comprise depositing a
plurality of layers of oppositely charged polyelectrolytes
on a substrate comprising a bioactive molecule, wherein
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deposition of one or more of the oppositely charged pol-
yelectrolytes is performed in the presence of a polymeric
precipitant. In one instance, one or more of the polyelec-
trolytes comprises a polypeptide. In other instances, the
method comprises adsorbing a bioactive molecule onto
a substrate; and depositing a plurality of layers of oppo-
sitely charged polyelectrolytes on the bioactive molecule-
coated substrate. Deposition of one or more of the op-
positely charged polyelectrolytes and/or the adsorption
of the bioactive molecule is performed in the presence
of a polymeric precipitant. The amount of the bioactive
molecule retained during deposition of a layer of a poly-
electrolyte in the presence of a polymeric precipitant rel-
ative to the amount retained in the absence of the poly-
meric precipitant is improved by at least 15%, at least
30%, at least 50%, at least 67%, at least 100%, or at
least 200%.
[0072] Deposition of the oppositely charged polyelec-
trolytes by LBL deposition from aqueous solution is de-
scribed herein, as is the deposition of the oppositely
charged polyelectrolytes on the substrate by simultane-
ous spraying of solutions of the oppositely charged pol-
yelectrolytes. In some instances, an oppositely charged
polyelectrolyte deposited on the template comprises an
amino acid sequence motif wherein the amino acid se-
quence motif comprises n amino acids and the balance
of charges of the same charge in the amino acid motif is
greater than or equal to 0.4*n. In other embodiments, at
least one of the oppositely charged polypeptides com-
prises PLL or PLGA.
[0073] The bioactive molecule is, for example, a pro-
tein, an oligopeptide, a nucleic acid, an oligonucleotide,
a lipid, a carbohydrate, a pharmaceutical, an antimicro-
bial agent, a membrane structure, a cell, a virus, a tissue,
or a combination thereof. The protein can be an enzyme
and the enzyme may be glucose oxidase.
[0074] In some instances, the bioactive molecule is de-
posited on a template. Suitable templates include an or-
ganic substrate and/or an inorganic substrate. The tem-
plate can comprise a material that can be dissolved or
disintegrated by changing a chemical or physical prop-
erty of the substrate or the solution containing the tem-
plate. For example, the template may comprise a CaCO3
microparticle, which can be dissolved by mixing with ED-
TA. In other instances, the template is a crystalline bio-
active molecule such as a protein or a drug.
[0075] A polypeptide film retaining a bioactive mole-
cule made by these methods is described.
[0076] The invention is further illustrated by the follow-
ing nonlimiting examples.

Example 1. Glucose oxidase (GOx) adsorption on 
CaCO3 and MF particles.

[0077] The model protein was GOx, chosen for its use-
ful enzymatic properties. For GOx adsorption experi-
ments, 5 mg of CaCO3 particles (PlasmChem GmbH,
Germany) or melamine formaldehyde (MF) particles

were mixed with 100 mL of 37,300 units/g Type II-S GOx
from A. niger (SIGMA, USA) in 10 mM Tris buffer, pH
7.4. Adsorption of GOx can be performed at a tempera-
ture where the GOx solution remains in the liquid state,
nominally about 0 to about 100°C for pure water at about
1 atm pressure and GOx enzymatic activity is not irre-
versibly inactivated. The final particle concentration was
5 % (w/v). Enzyme adsorption onto microparticles was
quantified by decrease in absorbance of the liquid phase
at 280 nm using a Jasco V-430 spectrophotometer (Ja-
pan), GOx-loaded microparticles were separated from
the polypeptide adsorption solution by centrifugation. Ad-
sorption to the particles as a function of GOx concentra-
tion and salt concentration in the feed solution is shown
in Figure 2. The maximum amount of GOx loaded onto
CaCO3 particles was about 76 mg/mg particles, or about
9.4 3 10-12 gram of enzyme per particle, assuming a
particle volume of 4.6 3 10-11 cm3. Figure 2 shows that
maximal adsorption to either template was achieved in
the absence of added monovalent salt under these dep-
osition conditions.

Example 2. Encapsulation of an enzyme in polypeptide 
microcapsules.

[0078] Poly(L-lysine)(PLL) (MW about 14.6 kDa) and
poly(L-glutamic acid) (PLGA) (MW about 13.6 kDa) were
selected as the oppositely charged polypeptide for dep-
osition of layers in this encapsulation pilot study because
they are readily available from a commercial source. En-
capsulation involving designed polypeptides in place of
PLL and/or PLGA would be analogous. An example of a
pair of oppositely charged peptides that have used for
this purpose is given in Li and Haynie (2004) Biomacro-
molecules 5:1667-1670.
[0079] GOx was adsorbed to CaCO3 microparticles by
adding 0.10 mL of 5 mg/mL GOx solution to 5 mg of
CaCO3 microparticles, mixing thoroughly for 2 hours, and
centrifuging for 5 minutes at 1000 3 g for removal of the
fluid phase.
[0080] Deposition of each polypeptide multilayer on
GOx-adsorbed CaCO3 microparticles involved self-as-
sembly for 10 minutes under gentle shaking at 4°C, fol-
lowed by centrifugation to separate particles from un-
bound peptide in the fluid phase. A volume of 0.1 mL of
either a 1 mg/mL solution of PLL (MW about 14.6 kDa)
or of PLGA (MW about 13.6 kDa) in 10 mM Tris, 0.5 M
NaCl, pH 7.4 was added to the microparticles at 4°C and
mixed thoroughly. Alternating layers of PLL and PLGA
were deposited on the microparticles. Up to 50 % (v/v)
PEG 300 (Fluka) was present in the polypeptide solu-
tions; higher average molecular mass PEG tended to
give an overly viscous solution for the purpose. After sep-
aration of the fluid phase from particles following each
polypeptide adsorption step, assembly solution superna-
tants were analyzed for aromatic absorbance. PLL and
PLGA contain no aromatic residues and therefore do not
absorb at 280 nm; GOx does absorb at this wavelength.
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Two intermediate washing steps were carried out with
deionized water at 4°C between polypeptide assembly
cycles. This process was repeated until the desired
number of layers was deposited (typically 6 bilayers). Af-
ter assembly of the final layer of polypeptide, coated par-
ticles were rinsed and collected by centrifugation. Particle
cores were then dissolved by treatment with 0.2 M EDTA,
pH 7.4. The dissolution process took 10-20 minutes. Mi-
crocapsules were collected by centrifugation at 2000 3
g for 5 minutes, rinsed with deionized water, and re-sus-
pended in 0.25 mL 10 mM Tris buffer. Aliquots of sample
were assayed for enzyme activity as described below.
The concentration of sample used for further experiments
was estimated to be 1.5 3 108 capsules/mL. The same
procedure was followed for the confocal fluorescence ex-
periments shown in Figure 7, except that Cy3-labeled
GOx replaced GOx.
[0081] Figure 3 shows loss of adsorbed GOx from
CaCO3 templates during deposition of an encapsulating
PLL/PLGA film as absorbance at 280 nm due to the re-
leased GOx present in the wash, assembly buffer of PLL,
and assembly buffer of PLGA for assembly in buffer in
absence of a polymeric precipitant, assembly in buffer in
the presence of 40% PEG 300, and for assembly in buffer
in presence of 50% PEG 300. The magriitude of the ab-
sorbance at 280 nm released during deposition of the
first PLGA layer in the presence of 40% or 50% PEG 300
is significantly less than that observed in the absence of
PEG 300. Increasing the concentration of PEG 300 from
10% up to 50% in the deposition buffers was found to
decrease desorption of the GOx from the template during
film assembly.
[0082] Concentrations of PEG 8000 comparable to
those investigated for PEG 300 yielded solution viscos-
ities in which self-assembly of the polypeptide layers was
not time-effective. Molecular weights of PEG that are liq-
uid at room temperature, as is PEG 300, are suitable for
use at 4°C as the polymeric precipitant.
[0083] Figure 4 shows retention of GOx on CaCO3 tem-
plates during deposition of the encapsulating PLL/ PLGA
film. The first points represent initial GOx "loading" on
templates. Succeeding points show remaining GOx on
the templates in subsequent peptide assembly and par-
ticle rinsing steps. Only two deposition cycles are shown.
Inset, complementary data showing the release of GOx
from GOx-loaded template particles as measured in the
supemant of washing and assembling solutions.
[0084] A colorimetric enzyme-coupled assay involving
Amplex Red as substrate was used to quantitate GOx
activity. Figure 5 shows a reaction scheme for the assay.
Glucose and oxygen diffuse inside the capsule for use
by GOx to produce glucoronic acid and H2O2. H2O2 dif-
fuses out of the capsule and is detected, indirectly, by
Amplex Red. Initially colorless, this reagent is oxidized
by H2O2 in the presence of horseradish peroxidase
(HRP) (250-330 units/mg solid), forming resorufin, which
can be detected by absorbance at λ = 563 nm. The fol-
lowing stock solutions were prepared: 10 mM Amplex

Red reagent (Molecular Probes, USA) in DMSO, 10 U/mL
HRP in 50 mM phosphate buffer and 0.15 M NaCl (PBS),
400 mM glucose in 50 mM PBS, and 100 U/mL GOx in
50 mM PBS. A working solution was prepared by mixing
three solutions: 30 mL Amplex Red, 75 mL HRP, and 450
mL glucose. Standard solutions of GOx, each 500 mL and
containing 0 to 10 mU/mL, were prepared by diluting the
100 U/mL GOx stock solution. Capsule samples and con-
trol samples without GOx each were diluted to 500 mL
with 50 mM PBS buffer. A reaction was initiated by adding
40 mL Amplex Red/HRP/glucose working solution to
tubes representing standards, controls, and capsule
samples. Reaction mixtures were incubated for 30 min-
utes in the dark at ambient temperature with gentle agi-
tation. Absorbance of resorufin was measured at 563 nm.
The measured enzymatic activity was converted to
amount of active GOx by calibrating the measurement
of the activity relative to that of a known quantity of GOx.
[0085] Figure 6 shows amount of active encapsulated
GOx as a function of number of layers of polypeptide
determined using the enzymatic assay. The amount of
material retained in the capsule after template dissolution
is shown, with and without addition of PEG in the polypep-
tide assembly solutions. Capsules of fewer than 6 layers
were unstable in solution. As shown in Figure 6, when
polypeptide assembly was carried out in the absence of
PEG, GOx activity associated with microparticles de-
creased markedly on deposition of PLL/PLGA up to 2
bilayers. Measured activity tended to reach a constant
value (e.g., about 11 % of the value prior to deposition
of polypeptide) independent of the number of layers in
the 3-6 bilayer range. Addition of PEG to the PLL and
the PLGA assembly solutions substantially  improved the
"loading" of polypeptide-based "artificial cells" with GOx.
About 70 % of enzyme activity was retained in the cells
after deposition of 6 bilayers but prior to phase separa-
tion. Sonication for 20 min of 6-bilayer cells assembled
using PEG resulted in no decrease in enzyme activity.
This suggests that encapsulation of GOx by a polypep-
tide multilayer film neither inhibited enzyme activity nor
prevented diffusion of small molecules (e.g. glucose (en-
zyme substrate) and reaction products) across the bar-
rier. The extent of migration of GOx into the artificial cell
wall was not determined.
[0086] Confirmation that measured enzyme activity
was in fact associated with artificial cells was obtained
as follows. GOx activity in solution was quantified after
separation of the 6-bilayer cells from the fluid phase using
a 0.22 mm filter. No GOx activity was detected in the
filtrate in the absence of PEG; the enzyme activity was
in the artificial cells. Some enzyme (about 1.5 3 10-12 g/
capsule) was detected in the filtrate when the PEG pro-
tocol was used. Presumably this was due to partial col-
lapse of the coated templates/cells during repeated cen-
trifugation and washing. No further activity was detected
in the filtrate after re-suspension of the cells, indicating
that loaded GOx did not leach out. The same approach
was used to quantify retention of GOx in cells.
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[0087] GOx was labeled with a fluorescent dye, Cy3
mono-reactive NHS-ester (Amersham Biosciences, UK)
to visualize GOx-loaded microcapsules. Encapsulation
of Cy3-GOx within a PLL/PLGA film followed adsorption
onto CaCO3 microparticles. Study of influence of layer
number on artificial cell stability by fluorescence micros-
copy revealed that coatings with fewer than 3 bilayers
tended to dissociate after core particle dissolution,
whereas capsules with 3 or more bilayers usually were
stable in aqueous solution on a time scale of weeks. This
is consistent with the GOx activity measurements report-
ed here. Film thickness is directly related to layer number.
Further evidence of loading of Cy3-labeled GOx into PLL/
PLGA 6-bilayer microcapsules was obtained by confocal
laser fluorescence microscopy (Figure 7a, left panel).
The right panel, obtained by brightfield illumination,
shows that the microparticle templates were completely
dissolved by treatment with EDTA. Fluorescence inten-
sity cross-sectional profiles of a 6-bilayer capsule re-
vealed that the microcapsule interior was filled with a
substantial quantity of unbound Cy3-labeled GOx (Figure
7b, left). The diameter of the cell was approximately that
of the original template (Figure 7b, right). The appear-
ance of two peaks in the intensity profile indicates that
some GOx was bound to the cell "membranes," probably
due to electrostatic attraction and  dissipation. Further
evidence of GOx encapsulation in polypeptide cells was
obtained by circular dichroism spectroscopy (data not
shown).

Example 3. Encapsulation of an enzyme in a polyelec-
trolyte microcapsule.

[0088] In another example, the protein hemoglobin is
loaded onto calcium carbonate particles in phosphate
buffered saline (pH 7.4) and encapsulated with non-pep-
tide polyelectrolytes. Protein loading efficiency is in-
creased by the addition of a polymeric precipitant to the
protein solution, for example, 40 % PEG 300. The ad-
sorbed protein is encapsulated by LBL with two oppo-
sitely charged polyelectrolytes. Polymers suitable for the
purpose are poly(styrene sulfonate), a polyanion, and
poly(allylamine), a polycation. Proof of protein loading
may be obtained by spectrophotometry in the visible
range: Hemoglobin has a large absorption band near 410
nm, due to the presence of heme.
[0089] This invention presents a means of high-effi-
ciency retention of functional bioactive molecules in na-
noengineered polyelectrolyte films and microcapsules by
inclusion of a polymeric precipitant in assembly buffers.
The polyelectrolyte multilayer film was semipermeable,
preventing leakage of the model biologic without preclud-
ing the permeability of small molecules. The inherent bio-
compatibility of the encapsulating polypeptides presents
advantages for biomedical applications over non-biode-
gradable synthetic polyelectrolytes more commonly used
in forming thin films by LBL.
[0090] The use of the terms "a" and "an" and "the" and

similar referents (especially in the context of the following
claims) are to be construed to cover both the singular
and the plural, unless otherwise indicated herein or clear-
ly contradicted by context. The terms first, second etc.
as used herein are not meant to denote any particular
ordering, but simply for convenience to denote a plurality
of, for example, layers. The terms "comprising", "having",
"including", and "containing" are to be construed as open-
ended terms (i.e., meaning "including, but not limited to")
unless otherwise noted. Recitation of ranges of values
are merely intended to serve as a shorthand method of
referring individually to each separate value falling within
the range, unless otherwise indicated herein, and each
separate value is incorporated into the specification as
if it were individually recited herein. The endpoints of all
ranges are included within the range and independently
combinable. All methods described herein can be per-
formed in a suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The
use of any and all examples, or exemplary  language
(e.g., "such as"), is intended merely to better illustrate
the invention and does not pose a limitation on the scope
of the invention unless otherwise claimed. No language
in the specification should be construed as indicating any
non-claimed element as essential to the practice of the
invention as used herein.

Claims

1. A method of making a film, the method comprising
either:

a) depositing a first layer polyelectrolyte on a
surface of a substrate to form a first layer; and
depositing a second layer polyelectrolyte on the
first layer polyelectrolyte to form a second layer;
wherein

(i) the first layer polyelectrolyte, the second
layer polyelectrolyte, or both, is deposited
on the substrate in the presence of a poly-
meric precipitant;
(ii) the first layer polyelectrolyte and the sec-
ond layer polyelectrolyte have net charges
of opposite polarity; and
(iii) the first layer polypeptide, the second
layer polypeptide, or both, is deposited in
the presence of a bioactive molecule and/or
the substrate comprises a bioactive mole-
cule;

or
(b) depositing a bioactive molecule on the sur-
face of a substrate in the presence of a polymeric
precipitant;
depositing a first layer polyelectrolyte on a sur-
face of the substrate to form a first layer; and
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depositing a second layer polyelectrolyte on the
first layer polyelectrolyte to form a second layer;
wherein the first layer polyelectrolyte and the
second layer polyelectrolyte have nets charges
of opposite polarity.

2. The method of claim 1a, wherein the bioactive mol-
ecule is in the form of a coating on the substrate, or
is in the form of a core.

3. The method of claim 1 or 2, wherein the substrate
comprises a template suitable for disintegration after
polyelectrolyte multilayer film deposition.

4. The method of claim 1a, wherein the first layer pol-
yelectrolyte, the second layer polyelectrolyte, or
both, comprises a designed polypeptide, wherein the
designed polypeptide comprises one or more first
amino acid sequence motifs, wherein the one or
more amino acid sequence motifs consists of 5 to
15 amino acid residues and has a magnitude of net
charge per residue of greater than or equal to 0.4,
and
wherein the designed polypeptide is not a homopol-
ypeptide, is at least 15 amino acid residues long, and
has a magnitude of net charge per residue of greater
than or equal to 0.4.

5. The method of any one of claims 1a or 2 to 4, further
comprising depositing a bioactive molecule onto the
surface of the substrate prior to depositing the first
layer polyelectrolyte.

6. The method of any one of claims 1 a or 2 to 5, wherein
the polymeric precipitant comprises polyethylene
glycol, polyacryclic acid, polyvinyl alcohol, polyvi-
nylpyrrolidone, polypropylene glycol, or a combina-
tion of one or more of the foregoing polymeric pre-
cipitants.

7. The method of any one of claims 1a or 2 to 6, wherein
the film is in the form of a microcapsule.

8. The method of claim 7, wherein a bioactive molecule
is encapsulated by the microcapsule.

9. The method of claim 1b, wherein the first layer of
polyelectrolyte, the second layer of polyelectrolyte,
or both, is deposited on the substrate in the presence
of a polymeric precipitant.

Patentansprüche

1. Verfahren zur Herstellung eines Films, wobei das
Verfahren umfasst:

entweder

a) Abscheiden eines Polyelektrolyten einer
ersten Schicht auf einer Oberfläche eines
Substrats, um eine erste Schicht auszubil-
den; und
Abscheiden eines Polyelektrolyten einer
zweiten Schicht auf dem Polyelektrolyten
der ersten Schicht, um eine zweite Schicht
auszubilden;
wobei

(i) der Polyelektrolyt der ersten Schicht
und/oder der Polyelektrolyt der zweiten
Schicht auf dem Substrat in Gegenwart
eines polymeren Fällungsmittels abge-
schieden werden;
(ii) der Polyelektrolyt der ersten Schicht
und der Polyelektrolyt der zweiten
Schicht Nettoladungen mit entgegen-
gesetzter Polarität aufweisen; und
(iii) das Polypeptid der ersten Schicht
und/oder das Polypeptid der zweiten
Schicht in Gegenwart eines bioaktiven
Moleküls abgeschieden werden und/
oder das Substrat ein bioaktives Mole-
kül aufweist;

oder
(b) Abscheiden eines bioaktiven Moleküls
auf der Oberfläche eines Substrats in Ge-
genwart eines polymeren Fällungsmittels;
Abscheiden eines Polyelektrolyten einer er-
sten Schicht auf einer Oberfläche des Sub-
strats, um eine erste Schicht auszubilden;
und
Abscheiden eines Polyelektrolyten einer
zweiten Schicht auf dem Polyelektrolyten
der ersten Schicht, um eine zweite Schicht
auszubilden;
wobei der Polyelektrolyt der ersten Schicht
und der Polyelektrolyt der zweiten Schicht
Nettoladungen mit entgegengesetzter Po-
larität aufweisen.

2. Verfahren nach Anspruch 1a, wobei das bioaktive
Molekül in Form einer Beschichtung auf dem Sub-
strat oder in Form eines Kerns vorliegt.

3. Verfahren nach Anspruch 1 oder 2, wobei das Sub-
strat eine Schablone aufweist, die zum Zerfall nach
der Polyelektrolyt-Mehrschichtfilmabscheidung ge-
eignet ist.

4. Verfahren nach Anspruch 1a, wobei der Polyelek-
trolyt der ersten Schicht, der Polyelektrolyt der zwei-
ten Schicht oder beide ein bestimmtes Polypeptid
aufweisen, wobei das bestimmte Polypeptid ein oder
mehrere erste Aminosäuresequenzmotive aufweist,
wobei das eine oder die mehreren Aminosäurese-
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quenzmotive aus 5 bis 15 Aminosäureresten beste-
hen und einen Betrag der Nettoladung pro Rest von
mehr als oder gleich 0,4 aufweisen, und
wobei das bestimmte Polypeptid kein Homopolypep-
tid ist, mindestens 15 Aminosäurereste lang ist und
einen Betrag der Nettoladung pro Rest von mehr als
oder gleich 0,4 aufweist.

5. Verfahren nach einem der Ansprüche 1a oder 2 bis
4, das außerdem das Abscheiden eines bioaktiven
Moleküls auf der Oberfläche des Substrats vor dem
Abscheiden des Polyelektrolyten der ersten Schicht
umfasst.

6. Verfahren nach einem der Ansprüche 1a oder 2 bis
5, wobei das polymere Fällungsmittel Polyethylen-
glycol, Polyacrylsäure, Polyvinylalkohol, Polyvinyl-
pyrrolidon, Polypropylenglycol oder eine Kombinati-
on von einem oder mehreren der vorangehenden
polymeren Fällungsmittel aufweist.

7. Verfahren nach einem der Ansprüche 1a oder 2 bis
6, wobei der Film in Form einer Mikrokapsel vorliegt.

8. Verfahren nach Anspruch 7, wobei ein bioaktives
Molekül durch die Mikrokapsel eingekapselt wird.

9. Verfahren nach Anspruch 1b, wobei die erste
Schicht des Polyelektrolyten, die zweite Schicht des
Polyelektrolyten oder beide auf dem Substrat in Ge-
genwart eines polymeren Fällungsmittels abge-
schieden werden.

Revendications

1. Procédé de fabrication d’un film, le procédé compor-
tant les étapes consistant à soit :

a) déposer un polyélectrolyte de première cou-
che sur une surface d’un substrat pour former
une première couche ; et déposer un polyélec-
trolyte de seconde couche sur le polyélectrolyte
de première couche pour former une seconde
couche ;
dans lequel

(i) le polyélectrolyte de première couche, le
polyélectrolyte de seconde couche, ou les
deux, est (sont) déposé(s) sur le substrat
en présence d’un précipitant polymère ;
(ii) le polyélectrolyte de première couche et
le polyélectrolyte de seconde couche ont
des charges nettes de polarité opposée ; et
(iii) le polypeptide de première couche, le
polypeptide de seconde couche, ou les
deux, est (sont) déposé(s) en présence
d’une molécule bioactive et/ou le substrat

comporte une molécule bioactive ;

soit
(b) déposer une molécule bioactive sur la sur-
face d’un substrat en présence d’un précipitant
polymère ;
déposer un polyélectrolyte de première couche
sur une surface du substrat pour former une pre-
mière couche ; et déposer un polyélectrolyte de
seconde couche sur le polyélectrolyte de pre-
mière couche pour former une seconde
couche ;
dans lequel le polyélectrolyte de première cou-
che et le polyélectrolyte de seconde couche ont
des charges nettes de polarité opposée.

2. Procédé selon la revendication 1a, dans lequel la
molécule bioactive se présente sous la forme d’un
revêtement sur le substrat, ou se présente sous la
forme d’un noyau.

3. Procédé selon la revendication 1 ou 2, dans lequel
le substrat comporte une matrice adaptée pour une
désintégration après un dépôt de film à plusieurs
couches de polyélectrolyte.

4. Procédé selon la revendication 1a, dans lequel le
polyélectrolyte de première couche, le polyélectro-
lyte de seconde couche, ou les deux, comporte(nt)
un polypeptide désigné, dans lequel le polypeptide
désigné comporte un ou plusieurs premiers motifs
de séquences d’acides aminés, dans lequel le ou
les motifs de séquences d’acides aminés est (sont)
constitué(s) de 5 à 15 résidus d’acides aminés et a
(ont) une grandeur de charge nette par résidu supé-
rieure ou égale à 0,4, et
dans lequel le polypeptide désigné n’est pas un ho-
mopolypeptide, a une longueur d’au moins 15 rési-
dus d’acides aminés, et a une grandeur de charge
nette par résidu supérieure ou égale à 0,4.

5. Procédé selon l’une quelconque des revendications
la ou 2 à 4, comportant en outre le dépôt d’une mo-
lécule bioactive sur la surface du substrat avant de
déposer le polyélectrolyte de première couche.

6. Procédé selon l’une quelconque des revendications
1a ou 2 à 5, dans lequel le précipitant polymère com-
porte du polyéthylène  glycol, de l’acide polyacryli-
que, de l’alcool polyvinylique, de la polyvinylpyrroli-
done, du polypropylène glycol, ou une combinaison
d’un ou plusieurs des précipitants polymères précé-
dents.

7. Procédé selon l’une quelconque des revendications
la ou 2 à 6, dans lequel le film se présente sous la
forme d’une microcapsule.

25 26 



EP 1 957 050 B1

15

5

10

15

20

25

30

35

40

45

50

55

8. Procédé selon la revendication 7, dans lequel une
molécule bioactive est encapsulée par la microcap-
sule.

9. Procédé selon la revendication 1b, dans lequel la
première couche de polyélectrolyte, la seconde cou-
che de polyélectrolyte, ou les deux, est (sont) dépo-
sée(s) sur le substrat en présence d’un précipitant
polymère.
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