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1
MOISTURE DISPLACEMENT AND
SIMULTANEOUS MIGRATION OF
SURFACE-FUNCTIONALIZED ALGAE
FROM WATER TO AN EXTRACTION
SOLVENT USING IONIC
POLYELECTROLYTES

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 62/309,293, filed on Mar. 16,
2016, which is incorporated herein by reference.

STATEMENT OF GOVERNMENTAL SUPPORT

This invention was made with government support
awarded by the United States Department of Energy (US-
DOE) through National. Alliance for Advanced Biofuels and
Bioproducts (NAABB) (Grant NumberDE-EE0003046).
The government has certain rights in the invention.

FIELD OF THE INVENTION

This invention is in the field of micro-organism and algal
cell processing. The invention relates to a method of maxi-
mizing migration of micro-organism and/or algal cells to a
solvent fraction while simultaneously displacing water in a
separate fraction and subsequent extraction of hydrophobic
products from the organisms. The invention further relates to
a method of sequestration of protein from an aqueous
multi-component suspension to an extracting solvent.

BACKGROUND OF THE INVENTION

Efficient microalgae dewatering is a major problem that
continuously plagues industrial-scale processing of microal-
gae metabolites for commercial use. Large scale cultivation
of algal biomass is typically produced with a high volume of
water, in some cases greater than 95%. As a result, harvest-
ing concentrated microalgal cultures presents a significant
economic challenge to industries such as algae-based fuels
that are critically dependent on improvement of techniques
and practices designed to remove algae from water. What is
needed is a technique designed to maximize migration of
algal cells to a solvent fraction while simultaneously dis-
placing water in a separate fraction.

SUMMARY OF THE INVENTION

This invention is in the field of micro-organism and algal
cell processing. The invention relates to a method of maxi-
mizing migration of micro-organism and/or algal cells to a
solvent fraction while simultaneously displacing water in a
separate fraction and subsequent extraction of hydrophobic
products from the organisms. The invention further relates to
a method of sequestration of protein from an aqueous
multi-component suspension to an extracting solvent. In
some embodiments, the process displaces extracellular as
well as internal (intracellular) water.

This invention is described in preferred embodiments in
the following description with reference to the Figures, in
which like numbers represent the same or similar elements.
Reference throughout this specification to “one embodi-
ment,” “an embodiment,” or similar language means that a
particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one
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embodiment of the present invention. Thus, appearances of
the phrases “in one embodiment,” “in an embodiment,” and
similar language throughout this specification may, but do
not necessarily, all refer to the same embodiment.

The described features, structures, or characteristics of the
invention may be combined in any suitable manner in one or
more embodiments. In the following description, numerous
specific details are recited to provide a thorough understand-
ing of embodiments of the invention. One skilled in the
relevant art will recognize, however, that the invention may
be practiced without one or more of the specific details, or
with other methods, components, materials, and so forth. In
other instances, well-known structures, materials, or opera-
tions are not shown or described in detail to avoid obscuring
aspects of the invention.

In one embodiment, the invention contemplates a method
for the extraction of algal oil comprising: a) providing: i)
algae cells comprising algal oil and a hydrophilic cell
surface; i1) an amphiphilic agent capable of converting said
hydrophilic cell surface to a hydrophobic cell surface; and
iii) an extractant; b) adding said amphiphilic agent to said
algae cells under conditions such that said hydrophobic cell
surface is created, and c) purifying said algal oil with said
extractant. In one embodiment, said algae cells comprise an
aqueous solution/phase. In one embodiment, said algae cells
are in an aqueous solution/phase. In one embodiment, said
amphiphilic agent is Poly(diallyldimethylammonium chlo-
ride). In one embodiment, said amphiphilic agent is Poly
(sodium 4-styrenesulfonate). In one embodiment, said
amphiphilic agent is Poly(3-(1-Pyridinio)-1-propanesul-
fonate). In one embodiment, said amphiphilic agent is a
monomeric form of at least one of the group consisting of
diallyldimethylammonium chloride, sodium 4-styrenesul-
fonate, and 3-(1-Pyridinio)-1-propanesulfonate. In one
embodiment, said amphiphilic agent is an oligomeric form
of at least one of the group consisting of diallyldimethyl-
ammonium chloride, sodium 4-styrenesulfonate, and 3-(1-
Pyridinio)-1-propanesulfonate. In one embodiment, said
puritying releases said algal oil from said algae cells. In one
embodiment, said purifying comprises using a homogenizer
to release said algal oil from said algae cells. In one
embodiment, said method further comprises purifying said
released algal oil with said extractant. In one embodiment,
said algae cells are Nannochloropsis oculata. In one
embodiment, said algae cells are Chlorella vulgaris. In one
embodiment, said extractant comprises non-polar solvent. In
one embodiment, said extractant comprises a water-immis-
cible solvent. In one embodiment, said water-immiscible
solvent comprises hexane. In one embodiment, said method
further comprises vigorously mixing polymeric/oligomeric/
monomeric cationic electrolytes and hydrophobic ligands/
residues (such as poly/monomeric diallyl dimethyl ammo-
nium chloride (DADMAC)) to said algae cells in a water
solution. In one embodiment, said method further comprises
mixing a water-immiscible solvent to said water solution to
produce a biphasic mixture. In one embodiment, said
method further comprises separating the biphasic mixture.
In one embodiment, the separating comprises allowing the
mixture to stand undisturbed. In one embodiment, the sepa-
rating further comprises concentrating the electrolyte-bound
algae in the water-immiscible solvent phase. In one embodi-
ment, the method further comprises isolating the aqueous
phase from the water-immiscible solvent phase. In one
embodiment, the isolating comprises use of a device includ-
ing, but not limited to, a micropipette, syringe or a separa-
tory funnel. In one embodiment, the method further com-
prises performing a gravimetric analysis on the aqueous
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phase or the water immiscible solvent phase. In one embodi-
ment, said method further comprises diluting said cationic
electrolyte polymers in water. In one embodiment, the
diluted cationic electrolyte polymers are added to an algal
suspension. Although it is not necessary to understand the
mechanism of an invention it is believed that diluted poly-
mers ensure polymer dispersion to improve surface coverage
of the polymer on the algae suspension. In one embodiment,
the method further comprises modulating hydrophobicity of
the polymer-coated algae surface. In one embodiment, the
polymer-coated algae surface hydrophobicity is modulated
by changing at least one electrolyte hydrophobic ligand/
residue. In one embodiment, the electrolyte forms fissures in
the algal surface promoting internal water removal. In one
embodiment, the method further comprises purifying said
algae from a biological matrix. In one embodiment, the
puritying comprises using anionic or cationic electrolytes. In
one embodiment, said algal oil (lipids) is directly absorbed
to extractant (e.g. hexane) phase. In one embodiment, said
algae cells comprise algal protein and a hydrophilic cell
surface. In one embodiment, said proteins are manipulated,
depending on pH of said aqueous phase, to be moved to
extractant (e.g. hexane) or retained in aqueous phase. In one
embodiment, modulating the pH of the aqueous phase,
various components (oil or protein) are manipulated to
migrate into the extractant or said aqueous phase.

In one embodiment, the invention contemplates a method
for the extraction of algal protein, comprising: a) providing:
1) an aqueous solution containing algae cells, said algae cells
comprising hydrophilic algal protein; ii) an amphiphilic
agent capable of converting said hydrophilic algal protein to
a hydrophobic algal protein; and iii) an extractant; b) adding
said amphiphilic agent to said algae cells under conditions
such that said hydrophobic algal protein is created, and c)
puritying said algal protein with said extractant. In one
embodiment, said amphiphilic agent is Poly(diallyldimeth-
ylammonium chloride). In one embodiment, said amphiphi-
lic agent is Poly(sodium 4-styrenesulfonate). In one embodi-
ment, wherein said amphiphilic agent is Poly(3-(1-
Pyridinio)-1-propanesulfonate). In one embodiment, said
amphiphilic agent is a monomeric form of at least one of the
group consisting of diallyldimethylammonium chloride,
sodium 4-styrenesulfonate, and 3-(1-Pyridinio)-1-propane-
sulfonate. In one embodiment, said amphiphilic agent is an
oligomeric form of at least one of the group consisting of
diallyldimethylammonium chloride, sodium 4-styrenesul-
fonate, and 3-(1-Pyridinio)-1-propanesulfonate. In one
embodiment, the puritying releases said algal protein from
said algae cells. In one embodiment, said purifying uses a
homogenizer to release said algal protein from said algae
cells. In one embodiment, said method further comprises
puritying said released algal protein with said extractant. In
one embodiment, said algae cells are Nannochloropsis ocu-
lata. In one embodiment, said algae cells are Chlorella
vulgaris. In one embodiment, said extractant comprises
non-polar solvent. In one embodiment, said extractant com-
prises hexane. In one embodiment, said the ratio of extract-
ant to aqueous solution is 2:1 or less. In one embodiment,
said proteins are manipulated, depending on pH of said
aqueous solution, to be moved to extractant (e.g. hexane) or
retained in aqueous phase. In one embodiment, modulating
the pH of the aqueous solution, various components (oil or
protein) are manipulated to migrate into the extractant or
said aqueous solution.

In one embodiment, the invention contemplates a method
for the extraction of protein, comprising: a) providing: i) an
aqueous solution containing a complex multi-component
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suspension, said complex multi-component suspension
comprising hydrophilic protein; ii) an amphiphilic agent
capable of converting said hydrophilic protein to a hydro-
phobic protein; and iii) an extractant; b) adding said amphi-
philic agent to said complex multi-component suspension
under conditions such that said hydrophobic protein is
created, and ¢) purifying said protein with said extractant. In
one embodiment, said amphiphilic agent is Poly(diallyldim-
ethylammonium chloride). In one embodiment, said amphi-
philic agent is Poly(sodium 4-styrenesulfonate). In one
embodiment, wherein said amphiphilic agent is Poly(3-(1-
Pyridinio)-1-propanesulfonate). In one embodiment, said
amphiphilic agent is a monomeric form of at least one of the
group consisting of diallyldimethylammonium chloride,
sodium 4-styrenesulfonate, and 3-(1-Pyridinio)-1-propane-
sulfonate. In one embodiment, said amphiphilic agent is an
oligomeric form of at least one of the group consisting of
diallyldimethylammonium chloride, sodium 4-styrenesul-
fonate, and 3-(1-Pyridinio)-1-propanesulfonate. In one
embodiment, said complex multi-component suspension
comprises broken down cells. In one embodiment, said
complex multi-component suspension comprises major cel-
Iular components (such as carbohydrates, lipids and other
cellular debris). In one embodiment, the purifying releases
said protein from said complex multi-component suspen-
sion. In one embodiment, said puritying uses a homogenizer
to release said protein from said complex multi-component
suspension. In one embodiment, said method further com-
prises purifying said released protein with said extractant. In
one embodiment, said complex multi-component suspen-
sion comprises non-algal proteins. In one embodiment, said
complex multi-component suspension comprises microor-
ganisms. In one embodiment, said extractant comprises
non-polar solvent. In one embodiment, said extractant com-
prises hexane. In one embodiment, said the ratio of extract-
ant to aqueous solution is 2:1 or less. In one embodiment,
said proteins are manipulated, depending on pH of said
aqueous solution, to be moved to extractant (e.g. hexane) or
retained in aqueous phase. In one embodiment, modulating
the pH of the aqueous solution, various components (oil or
protein) are manipulated to migrate into the extractant or
said aqueous solution.

In one embodiment, the invention contemplates a method
for the extraction of protein, comprising: a) providing: 1) an
aqueous solution containing a multi-component suspension,
said multi-component suspension comprising hydrophilic
protein; ii) an amphiphilic agent capable of converting said
hydrophilic protein to a hydrophobic protein; and iii) an
extractant; b) adding said amphiphilic agent to said multi-
component suspension, and ¢) purifying said protein with
said extractant. In one embodiment, said amphiphilic agent
is Poly(diallyldimethylammonium chloride). In one embodi-
ment, said amphiphilic agent is Poly(sodium 4-styrenesul-
fonate). In one embodiment, wherein said amphiphilic agent
is Poly(3-(1-Pyridinio)-1-propanesulfonate). In one embodi-
ment, said amphiphilic agent is a monomeric form of at least
one of the group consisting of diallyldimethylammonium
chloride, sodium 4-styrenesulfonate, and 3-(1-Pyridinio)-1-
propanesulfonate. In one embodiment, said amphiphilic
agent is an oligomeric form of at least one of the group
consisting of diallyldimethylammonium chloride, sodium
4-styrenesulfonate, and 3-(1-Pyridinio)-1-propanesulfonate.
In one embodiment, said multi-component suspension com-
prises broken down cells. In one embodiment, said multi-
component suspension comprises major cellular compo-
nents (such as carbohydrates, lipids and other cellular
debris). In one embodiment, the purifying releases said
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protein from said multi-component suspension. In one
embodiment, said purifying uses a homogenizer to release
said protein from said multi-component suspension. In one
embodiment, said method further comprises purifying said
released protein with said extractant. In one embodiment,
said multi-component suspension comprises non-algal pro-
teins. In one embodiment, said multi-component suspension
comprises microorganisms. In one embodiment, said
extractant comprises non-polar solvent. In one embodiment,
said extractant comprises hexane. In one embodiment, said
the ratio of extractant to aqueous solution is 2:1 or less. In
one embodiment, said proteins are manipulated, depending
on pH of said aqueous solution, to be moved to extractant
(e.g. hexane) or retained in aqueous phase. In one embodi-
ment, modulating the pH of the aqueous solution, various
components (oil or protein) are manipulated to migrate into
the extractant or said aqueous solution.

In one embodiment, the invention contemplates a method
for the extraction of protein, comprising: a) providing: i) an
aqueous solution containing a multi-component suspension,
said multi-component suspension comprising hydrophilic
protein; ii) an amphiphilic agent; and iii) an extractant; b)
adding said amphiphilic agent to said multi-component
suspension, and c¢) purifying said protein with said extract-
ant. In one embodiment, said amphiphilic agent associates
with said hydrophilic protein under such conditions that said
protein attains hydrophobic properties. In one embodiment,
said amphiphilic agent is Poly(diallyldimethylammonium
chloride). In one embodiment, said amphiphilic agent is
Poly(sodium 4-styrenesulfonate). In one embodiment,
wherein said amphiphilic agent is Poly(3-(1-Pyridinio)-1-
propanesulfonate). In one embodiment, said amphiphilic
agent is a monomeric form of at least one of the group
consisting of diallyldimethylammonium chloride, sodium
4-styrenesulfonate, and 3-(1-Pyridinio)-1-propanesulfonate.
In one embodiment, said amphiphilic agent is an oligomeric
form of at least one of the group consisting of diallyldim-
ethylammonium chloride, sodium 4-styrenesulfonate, and
3-(1-Pyridinio)-1-propanesulfonate. In one embodiment,
said multi-component suspension comprises broken down
cells. In one embodiment, said multi-component suspension
comprises major cellular components (such as carbohy-
drates, lipids and other cellular debris). In one embodiment,
the purifying releases said protein from said multi-compo-
nent suspension. In one embodiment, said purifying uses a
homogenizer to release said protein from said multi-com-
ponent suspension. In one embodiment, said method further
comprises purifying said released protein with said extract-
ant. In one embodiment, said multi-component suspension
comprises non-algal proteins. In one embodiment, said
multi-component suspension comprises microorganisms. In
one embodiment, said extractant comprises non-polar sol-
vent. In one embodiment, said extractant comprises hexane.
In one embodiment, said the ratio of extractant to aqueous
solution is 2:1 or less. In one embodiment, said proteins are
manipulated, depending on pH of said aqueous solution, to
be moved to extractant (e.g. hexane) or retained in aqueous
phase. In one embodiment, modulating the pH of the aque-
ous solution, various components (oil or protein) are
manipulated to migrate into the extractant or said aqueous
solution.

Definitions

To facilitate the understanding of this invention, a number
of terms are defined below. Terms defined herein have
meanings as commonly understood by a person of ordinary
skill in the areas relevant to the present invention. Terms
such as “a”, “an” and “the” are not intended to refer to only
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a singular entity, but include the general class of which a
specific example may be used for illustration. The terminol-
ogy herein is used to describe specific embodiments of the
invention, but their usage does not delimit the invention,
except as outlined in the claims.

The use of the word “a” or “an” when used in conjunction
with the term “comprising” is used herein to describe “one,”
but it is also consistent with the meaning of “one or more,”
“at least one,” and “one or more than one.”

The use of the term “or” in the claims is used to mean
“and/or” unless explicitly indicated to refer to alternatives
only or the alternatives are mutually exclusive, although the
disclosure supports a definition that refers to only alterna-
tives and “and/or.”

The terms “inhibiting” or “reducing” or any variation of
these terms, when is used herein to describe any measurable
decrease or complete inhibition to achieve a desired result.

The term “effective,” as that term is used herein to
describe adequate to accomplish a desired, expected, or
intended result.

As used herein, the term “algae” or “algae cells” is used
herein to describe various algal species. Algal sources can
include, but are not limited to, unicellular and multicellular
algae. Examples of such algae can include a rhodophyte,
chlorophyte, heterokontophyte, tribophyte, glaucophyte,
chlorarachniophyte, euglenoid, haptophyte, cryptomonad,
dinoflagellum, phytoplankton, and the like, and combina-
tions thereof. In one embodiment, algae can be of the classes
Chlorophyceae and/or Haptophyta. Specific species can
include, but are not limited to, Neochloris oleoabundans,
Scenedesmus dimorphus, Euglena gracilis, Phaeodactylum
tricornutum, Pleurochrysis carterae, Prymnesium parvum,
Tetraselmis chuft, and Chlamydomonas reinhardtii. Addi-
tional or alternate algal sources can include one or more
microalgae of the Achnanthes, Amphiprora, Amphora,
Ankistrodesmus, Asteromonas, Boekelovia, Borodinella,
Botryococcus, Bracteococcus, Chaetoceros, Carteria, Chla-
mydomonas, Chlorococcum, Chlorogonium, Chlorella,
Chroomonas, Chrysosphaera, Cricosphaera, Cryptheco-
dinium, Cryptomonas, Cyclotella, Dunaliella, Ellipsoidon,
Emiliania, Eremosphaera, Ernodesmius, Euglena, Fran-
ceia, Fragilaria, Gloeothamnion, Haematococcus, Halocaf-
eteria, Hymenomonas, Isochrysis, Lepocinclis, Micrac-
tinium, Monovaphidium, Nannochloris, Nannochloropsis,
Navicula, Neochloris, Nephrochloris, Nephroselmis, Nitzs-
chia, Ochromonas, Oedogonium, Qocystis, Ostreococcus,
Pavlova, Parachlorella, Pascheria, Phaeodactylum, Pha-
gus, Pichochlorum, Pseudoneochloris, Pseudostaurastrum,
Platymonas, Pleurochrysis, Pleurococcus, Prototheca,
Pseudochlorella, Pyramimonas, Pyrobotrys, Scenedesmus,
Schizochlamydella, Skeletonema, Spyrogyra, Stichococcus,
Tetrachlovella, Ietraselmis, Thalassiosira, Tribonema,
Vaucheria, Viridiella, and Volvox species, and/or one or
more cyanobacteria of the Agmenellum, Anabaena, Anabae-
nopsis, Anacystis, Aphanizomenon, Arthrospira, Astero-
capsa, Borzia, Calothrix, Chamaesiphon, Chlorogloeopsis,
Chroococcidiopsis, Chroococcus, Crinalium, Cyanobacte-
rium, Cyanobium, Cyanocystis, Cyanospira, Cyanothece,
Cylindrospermopsis, Cylindrospermum, Dactylococcopsis,
Dermocarpella, Fischerella, Fremyella, Geitleria, Geitler-
inema, Gloeobacter, Gloeocapsa, Gloeothece, Halospir-
ulina, Iyengariella, Leptolyngbya, Limnothrix, Lyngbya,
Microcoleus, Microcystis, Myxosarcina, Nodularia, Nostoc,
Nostochopsis, Oscillatoria, Phormidium, Planktothrix,
Pleuracatpsa, Prochlorococcus, Prochloron, Prochloro-
thrix, Pseudanabaena, Rivularia, Schizothrix, Scytonema,
Spirulina, Stanieria, Starria, Stigonema, Symploca, Syn-
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echococcus, Synechocystis, Tolypothrix, Irichodesmium,
Tychonema, and Xenococcus species.

As used herein, the tell “harvesting” is used herein to
describe the concentration of algal cells by various methods
including, but not limited to coagulation, flocculation, flo-
tation, centrifugation, screen or membrane filtration, and
gravity sedimentation.

As used herein, the term “natural products™ is used herein
to describe various chemicals, molecules, and proteins
including, but not limited to minerals, lipids, proteins,
omega-3 fatty acids, essential amino acids, polysaccharides,
and vitamins A, B, C, and E, bioactive metabolites, pig-
ments, and the like.

As used herein, the term “algal oil” is used to describe
mono, di, and triglycerides of algal origin.

As used herein, the term “extractant” is used herein to
describe a liquid used to remove a solute or suspended
matter (the system can remove not only solutes but also
particles/suspensions) from another liquid.

As used herein, the term “solvent” is used herein to
describe a liquid that serves as the medium for a reaction or
a medium for the distribution of components of different
phases or extraction of components into said solvent.

As used herein, the term “polar solvent™ is used herein to
describe solvents that have large dipole moments (aka
“partial charges”); they often contain bonds between atoms
with very different electronegativities, such as oxygen and
hydrogen. Non-limiting examples of polar solvents include
polar aprotic solvents and polar protic solvents. Non-limit-
ing examples of polar protic solvents include but are not
limited to: formic acid, n-butanol, isopropanol, n-propanol,
ethanol, methanol, acetic acid, and water. Non-limiting
examples of polar aprotic solvents include but are not
limited to: tetrahydrofuran, ethyl acetate, acetone, dimeth-
ylformamide, acetonitrile, dimethyl sulfoxide, nitrometh-
ane, and propylene carbonate.

As used herein, the term “miscibility” is used herein to
describe the property of substances to mix in all proportions,
forming a homogeneous solution. The term is most often
applied to liquids, but applies also to solids and gases. Water
and ethanol, for example, are miscible because they mix in
all proportions.

As used herein, the term “water miscible solvent” is used
herein to describe solvents that are able to form a homoge-
neous solution with water. Examples of water miscible
solvents include, but are not limited to: acetic acid, acetone,
acetonitrile, dimethylformamide, dimethyl sulfoxide, diox-
ane, ethanol, methanol, n-propanol, isopropanol, and tetra-
hydrofuran.

As used herein, the term “non-polar solvent” is used
herein to describe solvents contain bonds between atoms
with similar electronegativities, such as carbon and hydro-
gen (for example hydrocarbons, such as gasoline). Non-
limiting examples of non-polar solvents include, but are not
limited to: pentane, cyclopentane, hexane, cyclohexane,
benzene, toluene, 1,4-dioxane, chloroform, diethyl ether,
and dichloromethane.

As used herein, the term “water immiscible solvents” is
used herein to describe solvents that are not able to form a
homogeneous solution with water. Examples of water
immiscible solvents include, but are not limited to: benzene,
n-butanol, butyl acetate, carbon tetrachloride, chloroform,
cyclohexane, 1,2-dichloroethane, chlorobenzene, methylene
chloride, ethyl acetate, di-ethyl ether, heptanes, hexane,
methyl-t-butyl ether, methyl ethyl ketone, pentane, petro-
leum ethers, di-isopopyl ether, trichloroethylene and xylene.
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The term “hydrophilic” as used herein, refers to a mol-
ecule or substance having an affinity for water; capable of
interacting with water through hydrogen bonding; Hydro-
philic molecules typically have polar groups enabling them
to readily absorb or dissolve in water as well as in other polar
solvents.

The term “hydrophobic” as used herein, refers to a
nonpolar substance or molecule that does not combine
readily with water molecules. Hydrophobic molecules dis-
associate from water. Water is a polar molecule which means
that it carries a partial charge between its atoms. Hydropho-
bic molecules are molecules that do not have a charge,
meaning they’re nonpolar. Hydrophobic materials often do
not dissolve in water, or in any solution that contains a
largely aqueous (watery) environment.

The wag “multi-component suspension” as used herein,
refers to a mixture of protein, carbohydrates, lipids and other
molecules. In some embodiments, a multi-component sus-
pension comprises of broken down cells, which includes a
mixture of protein, carbohydrates, lipids and other cellular
debris. In some embodiments, such multi-component sus-
pensions are in an aqueous solution.

As used herein, the term “amphiphilic agent™ refers to an
agent that modifies the interfacial tension of water; usually
substances that have one lipophilic and one hydrophilic
group in the molecule; includes soaps, detergents, emulsi-
fiers, dispersing and wetting agents, and several groups of
antiseptics. In some embodiments, amphiphilic agents inter-
fere with the hydrogen bonding of another molecule and
water.

As used herein, the term “flocculants” or “flocculating
agents” or “flocking agents” are used herein to describe
chemicals that cause colloids and other suspended particles
in liquids to aggregate, forming a floc. Flocculants are used
in water treatment processes to improve the sedimentation or
filterability of small particles. For example, a flocculant may
be used in swimming pool or drinking water filtration to aid
removal of microscopic particles which would otherwise
cause the water to be turbid (cloudy) and which would be
difficult or impossible to remove by filtration alone.

Particles in water finer than 0.1 pm remain continuously
in motion due to electrostatic charge (often negative), which
causes them to repel each other. Once their electrostatic
charge is neutralized by the use of coagulant chemical the
finer particles start to collide and agglomerate (combine
together) under the influence of Van der Waals’s forces.
These larger and heavier particles are called flocs.

The following chemicals are used as flocculants: alum,
aluminum chlorohydrate, aluminum sulfate, calcium oxide,
calcium hydroxide, iron(II) sulfate, iron(III) chloride, poly-
acrylamide, polyDADMAC, sodium aluminate, and sodium
silicate. The following natural products are used as floccu-
lants: chitosan, isinglass, Moringa oleifera seeds (Horserad-
ish Tree), gelatin, Strychnos potatorum seeds (Nirmali nut
tree), Guar gum, and Alginates (brown seaweed extracts).

The term “sugar” as used herein, refers to a monosaccha-
ride, disaccharide, trisaccharides, or polysaccharides. Mono-
saccharides have the general formula (CH,0),,, in which n
is an integer larger than 2. Disaccharides have the general
formula C, (H,0),,_,, with n larger than 5. Polysaccharides
include such substances as cellulose, dextrin, glycogen, and
starch.

The term “salts”, as used herein, refers to any salt or
counter ion that complexes with identified compounds con-
tained herein while retaining a desired function, e.g., bio-
logical activity. The term “counter ion”, as used herein,
refers to the ion that accompanies an ionic species in order
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to maintain electric neutrality. Examples of such salts
include, but are not limited to, acid addition salts formed
with inorganic acids (e.g. hydrochloric acid, hydrobromic
acid, sulfuric acid, phosphoric acid, nitric acid, and the like),
and salts formed with organic acids such as, but not limited
to, acetic acid, oxalic acid, tartaric acid, succinic acid, malic
acid, fumaric acid, maleic acid, ascorbic acid, benzoic acid,
tannic acid, pamoic acid, alginic acid, polyglutamic, acid,
naphthalene sulfonic acid, naphthalene disulfonic acid, and
polygalacturonic acid. Pharmaceutically acceptable salts
also include base addition salts which may be formed when
acidic protons present are capable of reacting with inorganic
or organic bases. Suitable pharmaceutically-acceptable base
addition salts include metallic salts, such as salts made from
aluminum, calcium, lithium, magnesium, potassium, sodium
and zinc, or salts made from organic bases including pri-
mary, secondary and tertiary amines, substituted amines
including cyclic amines, such as caffeine, arginine, diethyl-
amine, N-ethyl piperidine, histidine, glutamine, isopro-
pylamine, lysine, morpholine, N-ethyl morpholine, pipera-
zine, piperidine, triethylamine, trimethylamine. All of these
salts may be prepared by conventional means from the
corresponding compound of the invention by reacting, for
example, the appropriate acid or base with the compound of
the invention. Unless otherwise specifically stated, the pres-
ent invention contemplates pharmaceutically acceptable
salts of the considered compositions.

The term “hydrate” when used as a modifier to a com-
pound means that the compound has less than one (e.g.,
hemihydrate), one (e.g., monohydrate), or more than one
(e.g., dihydrate) water molecules associated with each com-
pound molecule, such as in solid forms of the compound.

An “isomer” of a first compound is a separate compound
in which each molecule contains the same constituent atoms
as the first compound, but where the configuration of those
atoms in three dimensions differs.

The term “saturated” when referring to an atom means
that the atom is connected to other atoms only by means of
single bonds.

DESCRIPTION OF THE FIGURES

The accompanying figures, which are incorporated into
and form a part of the specification, illustrate several
embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.
The figures are only for the purpose of illustrating a pre-
ferred embodiment of the invention and are not to be
construed as limiting the invention.

FIGS. 1A&B show a comparison of prior art methods.
FIG. 1A is a flow chart of standard methods. FIG. 1B shows
a flow chart of the Kanda method which focuses on com-
bined drying, cell disruption description, and solvent extrac-
tion in one step [1].

FIG. 2 shows moisture content analysis at 25% solvent:
broth (S:B) ratio (E1—0.1% initial ABC; E2—10% initial
ABC).

FIG. 3A shows moisture content analysis for 75% S:B
ratio and 0.1% Initial ABC versus settling time (1 hr
migration time (red); 24 hr migration time (green).

FIG. 3B shows moisture content analysis for 75% S:B
ratio and 10.0% Initial ABC versus settling time ((1 hr
migration time (red); 24 hr migration time (green).

FIG. 4 shows dry solids content of the aqueous phase for
25% S:B ratio and 1 hour settling time (E1—0.1% initial
ABC; E2—10% initial ABC).
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FIG. 5 shows dry solids content of the aqueous phase for
25% S:B ratio vs. settling time (E1-—0.1% initial ABC;
E2—10% initial ABC).

FIG. 6 shows dry solids content of the aqueous phase for
1 hour settling time (S:B ratio vs. surface modifier concen-
tration) (C1—25% S:B ration; C2—75% S:B ratio).

FIG. 7 shows water phase quantity of algal mass (initial
concentration vs. surface modifier concentration).

FIG. 8 shows water phase quantity of algal mass for 24
hour settling time and 0.1% initial ABC (S:B ratio vs.
surface modifier concentration) (C1—25% S:B ration;
C2—75% S:B ratio).

FIG. 9 shows the effects of 5% surface modifier B
interaction in both water layer and solvent layer (C1—25%
S:B ration; C2—75% S:B ratio).

FIG. 10A-D shows the effect of surfactant on miscibility
of algae with chloroform. FIG. 10A shows 0.1% TSS algae
with solvent; FIG. 10B shows 0.1% TSS algae mixed with
polyDADMAC surfactant and then mixed with solvent;
FIG. 10C shows 10% TSS algae with solvent; and FIG. 10D
shows 10% TSS algae mixed with surfactant and then mixed
with solvent.

FIG. 11 shows an illustrative summary of one embodi-
ment of the methodology of the current invention.

FIG. 12 is a pictorial depiction of possible mechanism e
hydrophilic algal surface (or chemical moiety) can be func-
tionalized to be hydrophobic via cationic polymer attach-
ment (or vice versa) by modulating the ligands of the surface
active polymer.

FIG. 13A-D shows TSS in aqueous and solvent phases.
FIG. 13 A shows solvent phase TSS after 2 h of settling, FIG.
13B shows the solvent phase TSS after 24 h of settling, FIG.
13C shows the aqueous phase TSS after 2 h of settling and
FIG. 13D shows the aqueous phase TSS after 24 h of
settling.

FIGS. 14A&B shows the volume of aqueous phase after
2 h settling time (FIG. 14A) and after 24 h settling time
(FIG. 14B).

FIG. 15 shows solid content in each phase as a percentage
of total solids in the mixture. Independent axis represents
combinations of surfactant molecular weight (High,
Medium and Low) and solvent (c: chloroform, d: dichlo-
romethane, h: hexane).

FIG. 16 shows a model protein completely migrated from
clear aqueous phase to an adjacent solvent (and forming an
easy to separate gel) after interacting with ionic electrolytes.

FIG. 17 shows a schematic of the protein migration
process and the analytical procedure (Note: W,, Water—
Weight of particles in water phase. W0, Hexane—Weight of
particles in Hexane phase) Measuring Zeta potential of the
egg albumin suspension: Zeta potential is the surface charge
amolecule carries. The zeta potential of the egg albumin was
measured using Beckman Coulter (Delsa Nano C) Zeta
Sizer. The zeta potential of the proteins was measured using
a flow cell. The surface charge was measured for proteins at
different system pH before subjecting to the migration
process. Water samples were collected and again analyzed
for zeta potential after the two-phase separation occurred to
evaluate the effect of the polymer addition on the zeta
potential of the proteins remaining in the water system.

FIG. 18 shows the effect of equilibration time on albumin
migration from aqueous phase to solvent phase.

FIG. 19 shows the effect of temperature on protein
migration from aqueous phase to solvent phase.

FIG. 20 shows a diagram showing the different forces
acting on a drop depending on which phase is
continuous [2].
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FIG. 21 shows solids migration as a function of hexane
(H) to water (W) ratio.

FIG. 22 shows solids migration in various ratios of hexane
(H) to water (W) ratio.

FIG. 23 shows the effect of surface modifier type on the
migration system.

FIG. 24 shows that the water phase tends to become milky
with the increase in the molecular weight of the polymer.

FIG. 25A-D shows various effects of pH on zeta potential
of egg albumin.

FIG. 25A shows the zeta potential before polymer addi-
tions was measured for the three pH levels and was found to
be -3.72 mV, -6.58 mV and -25.1 mV for pH 6, 7, and 8
respectively.

FIG. 25B shows further analysis [3] indicates that this
system lies in the region marked by a red oval in the
generalized pH vs. Zeta-potential curve alluding that the
system is well dispersed and a reduction of pH would force
the system to arrive at its isoelectric point—which also
would lead to floc formation (indicating the possibility of
better particle separation/migration from aqueous phase
given adequate hydrophobicity is attained).

FIG. 25C and FIG. 25D suggest that under neutral pH
conditions, the amount of proteins migrating to hexane
phase is optimum.

FIG. 26A-C shows the effect of polyelectrolyte concen-
tration and zeta potential on protein migration.

FIGS. 27A&B shows FTIR Spectra of (FIG. 27A) pure
egg albumin and (FIG. 27B) albumin after extraction and an
overlap of the two.

FIG. 28 shows an SDS-PAGE of extracted proteins using
Separation of Proteins using Ionic Nanomaterials (S.P.I.N.).
Lane: 1) molecular weight marker; 2) Albumin sample
diluted 10x; 3) albumin sample 20x; 4) Blank; 5) Polymer-
albumin 10x; 6) Polymer-albumin 20x.

FIGS. 29A&B shows scanning electron microscopy
images of protein and protein-polymer complex. FIG. 29A
show an image of proteins (294x) FIG. 29B shows an image
of a single protein unit (944x).

DESCRIPTION OF THE INVENTION

There have been many attempts at processing algae. One
reference, United States Patent Application 2010-0261922
[4], discloses centrifuging a wet algal biomass to increase
the solid content to between approximately 10% and 40%,
mixing the centrifuged algal biomass with an amphiphilic
solvent, heating the mixture to produce a dehydrated, defat-
ted algal biomass, separating the amphiphilic solvent from
the dehydrated, defatted algal biomass to result in amphi-
philic solvent, water and lipids, evaporating the amphiphilic
solvent from the water and the lipids, and separating the
water from the lipids. The amphiphilic solvent may be
selected from a group consisting of dimethyl ether, acetone,
methanol, ethanol, isopropanol, butanone, propionaldehyde,
and other similar solvents. Other exemplary methods
include filtering a wet algal biomass through a membrane to
increase its solid content to between approximately 10% and
40% to produce a filtered algal biomass. This reference does
not disclose the use of amphiphilic agents in addition to
commonly used solvents.

Another reference, United States Patent Application
20100068772 [5], discloses methods for solubilizing algae
or algal material to facilitate the recovery of oils or lipids, as
well as hydrocarbons and carbohydrates, from algae or algal
material. The methods involve contacting algae or algal
material with an oxoacid ester or thioacid ester of phospho-
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rus (or a mixture of an oxoacid of phosphorus and/or an
alcohol) to solubilize the algae or algal material. These
methods optionally comprise bioconversion of the solubi-
lized algae or algal material to form a composition suitable
for recovery of oils and non-oil chemicals.

Another reference, United States Patent Application
20100304452 [6], discloses a process for producing biofuels
from algae by cultivating an oil-producing algae, extracting
the algal oil, and converting the algal oil to biodiesel.
Extracting the algal oil from the oil-producing algae may
include biologically rupturing cell wall and oil vesicles of
the oil-producing algae using at least one enzyme such as a
cellulose or glycoproteinase, a structured enzyme system
such as a cellulosome, or viruses. This reference does not
disclose the use of amphiphilic agents to induce extraction
of algae oil.

Another reference, U.S. Pat. No. 6,166,231 [7], discloses
a method of separating edible oil from biological material.
A biomass slurry containing microbial material in an aque-
ous suspension is centrifuged and then homogenized. The
resulting slurry is fed into a contacting device, such as a
packed column, and mixed with a solvent that is immiscible
in water (e.g. hexane). The solvent extracts and separates the
oil from the biomass slurry. Edible oil is recovered from the
solvent and further processed. This reference does not
disclose the use of amphiphilic agents to induce extraction
of algae oil.

Another reference, U.S. Pat. No. 7,431,952 [8], discloses
extraction of oil (i.e. polyunsaturated fatty acids), directly
from microbial cells without the need for solvents. After
fermentation, the microbial cells are pasteurized, washed
and lysed by a mechanical (e.g. homogenization), physical
(boiling or drying), chemical (solvents) or enzymatic (cell
wall degrading enzymes) technique. The oil is then sepa-
rated from the resulting cell wall debris by centrifugation,
which results in an oil phase (top layer) that can be separated
from the aqueous phase (containing the cell wall debris).
This reference does not disclose the use of amphiphilic
agents to induce extraction of algae oil.

Another reference, Kanda (2010), Fuel 90(3), 1264-1266
[1] discloses using dimethyl ether to extract green crude
from high-moisture natural blue-green microalgae (91.0%
water content). FIG. 1 shows a comparison of previous
methods (A), the Kanda method (B) combined drying, cell
disruption description, and solvent extraction in one step.
Dimethyl ether is shown to be partially miscible with water,
but sufficient to significantly aid in the dewatering process.
Dimethyl ether is removed by allowing it to return to its
natural gas state at standard pressure (to be reused later).
This reference does not disclose the use of amphiphilic
agents to induce extraction of algae oil.

Another reference, U.S. Pat. No. 7,749,392 [9], discloses
a process of dewatering an aqueous suspension employing a
flocculating system comprising treating the suspension with
a flocculating amount of a first flocculant and a dewatering
amount of a second flocculant, and subjecting the suspen-
sion to mechanical dewatering to form a cake, wherein the
first flocculant brings about flocculation and assists thick-
ening of the suspension and the second flocculant further
dewaters the suspension, characterized in that the second
flocculant is a water-soluble or water swellable polymer that
is mixed into the suspension in the form of aqueous com-
position comprising dissolved or hydrated polymer having a
Brookfield viscosity of above 30,000 cps (measured at 20°
C.). This patent states, “In the dewatering of suspensions it
is known to add a high molecular weight, water soluble
polymer as a flocculant to the suspension in order to remove
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the liquid from the suspension and greatly increase the dry
solids of the suspension. High molecular weight flocculants
may be cationic, anionic, nonionic or amphoteric in nature.
The choice of polymeric flocculant will largely depend upon
the substrate, which is being treated.” This reference does
not disclose the use of amphiphilic agents to induce extrac-
tion of algae oil.

Another reference, Divakaran (2002) Flocculation of
Algae Using Chitosan, J. Appl. Phycol. 14, 419-422 [10],
discloses flocculation of three freshwater algae, Spirulina,
Oscillatoria and Chlorella, and one brackish alga, Synecho-
cystis, using chitosan at pH 4 to 9, and chlorophyll-a
concentrations in the range 80 to 800 mg m~>, which
produces a turbidity of 10 to 100 nephelometric turbidity
units (NTU) in water. Chitosan effectively reduces the algal
content by flocculation and settling. The flocculation effi-
ciency is very sensitive to pH, and reached a maximum at pH
7.0 for the freshwater species, but at a lower pH for the
marine species. The optimal chitosan concentration for
flocculation depends on the concentration of alga. Floccu-
lation and settling were faster when higher than optimal
chitosan concentrations are used. The settled algal cells are
intact and alive, but will not be redispersed by mechanical
agitation. The de-algated water may be reused to produce
fresh cultures of algae. This reference does not disclose the
use of amphiphilic agents to induce extraction of algae oil.

Another reference, Buelna (1990), Biological Wastes 31,
211-222 [11], discloses the testing of various flocculants,
including polyacrylamides and chitosan, on the recovery of
algal biomass. The rationale behind this study was to evalu-
ate if pig waste could be utilized to grow algal biomass that
in turn could be used to feed livestock. While this reference
does not include recovery of algal oil as a goal, it does show
the use of various flocculants described in the invention
disclosure. This reference does not disclose the use of
amphiphilic agents to induce extraction of algae oil.

DETAILED DESCRIPTION OF THE
INVENTION

Microalgae is a promising source of lipids for biofuel
production and fatty acid, pigment, separation for nutritional
and pharmaceutical production [12, 13]. However, one
major problem of lipid extraction from microalgae is caused
by the huge amount of associated water [14-16]. Solvent
extraction is an important step in lipid separation [17].
However due to large amount of moisture contact between
algal cells and organic extraction solvent gets hindered.
About 99.9% weight of the algae broth in an algal culture is
water [14]. For conventional solvent extraction, a significant
portion of this moisture is needed to be reduced during
pretreatment [18, 19]. For example, during initial coagula-
tion and sedimentation steps, the moisture content is reduced
to approximately 90% [14]. However further reduction of
moisture requires costly centrifugation and drying opera-
tions [14, 20, 21] and is impractical due to high energy
requirements [20, 22, 23]. What is needed is a technique
designed to maximize migration of algal cells to a solvent
fraction while simultaneously displacing water in a separate
fraction.

In one embodiment, the invention contemplates a method
for the extraction of algal oil comprising: a) providing: 1)
algae cells comprising algal oil and a hydrophilic cell
surface; ii) an amphiphilic agent capable of converting said
hydrophilic cell surface to a hydrophobic cell surface; and
iii) an extractant; b) adding said amphiphilic agent to said
algae cells under conditions such that said hydrophobic cell
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surface is created, and c) purifying said algal oil with said
extractant. In one embodiment, said amphiphilic agent is
monomeric, oligomeric or polymeric forms of diallyldim-
ethylammonium chloride, sodium 4-styrenesulfonate, or
3-(1-Pyridinio)-1-propanesulfonate. In one embodiment,
said algal oil is released in the absence of homogenization.
In one embodiment, said method further comprises using a
homogenizer to release said algal oil from said algae cells.
In one embodiment, said method further comprises purify-
ing said released algal oil with said extractant. In one
embodiment, said algae cells are Nannochloropsis oculata
and Chlorella vulgaris cells. In one embodiment, said
extractant comprises non-polar solvent.
Solvent Phase Algal Migration (S.P.A.M.) or Low Energy
Algal Dewatering Extraction and Recovery (L.E.A.D.ER.)
Process: A Technique for Dewatering Microalgae

Efficient microalgae dewatering is a major problem that
continuously plagues industrial-scale processing of microal-
gae metabolites for commercial use. Large scale cultivation
of algal biomass is typically produced with a high volume of
water (<95%). As a result, harvesting concentrated microal-
gal cultures presents a significant economic challenge to
industries such as algae-based fuels that are critically depen-
dent on improvement of techniques and practices designed
to remove algae from water. One promising strategy is the
Solvent Phase Algal Migration (S.P.A.M.) process, which is
a technique designed to maximize migration of algal cells to
a solvent fraction while simultaneously displacing water in
a separate fraction. This investigation evaluates the S.P.A.M.
dewatering performances of various factors in a comparative
study.
Introduction

Beginning with its utilization as a natural source of food
in the biosphere, algae has played a significant role in the
sustainability of basic life forms as well as advanced civi-
lizations [13, 24]. Some techniques developed centuries ago
based mainly on general biological principles for growing
and harvesting algae on a large scale are still widely used
today. Microalgae in particular have demonstrated their
versatility to society as a platform for generating a myriad of
desirable metabolite products such as polyunsaturated fatty
acids (PUFAs), astaxanthin and bioactive compounds [25,
26]. Several industries such as pharmaceutical, cosmetic,
and animal foodstuffs depend on vast quantities of algal
biomass for production of intracellular and extracellular
metabolites each year to generate revenue [27]. The energy
industry in particular is positioned to capitalize on the
popularity in biofuels production. As a result of the peak in
public interests of algae as a natural source of renewable
energy development of thermochemical and biochemical
conversion technology is rapidly expanding [12, 28]. There
are several benefits of algal biofuel production for agricul-
ture that make their utilization an attractive alternative [29].
For instance, it helps the US government to achieve the goal
of producing its targeted amount of alternative fuel by 2030
[30]. Algal biomass is typically grown at relatively low
concentrations for industrial purposes [14, 31]. Dewatering
biomass is the most significant nuisance to providing algal
based products to consumer markets at affordable cost [32].
Energy efficient and economically constrained optimization
of this downstream process is the key to developing algal
biofuel at levels comparable to traditional fossil fuels sup-
plies [33]. The goal of any downstream process for harvest-
ing/dewatering biomass from a dilute algal suspension to a
slurry or paste is to facilitate the recovery of biomass for the
subsequent extraction of bio-oil. This step is extremely
important in the conversion of microalgae to biofuel because
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once the oil is extracted it must undergo an additional
transesterification process which can hinder conversion effi-
ciency in the presence of excess water. Because of its dilute
nature (0.5 gram of whole cell biomass per unit of volume
of liquid in open raceway ponds) and high stability of
colloidal properties, dewatering microalgae suspensions can
account for a significant portion of the cost for downstream
processes [34]. Dewatering techniques for algae are typi-
cally based on two main types of separation: physical
methods and chemical methods. Several strategies which
have been employed for the dewatering of algae harvest
have been investigated and compared for their ability to
separate water from products [22, 32]. Some robust methods
may not be suitable for delicate microalgae species. In
addition, the viability and stability of the cells during storage
may be influenced by the harvesting method [35].

Recovery of microalgae biomass were studied in tradi-
tional unit operation techniques such as centrifugation,
filtration, flotation, sedimentation, electrocoagulation, and
flocculation in addition to novel harvesting techniques [32].
Some work has been reported on the performance of com-
bined dewatering techniques. For instance, any combined
systems use pressing and screening belts which facilitate
rapid processing through continuous operation. However,
very little information was found related to the combination
of solvents and algal surface modifiers. Several review of
microalgae harvesting techniques have compared microal-
gae harvesting techniques such as centrifugation, precipita-
tion, ion exchange, tangential flow filtration, flotation, soni-
cation and electrodialysis [36-38]. Their reviews suggested
the use of chemical precipitation and centrifugation as the
only economically viable options for recovery of microalgae
from suspension. These harvesting techniques focused
mainly on open pond cultivation systems characterized by
very dilute final total solid concentrations. Updated reviews
have been reported by various other researchers which
include biomass cultivated via photobioreactors exhibiting
higher cell densities [38, 39]. Engineering manipulation of
the biological properties associated with algae based sys-
tems have steadily made incremental improvements in the
development of downstream harvesting techniques pro-
cesses [40]. A new dewatering process which significantly
reduces economic and efficiency barriers is warranted.
Therefore the potential deployment of solvent phase algal
migration for commercial algal biomass harvesting for bio-
fuel production systems must be considered.
Objectives

In Example 1, a process is described that combines the
chemically based separation ability of algal surface modi-
fiers and solvents to migrate algal cells away from water was
studied for its ability to dewatering algae. Example 1 inves-
tigates the effect of organic polymer polyelectrolyte algal
surface modifiers on algae species Nannochlorposis Ocu-
lata. The performance of each dewatering combination will
be evaluated quantitatively by the solid content of the
recovered microalgae in the water and solvent liquid frac-
tions.
Data Analysis
Experimental Design

The results of the methods described in Example 1 study
were obtained by data generated by Design Expert® soft-
ware using a 25 mixed level factorial designed experiment
with two replications. Each experimental unit was sampled
randomly from the water layer and the organic solvent layer.
The data from the methods in Example 1 was used to
evaluate the effect of various combinations of high and low
design factors of the process. The four responses used in the
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data analysis were moisture content, dry weight, algal mass
in fluid layer, distribution of dry solids content. Table 1 lists
the five design factors used to statistically measure and
evaluate the experimental responses (Table 1):

TABLE 1

Factor Reference Table

Surface Modifier Type

Surface Modifier Concentration
Solvent Fraction

Settling Time

Initial Algal Broth Concentration

[ N T S

The statistical results are used to describe the influence of
the design factors on each response variable.
Moisture Content Analysis

There were significant difference among moisture content
ranges of the water phase (53.43% to 100%) compared to
moisture content levels of the solvent phase (0.00% to
89.52%). However, there was no statistical difference
between the three types of surface modifying agents within
the water layer. There was also no difference (<0.05)
between types of surface modifying agents for the solvent
layer averaged. FIG. 2 summarizes the statistical difference
in the dewatering characteristics of the solvent phase based
on moisture content analysis. The water phase analysis
showed no differences in moisture content among the three
surface modifiers and also no differences in moisture content
for high and low level of initial algal broth concentration. In
contrast, all three surface modifiers demonstrated signifi-
cantly lower moisture content at the initial algal broth
concentration 0.1% for solvent phase. In the solvent phase
analysis, the largest difference (<0.05) occurred for surface
modifier A.

Moisture content analysis for both levels of initial algal
broth concentration at 75% solvent:algal broth (S:B) ratio
versus settling time was examined. The only statistical
difference at the alpha=0.5 level for settling time occurred
for surface modifier “C”. The highest moisture contents
were observed for the 24 hour settling at an initial algal broth
concentration of 0.1% (FIG. 3A). However, under condi-
tions of 10% initial algal broth concentration (FIG. 3B) the
higher moisture content was achieved by the 1 hour settling
time.

Dry Solids Content Analysis

Dry solids content refers to the quantity of soluble and
insoluble algal biomass measured after drying at 105
degrees C. per unit volume of medium. To account for all
biomass in the system an analysis of the algae biomass in
both the water phase and solvent phase in terms of dry solids
content was measured as grams per liter. The dry solids
content levels for all values of the aqueous phase ranged
from 0.00 to 94.0 g/L.. While the dry solids content levels of
the solvent layer spanned from 0.00 to 452.0 g/IL for all
values (FIG. 4 and FIG. 5). The affect of adding 1% (w/w)
of surface modifier type “A” resulted in a significantly
higher quantity of dry solids content for initial algal broth
concentration 10% in comparison to initial algal broth
concentration 0.1% measurement of the water phase. After
one hour settling time, the difference in dry solids content is
even greater for 5% surface modifier concentration than for
1% surface modifier concentration at 25% S:B ratio and one
hour settling time (FIG. 4). Similar differences in dry solids
content occurred for the one hour settling time between
initial algal broth concentration for the 25% and 75% S:B
ratio experiments, however no change was detected for the
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24 hour settling period (FIG. 5 and FIG. 6) at either S:B.
ratio. There was no significant difference in algal mass levels
of the water layer (0.00 to 1949.25 mg) compared to dry
solid content levels of the solvent layer (0.00 to 10170.0 mg)
overall. Both levels of the settling time factor in combination
with 10% initial algal concentration and 1% surface modi-
fication exhibited the highest retention of algal mass in the
water layer for 25% S:B ratio. The lowest level of algal mass
in the aqueous phase was achieved by 5% concentration of
surface modifier type “B” occurring at 0.1% initial algal
broth concentration (FIG. 7).

After 24 hours of settling time, 25% S:B ratio was
significantly higher than 75% S:B ratio using 1% surface
modifier in the water phase in the environment of initial
algal phase concentration at 0.1% (FIG. 8).

Distribution of Dry Solids Content Analysis

The calculation for the distribution of dry solids content
was performed on data generated from the measurements of
algal biomass. These distributions ranged in value from
0.0% to 100%. There were significant differences in distri-
bution of dry solids content of the water layer compared to
the distribution of dry solids content of the solvent layer for
several combinations of factors. The largest differences for
the system occurred for the high and low levels of solvent-
to-broth ratio (25% vs. 75%) under the conditions of 24 hour
settling with Surface modifier type “B” starting with Initial
Algal Broth Concentrations of 10.0%. Within this combi-
nation of factors an even finer difference was detect between
1% and 5% concentration of surface modifier. Table 2
summarizes the combination of factors with significant
differences between the distribution of dry solids. The
remaining combinations not listed showed no statistically
significant differences within treatments combination or
between treatment combinations determined from ANOVA
analysis (p<0.05).

TABLE 2

Distribution of Dry Solids Content Significant Differences
Comparison for Initial Algal Broth Concentration

S:B Significant

SM Cone. Water/Solvent Settling Ratio Difference

SM Type (%) Layer (hr) (%) Between
A C 5 both 1 75 0.1% vs 10.0%
A C 5 both 24 75 0.1% vs 10.0%
B 1 both 24 25 0.1% vs 10.0%
B 5 both 24 25 0.1% vs 10.0%

A specific case analyzing the difference in the distribution
of dry solids content for different types of surface modifiers
is graphically summarized in FIG. 9.

Factors which may influence moisture content of algae-
in-water suspension systems were investigated in this
research. From the assessment of this data, algal cell surface
modification does not appear to have a clear uniform set of
optimized parameters. Rather the best combination of set-
tings depends on the response solicited by the analysis. For
instance, a given surface modifier type and concentration
producing a low algal mass level in the water phase may not
always correspond to high algal mass levels in the solvent
phase. In further study, it may be useful to develop optimi-
zation models for each response variable to describe the
interaction of the system in more detail. The conclusions of
this study are categorized in terms of the four response
variables.
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Moisture Content Analysis

The type of surface modifier had the most significant
influence on moisture content in the water phase followed by
initial algal broth concentration. Surface modifier “B” dem-
onstrated the greatest amount of dewatering among the
surface modifiers. The analysis of the moisture content
indicates that the surface modifier concentration is not an
important factor for any of the surface modifier types in
determining algal cell surface modification. Therefore, to
save money and resources during pilot-scale and industrial
dewatering processes only 1% concentration of surface
modifier should be employed. Additional factors which have
demonstrated influence on moisture content to a lesser
degree include synergistic combinations of factors surface
modifier type, initial algal broth concentration, and solvent-
to-broth ratio, respectively.
Dry Solids Content Analysis

The dry solids content (total solids) of an algal dewatering
system consequentially affects some reference calculations
dependent on algal mass used for quantification of this type
of system. Therefore any influences on its change in value
caused by manipulation of dewatering process parameters
are considered important. As expected, dry solids content is
mainly influenced by the initial algal broth concentration.
More specifically, the 10.0% initial algal broth concentration
provides a higher quantity of dry solids content per volume
of sample than the 0.1% initial algal broth concentration.
The higher quantity of dry solids at 10% may correspond to
an increased algal cell to cell proximity that accounts for the
differences observed in interaction with other dewatering
process parameters.
Algal Mass in Fach Fluid Layer

The solvent-to-broth ratio proved to be the most dominant
factor in determining a response for algal biomass in each
phase. However, it is important to note that even with the
inclusion of the other significant factor, initial algal broth
concentration, in addition to the synergistic interaction of
surface modifier concentration, these factors only contribute
less than 17% of the total variability in determining values
for algal mass in both layers. Therefore the algal mass
numbers should not be relied on for describing the accuracy
in sensitive analyses.
Distribution of Dry Solids Content

This analysis of the distribution of dry solids content
proposes that the individual factors of surface modifier
concentration, Solvent-to-broth ratio, settling time, and ini-
tial algal broth concentration all do not significantly play a
role for determining values for this response. Surface modi-
fier type and the interaction of surface modifier type with
surface modifier concentration work together to represent
47% of the variability contributing to changes in distribution
of dry solids content. This provides evidence that the process
described herein is an effective microalgae recovery process
suitable for biofuel based production systems.
Moisture Displacement and Simultaneous Migration of Sur-
face-Functionalized Algae from Water to an Extraction
Solvent Using lonic Polyelectrolytes

Effective moisture removal and the ability of algal bio-
mass to be compatible with lipophilic solvents are key to
making the algal lipid extraction processes economically
viable. Example 2 describes a simple technique to chemi-
cally remove moisture from algal water while forcing above
95% of the algal cell mass to migrate to a (hydrophobic)
lipid extraction solvent. The technique is based on function-
alization of algal cell surface with a water-soluble cationic
polyelectrolyte, Poly(diallyldimethylammonium chloride)
(Poly-DADMAC) that has hydrophobic ligands in its struc-
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ture. Studies indicate that algal cells continued to displace
moisture even after migrating into the solvent phase—
continuing to perform the chemical drying step. The general
results indicate that the technique could be extended to
systems that require separation of particles with charged
surfaces—by using a surface active ionic polyelectrolyte
with appropriate charge and ligand combination(s).

During preliminary investigations, it was observed that
algal broth treated with ca. 1% (w/w) polyDADMAC cat-
ionic polyelectrolyte repelled water and migrated to the
organic solvent (FIG. 10A-D). Based on these encouraging
results, there was a desire to elucidate the effect of the
molecular weight of the surfactant, solvent effects and time
on moisture removal and solid separation characteristics of
surface modified microalgae. Example 2 describes methods
of this investigation.

Results and Discussion

It is possible that the cationic nature of poly-DADMAC
and the presence of hydrophobic ligands are responsible for
the cell migration behavior that was observed. Poly-
DADMAC is polar enough to be soluble in (algal) water
[41]. However, once algae are encountered, positively-
charged ends of Poly-DADMAC may get attached onto the
negatively-charged algal cell-wall (with a measured zeta
potential of =27 mV) exposing the hydrophobic ligand ends
to the exterior (FIG. 12). This makes the algal cell surface
hydrophobic—now repelling water. The organic solvents
(i.e., hexane, dichloromethane and chloroform) that were
used were hydrophobic and thus, the now “hydrophobitized”
algae may “attract” and migrate toward the solvent mol-
ecules. Since the solvent and water are immiscible, aqueous-
phase gradually displaces to the top (due to the density
difference between lighter water and heavier chloroform and
dichloromethane or vice versa in the case of lighter hexane)
leaving algal cells behind in the solvent phase.

FIG. 13A-D shows the TSS in aqueous and solvent phases
after 2 or 24 h settling times. It is apparent that the solvent
has a significant effect on the TSS in solvent layer. Hexane
shows higher Total suspended solids content compared to
other two solvents. Molecular weight of the polymer or the
settling time does not play a significant role in deciding the
TSS in solvent phase. None of the tested parameters; i.e.
solvent, polymer chain length or settling time had an effect
on the TSS in aqueous phase.

From above results, it is clear that there is a decrease of
TSS in aqueous phase when solvent is introduced (from 10%
TSS). However, it is necessary to consider the volume
fractions of the two phases. FIGS. 14A&B illustrates the
variation of volume of the aqueous phase after separation
(note that the total system volume is 20 ml). After 2 h of
settling, the volume of aqueous phase was about 5% of the
total volume of the mixture. However, after 24 h of settling,
it was possible to achieve up to 35% removal of aqueous
phase. This implies that moisture i.e., water that was embed-
ded in cytosol, continues to get removed from the system
even after the cells have migrated into the solvent phase. It
should be noted that the broader error bars are attributed to
variability associated with separating the two layers with
adequate precision. However, it is noted that the error values
are relatively small when compared with the total volume of
the mixture.

The amount of total solids in each phase (calculated using
equations (2) and (4)) are depicted in FIG. 15. It is clear that
the amount of solids in the aqueous layer is negligible after
settling. This implies that this polyDAD based algal cell
migration system is quite effective.
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In one embodiment, the present invention contemplates a
method of algal oil isolation as described in Example 3.
Conclusions

Migration of algae treated with a cationic polyelectrolyte,
PolyDADMAC surfactant from aqueous phase to organic
phase was investigated as a means of removing moisture. All
three organic solvents responded positively to the cell
migration scheme with over 95% (w/w) of cell migration
from aqueous phase to solvent phase. Of the three solvents,
hexane performed best by allowing the highest amount of
cell migration. It was observed that the molecular weight of
surfactant does not have an impact on the degree of cell
migration or the quantity of water displaced. It was also
noted that the system continued to displace moisture even
after the cells had migrated into the solvent phase (continu-
ing to perform the chemical drying). The ionic polyelectro-
lyte based particle migration technique could be adopted to
separate particulate matter with charged surfaces using a
polyelectrolyte or a surface active agent with appropriate
ligand/charge combination(s). The feasibility of using this
technique in bioseparations, especially, in high value prod-
uct separation from complex biological fluids should be
further investigated.

Separation of Proteins Via lonic Nanomaterials (S.P.I.N.)

In one embodiment, the invention relates to a technique
that can be used to separate proteins from an aqueous
mixture by using surface active ionic materials (monomeric,
oligomeric and polymeric including those at nanoscale) that
have hydrophobic ligands. The water-soluble ionic electro-
lytes, once bound to protein surface, expose the hydrophobic
ligands/branches to the exterior making the protein-electro-
lyte ensemble hydrophobic. Now the hydrophobic ensemble
migrates away from the aqueous phase to an adjacent
hydrophobic solvent (that is immiscible with aqueous
phase). The protein electrolyte interaction can be initiated by
using an electrolyte with opposite charge to the protein or by
making the protein attain the required charge by pH adjust-
ment such that the pH is above or below the protein’s
isoelectric point). By using this technique, any material with
a surface charge could be selectively separated from a bulk
mixture that has matter with opposing (surface) charges or
charge neutral matter. The results, as described in Example
4, indicated that this technique can be used to recover
proteins from water on an industrial scale and can be used
as primary step for protein recovery before further purifi-
cation. This Separation of Proteins via lonic Nanomaterials
(S.PIN.) process is an advancement to the S.P.A.M. (Sol-
vent Phase Algal Migration) process that has already been
disclosed (which has been renamed to Low Energy Algal
Dewatering Extraction and Recovery, L.E.A.D.ER.).

Using this technique, proteins that occur in large water
masses (such as those obtained via microbial or algal
bioprocessing) can be easily separated from the bulk mix-
ture. The need to remove large quantities of water (-99%
w/w wet basis), from biological processes (i.e., dewatering)
is a significant technical challenge that the industry faces
today. A chemical dewatering technique that can remove a
significant portion of this water (>95%) without using any
heat can revolutionize the bioprocessing Industry. The
energy and cost savings would be significant. The technique
will also be helpful in isolating proteins from the burgeoning
algal Industry where significant quantities of water have to
be dealt with.

1. This is a chemical dewatering technique that occurs
without any heat involvement. So, the energy and cost
savings would be significant;
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2. The technique could be used for selective separation of
proteins from a bulk mixture based on unique surface
charges that the protein possesses. The technique can modu-
late the surface charge of proteins (based on pH variation
above or below the isoelectric point) such that proteins can
selectively carry a unique surface charge as opposed to the
bulk and use this unique surface charge to selectively bind
onto electrolytes with complementary electrolytes to sepa-
rate the protein(s) from the bulk medium.

3. The electrolyte-bound proteins migrate to a solvent
phase that is immiscible with original aqueous phase. So,
further fractionation becomes much simpler.

4. Proteins migrated to solvent phase forms an instanta-
neous gel (likely due to partial structural unfolding) which
makes removal of aqueous phase (with remaining bulk
mixture) easy and simple.

5. The electrolytes (or protein) could be recovered by
using an isopropanol wash. In such instance all protein
precipitates while the electrolyte stays in isopropanol phase.

6. The S.P.LN. process could be easily integrated into
current bioprocessing systems such that the process would
separate a bulk medium to protein rich and protein-lean
streams for further purification.

The use of ionic electrolytes to migrate proteins into
organic solvents is believed to be an unprecedented devel-
opment. In limited literature where organic solvents were
used for protein separation, it has been reported that proteins
form an intermediate layer between water and the organic
solvent. In contrast, S.P.I.N. causes proteins to entirely
migrate into the organic solvent-forming an easy to separate
gel.

The current invention can be practiced for primary protein
recovery from microbial, algal streams, or other streams of
multi-component suspension of broken down cells.

This work is an advancement of Solvent Phase Algal
Migration (S.P.A.M.) process, described previously. Proof-
of-concept studies on migration of the model protein, albu-
min, using polymeric and monomeric versions of dially-
ldimethylammonium  chloride (DADMAC) cationic
polyelectrolyte are included herein. These studies evaluated
the impact of polymer type, polymer concentration, pH of
the medium, settling time and temperature on the degree of
protein migration from aqueous phase to hexane. The
experiments, described in Example 4, prove that both types
of DADMAC can successfully migrate albumin from aque-
ous phase to electrolyte surfactant from aqueous to organic
phase. Lipids will directly move to hexane phase. Proteins,
depending on pH could be moved to hexane or retained in
aqueous phase. By modulating pH, the system facilitates
which particles to mobilize. Once migrated, the protein-
electrolyte ensembles form a gel in solvent phase that is
distinct and easy to separate from aqueous phase.
Polyelectrolyte Based Technique for Sequestration of Pro-
tein from an Aqueous Phase to an Organic Solvent

Separation of proteins from a complex multi-component
suspension of broken down cells is challenging. In this
regard, a technique that is capable of distinguishing proteins
from other major cellular components (such as carbohy-
drates, lipids and other cellular debris) could immensely
simplify downstream processing. In one embodiment, the
current invention relates to the ability of using the inherent
zwitterioninc properties of proteins to attach amphiphilic
cationic electrolytes so that proteins can be extracted from
an aqueous suspension into a water-immiscible organic
solvent. Herein, the separation of egg albumin (model
protein) from aqueous suspension to adjacent hexane phase
using poly-(diallyldimethyleammonium) chloride (Poly-
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DADMAC) is shown. Results in Example 5 show that,
under optimum pH and polymer concentrations, proteins can
be successtully migrated from water to the adjacent hexane
phase. The amount and molecular weight of electrolyte, and
solution pH played roles in determining the amount of
protein that could be migrated. Low molecular weight
polymer under neutral pH conditions, low equilibration time
and 1:2 hexane:water ratio favored highest protein separa-
tion (~85% dry weight). FTIR and SDS-PAGE studies
indicated that the proteins were unfettered and preserved
structural integrity after migration from aqueous phase to
solvent under the protection of the polymer coating. The
results indicate that ionic electrolytes with hydrophobic
moieties could be used as molecular transport vehicles to
safely separate proteins from a bulk aqueous phase to a
totally immiscible solvent phase.

Efforts are continuously being made for exploring various
sources of proteins with a need to suffice the demand for
nutritional foods with the ever increasing global population.
Value added products from algae are slowly gaining momen-
tum in the food and the therapeutic industries for the same
reason as algae are considered an excellent source of bio-
products. Other than just proteins, algae is also a good
source for many other products such as peptides, carbohy-
drates, lipids, vitamins, pigments, minerals and other valu-
able trace elements [42]. The protein content in algae can
vary from 6 percent (% of dry matter) in Spirogyra sp. to as
high as 71 percent in Arthrospira maxima. But, because of
the dilute nature of the microalgae suspensions, 0.3-5 kg/m>
[43, 44], harvesting of these cells and extracting value added
products becomes energy and time intensive. Because of this
nature, harvesting is considered as a major bottleneck for
scaling up the microalgae cultures [45-48]. Techniques that
can successfully separate proteins from a complex mixture
of cellular biomass in a single step still remains a scientific
challenge.

In general, harvesting bio-products from microalgae is
currently done in three steps. The original suspension is
concentrated up to 2-7% total suspended solids (TSS) by
sedimentation, flotation and/or flocculation in first step. This
is followed by the thickening step, which further increases
the algal concentration in the culture to 15-25% TSS by
highly energy intensive processes like filtration and cen-
trifugation [31, 32, 49, 50]. Once the algae have been
harvested, the cells are broken down to access the intracel-
Iular products of interest like proteins. The cell debris is
filtered out to separate water soluble proteins from the junk
material. Water soluble proteins are then separated using
various techniques like salting-out, precipitation, membrane
filtration etc. Aqueous systems resulting from the disinte-
grated biomass is extremely heterogeneous and needs a lot
of processing to separate out the components of interest.

Aqueous two phase separation of proteins has been
widely studied because of its biocompatibility, ease of
scalability, low toxicity of phase forming chemicals and
continuous operation [51]. Recently studies have been con-
ducted on a three phase partitioning (TPP) system where an
organic solvent like t-butanol is used to separate proteins
from aqueous medium. It has been extensively used to
separate various target proteins [52-56]. In a TPP system,
with the addition of a salt, proteins precipitate out and form
an intermediate later between water and the organic solvent.
Ammonium sulphate and organic solvent t-butanol reinforce
each other’s physicochemical effects, such as ionic strength
effects, kosmotrophy, osmotic stresses and exclusion crowd-
ing effect to partition the proteins as a midlayer between
aqueous and organic phases [56].
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Isolating selected proteins from a complex colloidal mix-
ture is quite technically challenging [57]. Separating
selected solids or classes of solids from multi-component
mixtures is common in bio-processing. Research has also
been conducted on use of aqueous-organic two phase sys-
tems but because of the low solubility of biomolecules in the
organic solvents, it is considered to be less suitable for
separation systems [51].

Addressing the solubility issue of proteins in organic
solvent can help us achieve a very efficient separation
method. It will not only reduce the strain on energy require-
ment for separating proteins from aqueous suspensions but
also help reduce processing time and costs.

In one embodiment, the current invention contemplates a
separation technique to selectively separate substrate (i.e.
proteins) from an aqueous mixture by migrating it from
aqueous phase into an adjacent immiscible (hydrophobic-
liquid) phase by using an ionic polyelectrolyte that can
transpose the hydrophilicity of the substrate’s surface to
make it hydrophobic. It is believed that the polyelectrolyte
and the substrate may be hydrophilic in their detached (or
isolated) states, but become hydrophobic instantaneously
when they are interfaced together. This facilitates migration
of the hydrophobic groups from an aqueous phase to an
immiscible organic solvent phase thereby forming a two
phase system (e.g., a biphasic mixture). As described in
Example 5, the present results show that under optimum
condition of pH, temperature, polyelectrolyte concentration
and equilibration time, protein migration of up to 80-85% of
its original quantity (dry weight basis) can be achieved.

It is believed that this technique can be easily scaled up
and can a good replacement for high energy intensive
separation techniques like membrane filtration and centrifu-
gation. Adjusting the polymer concentration, it is possible to
avoid mixing of the water-organic phases after the separa-
tion is been completed in-turn making the technique
extremely robust.

Conclusions:

The migration behavior of egg albumin extract from
aqueous phase to hexane solvent phase in the presence of
polymeric electrolyte surfactant PolyDADMAC was inves-
tigated in Example 5 as an example of one embodiment of
the present invention. Studies indicated that the cationic
polymer was successfully able to migrate proteins from
aqueous phase to an adjacent hexane phase. Although higher
times and higher temperatures (between 20 and 40° C.)
tended to favor protein migration, this was not statistically
significant. The impact of hexane:water ratios, i.e., 2:1, 1:1
and 1:2, on protein migration indicated that maximum
protein migration occurred at a hexane:water ratio for 1:2.
Studies with low, medium and high molecular weight elec-
trolytes indicated that the amount of the proteins in the water
phase decreaseed, i.e., higher migration to solvent phase
occurred, with polymeric forms as compared to the mono-
meric form of the electrolyte. However, when considering
polymerific forms, low molecular weight form performed
better as compared to high or medium forms. It appears that
there is an optimal polyelectrolyte form that is lighter
enough to promote upward movement of electrolyte-bound-
protein ensemble. Considering acidic, neutral and basic
conditions, neutral pH appeared to be the best that promote
protein migration. Neutral pH caused the zeta-potential of
the final ensembles to reach near zero suggesting effective
charge neutralization—that in turn translated to better pro-
tein migration. Although higher polymer concentrations in
general did not favor particle migration under acidic or basic
conditions, higher polymer concentrations did not nega-
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tively impact, in fact, favored protein migration under
neutral pH conditions. FTIR and SDS-PAGE studies in
Example 5 indicated that the proteins were unfettered and
preserved structural integrity after migration from aqueous
phase to solvent under the protection of the polymer coating.
The results indicate that ionic electrolytes with hydrophobic
moieties could be used as molecular transport vehicles to
protect and separate proteins from a bulk aqueous phase to
a totally immiscible solvent phase.

EXAMPLES

The following examples are provided in order to demon-
strate and further illustrate certain preferred embodiments
and aspects of the present invention and are not to be
construed as limiting the scope thereof.

Example 1

Materials and Methods
Microorganism and Culture Condition

Nannochloropsis oculata was selected for the investiga-
tion. The composition of the cultivation medium comprised
a limited amount of nitrogen to provide growth stress to
increase the production of oil in the algal cells. Standard
cultures were grown in outdoor open pond raceway facilities
for a period of 14 days. At the end of the growing phase,
algal cells were concentrated by centrifuge from approxi-
mately 0.1% to 10% v/v final concentration. The 10% v/v
algal concentrate samples were transported and transferred
into 1 liter bottles and maintained at 42 degrees C. until
used.
Experiments

Characteristics of the process were studied by investigat-
ing combinations of the following parameters: Algal surface
modifier type, algal surface modifier concentration, solvent-
to-broth broth ratio, settling time, and initial algal broth
concentration. All tests were conducted in 30 ml glass vials
(outer diameter=25 mm and height=95 mm, VWR LLC.)
sealed with screw-thread twist top caps. Each tube received
stressed algae at an initial culture concentration of 0.1% or
10% v/v. Then the appropriate volume of algal surface
modifier (1% or 5% by weight) determined by the mass of
algae present in each tube was added. Algal cell surface
modification was achieved by three types of industry stan-
dard flocculants. Characteristics of each reagent grade floc-
culant used in this study are provided in Table 3.

TABLE 3

List of Organic Polymers Examined for Solvent Phase Algal Migration

Polymer Molecular Chemical

Commercial Name Weight Character Manufacturer
FL-5228 High Cationic SNF Inc.
Melamine-Formaldehyde Riceboro, GA
PDADMAC Very low  Cationic Sigma-Aldrich
Poly (Diallyl- polyelectrolyte
dimethylammonium

chloride)

ADDAC Data not  Cationic Sigma-Aldrich
Poly (Acrylamide-Co- available  polyacrylamide

Diallyl dimethylammonium
chloride)

Note:

Unless otherwise noted, average M,, 400,000-500,000 (high molecular weight), average
Mw 100,000-400,000 (medium molecular weight), and average M,, <100,000 (very low
molecular weight)
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After sealing the vials with screw top caps the contents
were vortex mixed at 10,000 rpm for 30 seconds. Next, caps
were removed to add the specified volume of chloroform.
The amount of chloroform added was determined by the
solvent to broth ratio (25% and 75%). More specifically, at
S:B ratio 75% for every X ml of algae there will be (30-X)
ml of chloroform added to achieve a 75:25 level of S:B ratio.
For example, at initial algal broth concentration of 0.1% the
solvent:broth ratio by percent 25:75 is converted by volume
to 7.5 ml chloroform solvent: 22.5 ml of culture with a
concentration of 0.1%. Tubes were sealed again and vigor-
ously shaken manually for 30 seconds, then vortexed 10,000
rpm for two minutes. The end of the two minute mixing
marked the beginning of the settling time for the experi-
ments.

Determination of Moisture Content, Dry Solids Content, and
Solvent Phase Algal Migration Efficiency

After the completion of the settling time, up to 3 ml of
sample from the water phase (top layer) and up to 3 ml of
the organic solvent phase (bottom layer) were placed in
aluminum trays. Samples were placed in the oven at 70
degrees C. for one hour to remove residual solvent. To
procure data for wet basis moisture content analysis samples
were then placed in the oven at 105 degrees C. until drying
was complete. The oven dried samples were allowed to cool
in a dessicator after which they were weighed to obtain data
for the calculation of the algal biomass dry solids content per
unit of volume of medium. The solvent phase algal migra-
tion efficiency was evaluated by comparing the remaining
algal cell biomass in the water phase (top layer) region after
drying with the concentration of algal biomass before sol-
vent phase algal migration treatment.

Example 2

Methodology

Nannochloropsis oculata algal samples that have been
subjected to nitrogen deprivation for increasing lipid content
were obtained from algal culturing facility in Pecos, Tex.
Lipid content of the samples is around 12% (w/w dry basis).
These samples were concentrated to 22% TSS (Total Sus-
pended Solids) using centrifugation, prior to shipping using
centrifugation. Upon arrival, samples were refrigerated at
18° C. until used.

PolyDADMAC (Sigma Aldrich) with three different
molecular weights (High: 400,000-500,000, Medium: 100,
000-200,000 and Low: <100,000) were used as the surfac-
tant. All surfactant samples were diluted to 20 g/l solid
content using deionized water for ease of transferring and to
increase the measurement accuracy.

Algal samples were diluted to 10% TS S using deionized
water before the experiment. 10 ml of the 10% TSS algal
sample was transferred to a 30 ml screw cap vial and 500 ml
surfactant was added to the algal sample. After vortexing it
for 1 min at 10,000 rpm, 10 ml of the solvent; Hexane,
chloroform or dichloromethane; was added. Mixture was
vortexed for 1 min at 10,000 rpm and left to settle for 1 h or
24 h time period. During this time period mixture separates
in to two layers: solvent phase and aqueous phase. For
experiments with hexane, aqueous phase separates to the
bottom while for experiments with chloroform or dichlo-
romethane, aqueous phase separates to the top.

Aqueous layer was removed using a pipette and the
volume recorded (V). After vortexing the aqueous layer
for 10 s, 1 ml of the layer (V,,,) was transferred to a
pre-weighed, pre-washed aluminums dish. If the aqueous
layer volume was very small, removing aqueous layer from
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solvent phase without disturbing the interface becomes
difficult; therefore, only a portion of the aqueous layer
(Vag,0) was used for dry weigh measurement (to ensure that
the aqueous portion does not include any solvent). The
remainder of the aqueous layer was separately siphoned in
to a 1 ml graduated pipette and allowed to separate (in the
pipette). Then the amount of aqueous portion was noted and
summed with V,,, to obtain V,, value. Then, aluminum
dish was dried in an oven until constant weight to obtain the
residue weight. The same procedure was followed for the
solvent phase.

Graphic summary of the experimental procedure is illus-
trated in FIG. 11.

TSS of the aqueous layer, Solid content of aqueous layer,
TSS of solvent layer, and the solids content of solvent layer
was calculated using equations 1 to 5.

Transfer efficiency of solids from aqueous medium to
solvent phase was calculated using equation 5.

TSS of the aqueous layer TSS,, can be calculated using
equation (1)

TS8Sug™WeagdWago Equation 1

where W, is the weight of V,, , and W, is the dry
weight of that sample

Solid content in aqueous layer (S,,) can be calculated
using equation (2)

Sag™ Waq,dx Vm/ Vaq,o

TSS of the solvent layer TSS,, can be calculated using
equation (3)

Equation 2

TSS,=Wepd Wepo Equation 3

where W, ., is weight of the solvent volume V,,
removed for TSS measurement and W, , is the dry weight
of that volume.

Solid content in solvent layer can be calculated using

equation (4)

S WV Vipo Equation 4
V,, was derived from equation (5)
Vo= ViVop Equation 5

where V ,is the total volume of the mixture, calculated by
adding the volumes of algal broth and solvent volumes.

Example 3

Methods

1. Required amount of polymeric/oligomeric/monomeric
cationic electrolytes with hydrophobic ligands/residues
(such as poly/monomeric DADMAC) are added to
algal water and mixed vigorously using a vortex mixer.

2. The water-immiscible solvent is added to above sample
and mixed thoroughly.

3. The system is allowed to stand undisturbed to promote
separation. The electrolyte-bound algae are observed to
migrate from aqueous phase to the immiscible solvent
phase.

4. After the system reaches equilibrium, the two phases
are separated carefully to avoid mixing (of the phases).
The water phase is carefully separated from the hexane
phase using a micropipette, syringe or a separatory
funnel and used for gravimetric analysis.

5. Dilution of the polymer first in water and adding to
algal suspension is done to ensure polymer dispersion
to improve surface coverage of polymer on algae.

6. Adequate surface coverage of polymer can be ensured
by changing the electrolyte type and molecular weight
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(chain length, i.e., low, medium and high molecular
weight polymer and monomer).

7. Hydrophobicity of the surface of the electrolyte-bound
ensemble can be modulated by changing the hydropho-
bic ligand/residue(s) of the electrolyte.

8. The type and molecular weight of electrolyte could be
varied to form fissures in the algal surface promoting
internal water removal.

9. For separating any other material other than algae (e.g.,
proteins, lipids, carbohydrates, pigments) from a bio-
logical matrix, an analogous process consisting of
anionic or cationic electrolytes (depending on the sur-
face potential of the material to be separated) is used.

Example 4

Methodology:

1. Protein solution (4% w/w) was prepared using DI
water.

2. Polymer and monomer solution of 1% w/w and 5%
w/w of protein was prepared by diluting it to the same
volume of the protein solution. This ensured good dispersion
of the surface modifier in the water.

3. The polymer solution was added to the protein solution
and mixed thoroughly to make sure that the surface modifier
was bound to the proteins. The total volume of water was 10
ml and the protein content was then 2% w/w.

4. 10 ml of hexane was added to the system and the
water-hexane system was vortexed for 1 minute at maxi-
mum speed.

5. The system was kept undisturbed to allow the migration
of proteins from aqueous phase to hexane phase.

6. Samples were collected from water and hexane for
further analysis.

Results:

Migration behavior of albumin using cationic electrolyte
from aqueous to organic (e.g. hexane) phase was investi-
gated. FIG. 16 depicts images of protein separation of which
migrated protein appears at the top as an easy to separate gel
and protein-depleted aqueous phase at the bottom.

Table 4 shows the results from the preliminary studies
conducted. Results indicated that the polymeric form, poly-
DADMAC has a more positive impact on the amount of
albumin migration from aqueous phase to an adjacent water-
immiscible solvent phase as compared to its monomer,
DADMAC. Studies also show that when the polymer used
at higher concentration (5% w/w), the amount of albumin
migrating from water to hexane increased as compared to
the lower concentration (1% w/w). Effect of temperature
was also studied and it was observed that the temperature
variation (between 4 and 20° C.) did not have any significant
impact on the amount of albumin migrated.

TABLE 4
Con- Corrected  Yield
centration Time Temperature  Weight (%

SM (ww %) pH (hr) °C) (g) WIW)
Polymer 1 7 3 4 0.062 31.08
Monomer 1 7 3 20 0.06 29.76
Polymer 1 7 3 20 0.066 32911
Monomer 1 7 3 4 0.056 28.21
Polymer 5 7 3 20 0.066 33.07
Monomer 5 7 3 4 0.052 25.79
Polymer 5 7 3 4 0.071 35.74
Monomer 5 7 3 20 0.056 28.07
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Example 5

Material and Methods

Egg albumin extract and hexane were purchased from
VWR® and poly-(dialyldimethylammonium chloride (aver-
age My 200,000-350,000 (medium molecular weight), 20
wt. % in H,O) was purchased from Sigma Aldrich®.
Quantification of Proteins:

Once the polyelectrolyte gets adsorbed onto the protein,
the polyelectrolyte-attached-protein transposes the hydro-
philicity of the protein and makes the protein-polymer
ensemble hydrophobic. Addition of hexane to this suspen-
sion results in the migration of the proteins to the top phase
i.e. the hexane. Once the migration was completed, samples
were collected from the aqueous phase and analyzed on
thermogravimetric analysis, TGA (Q50, TA Instruments) to
quantify the amount of proteins remaining in the aqueous
phase. Low the amount of proteins in the bottom phase
corresponded to higher extraction efficiency. of the polymer
onto the proteins, the mixture was vortexed for 30 seconds
at high speed. Hexane was added to the aqueous suspension
and the water-hexane system was again vortexed for 1
minute at maximum speed. The system was kept undisturbed
for the phases to separate. Samples were drawn from both
the hexane and aqueous phases and analyzed on the Thermo-
Gravimetric Analyzer (TGA). The amount of protein in the
original suspension was used to calculate the amount left in
the water phase. As TGA results of the hexane phase showed
large variations from sample to sample, the amount of
proteins remaining in water phase were used to calculate
protein migration (FIG. 17).

Experimental Design:

Table 5 depicts the independent variables and its corre-
sponding levels chosen for detailed parametric studies of the
system.

TABLE 5

Factors and levels used in the parametric study.

Factor Level(s)

Type of Electrolyte Surface Modifier
Electrolyte Surface Modifier (SM)
concentration (w/w %)

Temperature (° C.)

PolyDADMAC
0.5-3 (at 0.5% intervals)

20° C., 30° C. and 40° C. (room)

pH 6,7, and 8
Equilibration time (min) 20, 30 and 40
Solvent: water ratio (v/v) 1:1, 1:2 and 2:1

Results and Discussion:
Effect of Time:

FIG. 18 shows the impact of different equilibration times
on the amount of albumin migration from aqueous phase to
the hexane phase. It is evident that longer equilibration times
favored more proteins migration. Nevertheless, the results
were not statistically significant. To remove discrepancies
associated, equilibration time was kept constant during
remaining experiments at 60 minutes.

FIG. 19 shows the effect of temperature on particle
migration from aqueous phase to hexane phase with polymer
addition. It could be noted that higher temperatures tended
to favor migration; however, the impact was not statistically
significant. Extraction efficiencies of proteins in two phase
systems are reported to increase with the increase in tem-
perature because of the endothermic nature of the extraction
process [58].

Gravitational, flotational and frictional forces act on a
drop during coalescence [2]. The migration of proteins will
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depend on the balance of these forces. In two phase systems,
the flotation forces will determine the behavior of the drops
[59]. FIG. 20 shows the different forces acing on a drop
depending on which phase is continuous. The viscosity of
water is almost thrice as compared to hexane at room
temperature. For the proteins to migrate from aqueous phase
to hexane phase against the gravitational force, aqueous
phase offers the most resistance. With the increase in tem-
perature, the viscosity of water reduces significantly. This
reduces the frictional forces between water molecules and
the polyelectrolyte bound proteins resulting in the increase
in the migration efficiency of proteins.

Effect of Water to Hexane Ratio:

To test whether water to hexane ratio would be a limiting
factor for the migration of particles, a study was conducted
at three different hexane:water ratios, i.e., 2:1, 1:1 and 1:2,
while keeping pH, time, temperature, polyelectrolyte con-
centration constant. FIG. 21 and FIG. 22 shows that maxi-
mum protein migration occurred at a hexane:water ratio for
1:2. For the constant equilibration time, the rate of migration
of proteins depends on the relative size of the two phases.
Larger the top phase, slower is the phase separation [2].
However during further studies, the hexane:water ratio was
kept at 1:1 considering the fact that for practical purposes,
handling large amounts of solvents were disadvantageous.
Effect of Polyelectrolyte Type on the Protein Migration:

Effect of different electrolyte molecular weight on the
protein migration was studied. Low, medium and high
PolyDADMAC ranging from <100,000, 200,000-350,000
and 400,00-500,000 units along with the monomeric form
(DADMAC) were used. Results indicate that the amount of
the proteins in the water phase decreased, i.e., higher migra-
tion to solvent phase, with polymeric forms as compared to
monomeric form of the electrolyte. This may be as a result
of formation of flocs that assist migration. However, when
considering polymerific forms, low molecular weight form
performed better as compared to high or medium forms. It
appears that there is an optimal polyelerctrolyte form that is
lighter enough to promote upward movement of electrolyte-
bound-protein ensemble. In retrospect, higher molecular
weight causes the ensemble to get heavier increasing the
resistance for the movement of proteins from water phase to
the upper hexane phase. FIG. 23 shows the effect of surface
modifier type on the migration system. FIG. 24 shows that
the water phase tends to become milky with the increase in
the molecular weight of the polymer.

Effect of Polyelectrolyte Concentration and pH on Ensemble
Migration:

Zeta potential of particles changes as a function of the
system pH it is suspended in. From the previous work done
with carboxyl functionalized cellulose beads, it is evident
that pH plays a vital role in deciding the concentration of the
polyelectrolyte to be added for maximum ensemble migra-
tion to occur. ANOVA output suggests an interdependent
relationship of the two parameters on the migration process.
The zeta potential before polymer additions was measured
for the three pH levels and was found to be -3.72 mV, -6.58
mV and -25.1 mV for pH 6, 7, and 8 respectively (FIG.
25A). A further analysis (FIG. 25B) [3] indicates that this
system lies in the region marked by a red oval in the
generalized pH vs. Zeta-potential curve alluding that the
system is well dispersed and a reduction of pH would force
the system to arrive at its isoelectric point—which also
would lead to floc formation (indicating the possibility of
better particle separation/migration from aqueous phase
given adequate hydrophobicity is attained). The study per-
formed showed the cross interaction between system pH
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(varied between 6, 7 and 8) and polyelectrolyte concentra-
tion (varied from 0.5 to 3% w/w at 0.5% intervals) to be
significant.

FIG. 25C and FIG. 25D clearly suggests that under
neutral pH conditions, the amount of proteins migrating to
hexane phase is optimum. Low net negative surface charge
of proteins before polymer addition adsorbs only a low
amount of polymer to the protein making the ensemble
hydrophobic as well as light enough to move against the
gravity with minimum resistance. In contrast, acidic condi-
tions make proteins even less net negative (as compared to
neutral pH); therefore, attracting lower amounts of polymer
essentially making the ensemble “less” hydrophobic in turn
reducing the amount of ensemble migration as compared to
neutral conditions. When the system pH is in basic, the
highly negative surface charge attracts higher amounts of
cationic polymer making the protein-surfactant ensemble
heavy resulting in increased resistance for particles to move
upward against gravity.

After the two phases were separated, the zeta potential of
the ensembles suspended in water phase was measured.
Results clearly suggest that the polyelectrolyte addition
causes zeta potential to approach near zero irrespective of
the initial surface charge suggesting charge neutralization
(FIG. 25D).

To understand the impact of each of the variables more
clearly, protein migration as a function of different polymer
concentration, pH and zeta potential is depicted in FIG.
26A-C.

It could be noted from FIG. 26A that as polymer concen-
trations increases, the zeta-potential of the polymer-bound
ensemble tends to increase. At lower polymer concentra-
tions, the final zeta-potential tends to stay near zero sug-
gesting charge neutralization that in turn promotes protein
migration. However, as the polymer concentrations
increases, the system becomes charged again (i.e., posi-
tively), adversely impacting protein migration. FIG. 26B
further clarifies the positive impact of lower polymer con-
centrations on protein migration (i.e., lower retention of
proteins in water signifies higher migration).

The impact of pH on zeta potential (after polymer addi-
tion) and protein migration is depicted in FIG. 26C. At pH
6, it could be noted that the zeta potential of polymer-bound
ensembles are still slightly negative—retaining higher
amounts of proteins in water. However, at neutral pH, the
zeta potential reached near zero suggesting the system
reached charge neutralization that in turn translated to com-
paratively lower protein retention (and thus higher migra-
tion) as compared to acidic conditions. Under basic condi-
tions, the zeta potential of polymer-bound ensembles
regressed to negative (potential) negating charge neutraliza-
tion (and thus lowering polymer binding) that translated to
more protein retention. Under acidic and basic conditions, it
appears that addition of extraneous H* or OH™ ions causes
zwitterionic proteins to preferentially interact with these
ions isolating the polymer interacting with the proteins.

Above observations clearly suggests that along with the
change in Zeta-potential (as a function of pH variation)
presence of free H+ or OH- ions in the system significantly
impacts the migration efficacy of the proteins. So, it is
evident that there is an optimal combination of conditions
that promote electrolyte binding, floc formation and mobi-
lization; and in this system, the most effective conditions to
obtain the desired output seems are 3.0% polyelectrolyte at
pH7.
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Examination of the Protein Conformations Before and after
Migration:

To investigate the protein conformations before and after
migration from aqueous to solvent phase, FTIR spectra of
albumin were studied. FIG. 27A shows the FTIR spectra of
pure egg albumin extract and FIG. 27B shows that of the
proteins from hexane phase after the migration process was
completed. As seen from the FIG. 27B, the amide 1 bond
(1652 cm™) and amide 11 bond (1520 cm™) of the protein
were identified in the spectra. The two peaks were retained
in the FTIR spectra of the extracted proteins; clearly indi-
cating successful migration. The large peak in the extracted
proteins spectra (3200-3550 cm™) corresponds to the O—H
bond stretching from the polyelectrolyte. It also confirms the
binding of the polyelectrolyte to the proteins. The amide 11
peak is slightly shifted in the positive direction (1538 cm™")
of the spectra which can be due to the physisorption of the
polymer with the proteins. Cationic surfactants are generally
not as potent as anionic surfactants; in fact in some cases
cationic surfactants manage to preserve protein activity for
longer durations compared to native protein in the absence
of surfactant additives [60]. The coexistence of protein and
small amounts of ionic surfactant is believed to rely on
specific interactions with the native state; thus surfactants
assuming the role of a conventional ligand that stabilizes
proteins and protects the helical structures [61]. Thus, it
could be concluded from the FTIR analysis and previous
studies that the aqueous-organic two-phase protein separa-
tion system provides a gentle environment preserving the
structural integrity of proteins.

SDS-Page Analysis:

SDS-PAGE analysis of protein extracted using 3% (w/w)
polymer, pure egg albumin extract and molecular weight
marker is represented in the FIGS. 27A&B). It was observed
that the molecular weight of the proteins separated using
aqueous-organic two phase system matched with the pure
egg albumin suspension indicating that the structural integ-
rity of the protein is preserved even after transferring into
organic phase. FIG. 28 shows SDS-PAGE of extracted
proteins using S.P.ILN. Lane: 1) molecular weight marker; 2)
Albumin sample diluted 10x; 3) albumin sample 20x; 4)
Blank; 5) Polymer-albumin 10x; 6) Polymer-albumin 20x.
SEM Analysis:

Scanning electron microscope (SEM) images of the pro-
tein and protein-polymer complex are shown in FIGS.
29A&B. It is clear that the polymer is well dispersed in
water in its native state (FIG. 29A) and once mixed with
protein, forms clear flocs (FIG. 29B) forming a blanket over
protein aggregates-helping migration.

Thus, specific compositions and methods of moisture
displacement and simultaneous migration of surface-func-
tionalized algae from water to an extraction solvent using
ionic polyelectrolytes have been disclosed. It should be
apparent, however, to those skilled in the art that many more
modifications besides those already described are possible
without departing from the inventive concepts herein. More-
over, in interpreting the disclosure, all terms should be
interpreted in the broadest possible manner consistent with
the context. In particular, the terms “comprises” and “com-
prising” should be interpreted as referring to elements,
components, or steps in a non-exclusive manner, indicating
that the referenced elements, components, or steps may be
present, or utilized, or combined with other elements, com-
ponents, or steps that are not expressly referenced.

Although the invention has been described with reference
to these preferred embodiments, other embodiments can
achieve the same results. Variations and modifications of the
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present invention will be obvious to those skilled in the art
and it is intended to cover in the appended claims all such
modifications and equivalents. The entire disclosures of all
applications, patents, and publications cited above, and of
the corresponding application are hereby incorporated by
reference.
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We claim:

1. A method for the extraction of algal oil comprising:

a) providing:

1) algae cells comprising algal oil and a hydrophilic cell
surface;

ii) an amphiphilic agent capable of converting said
hydrophilic cell surface to a hydrophobic cell sur-
face, wherein said amphiphilic agent is selected from
the group consisting of: Poly(diallyldimethylammo-
nium chloride), Poly(sodium 4-styrenesulfonate),
Poly(3-(1-Pyridinio)-1-propanesulfonate), a mono-
meric form of at least one of the group consisting of
diallyldimethylammonium chloride, sodium 4-styre-
nesulfonate, and 3-(1-Pyridinio)-1-propanesul-
fonate, and an oligomeric form of at least one of the
group consisting of diallyldimethylammonium chlo-
ride, sodium 4-styrenesulfonate, and 3-(1-Pyri-
dinio)-1-propanesulfonate; and

iii) an extractant;

b) adding said amphiphilic agent to said algae cells under
conditions such that said hydrophobic cell surface is
created, and

¢) purifying said algal oil with said extractant.

2. The method of claim 1 wherein said purifying releases

said algal oil from said algae cells.

3. The method of claim 1 wherein said purifying uses a
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homogenizer to release said algal oil from said algae cells. 35

4. The method of claim 3 wherein said purifying releases
said algal oil with said extractant.

36

5. The method of claim 1 wherein said algae cells are
Nannochloropsis oculata.

6. The method of claim 1 wherein said algae cells are
Chlorella vulgaris.

7. The method of claim 1 wherein said extractant com-
prises non-polar solvent.

8. A method for the extraction of protein comprising:

a) providing:

i) an aqueous solution comprising multi-component
suspension, said multi-component suspension com-
prising hydrophilic protein;

il) an amphiphilic agent capable of converting said
hydrophilic protein to a hydrophobic protein,
wherein said amphiphilic agent is selected from the
group consisting of: Poly(diallyldimethylammonium
chloride), Poly(sodium 4-styrenesulfonate), Poly(3-
(1-Pyridinio)-1-propanesulfonate), a monomeric
form of at least one of the group consisting of
diallyldimethylammonium chloride, sodium 4-styre-
nesulfonate, and 3-(1-Pyridinio)-1-propanesul-
fonate, and an oligomeric form of at least one of the
group consisting of diallyldimethylammonium chlo-
ride, sodium 4-styrenesulfonate, and 3-(1-Pyri-
dinio)-1-propanesulfonate; and

iii) an extractant;

b) adding said amphiphilic agent to said multi-component

suspension, and

¢) purifying said protein with said extractant.

9. The method of claim 8 wherein said purifying releases
said protein from said multi-component suspension.

10. The method of claim 8 wherein said purifying uses a
homogenizer to release said protein from said multi-com-
ponent suspension.

11. The method of claim 8 wherein said purifying releases
said protein with said extractant.
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