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complex coacervate droplets and create complex coacervate emulsions. The methodology described herein is designed to use one or
more of a wide variety of comb polyelectrolytes in order to produce stable water-in-water emulsions with precisely controlled droplet

size and enhanced stability profiles. The stabilized water-in-water

emulsions microdroplets of the invention can further encapsulate

active agents such as proteins and the like in a manner that protects them from the surrounding environment, thus allowing the compo-

sitions to serve as bio-microreactors and the like.

[Continued on next page]



WO 2022/240988 A |10} 00 000000 OO

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2022/240988 PCT/US2022/028766

16

COMB POLYELECTROLYTE STABILIZED COMPLEX
COACERVATE EMULSIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit under 35 US.C. Section 119%e} of co-
pending and commonly-assigned U8, Provisional Patent Application Serial No
63/187.031, filed on May 11, 2021, and entitled “COMB POLYELECTROLYTE
STABILIZED COMPLEX COACERVATE EMULSIONS” which application is

mcorporated by reference herein.

TECHMNCAL FIELD

The present mvention relates to complex coacervate compositions and

methods for making and using them.

BACKGROUND OF THE INVENTION

Complex coacervation is a lLiquid-hiquid phase separation phenomenon that
oocurs through electrostatic complexation of oppositely charged macromolecules (e.g.,
synthetic polyelectrolyies, and biopolvelectrolvies meluding DNA and RNA, as well
as charged biomacromoleceles such as proicins, macroions and the like) and
subsequent condensation into a macromolecule-rich phase. Upon mixing of oppositely
charged roacromolecules m an aqueous solution, complex coacervate microdropleis
appear spontaneously. These droplets possess a distinct water-water uterface with the
ambient agueous environments and have a strong propensity to partition and
encapsulate charge-bearing molecules {¢.g., protoins, swmltivalent tons, nucleic acids
and the bike}. As such, they have been presented as mimmalistic membraneless
protocells exiubiting dynamic spatial compartmentalization that are capable of
efficiently and spontancously sequestering biological molecules and enhancing their
activity. However, the lack of a membrane around the coacervate droplets also makes

them prone to coalescence and Ostwald nipening, leading to macrophase separation in
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coacervate solutions. The lack of long-term droplet stability significantly hampers the
use of coacervates as protocells, bioreactors, or encapsulants.
For the reasons noted above, there is a need in the art for stabilized coacervate

compositions and methods for making and using them.

SUMMARY OF THE INVENTION

The mvention deseribed herein provides methods and materials that can impart
long-term stability to polvelectrolvie complex coacervaie droplets and create complex
coacervate emuisions. Embodiments of the methods described berein are desigoed (o
use comb polyelectrolyte compounds to produce stable water-m-water emulsions with
precisely controlled droplet size and enhanced stability profies. The stabilized water-
m-water emuolsions microdroplets of the invention can further encapsulaic active
agents such as proteins and the like m a manner that protects them from the
surrounding ecnvironment, thus allowing the compositions to serve as bio-
microreactors in cerfain embodiments of the invention. These water-mm-water
grmdsions droplets can also be viilized in a wide variety of other ways, for example to
produce compositions for hair conditioner formulations that provide improved wet
and dry bhair compatibility. In addition, embodiments of the stable complex
coacervate emulsions disclosed herein are also ideal for uses in environmental
protection, for cxample as agents for stabilizing pesticides, as well as anti-erosion
agents.

As discussed below, we have developed methods and matenals for stabilizing
coacervate mucrodroplets via the use of a constellation of ingredients which include
comb polyelecirolvtes in complex coaccrvate formmlations.  This methodology
produces stable complex coacervate emulsions comprising microdroplets, composed
of opposttely charged hnear polyelectrolytes and stabilized by interfacially adsorbed
comb polyelectrolytes, that exiubit long-term (&> 4+ months) stability. The
microdroplet size of these complex coacervate emulsions remains relatively constant

with time and is shown to be regulated by the concentrations of the comb and linear

3



WO 2022/240988 PCT/US2022/028766

16

20

]

&

polvelectrolytes.  Hmbodiments of this stabilization sirategy improve the salt
resistance of the complex coacervates while mupumally wterfering with other desirable
attributes of coacervate droplets, mchuding their ability to sequester and encapsulate
proteins from solution, as well as their membraneless uverface, an nterface that
allows for fast transport of small molecules and the like across them.

The invention disclosed herein has a number of embodiments. Embodiments
of the invention include, for example, compositions of matter ncluding water; a
water-soluble  comb  polvelectrolvie:  a  positively  charged  water-soluble
macromolecule; and a negatively charged water-soluble macromolecule; wherein the
water-soluble  comb  polvelectrolyte, the positively  charged  water-soluble
macromolecule and the negatively charged water-soluble macromolecule in the
composition form complex coacervate droplets.  In typical embodiments of the
mvention, the water-soluble comb polyelectrolyte comprises an anionic comb
polvelectrolyvite: the positively charged water-soluble macromolecule comprises a
lincar polvelectrolyvte; and the negatively charged water-soluble macromolecule
comprises a hncar polyelectrolyte. In certain embodiments of the invention, the
composition further comprises at least one additional agent such as a polypeptide; a
polvnucieotide; a protein; a therapeutic agent; a diagnostic agent; a pesticide; a
macroion; a pharmaceutical excipient; and/or a salt.

Embodiments of the mvention also inclade methods of making the complex
coacervate droplets disclosed herein. Typically, these methods comprise combining
together water; a waicr-soluble comb polvelecirolvie; a positively charged water-
soluble macromolecule; and a negatively charged water-soluble macromolecule. In
such methods the water-soluble comb polvelectrolyte, the positively charged water-
soluble macromolecule and the negatively charged water-soluble macromolecule are
selected to have matenal properties and used in selocted amounts/ratios i the
composition so that they combine together m the water o form a complex coacervate.
Some embodimenis of these mcthods include further disposing m the complex

coacervate at least one of! a polvpeptide; a polvnucleotide; a protein; a therapeutic

(53
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agent; a diagnostic agent; a macroion; a pesticide; a pharmaceutical excipient; a salt

or the like.
In illustrative meothods of making a complex coacervate, the comb
polvelectrolyvte 1s selected to have material properties that allow 1t to adsorb on
5 complex coacervate droplet surfaces (water-water interfaces) so as to provide steric
stabilization to the droplets. In certamn of the methods of making a complex
coacervate, the method forms microdroplets having a mean diamcter from 0.03 pm to
10 um; and/or the complex coacervate formed in the method exhibits turbadity at
concentrations of 500 mM NalCl; and/or the complex coacervate formed m the method
16 remains stable for 48 hours following a >120-fold dilwtion from a concentrated single-
phase solution of the complex coacervate. In some emabodiments of the invention, the
complex coacervate formed m the method spontancously encapsulaies polypeptides
disposed i the composition. Embodiments of the mvention further include complex

coacervates made by the methods disclosed herein.

Ju—
[

Other combodiments of the mvention include methods of using the
compositions disclosed herem to stabilize an activity of a molecule and/or inhibit the
degradation of the moiecule. Such methods comprise disposing the molecule as a
carge m a microdroplet of a complex coacervate composition disclosed herein, such
that an activity of the cargo molecule is stabilized and/or its degradation 1s inhibited.
20 Embodiments of the mvention alse include methods of performing a biochemical
reaction, the methods comprising disposing molecules that perform the biclogical
rcaction {¢.g. one or more ¢nzymes such as an oxidoreductase; a transferase; a
hvdrolase; a lyase; a isomerase or a ligase} as a cargo within a complex coacervate

formed to comprise water; a water-soluble comb polyelectrolyte; a positively charged

N2
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water-soluble  macromolecule; and  a  negatively  charged  water-soluble
macromolecule; such that the biochemical reaction is performed withim the complex
coacervate. In certain embodiments of the invention, the cargo comprises a plurality

of enzvmes; and the product generated by a first enzyme in the plurality of enzymes is
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a reactant for a second enzvme within the plurality of enzymes {¢.g., so as to perform
an enzvme cascade within the complex coacervate composition).

Other objects, features and advantages of the present invention will become
apparent to those skilled n the ant from the following detailed descnption. It is to be
understood, however, that the detailed description and specific examples, while
mdicating some embodiments of the present invention, are given by way of
lustration and not linutation. Manv changes and modifications within the scope of
the present invention may be made without departing from the spirit thereot, and the

mnvention includes all such modifications.

BRIEF DESCRIPTION OF THE DEAWINGS

Figure 1: Comb polyelectrolyte dispersants stabilize otherwise unstable

polyelectrolyte complex coacervate droplets that are prone to coalescence, (a)
Columns 1 and 2: Complex coacervate droplets obtained upon mixing of scluticns
opposttely charged linear polvelectrolvies (total polyelectrolyte concentrations 15.9 -
62.2 mM, polvelectrolvte charge matched solutionsy. Torbidity in the as-mixed
solutions {column 1} emerges from the presence of complex coacervate microdroplets.
These complex coacervate mucrodroplets are prone to coalescence and merge nto a
homogenous transparent coacervaic phase after ~3 hours, with the polymer dense
phase coacervate phase at the bottom and the polymer-lean supernatant phase at the
top (coluwron 2}, Columng 3 - 7 Stable complex coacervate emulsions obtained by
preparing the same solutions as in Columus | and 2 with an additional component: 4.8
mM amonic comb polyelectrolytes (MasterGlenium 7500}, These stable complex
coacervate emuisions are turbid when prepared {column 3) and maintam a uniformly
tirbidity for more than 48 hours {column 4). Over 4 months of storage, the complex
coacervate microdroplets settle to the bottom of the vial but do not coalesce, leading
to a dense emulsion at the bottom of the vial {column 5). Upon gentle shaking of the
vial, the microdroplets re-disperse, resulting i turbid cnmulsions {column 6). The

shaken vials remain turbid for the next 48 hours {column 7}, indicating no major

(¥
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changes in the stability of the emulsions. Turbidity in the samples 13 a kev factor for
indicating the stability of the emulsions. (b) Micrographs of the as-prepared unstable
complex coacervates droplets {column 1} and stabilized complex coacervate
emulsions {column 2}. The stabilized emulsions contain 4.8 mM comb polvelecirolyvic
dispersants in addition to the oppositely charged hnear polyvelectrolvies. Both as-
mixed solutions contain mucron-sized droplets. The unstable emulsions undergo
droplet coalescence, while the stabilized coacervate emulsions maintain droplet
stability, as evident from micrographs of the stabilized emulsions visualized afier 48
hours after mixing {column 3}. Scale bars are provided in cach micrograph. The linear
polyelectrolytes are polydiallvdimethylammoniom chloride (pRDADMAL) (molecular
weight 8500 g/mol) and polyacrylic acid (PAA) (molecular weight 5100 g/mol).
Figure 2: Microdroplet size in stable complex coacervate emulsions is
controlled by the Hasear polyelectrolyte and the comb polvelectralyte
concentrations. {a) Stable polyelectrolvte complex coacervate cowlsions are
prepared at 1553 mM charge concentration of between oppositely charged hinear
polvelectrolytes €2 wit% as total polvelectrolyte concentration by weight, 1.1 charge
ratio} with increasing concentration, from 0 mM to 19.1 mM charge, of anionic comb
polvelectrolvte. Photographs are taken from different times, indicated as “as mixed”,
3 hours, 24 hours, and 48 hours after mixing. Twbidity in the samples is a key factor
for indicating the stability of the emulsions. (b} The evolution of the mean diameter
{bv volume} of the complex coacervate microdroplets with tune in formulations
comprising iotal polyelectrolyte concentrations ranging from 159 mM to 1553 mM
{polyelectrolvte charge) and increasing anionic comb polyelectrolyte concentration
Microdroplet size increased with increasing Huear polvelectrolyte concentrations but
undergoes a nonmonctonic frend with comb polvelectrolvie concentration. The
microdroplet size were measured using dynamic light seattering and averaged from
triplicate samples at cach concentration and threc measurement trals for each sample.
Filled symbols denote data measured from unperturbed samples. Open symbols

denote data measured from samples that were shaken gently. Frrors are calculated
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through the mean standard deviations of the measurements. Hrror bars are shown
when they are larger than the symbols. The limear polvelectrobvies are
polydiallydimethylammonium chloride (pDADMAC) {molecuolar weight 8500 g/mol}
and polvacryvlic acid (PAA)Y (molecular weight 5100 g/mol). The comb polvelectrolvie
18 MasterGlenium 7500,

Figure 3: Complex ceacervate emulsions stabilize vpon addition of
commercial comb polyelectrolytes. Stable polyelectrolyte complex coacervate
emulsions with 1553 mM charge concentration of oppositely charged linear
polyelectrolytes (1:1 charge ratio) and increasing charge concentration of different
anionic comb polvelectroivies MV AZE08, MVA2500 and MV A2453 (all from BASF).
Photographs taken 48 hours after mixing. Turbidity in the samples is a key factor for
mdicating  the stability of the emulsions. The hnear polyelectrolyies are
polvdiallydimethylammonium chlonde {(pDADMAC) (molecular weight 8500 g/mol)
and polvacrvlic acid (PAA) (molecular weight 3100 g/mol). ¥ is proposed that
commercial polvearboxylate ethers with anionic acryhic acid groups on the backbone
and polyethylene oxide sidechains, corresponding to the three comb polvelectiolyies
shown here as well as MasterGlenmm 7500, stabilize coacervate enmulsions by
adsorbing on the droplet surtace and imducing sterie repulsion between them.

Figure 4: Emulsification can be stimulated by dilution of concentrated
single-phase solution of linear polyelectrolvtes and comb polyelectrolytes. (a)
Turbidity map for polvelectrolvie complex coacervates prepared at varving total hnear
polvelectrolyte concentrations and anionic comb polyvelectrolyte concentrations. Black
symbols represent clear fornulations. Red symbols represent turbid sohutions while
green and vellow symbols represent turbidity below a cutoff of 50% and 25%,
respectively. Sample labelled with a blue star at ~1865.6 mM (~24 wi%) hncar

~
D

polvelectrolyie concentration with ~84.3 mM comb polyelectrolyte concentration is
chosen as the system for dilution experiments. {b) Dilution of smgle-phase solution
comprising opposticly charged lincar polvelectrolvte  and  anionic  comb

polvelectrolyvie nto stable complex coacervate emulsions following 12+, 24-, 30- 48~
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and 120-fold dilutions. Photographs are taken 48 hours after dilution. Total binear
polyelectrolyte concentration and comb polvelectrolyte concentration of the dihited
saraples are indicated. (¢} A comparison of diluted vestabilized (17-37) and stabilized
{1-3) complex coacervate formulations, beginming with single-phase  sohrtion
comprising  oppositely charged lmear polvelectrolyte (18656 mM  charge
concentration) and a single-phase solution compusing a mixture of oppositely charged
lincar polyelectrolyte (18656 oM charge concontration) and anionic comb
polvelectrolvte (84.3 mM charge concentration). Photographs taken 48 hours afier
dibition. Turbidity in the samples is a key factor for mdicating the stability of the
emmidgions. The linear polyelectrolytes are polvdiallvdimethyvlammoniom chionde
{(pBADMAC) {molecular weight 8500 g/mol) and polvacrylic acid (PAA)Y (molecular
weight 53100 g/mol). The comb polyelectrolyte 1s MasterGlemium 7500

Figure 5; Comb peolyelectrolyte stabilized complex coacervate emulisions
can withstand addition of salt. {a) Stable polyelectrolyte complex coacervate
emulsions comprsing oppositely charged hmear polvelectrolvtes (111 charge ratio,
62.2 mM charge concentration}, aniomic comb polvelectrolvte (48 mM charge
concentration} and increasmg concentration of salt (NaCl). Photographs taken at
different times, ndicated as “as mixed”, 3 hours, 24 hours, and 48 howrs after mixing.
Turbidity in the samples is a key factor for indicating the stability of the emulsions (b)
Turbidity measurements ndicating stability of the complex coacervate emulsions as a
function of salt concentration. With increasimg comb polyelecirolvte concentration {at
constant linear polvelectrolvie concentration), larger salt concentrations are required
to reduce the turbidity of the emulsions. (¢} Micrographs of the as-prepared unstable
complex coacervates droplets {colwman 1) and stabilized complex coacervate
emulsions  {column 2). The stabilized eomulsions contain 48 mM  comb
polvelectrolvies in addition to the oppositely charged linear polvelectrolvies (622
mM charge concentration}. Salt concentration is vaned from 0 mM to 200 mM. Both
as- mixed solutions contain micron-sized droplets. The unstable erulsions undergo

droplet coalescence, while the stabilized coacervate emulsions mainiain droplet
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stability, as evident from micrographs of the stabilized emulsions visualized afier 48
hours after mixing {column 3}. Scale bars are provided in cach micrograph. The linear
polyelectrolytes are polydiallvdimethylammoniom chloride (pRDADMAL) (molecular
weight 8500 g/mol} and polyacrviie acid (PAA) (mwolecular weight 5100 g/mol). The
comb polvelectrolyte 18 MasterGlenium 7500,

Figure 6: Comb polyelectrolyies significantly expand the coacervatien
window. Addition of comb polvelectroivtes increases both the critical linear
polyelectrolyie concentration and the critical salt concentration at which
coacervates transition into a single-phase selution. Twbidity maps of formulations
comprising varving concentrations of oppositely charged lincar polyelecirolytes (1:1
charge ratio} and salt concentraion {(Na(ly for three different anionic comb
polvelectrolvte concentrations (C ¢PE = 0, 4.8 and 9.5 mM) highlight this expansion
of the coacervation window. Black crosses represent for the clear phase sysioms. The
solid red circles represent turbid solutions while yellow circles represent partially
tarbidity solutions. The lincar polyelectrolvtes are polydiallvdimethylammomum
chlonde (pDADMAC) (molecolar weight 8300 g/mol} and polvacrvlic acid (PAA)
{molecular weight 5100 g/mol). The comb polyelectrolyte is Master(lenmm 7560,

Figure 7: Salt can provide another handle to tune microdroplet size in
complex coacervate emulsions. {a-¢) The evolution of the mean diameter (by
volume} of the complex coacervate microdroplets in formulations comprising
oppositely charged lincar polvelectrolytes (1:1 charge ratio, 62.2 mM charge
concentration), amiomic comb polvelectrolyte 48 mM or 95 mM charge
concentration} and salt. The mean size of the comb polvelectrolyte stabifized
coacervate microdroplets increases with increasing salt concemdration but remam
nearly constant with time up to 48 hours. The microdroplet diameters were measured
psing dvnamic hight scattering and averaged from triplicate samples at each
concentration and three measwrement trials for each sample. Filled symbols denote
data measured from unperiurbed samples. Open symbols denote data measured from

sampies that were shaken gently. Errors are caleulated through the mean standard
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deviations of the measurements. Error bars are shown when they are larger than the
symbols. The hncar polyvelectrolyvies are polydiallydimethyvlammonium chlonde
{(pDADMAC) (molecular weight 8500 g/mol} and polvacryiic acid (PAA) (molecular
weight 3100 g/mol}. The comb polyelectrolyte s MasterGlennng 7500,

Figure 8: Comb pelyelectrolyte stabilized complex ceacervate emulsions
efficiently encapselate proteins from solutien (3) Encapsulation of proteins
stabilized complex coacervate microdroplets comprising oppositely charged hinear
polvelectrolytes (1:1 charge ratio, 15.9 - 62.2 mM charge concentration) and anionic
comb polvelectrolvie (4.8 mM charge concentration) with molar ratic of protein:total
polyelectrolyte = .15 Protein loaded stable complex coacervate emulsions are
visualized “as mixed” {(columns 1-3) and 48 hours afier mixing {columns 4-63. The
comb polyelectrolytes used to stabilize the complex coacervate emudsions do not
mpede the protein encapsulation ability of the complex coacervates. {b) The
evolution of the mean diameter (by volume) of proten contaming complex coacervate
microdroplets i formulations comprising oppositely charged linear polyelectrolvies
(1.1 charge ratio} and anmionic comb polvelectrolvie. The mean size of protein-
containing microdroplets were similar to those without any protein, and the droplets
remain stable up fo 48 hours. The microdroplet diameters were measured using
dynamic hight scattering and averaged from triplicate samples at each concentration
and three measurement trials for each sample. Filled symbols denote data measured
from unperturbed samples. Open symbols denote data measured from samaples that
were shaken gently, Errors are calculated through the mean standard deviations of the
measurements. Error bars arg shown when they are larger than the symbols. The
limear polvelectrolytes are polvdiallvdusethvlammonium  chlonde (pDADMAC)
{molecular weight 8500 g/mol) and polyacrylic acid (PAA) (molecunlar weight 5100
g/mol}. The comb polvelectrolyte 1s MasterGleniom 7300, The protein s FITC-
labelled Bovine Scrum Albumin (BSA).

Figure @: Salt does not impede the encapsulation of preteins in stabilized

complex coacervate emulsions. Encapsulation of protein in vostable and stabilized
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complex  coacervate mucrodroplets  comprising  opposutely  charged  linear
polyelectrolytes (1:1 charge ratio, 62.2 mM charge concentration} and stabilized by
anionic comb polyelectrolvie (4.8 mM charge concentration) with molar ratic of
protein:total polvelectrolyvie = 0.15 as a function of salt concentration. Protein loaded
complex coacervate emulsions are visualized “as mixed” {columns 1-3 and 4-6} and
48 hours affer mixing {columns 7-9). The comb polyelectroivies used to stabilize the
coacervate cmulsions do not inlubtt protein encapsulation. Moreover, comb
polvelectrolyvie stabilized coacervates form and can encapsulate proteins at higher salt
concentrations compared to the unstable complex coacervates. The hnear
polyelectrolyics are polydiallydimethyiammoniom chioride (pRADMAL) (molecuiar
weight 8500 g/mol} and polvacrylic acid (PAA) (molecular weight 5100 g/mol). The
comb polvelectrolyvte 1s MasterGlenium 7500, The protemn 1s FITC-labelled Bovine
Serum Albunun (BSA).

Figure 14: Activity of enzymes is markedly eshanced upon encapsulation
in stable complex coacervate microdroplets. (a) The enzymatic activity of hipase 18
detected by the absorbance spectra of the p-nitrophenol produced upon enzymatic
degradation of p-nitrophenyl buityrate. Lipase emzymes are cither suspended
solution, encapsulated i unstable complex coacervates (with total PE concentration =
15.9 mM)}, or encapsulated n stabibized complex coacervate microdroplets composed
of oppositely charged lincar polvelectrolvtes {with total PE concentration = 15.9 mM)
and anionic comb polyelecirolvies. The absorbance spectra evolved at a significantly
faster rate, depoting enhanced enzyme activity in solutions where enzymes were
encapsulated in stabilized microdroplets. (b) The enzymatic activity {i/t 1/2),
estimated from the absorbance spectra, for frecly suspended and oncapsulated
enzymes guaniifies the activity enhancements upon enzvme ¢necapsulation. The hnear
polvelectrolvies are polvdiallydimethyviammontum chloride (pBADMAC) {molocular
weight 8300 g/mol) and polyacrylic acid (PAA} (molecular weight 5100 g/mol). The

comb polvelectrolyte is MasterGlerium 7500,
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Figure 11: Highlights of our strategy o create stable complex coacervate
emaulsions. (3} Complex coacervates obtained uvpon mixing of agueous solutions of
oppositely charged lincar polvelectrolvies. lcading to twbidity in the as-mixed
solutions eroergmg from the presence of droplets {column 1) These complex
coacervate mucrodroplets are prone fo coalescence and merge mto a homogenous
transparent coaccrvate phase after ~3 hours {column 2}. Stable complex coacervate
emulsions are turbid when prepared {column 3) and maimntain uniform turbidity for
more than 48 hours (column 4). Over 4 months of storage, the complex coacervate
microdroplets settle to the bottom of the vial but do not coalesce, leading to a dense
emmdsion at the bottom of the vial {cohumn 53 Upon gentle shaking of the vial, the
microdroplets re~-disperse, resulting m turbid emulsions (colurnn 6). The shaken vials
remarn turbid for the next 48 hours {colamn 7} (b) Micrographs of the as-prepared
unstable complex coacervates droplets {column 1) and stabilized complex coacervate
emulsions as-prepared (column 2) and after 48 hours afier mixing {column 3}, {c)
Dlution of a single-phase solation comprising oppositely  charged  hnear
polyelectrolyte and anionic comb polyelectrolvte into stable complex coacervate
emulsions following 12-~, 24-, 30~ 48-, and 120-fold dilutions. Photographs were taken
48 hours after dilution. {d) Encapsulation of proteins in stabilized complex coacervate
microdroplets comprising oppostiely charged limear polyelectrolytes and comb
polvelectrolvie with FITC-BSA {¢) The enzymatic activity for freely suspended and
encapsulated hipase quantifies the activity enhancements upon encapsulation 1n stable
complex coacervate microdroplets. For {a-¢), the hinear polyelectrolytes are
polydiallydimethylammoniom chloride (pDADMAC) (molecular weight 8500 g/mol}
and polvacryvlic acid (PAA)Y (molecular weight 5100 g/mol). The comb polvelectrolvie
18 MasterGlenium 7500, The protem in (d) is FITC-labelled Bovine Scrum Albumm
{BSA). The enzyme in (¢} s lipase.

Figure 12: Quastification of the evolution of emulsion turbidity and
droplet size demounsirates exceptional stability. {a. b) Turbidity evolution,

demonstrated as a function of time after mixing, of the stabilized complex coacervate
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emulsions {(filled symbols) and the unstable complex coacervates {open symbols) are
ilustrated for formulations comprising oppositely charged linear polyelectrolyvtes (1:1
charge ratio) and stabilized by anionic comb polvelectrolyte (4.8 mM charge
conceutration). The hincar polvelecirolyie charge concentrations are (a} 38.8 mM and
(b} 72.2 mM. The turbadity of stabilized complex coacervate emulsions remained >
939 for over 48 hours while that of unstable complex coacervates reduced by 90%.
{c} Evolution of mean diameter of the microdroplets in the stabilized complex
coacervates, demonsirated as a function of time after mixing, for formulations
comprising oppositely charged binear polyelectrolytes (1:1 charge ratic) and stabiized
by anionic comb polyelectrolyte (4.8 mM charge concentration). The linear
polvelectrolvie charge concentrations are 38.8 mM (red symbols) and 72.2 mM (blue
symbols). For (a} — (¢}, the lincar polvelectrolvtes are polydiallydimethylammonium
chioride {(pDADMAC) (molecular weight 85300 g/mol} and polvacrviic acid (PAA)
{molecular weight S100 g/fmol}. The comb polvelectrolyvte is MasterGlentum 7500
Figure 13: Droplet size distribution in stabilized complex coacervate
emulsions, {(a-d} Distribution of the microdroplet diameter, by volume, are shown for
stabilized complex coacervate eroulsions in as-mixed samples and samples incubated
for 48 hours after mixing. The formulations comprised oppositely charged hnear
polvelectrolvies (1:1 charge ratio} and stabiized by anionic comb polvelectrolyie (4.8
mM charge concentration}. The linear polyelectrolvte charge concentrations are 38.8
mM {a,b} and 72.2 mM {(c,d). Narrow size distributions of the microdroplets are
demonstrated m all samples. The microdroplet size increascd with increasing hnear
polyelectrolyte concentration. The microdroplets size increased marginally afier 48
hours while stil remamning below 2 pm. Different colors represent results from
repeated measurements. The binear polyelectrolvies are polydiallydimethylammonium
chloride {pBADMAC) (molecudar weight 8500 g/mol} and polvacrylic acid (PAA)
{molecular weight 3100 g/mol). The comb polyelectrolyte is MasterGlenium 7500
Figure I4: Torbidity maps of complex coacervate formulations

comprising comb pelyelectrolyte. The green shading highlights the coacervation

i3
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window in each figure. {(a) Turbidity map for polyvelectrolyvie complex coacervates
prepared at varving total lincar polvelectrolyte concentrations and aniomic comb
polvelectrolvte concentrations. Black symbols represent clear fornudations. Red
symbols represent turbid solutions while green and vellow symbols represeot turbidity
below a cutoff of 50% and 25%, respectively. (b-d} Turbidity maps of formulations
comprising varying concentrations of oppositely charged linear polyelectrolytes (101
charge ratio) and salt concentrations (NaCly for three different amionic comb
polvelectrolyte concentrations (C_cPE = 0 (b}, 4.8 (¢} and 9.5 mM {(d)) highhght this
gxpansion of the coacervation window. The addiion of comb polvelectrolvigs
increases both the critical linear polyelectrolyte concentration and the cntical salt
concentration at which coacervates transifion into a single-phase solution. Black
crosses represent the colear phase systems. The solid red circles represent turbid
solutions while yellow circles represent partially turbidity solutions. The hnear
polvelectrolvies are polvdiallvdimethyiammonium chlonde (pDADMAC) (molecular
weight 8500 g/mol) and polvacrviic acid (PAA) (molecular weight 5100 g/mol). The
comb polyvelectrolyvte 15 MasterGlenium 7500,

Fig 15: Strong polyvelectrolyvte pair coacervate microdroplets formed at
high concentrations of KBr can be stabilized by comb polyelectrolvies.
Electrostatic interactions between strongly and oppositely charged polyelectrolytes
polvdiallyldimethylammoniom  chionde (molecular weight 8300 g/mol) and
polystyrene sulfonate (molecular weight 70,000 g/mol) were screened by introducing
salt KBr {concentration of 1.8M)}); this plasticized the complexes formed to vield
hiquid-like coacervates instead of sohid-hike precipitaies. Emmlsions of coacervates
were prepared (111 charge ratio, 136mM lincar polyelectrolvte charge ratio} and
stabilized by the addition of mcreasing concentration of aniomc comb polvelectrolvie
from 11.7-58.8 mM charge concentration. Photographs of these taken at different
times, ndicated as “as mixed”, “24 hrs” and “48 hrs” after mixing are displaved.
Turbidity in samples indicaies the presence of coacervate microdroplets, and its

persistence at different times shows that the emulsions are stable. KBr is known to

14
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screen electrostatic infcractions more effectively than NaCl, and emulsions maintain
turbidity after 48 hrs at high comb-polvelectrolvte concentrations {58.8mM) despite
high KBr concentration {1 8M). The comb polyelectrolyte used was polyacrylic acid-
co-polyethylene glveol (PAA-co-PEG, melecular weight = 39467 g/mol, 26 ¢- at pH
= 6, PEG molecular weight = 3000 g/mol, commercial name MasterGlenium 7300}
Fig 16: Encapselation of epzymes in siabilized complex coacervates can
enable biocatalysis in flow reaciors. Comb polyelectrolyte stabilized coacervate
droplet emulsion with encapsulated protein lipase was placed in a continuous stir tank
reactor (CSTR) to demonstrate its utility i flow reactors. Pralysis membrangs were
used to restrict these micron sized droplets within the reactor volume while allowing
the free flow of the reactanis and products. As shown carlier, encapsulated fipase
catalyzes the degradation of p-nitrophenyl butyrate (PNPB) to the fluorescent p-
nitrophenol at increased rates. PNPB was added to the CSTR inlet feed on day 1, day
5 and day 21, and the outlet concentration of p-uttrophenol was obtamed from the
absorbance at 1s charactenistic wavelength, As expected with the unsteady CSTR
operation during start-up, the conversion at reactor outlet shows an initial positive
slope followed by adecay on day 1. Counversion of day 5 and day 21 plateau to similar
valuegs, showing that the enzymatic activity lipase 15 mamtamned, thereby
demonstrating the feasibility of using such emulsions i flow reactors. For this
experiment, CSTR volume = 0550, flow rate = 028 ml/s, residence time ~ 35min
and lipase concentration = 0.05 uM. The coacervate phase was composed of
polvdiallyldimethylammmoninm  chionde  (molecular  weight 3300 g/mol) and
polvacrylic acid (molecular weight 5100 g/moly with total charge concentration of
40mM, and comb polyelectrolyte polvacrvhic acid-co-polvethviene glvcol (PAA-co-
PEG, molecular weight = 39467 gfmol, 26 ¢ at pH = 6, PEG molecular weight = 3000

g/mol, commercial name MasterGlenium 7500} with concentration of 23.5mM charge.

DETAILED DESCRIPTION OF THE INVENTION
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In the description of embodiments, reforence may be made to the
accompanying figures which form a part hereof, and m which s shown by way of
ilustration a specific embodiment 1o which the invention may be practiced. ftistobe
understood that other embodiments may be utihized, and structural changes may be
made without departing from the scope of the present mvention.  Unless otherwise
defined, all terms of art, notations and other scientific terms or terminology used
heren are intended to have the meanings commoniy understood by those of skl in
the art to which this invention pertains. In some cascs, terms with commonly
understood meanings are defined herein for clarity and/or for ready reference, and the
inclugion of such defimitions herein should not necessarily be construed fo reprosent a
substantial difference over what 1s generally undersiood m the art. Many of the
aspects of the technigues and procedures descenbed or referenced hercin are well
understood and commonly emploved by those skilled in the art. The following text
discusses various embodiments of the invention.

A vanety of matenals with diverse structures and properties can be formed as
a resuit of electrostatic nteractions between oppositely charged macromolecules.
Under defined conditions, complexation between oppositely charged polyelectrolyies
can lead to a phase separation phenomenon, referred to as complex coacervation.
Polyelectrolyte complex (PEC) coacervates form apon electrostatic complexation of
oppositely charged macromolecules and their subsequent condensation into agueous
macromolecule-rich  phases. These aqueous two-phase  systems have  been
demonstrated to  possess umigue capabiliies to  achieve dynamic  spatial
compartmentalization and spontangous sequestering of biological molecules {see, e,
Thies, in Encyclopedia of Food Sciences and MNutrition (Sccond Edition), 2003,
Shadell ¢t la., Food Hydrocolloids Volume 77, Apnl 2018, Pages 803-816; U.S.
Patent No. 9757333, and U8 Patent Application Publication Ng. 20090253165).
Despite such exciting prospects, their use has been limited owing to an mability to

stabilize coacervate droplets and prevent their macro-phase separation.
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Complex coacervates can form upon electrostatic complexation of oppositely
charged macromolecules {synthetic polyelectrolvtes, biopolyelectrolytes like DNA
and RNA, charged biomacromolecules such as proteins, macroions, otc. ). Their
associative liguid-liquid phase separation spontancously results into two phases, with
one macromolecule-rich phase containing both polvelectrolvies and the other being
primarily water. These coaccrvate droplets possess distinct water-water interfaces
with the ambient agueous cnvironments and have a strong propensity to partition and
encapsulate charge-bearing molecules {¢.g., proteins, multivalent 1ons, nucleic acids
and the like) As such, these aguecus two-phase systems have been presented as
mimmalistic mombranciess protocellular mode! that exhibit enique capabilitics to
achieve dynamic spatial compartmentalization as well as spontancous seguestering
and activity enhancement of biclogical molecules. Despite these exciting prospects,
their oulity as protocells, biorcactors, and encapsulants have been significantly
hampered owing o the lack of colloidal stability, which makes the coacervate
droplets prone to coalescence and Ustwald ripening, leading to macrophase separation
of complex coacervates.

Studies of water-water emulsions have achioved stabilization of agueous
droplets by encapsulation with membranes composed of hydrophilic-hvdrophobic-
charged triblock polyelectrolytes that prevent droplet condensation into macrophases.
Similar stabilization sirategics have alsc been accomplished for complex coacervate
droplets by sclf~assembly of hpid vesicles oun the droplet surfaces wherein the vesicles
tend to adsorb at the water-water mterfaces to provide collodal stability. However,
these approaches create a membrane around the droplets that is semi-permeable at
best. Therefore, key attributes of compiex coacervate-based biorcactors ncluding
strong propensity to sequester charged macromolecules from solution and active
transport of small melecules 1w and out of the droplets are seversly dimimnished.

Comb polymers are a class of branched polymers consisting of a lincar
backbone with a low grafting density of side chains. Polyelectrolvtes are a group of

polymers whose repeating anits bear an electrolyte group. These groups dissociate m
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aqueous solutions {(water), making the polvmers charged. As disclosed herem,
complex coacervates composed of a charged polvelectrolyte pair of molecudes can be
stabilized with comb polyelectrolytes at high salt concentrations and electrostatic
screening. At low ionic strengths, strongly charged polvelectrolvte pairs typically
form solid-like precipitates, and high salt concentrations are required to screen
coulombic miteractions to vield iquid-hke coacervates. In illustrative embodiments,
we use potassium bromide for effective electrostatic screening. Such coacervate
droplets can also be stabilized by addition of comb-polvelectrolvies and remain
dispersed after 48 hours. This shows that stabilization of coacervates using comb-
polyelectrolyics 1s a versatile strategy which is effective for high ionic strengths,
distinct salt identives, and different polyvelectrolvie strengths (see, e.g., Fig 15).
Stabilized coscervate cmelsions with encapsulated enzymes can also be used
ctfectively for biocatalysis in continuous {flow reactors at practical scales. A ~05 L
reactor with ~0 3mi/mun flow rate loaded with such emulsions o perform enzyme
catalvzed reactions is shown to maintain its activity after 21 davs of its start-up.
Conversion at the ocutlet is also observed to remain constant at steady state operation
over this period {Seg, e.g., Fig 16).

The mvention described herein provides methods and materials that can impart
long-term stability to polvelectrolvte complex coacervate droplets and create complex
coacervate emulsions.  Embodiments of the mvention include. for example,
compositions of matter inchuding water; a water-soluble comb polvelectrolvie; a
posttively charged water-soluble macromolecule; and a negatively charged water-
soluble macromolecule; wherein the water-soluble comb  polyvelectrolvte, the
pasttively charged water-soluble macromolecule and the negatively charged water-
soluble macromolecule form a complex coacervate. In typical embodiments of the
mvention, the water-soluble comb polyelectrolyte comprises an anionic comb
polvelectrolvie: the positively charged water-soluble macromolecule comprises a
lincar polyelectrolyte; and the negatively charged water-soluble macromolecule

comprises a lincar polyelectrolyte. In certan embodiments of the mvention, the

I8
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compostiion further comprises at least one additional agent comprising: a pesticide; a

polypeptide; a polynucleotide; a therapeutic agent; a diagnostic agent; 3 macroion, a

pharmaceutical excipient; and/or a salt. Optionally such compositions are formed 50

that the additional agent exhibits a charge concentration such that the ratic of the

5 addwional agent’s charge to the sum of the positively charged macromolecule charge

concentration and the negatively charged macromolecule charged concentration
ranges from 0 to 0.3.

In some embodiments of the invention, the complex coacervate comprises

microdroplets having a mean diameter from 0.05 pym to 10 pm. In some embodiments

16 of the invention, the complex coacervate exhibits turbidity at concentrations of 104,

250 or 300 mM Nall. In some embodiments of the invention, the complex

coacervate remains stable for 12, 24 or 48 hours following a >10-fold, >50-fold or

>120-fold dilution from a concentrated single-phase solution of the complex

coacervate.  In some ombodiments of the invention, the complex coacervate

Ju—
[

spontancously encapsulates polypeptides disposed in the composition. o some
embodiments of the imvention, the composition comprises microdroplets; and the
microdroplets remain suspended i the composition for 12, 24 or 48 hours following
microdroplet formation; and/or the mean diameter of the microdroplets remains stable
for 24 or 48 hours following microdroplet formation; and/or the mean diameter of the
20 smmcrodroplets remains stable for 24 or 48 hours in concentrations of 100 mM Na(l
In some embodiments of the invention, the posiively charged water-scluble
macromolecule and the negatively charged water-soluble macromolecule extubit a
charge ratio of 0.25:1 - 4:1 {e.g. 1:1}. In some embodiments of the invention, the

posttively charged water-sohuble macromolecule 15 at a concentration from 6.1 - 50

]

5 wit%. In some embodiments of the invention, the negatively charged water-soluble
macromolecule is at a concentration from 0.1 — 30 wi%. In some embodiments of the
mvention, the comb polyeloctrolyte exhibits a charge concentration sach that the ratio
of the comb polyelectrolyte charge congentration to the sum of the posttively charged

macromolecule charge concentration and the negatively charged macromolecule

1%
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charged concentration ranges from 0.05 to 1. In some embodiments of the mvention,
the positively charged water-soluble linear polyelectrolyte 1s present in amounts from
0.1 mM - 3000 mM. In some embodiments of the imvention, the negatively charged
water-soluble lincar polvelectrolvte 1s present in amounts from 0.1 ;b - 3000 mM.
In some embodiments of the mvention, the water-soluble comb polvelectrolyie 1s
present in amounts of at least 6.1 mM. In some embodimenis of the mvention,
sodium chloride is present in amounts from 1 to 1000 ;M.

A variety of polveations, polyanions and comb polyelectrolytes can be used in
embodiments of the mvention {seg, ¢.g. Table 1}, For example, in addition to the
polycation  polydialivldimethvilammonium  chloride, other polveations such as
polvallvlamine  hvdrochloride, poly{cthvlencimine), polv(vinviasune), cationic
polvacrvlanides and naturally sourced polveations such as chitosan and cationic
starches can be used to form coacervate droplets. In addition to polvanions sach as
polvacrvlic acid and polystyrene sulfonaie, other groups of polvanions such as
polvcarboxvlates, polvphosphonates, polvsulphonates, anionic polvacrviamides and
naturally sourced polvamions such as sulphated polysacchandes and ligin sulphonates
can be used to form coacervate droplets. In addition to comb polyelectrolyies such as
palvacryvlic acid-co-polvethyiene glveol which has a polvacrvlic acid backbone, all
the above mentioned charged polycations and polvanions may constitute the polymer
backbone. Instead of polysthylene glveol, the neutral side chains can be composed of
any other hydrophilic polymer such as polvacrvlamides as well as natural neutral
polvmers such as starch and cellulose derivatives.

The complex coacervate formulations are typically composed of oppositely
charged linear polyelectrolvies (that form the complex coacervate phase) and water.
Stability against coalescence of droplets is achieved by mcorporation of comb
polvelectrolvies in the formulations, leading to complex coacervate emulsions. Salt is
added optionally to tune the properties of the emuisions. Protemns are added optionally,
for example to create bio-microreactors. fn embodiments of the nvention, the comb

polvelectrolvites adsoth on the complex coacervate droplet’s surfaces (water-water
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mierfaces} and provide steric stabilization to the droplets. In this context, the
microdroplet size and number density can be adjusted by varving the total
polvelectrolvte concentration, comb polvelectrolyte concentration, and optionally salt
concentration. Different embodiments of the invention use different sized molecules
depending on the use/purpose for the composition. In cerfain embodiments of the
mvention, the backbone of the water-soluble comb polvelectrolyte and/or the
backbone of the posmively charged water-soluble macromolecule {e.g linear
polvelectrolvie} and/or the backbone of the negatively charged water-soluble
macromolecule (e g linear polvelectrolvie): comprises at least 10%, 10°, 104, 10°, 109,
or 107 monomeric units covalently linked together to form the backbone. In other
embodiments of the invention, the backbone of the water-soluble comb
polvelectrolvte and/or the backbone of the positively charged water-soluble
macromolecule {e.g lincar polyvelectrolyte} and/or the backbone of the negatively
charged water-soluble macromolecule {¢.g Imear polyelectrolyie); comprises less than
12, 10°, 104, 10°, 10°, or 107 monomeric units covalently Hnked together to form the
backbone.

The complex coacervate emulsion compositions of the invention can inciude
additional components such as at least one of a polypeptide; a polyoucleotide; a
therapeutic agent; a diagnostic agent; a macroion; a pharmaceutical excipient; and/or
sodium chloride {i.c., mucrodroplet cargos, and excipients, and the bke). Certan
embodiments of the methods and compositions of the invention include, for example
the use of a pharmacentical excipient such as one selected from the group consisting
of a preservative {c.g., an antimucrobial agent}, a polyvpeptide stabilizing agent, a
tonicity adjusting agent, a detergent, a viscosity adjusiing agent, a sugar and a pH
adjusting agent. For compositions suitable for admmistration to humans, the term
"excipient” 13 meant fo include, but is not hmited to, those mgredients described in
Remington: The Science and Practice of Pharmacy, Lippincott Williams & Wilkins,

2ist ed. (2006) the contents of which are incorporated by reference berein.
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A variety of compositions can be made uvsing the methods and matenals
disclosed herein.  In embodiments of the invention, the compositions can have
varving amounts of ingredients, for example ones where the positively charged water-
soluble linear polvelectrolvte is present in amounts from 0.1 mM - 3000 mM; and/or
the negatively charged water-soluble linear polvelectrolyie 18 present in amounts from
0.1 mM - 3000 mM; and/or the water-soluble comb polvelectrolyte compnsing a
negatively charged backbone and neutral sidechains is present in an amount of at feast
0.1 mM {e.g. m amounis from | mM - 300 mM}. In illustrative embodiments of the
invention, i the complex coacervate emulsion compositions, the posiiively charged
water-solable linear polyvelectrolyte is present in amounts from 0.4 mM - 1150 mM;
the negatively charged water-soluble linear polvelectrolyie 1s present in amounts from
0.4 mM ~ 1130 mM; the water-soluble comb polyelectrolvie comprising a negatively
charged backbone and neutral sidechains is present in amounts from 4.8 mM - 846
mM; and/or sodium chlonde is present in amounts from 1 to 1000 mM,

The compositions disclosed hercin can formed to oxhibit a number of
structural and/or functional properties. For example, in certain embodiments of the
mvention, the composition comprises microdroplets having a mean diameter from
0.05 um to 10 wm (cg from 02 pm to 2 wu) and/or the complex coacervate
emulsion corposition exhibits turbidity at concentrations of 100, 250 or 300 mM
NaCl; and/or the complex coacervate emulsion remains stable for 12, 24 or 48 hours
followmg a >120-fold difution from a concentrated single-phase solution of the
complex coacervate enmulsion; and/or the complex coacervate emulsion spontancously
encapsulates polypeptides disposed in the composition. In certain embodiments of the
mvention, the microdroplets remam suspended in solution for 12, 24 or 48 howrs
following microdroplet formation; and/or the mean diameter of the microdroplets
remains stable for 24 or 48 hours {or 1 week or | month) following microdroplet
formation; and/or the mean diameter of the microdroplets remains stable for 24 or 48

hours (or | week or | month} in concentrations of 100 mM NaCl
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Embodiments of the invention also include methods of making complex
coacervates having the constellation of clements disclosed heremn. Typically, these
methods comprise combining together water, a water-soluble comb polyelectrolyte
{c.g., an anionic comb polvelectrolyie), a positively charged water-soluble
macromolecule (e.g. a first linear polyelectrolvie); and a negatively charged water-
soluble macromolecule (e.g. a second linear polyelectrolytel.  In such methods, the
water-soluble  comb  polvelectrolvie, the positively  charged water-scluble
macromolecule and the negatively charged water-soluble macromolecule are selected
to have matenal properties and used in concentrations/ratios that allow them to be
combined together in the water to form a complex coacervate. Some embodiments of
these methods wmclude further disposing 1 the complex coacervate at least one of a
polvpeptide; a polvnucleotide; a therapeutic agent; a diagnostic agent; a macroion; a
pesticide; a pharmaceutical excipient; a salt or the hke.  In dlustrative methods of
making a complex coacervaie, the comb polyelectrolvie is selecied to adsorb on
complex coacervate droplet surfaces (water-water interfaces) so as to provide steric
stabilization to the droplets. In cortain of the methods of making a complex
coacervate the method forms microdroplets having a mean diameter from 0.05 um to
10 um; and/or the complex coacervate formed in the method exhibits turbidity at
concentrations of 100, 2506 or 500 mM NaCl; and/or the complex coacervate formed
m the method remains stable for 12, 24 or 48 hours following a >120-fold dilution
from a concenirated single-phase solution of the complex coacervate. In some
cmbodiments of the invertion, the complex coaccrvate formed in the method
spontaneously encapsulates polyvpepiides disposed mn the composition. Embodiments
of the mvention further include complex coacervates made by the methods disclosed
herein.

The methods of the mvention can be used to form compositions having
selected properties.  For example, i some embodimenis of the mvention,
microdroplets formed by the method remain suspended in solution for 12, 24 or 48

hours following microdroplet formation. In some embodiments of the mvention, the
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mean diameter of the microdroplets formed by the method remains stable for 24 or 48
hours following microdroplet formation. In some embodiments of the invention, the
mean diameter of the microdroplets formed by the method remains stable for 24 or 48
hours m concentrations of 100, 200 or 300 ;M NaCl. In certain embodiments of the
mvention, the positively charged water-soluble macromolecule and the negatively
charged water-soluble macromolecule are selected o exhubit a charge ratio of 0.25:1
4:1 {eg. 1:1} In some embodiments of the mvention, the positively charged water-
soluble macromolecule 1s at a concentration from 0.1 — 50 wit%; the negatively
charged water-soluble macromolecule 1s at a concentration from 0.1 — 30 wit, and
the comb polyelectrolvte is selected to exhibit a charge concentration such that the
ratio of the comb polvelectrolyte charge concentration to the sum of the positively
charged macromolecule charge concentration  and  the neganvely  charged
macromolecule charged concentration ranges from 0.05 to 1.

Embodiments of the inveniion mmclude methods of making a complex
coacervate emulsion comprising combining together: a postitvely charged water-
soluble  limear polyelectrolvie; a  negatively  charged  water-soluble  hnear
polvelectrolvte; an anionic water-sohiuble comb polyelectrolyic {¢.3., one comprising a
negatively charged backbone and neutral sidechains}; and water, such that a complex
coacervate emulsion 1s made. In certaim embodiments of the invention, these methods
mehude disposing in the reaction mixture combination at least one of a polypeptide; a
polvnuciectide; a protein; a therapeoutic agent; a diagnostic agent, a macroion; a
pharmaceutical excipient; and/or salts such as sodivm chlonde. Typically, i such
embodiments, the method forms microdroplets having a mean diameter from 0.2 pm
to 2 wm. The mean droplet size and the size distribution varies as a function of linear
palvelectrolvte (C_PE) and comb polyelectrolyte (C_cPE) concentrations. Figure 13
shows the droplet size distnbution for a fow representative stabilized complex
coacervate emulsions, with € PE = 388 mM (@b) or C PE = 722 mM {c,d} and
{ cPE=4 8 mM. This width of the droplet size distribution can be tuned by adjusting

C PE and C _cPE.
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In certain embodiments of the mvention, the complex coacervate emulsion
composition formed in the method exhibits turbidity at concentrations of 100, 250 or
500 mM NaCl; the complex coacervate emuldsion formed in the method remains stable
for 12, 24 or 48 hours following a >120-fold dilution from a concentrated sigle-
phase solution of the complex coacervate emulsion; and/or the complex coacervate
emulsion formed in the method spontancously encapsulates polypeptides disposed n
the composition. In certain embodiments of the invention, microdroplets formed by
the method remain suspended v solution for 12, 24 or 48 hours following
microdroplet formation; and/or the mean diameter of the microdroplets formed by the
method remains stable for 24 or 48 hours following mucrodroplet formation; and/or
the mean diameter of the nucrodroplets formed by the method remains stable for 24 or
48 hours n concentrations of 108, 200 or 300 mM NaCl

In certain embodiments of the invention, in the complex coacervate emulsion
made by these methods, the posttively charged water-solable linear polyvelectrolyie is
present i amounts from 0.1 oM ~ 3000 oM (c.g. from 0.4 mM - 1150 mM); the
negatively charged water-soluble hinear polvelectrolyie 1s present in amounts from 0.1
mM - 3000 mM {eg from 04 mM - 1150 mM);, the water-soluble comb
palvelectrolvte compusing a negatively charged backbone and neutral sidechains is
present in an amount of at least 0.1 mM {e.g. from 4.8 mM - 84.6 mM); and/or a salt
such as sodium chlornide 1s present in amounts from 1 to 1600 mM.

Embodiments of the invention also include methods of using the compositions
disclosed herein.  For cxample, embodiments of the mvention include methods of
using the compositions disclosed herein fo stabilize an activity of a molecule and/or
mhibit the degradation of the molecule. For example, the nearnative coacervate
environment of the compositions disclosed herein can stabilize encapsulated protein
against denaturation due to teroperature changes. Protems in solution are usually
stored in refrigerated conditions, which mcreases their storage cost. Encapsulation of
proteins in coacervate droplets can allow their storage at room temperatures and

reduce costs.



WO 2022/240988 PCT/US2022/028766

16

2

]

[

20

()]

A typical embodiment of the invention is a method of stabilizing an activity of
a biological molecule such as a polypeptide {e.g., an enzvme such as lipase} and/or
inhibiting the degradation of this molecule, the method comprising disposing the
biological melecule such as a polypeptide i a nucrodroplet of the invention such that
an activity of this cargo is stabibzed and/or iis degradation is mhibited (1e. as
compared to a control cargo within the same environment but not disposed within a
microdroplet of the invention}). Such methods comprise disposing the molecule as a
cargo in a nmucrodroplet of a complex coacervate composition disclosed herein, such
that an activity of the cargo moleculde is stabilized and/or its degradation is inlubited.

Embodiments of the invention also include methods of performing a
biochenucal reaction, the methods comprising disposing molecules that perform the
biclogical reaction {c.g. one or more enzymes such as an oxidoreductase; a
transferase; a bydrolase; a lipase; a isomerase or a ligase) as a cargo within a complex
coacervate formed io comprise water; a water-soluble comb polyelectrolyte; a
posttively charged water-soluble macromolecule; and a vegatively charged water-
soluble macromelecule; such that the biochemical reaction is performed within the
complex coacervate.

The complex coacervate emulsions-based bioreactors disclosed herein can also
support multi-enzyvme reaction cascades by co-encapsulating more than | enzyme n
the droplets. Maltiple enzymes may also be encapsulated in an individual coacervate
dropiet, thereby allowing enzymatic cascades wherein the product from one enzyme is
the reactant for another. In this context because the enzymes are in proxamity inside
the droplet, mass transfer bmitations will be reduced significantly, and overall
reaction rates will be much higher. Sach embodiments of the invention allow for the
construction of artificial enzymatic cascades, providing great flexibility. In certain
embodiments of the invention, the cargo comprises a plurality of enzymes; and the
product gencrated by a first enzvme n the plarality of enzymes is a reactant for a
second enzyme within the plurality of enzymes {c.g., so as to perform an cnzyme

cascade within the complex coacervate composition).
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Embodiments of the invention include methods of delivering a cargo {(eg., a
polypeptide; a polynuclestide; a protem; a therapeutic agent; a diagnostic agent or the
fike) to a patient, the method compnsing administering the cargo disposed in a
microdroplet within a composition disclosed herein to the patent such the cargo s
delivered to an in vivo location m the patient. In aliemative embodiments of the
mvention, the composition 18 adapted for an agriceltural application and includes a
cargo stabilized by the complex coacervates disclosed herein {¢.g. an agrochemical
such as a pesticide, or an herbicide or a fertilizer or the like} adapted for this purpose
{sce WO 2017029302 and U.S. Patent Publications 20181039956 and 20110294864,
and Lig et al, Advanced Functional Materials (315 2021, Hynes et al., Weed
Techunology Vol. 24, No. 2 (APRIL-JUNE 2010}, pp. 185-192, and Huang et al.,
Nanomatenals 2018, 8(2), 102 which are incorporated by reference). In aliernative
embodiments of the invention, the composition 1s part of a detergent composition and
mehides a cargo {e.g., an enzyme such as a protease, an amylase, a lipase, a cellulase,
or a mannanase) adapted for this purpose.

As noted above, in certain embodiments of the invention, the complex
coacervate emulsion 15 “stable” (e g, stable for 12, 24 or 48 hours following a »120-
fold dilution).  In such cmbodiments of the mvention, “stable” can be defined as
situations where the mean diameter of the microdroplets in the composition does not
change or changes minimally. Typieally, for example, “stable”™ typically denotes a
situation where the mean size diameter of the microdroplets in the composition
changes less than 20%, less than 10% or less than 5%. As shown m Figure 12, the
mean diameter of stabilized complex coacervate emulsion droplets (Figure 120)
remains constant for at least 48 howrs after mixing while the unstable droplets phase
separates into a macroscopic single phase. This data shows that the mean droplet size
does not change in the stabilized emulsion, indicating lack of coalescence of droplets.

As noted above, in certain embodiments of the invention, the complex
coacervate emulsion exhibits “turbidity”.  Turbidity of unstable coacervates and

stabilized complex coacervate emulsions s shown in Figure 12A and 12B The
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stabilized complex coacervate emulsions maintain turbidity at almost 100% up to 48
hours, while the unstable complex coacervates become clear, with more than 830% loss
in turbidity in the same timeframe. Turbidity here is defined as {1- fraction of ncident
light transoitted through the sample)* 100%. So, a 100% turbid sample does not let
any hight through while a 0% turbid sample is completely transparent. In certam
embodiments of the invention where a complex coacervate emulsion “maintaing
turbidity”™ under a particular condition {such as varying salt concentrations), this
means that this emulation mamtains at least 50% of the ongmal twrbidity observed m
a control complex coacervate emulsion not exposed to that condition (2.g., a particular
salt concentration).

Hlustrative concentration boundaries that we have observed form stable
complex coacervate emulsions that mamitain turbidity up to 48 hours after mixing are
as follows {and data showing the stability window for samples withouot salt is depicted
in Figure 14A and data showing the stability window for samples with salt is depicted
m Figures 148B-D)

Samples without salt:

Lingar polvelectrolyvte concentration: 0.8 mM - 2300 mM

Positively charged linear polyelectrolyte concentration: 0.4 oM — 1150 mM

Negatively charged linear polvelectrolyte concentration: 8.4 mM - 1130 mM

Comb polyelectrolvie concentration: 0.9 mM — 84.6 mM

Samples with salt:

Linear polvelectrolvte concentration: 0.8 mM - 2000 mM

Positively charged Hnear polvelectrolvie concentration: 0.4 mM - 1000 mM
Negatively charged linear polyelectrolvie concentration: 6.4 mM - 1000 mM
Comb polyelectrolvie concentration: 0, 4.8 mM, 9.5 mM

Sodium chloride concentration: 0 to 1000 mM
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In Figure 14, the lincar and comb polvelectrolyte concentrations are described in
terms of their net charge concentrations. The droplets with proteins are also stable n
similar concentration ranges as those without proteins, as discussed above,

In embodiments of the invention, long-term stability of the complex
coacervate emulsions is established by pronocunced turbidity of the emulsions afier 4+
months. While unstable complex coacervate microdroplets coalesce within 3 howrs,
stabilized droplets romain suspended 1 solution up 1o 48 hours. At 4 months, the
droplets may setile to the bottom but redisperse upon gentle shaking of the vials,
resulting 1 turbid solutions (Figures 1 and 2). The complex coacervate macrophase
that forms upon coalescence of unstable complex coacervate microdroplets does not
redisperse mito the microdroplets upon shaking. In embodiments of the vention,
control over microdroplet size 1s attamed by varying the total lmear polvelectrolyie
concentration and comb polyelectrolyte concentrations. The mean size of the
microdroplets remains stable up to 48 hours atier preparation of the cowlsions (Figure
2.

In embodiments of the mvention, stable complex coacervate emulsion
formulations can be achieved with commercially available lincar and comb
palvelectrolvtes. 4 different comb polvelectrolyies are demonstrated to provide stable
emulsions, with varying degrees of stability. (Figure 3). The complex coacervate
emulsion formulations are stable against dilution. Complex coacervate emulsions
romain stable for up to 48 bours after >120-fold dilution from a concentrated single-
phase solution. The corresponding unstable complex coacervaie sohutions coalesce
readily upon dilution from a macrophase separated coacervate (Figure 4).

The stabilization strategy involving comb polvelectrolyvtes is resistant to the
addition of salt in the complex coacervate solutions. Typically, the addition of salt
results i dissolation of the complex coacervate phase above a cntical salt
concentration.  However, comb polvelectrolyte-stabilized complex  coacervate
emulsion formulations exhibit twbidity even up to 500 mM NaCl concentrations. The

critical salf concentration and the entical total linear polvelectrolvte concentration at
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wiich the complex coacervate phase vanishes both mcreases apon incorporation of
comb polvelectrolytes in the formulations. (Figures 5 and 6).

The size of comb polyelectrolyte-stabilized complex coacervate microdroplets
mereases with an  increasing salt concentration in solution. The stabiized
microdroplets remain stable up to 48 hours against coalescence in presence of 300
mM salt, signifving that the stabilizing mechanism is robust and can withstand the
presence of high concentrations of salt. (Figure 7)

The complex coacervate emulsion formulations spontancously encapsulate
proteins introduced in the solution. A sirong partitioning of proteins (fluorescently
fabeled Bovine Serum Albumin {BSAY) into the sucrodroplets can be achieved by
varving the total hnear polyvelectrolvie concentration and comb polvelectrolvie
concentrations. The size of the protein containing microdroplets remains stable ap to
48 hours. (Figure 8}  Salt concentrations up to 300 mM do not impede the
partitioning of proteins {fluorescenily labeled Bovine Sern Albumin [BSAY) mto the
complex coacervate microdroplets. (Figure 9)

Encapsulation of enzymes in the stabilized complex coacervate microdroplets
enhances their cnzymatic activity significantly. A 10-fold enhancement i the activity
of an enzvme (lipase} encapsulated m stable complex coacervate mucrodroplets is
achieved 1n companson to the activity of free enzymes 1 solution. Moreover, this
enhancement in cnzyme activity represents a > 5-fold improvement in comparison to
the activity of enzymes encapsulated 1 unstable complex coacervate droplets. (Figure
1)

Embodiments of the mvention disclosed herein include coacervaie emulsions
stabilized by comb-polyelectrolytes {cPE), such as those that are commercially used
as dispersanis. We demonstrate that the stable complex coacervate emulsions exhibit
long-term  (>4-monthy  stabibity, composed of oppositely  charged hncar
polvelectrolvies and stabdized by the polvcarboxyviate ether-based comb-
polvelecirolvie imterfacially adsorbing at the coacervate-water mterfaces. The

microdroplet size remains relatively constant with time and 18 shown to be regulated
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by the concentraions of the comb- and hinear polyelectrolytes. The emulsion
properties can be optionally taned by the addition of water and salt while the stability
is not influenced. This stabilization strategy provides steric stabilization to the
droplets while allowing the transport of small molecules o and out of the coacervate
droplets and retaining the tendency to sequester protems and other charged molecules
from solution, paving the way for them to be immensely emploved as multifunctional
bioreactors and encapsulants i agrcultural, cosmetics, food, and pharmaceutical
formulations.

Ag disclosed herein, we have developed methods for making stable complex
coacervate emulsions that imparts long-term stability to complex coacervate droplets
while conserving their membraneless attributes. Stabilization of complex coacervate
mucrodroplets  composed of oppositely  charged linear polyelecirolyvtes can be
demonstrated upon introduction of comb-polyelectrolvies {cPE) promoted by their
miertacial adsorption at the coacervate-water interfaces. Stabilized microdroplets that
remain suspended n solution for up to 48 hours can be contrasted against unstable
complex coagervate microdroplets that coalesce within 3 hours after mixing of the
oppositely charged polvelectrolvies (Figure 1la and 11b). Over 4 months, the
stabilized microdroplets may settle to the bottom of the vials but redisperse upon
gentle shaking, resulting in turbid solations (Figure 11a). In contrast, the complex
coacervate macrophase that forms upon coalescence of vastable complex coacervate
microdroplets does not redisperse even upon vigorous shaking. Morcover, the
microdroplet size remains relatively stable with time and is shown to be regulated by
the concentration ratio of the comb- and the lincar polyelectrolytes. Our stabilization
strategy 18 amenable to excessive dilution of the enwlsions (Figure 11¢} and robust
against addition of salt, making it particularly appealing to consumer care product
formulations. At the same time, tunabiiity of the stability of the microdroplets can be
modulated by varying attributes of the comb-polvelectrolytes.

The stabilization methodology we adopt does not interfore with the

sequestration of proteins into the complex coacervate droplets, paving way for
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creation of sclf-assembled mucrodroplets that provide protective and supportive
environments for proteins, enzyvmes, and other charge-bearing macromolecules.
Encapsulation of proteins in the stabilized complex coacervate microdroplets is
demonstrated with a ropresentative sysiem of fluorescently-labeled bovine serum
albumin (Figure 11d). Protein encapsulation efficiency of the coacervate droplets will
be shown, in both sali-free and salt solutions, to be mumimally nfluenced by the
presence of comb polyelectrolvie stabilizers. Moreover, promunent Umprovements in
enzvmatic activity upon encapsulation of the enzvmes m the stabilized complex
coacervate droplets, as compared o thewr activity when suspended in sclution or
encapsulated 1 unstable complex coacervate droplets, will be demonstrated.
Successtul acceleration of lipase-mediated hydrolysis of p-nitropheny! butyrate to p-
pitrophenol in stabilized microdroplets will iHustrate both the activity enhancements
of the enzyme as well as facile transport of small molecules substrates and produocts in
and out of the complex coacervate microdroplets (Figure 1le¢). In swmamary, we have
demonstrated a framework for creation of complex coacervate based encapsulants,

stabilizers, microreactors and the ke
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200200006886, the contents of which are incorporated by reference.

All publications meutioned herein {c.g., those listed above/ are mcorporated
herein by reference to disclose and descenbe aspects, methods and/or matenals in

connection with the cited publications.

P . Charge S
) Malecular Side chain mel{,cg@ ‘ density Lhail 2 Rapid
Brand name | i weight (g/moly | * -6 density at solids
(g/’rii oy {side chatn monomer at p“_'" pH =12 (e L‘()ntént
’ units) "rxi;i‘a /mol)
MasterGle 354 3000 (68} 257 434 26.59%
nium 7300 657
BASF 265 1100 (25) 313 4773 44 (3%
MVYA2453 28
BAKF 450G 3800 {(132) 252 524 44 43%
MYAZ300 75
BASF 218 1100/30040 328 47.0 51.20%
MYA2R08 66 {25/68)

Table 1. Hiustrative comb polyelectrolytes useful in embodiments of the
invention,
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CLAIMS
1. A composition of matter comprising:
water,

a water-soluble comb polvelecirolvie;

a positively charged water-soloble macromolecule; and

a negatively charged water-soluble macromolecule;
wherein the water-soluble comb polyelectrolyte, the positively charged water-soluble
macromolecule and the negatively charged water-soluble macromolecule form

complex coacervate droplets,

2. The composition of claim 1, wherein:

the water-soluble comb polyelectrolyte comprises an anionic comb
polvelectrolvie;

the posttively charged water-soluble macromolecule comprises a linear
polvelectrolyie; and

the negatively charged water-soluble macromolecule comprises a linecar

palvelectrolvie.

3. The composition of claim 2, wherein:

the positively charged water-scluble macromaolecule and the negatively
charged water-soluble macromolecule exhubit a charge ratio of 0.25:1 — 411

the positively charged water-soluble macromolecule is at a concentration from
0.1 - 50 wt%;

the negatively charged water-soluble macromolecule is at a concentration
from 0.1 — 50 wi%;

the comb polyelectrolvte exhibits a charge concentration such that the ratio of

the comb polyvelectrolyte charge concentration to the sam of the positively charged
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macromolecule charge concentration and the negatively charged macromolecule
charged conceniration ranges from 0.05 to 1; and/or

(¢} the composition further comprises at least one additional agent comprising:
a pesticide; a polypeptide; a polynucleotide; a protein; a therapeutic agent; a

5 diagnostic agent; a macroion; a pharmaceutical excipient; and/or a salt.

4, The composition of claim 3, wherein the additional agent exhibits a charge
concentration such that the ratio of the additional agent’s charge to the sum of the
posttively charged macromolecule charge concentration and the negatively charged

16 macromolecule charged concentration ranges from 0 to 8.3

3. The composition of claim 2, wherein:
the complex coacervate comprises microdroplets having a mean diameter from

0.05 pm to 10 um;

15 the complex coacervate exhibits turbidity at concentrations of 100, 250 or 560

mM Na('l;
the complex coacervate remains stable for 12, 24 or 48 hours following a

>120-fold diution from a concentrated single-phase solution of the complex
coacervate; and/or

20 the complex coacervate spontaneously encapsulates polvpeptides disposed in
the composition.
5. The composition of claim 2, wherein composition comprises microdroplets;
and

23 the microdroplets remain suspended in the composition for 12, 24 or 48 hours

following microdroplet formation;
the mean diameter of the microdroplets remains stable for 24 or 48 hours

following microdroplet formation; and/or
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the mean diameter of the microdroplets remains stable for 24 or 48 hours in

concentrations of 100 mM Na(lL

7. The composition of claim 2, whereuu
3 the positivelv charged water-soluble lincar polvelectrolvie 1s present in
amounts from 0.1 mM - 3000 mM;
the negatively charged water-soluble Hincar polyelectrolyte 13 present in
amounts from 0.1 mM ~ 3000 mM;
the water-soluble comb polyelectrolyte 1s present in amounts of at least 0.1
10 mM; and/or

sodium chloride s present 1n amounts from 1 to 1000 mM.

8. A method of making a complex coacervate comprising combining together:

water,

Ju—
[

a water-soluble comb polyelecirolyte;

a positively charged water-soluble macromolecule; and

anegatively charged water-soluble macromolecule;
wherein the water-soluble comb polvelectrolyvie, the positively charged water-solubie
macromolecule and the negatively charged water-soluble macromolecule are selected
20 for their ability to combine together in the water to form a complex coacervate;

such that a complex coacervate is made.

9, The method of claim 8, wherem:

the water-soluble comb polyelectrolyte comprises an anionic comb

N2
()]

polyelectrolyte;

the posiively charged water-soluble macromolecule comprises a hnear
polvelectrolvie; and

the negatively charged water-soluble macromolecule comprises a linear

polvelectrolvic.
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10 The method of claim &, further comprising disposing in the complex

coacervate at least one of!
a pesticide;

5 a polypeptide;
a polvnucieotide;
a therapeoutic agent;
a diagnostic agent;
a macroion,
16 a pharmaceutical cxcipient; and/or

a salt.

i1, The method of claim 8, wheremn:
the comb polyelectrolvte 1s selected to adsorb on complex coacervate droplet
15 surfaces so as to provide steric stabiization to the droplets;
the method forms microdroplets having a mean diameter from 0.05 pm to 10
L,
the complex coacervate formed in the method exhibits turbidity at
concentrations of 100, 250 or 500 mM NaCl,

20 the complex coacervate formed in the method remains stable for 12, 24 or 48
hours foliowing a >120-fuld dilution from a concentraied single-phase solution of the
complex coacervate; and/or

the complex coacervate formed in the method spontangously encapsulates

polypeptides disposed in the composition.

N2
()]

12. The method of claim 11, wherein:
microdroplets formed by the method remain suspended in solution for 12, 24

or 48 hours following microdroplet formation;
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the mean diameter of the microdroplets formed by the method remams stable
for 24 or 48 hours following microdroplet formation, and/or
the mean diameter of the mucrodroplets formed by the method remaing stable

for 24 or 48 hours 1o concentrations of 100, 200 or 300 mM Na(Cl.

13, The method of claim 8, wheremn:

the positively charged water-sohible macromalecule and the negatively
charged water-soluble macromolecule are selected to exhibit a charge ratio of 0.25:1 ~
4:1;

the positively charged water-solable macromolecule is at a concentration from
0.1 - 50 wt%:

the negatively charged water-soluble macromolecule 18 at a concentration
from 0.1 ~ 530 wi%;

the comb polyelectrolvte 1s selected to exhibit a charge concentration such that
the ratio of the comb polyelectrolyie charge concentration to the sum of the positively
charged macromolecule charge concentration and the negatively charged

macromolecule charged concentration ranges from $.05 10 1.

14, A complex coacervate made by the method of claim 8.
15, A method of stabilizing an activity of a molecule and/or inhibiting the

degradation of the molecule, the method comprising disposing the molecule as a
carge in a microdroplet of the composition of claim 3, such that an activity of the

cargo molecule is stabilized and/or its degradation is inhibited.

16. The method of claim 13, wherein the cargo molecule performs a chemical

reaction within the composition.

38
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17. A method of performing a biochemical reaction, the method comprising
disposing molecules that perform the biological reaction as a cargo within a complex
coacervate comprising:
water;
5 a water-soluble comb polyelecirolvie;
a positively charged water-soloble macromolecule; and
a negatively charged water-soluble macromolecule;

such that the biochemical reaction 1s performed within the complex coacervate.

10 18 The method of claim 17, wherein the cargo comprises an enzyme.

19, The method of claim 18, wherein the enzyme is an oxidoreductase; a

transferase; a hydrolase; a lyase; an isomerase or a hgase.

15 20 The method of claim 18, wherein:
the cargo comprises a plurality of enzymes; and
the product generated by a first enzyvme in the plurality of enzymes is a
reactant for a second enzyme within the plurality of enzymes.
26
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Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

|
This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Seélrching Authority found multiple inventions in this international application, as follows:
-***_Please See Supplemental Page-***-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims. :

=

Asall seafchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
Group I; Claims 1-16

Remark on Protest I:I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
' payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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-***_Continued From Box No. IIl: Observations where unity of invention is lacking-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-16 are directed toward compositions, methods, and complex coacervates, which wifl form complex coacervate
droplets. .
Group II: Claims 17-20 are directed toward methods for performing a biochemical reaction.

|

The inventions listed as Groups I-11 do not relate to a single general inventive.concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical features of Group |
include forming complex coacervate droplets, which is not present in Group lI; the special technical features of Group Il include a method
of performing a biochemical reaction within a complex coacervate solution, which is not present in Group |.

Groups | and 1l share the technical features including: water; a water-soluble comb polyelectrolyte; a positively charged water-soluble

macromolecule; and a,‘ negatively charged water-soluble macromolecule.
1

However, these shared technical features are previously disclosed by US 6315824 B1 to Lauzon, Rodrigue (hereinafter ‘LAUZON') in
view of US 10654019 B1 to Chaikin et al. (hereinafter ‘CHAIKIN').

LAUZON discloses wajter (coacervated systems including water; column 4 lines 54-58), a positively charged water-soluble
macromolecule (cationic polymers such as polyethyleneimine; column 8 lines 13-18; NOTE: in the PCT/US22/28766 application
specification it lists poly(ethyleneimine) as a cation option; page 20 line 11), and a negatively charged water-soluble macromolecule
(preferred anionic components are polycarboxylates; column 7 line 83; NOTE: in the PCT/US22/28766 application specification it lists
polycarboxylates as an anion option; page 20 line 15).

LAUZON does not disfclose a water-soluble comb polymer included in the coacervate.

CHAIKIN discloses a water-soluble comb polyelectrolyte (solvents include water; column 8 line 5; polyelectrolyte brushes; column 2 line
47). ;

It would have been obvious to one of ordinary skill in the art, at the time the invention was made, to modify the composition of LAUZON
to include a polyelectrolyte brush or comb molecule, as taught by CHAIKIN, because these long branched molecules have been found to
have a stabilizing influence on emulsions and coacervate solutions.

|
Since none of the special technical features of the Groups | and Il inventions is found in more than one of the inventions, and since all of
the shared technical features are previously disclosed by the LAUZON and CHAIKIN references, unity of invention is lacking.
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