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Nanoscale double emulsions stabilized by
single-component block copolypeptides
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Water-in-oil-in-water emulsions are examples of double emul-
sions, in which dispersions of small water droplets within larger
oil droplets are themselves dispersed in a continuous aqueous
phase’. Emulsions occur in many forms of processing and are
used extensively by the foods, cosmetics and coatings industries.
Because of their compartmentalized internal structure, double
emulsions can provide advantages over simple oil-in-water emul-
sions for encapsulation, such as the ability to carry both polar and
non-polar cargos, and improved control over release of thera-
peutic molecules**. The preparation of double emulsions typically
requires mixtures of surfactants for stability; the formation of
double nanoemulsions, where both inner and outer droplets are
under 100 nm, has not yet been achieved’™. Here we show that
water-in-oil-in-water double emulsions can be prepared in a sim-
ple process and stabilized over many months using single-com-
ponent, synthetic amphiphilic diblock copolypeptide surfactants.
These surfactants even stabilize droplets subjected to extreme
flow, leading to direct, mass production of robust double nanoe-
mulsions that are amenable to nanostructured encapsulation
applications in foods, cosmetics and drug delivery.

Although they offer certain advantages over ordinary oil-in-water
emulsions, stable water-in-oil-in-water (WOW) emulsions generally
do not form spontaneously with a single surfactant and standard
emulsification methods”'’. Microfluidics can be used to make double
emulsions that are micrometres in size and highly uniform®®, yet the
throughput can be low compared with commercial processes for
making polydisperse single emulsions''. Typical methods for making
WOW emulsions use a two-step process of first forming an ‘inverse’
water-in-oil emulsion, followed by emulsification of this mixture in
water using a combination of surfactants>>”'>'*. This process allows
control of both droplet volumes if the emulsions are made mono-
disperse’, yet cannot form stable nanoscale droplets and requires a
difficult search for surfactant combinations that can coexist without
destabilizing either inner or outer droplet interfaces’. Consequently,
improving stability and reducing droplet sizes are the key challenges
in the development of double emulsions for applications'.

The block copolypeptide surfactants we designed have the general
structure poly(L-lysine* HBr) ,-b-poly(racemic-leucine),, K (rac-L),,
where x ranged from 20 to 100, and y ranged from 5 to 30 residues
(Fig. la, Supplementary Information). The hydrophilic poly(r-
lysine*HBr) segments are highly charged at neutral pH, provide good
water solubility'® and possess abundant amine groups for chemical
functionalization'®. Unlike hydrophobic segments of other poly-
meric amphiphiles, poly(L-leucine) segments adopt rod-like a-helical
conformations that give rise to strong interchain associations and
poor solubility in common organic solvents'”. Block copolymers of
the structure K,L, (for example KgoL,o, Fig. 1b) associate strongly
in water to form membranes through packing of the hydrophobic

segments'®. Consequently, we focused on poly(rac-leucine) because
its disordered chain conformation improves solubility (Supple-
mentary Table 1)"”*° and helps to promote surface activity
(Supplementary Table 1), and its peptidic nature allows for addi-
tional mechanical stabilization of droplet interfaces through inter-
chain hydrogen-bonding in the oil phase®'.

We screened diblock copolypeptides for emulsification activity by
adding silicone oil to aqueous K.(rac-L), solutions (Supplementary
Table 1, Supplementary Figs 2a—c, 5a). The resulting mixtures were
sheared using a hand-held rotary homogenizer and then passed six
times through a high-pressure microfluidic homogenizer (Fig. 1c).
AllK,(rac-L), samples gave stable WOW nanoemulsions that did not
ripen (that is, coarsen in size) or phase-separate for over nine
months. Only copolypeptides with low hydrophobic content, for
example Kyo(rac-L)s, gave emulsions that slowly phase-separated
after one year. Other methods of mixing, including ultrasonic
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Figure 1| Structures of block copolypeptide surfactants and emulsification
procedure. a, K,(rac-L),. b, K,L,. c, Emulsification procedure used to
generate both simple and double emulsions. Step (i), ultrasonic or hand-held
homogenization; step (ii), microfluidic homogenization. Yellow represents
the oil phase, blue the aqueous phase containing block copolypeptide
surfactant.
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mixing, also provided stable emulsions, but with droplets up to sev-
eral micrometres in diameter (Fig. 1¢). Use of hydrophobic segments
longer than 30 residues greatly diminished aqueous solubility
(Supplementary Table 1); for instance, K,o(rac-L)so could only be
dissolved up to 1 mM. As controls, we also used 0.1 mM suspensions
of KgoL,o and K as surfactants: KgoL,o did form stable emulsions
and Ky failed to emulsify oil and water mixtures (Supplementary Fig.
4). These results indicated that K,(rac-L), surfactants give stable
emulsions over a broad range of compositions and concentrations.
To probe droplet structure, we imaged block-copolypeptide-
stabilized emulsions by using optical microscopy and cryogenic
transmission electron microscopy (CTEM). All samples with
K,(rac-L), were found to contain oil droplets, each containing pre-
dominately a single internal aqueous droplet with consistent inner to
outer volume ratios (Fig. 2a, Supplementary Figs 2, 3). In contrast,
the emulsions formed using K¢L,o contained only simple oil drop-
lets (Fig. 2b), revealing that the racemic-leucine segments play a key
part in stabilizing the double emulsion structure. As copolypeptide
hydrophobic content was decreased, droplet sizes increased
(Supplementary Table 1, Supplementary Fig. 5¢), suggesting that
copolymer composition influences interfacial mean curvature.
Average droplet diameters also increased when the concentration
of Kyp(rac-L),o was decreased (Supplementary Fig. 5a). Likewise,
decreasing the volume fraction of oil yielded smaller emulsion drop-
lets (Supplementary Fig. 5b). Emulsions always formed such that
water remained the continuous phase and did not invert up to oil
volume fractions approaching 50%. In addition to polydimethylsi-
loxane (PDMS), other immiscible liquids such as dodecane, soybean
oil and methyl oleate gave emulsions using 1 mM Kyo(rac-L),, in
water. The versatility of our design was shown by formation of stable
emulsions using Ryo(rac-L),g or E4o(rac-L),o, containing guanidi-
nium or carboxylate functionality of rL-arginine (R) and
L-glutamate (E), respectively (Supplementary Fig. 3a, b).

Figure 2 | Cryogenic transmission electron microscopy of copolypeptide-
stabilized emulsions prepared using a microfluidic homogenizer. Vitrified
water gives a light background and silicone oil appears dark and provides
contrast. Emulsions prepared under the following conditions: number of
passes N = 6, homogenizer inlet air pressure P = 130 p.s.i., block
copolypeptide concentration C = 1.0 mM, and oil volume fraction ¢ = 0.20.
a, Image of a WOW double emulsion stabilized by K(rac-L),o. b, Image of a
single oil-in-water emulsion stabilized by KeoLo. ¢, Image of size-
fractionated droplets isolated from a Kyo(rac-L),o-stabilized double
emulsion by low-speed centrifugation followed by ultracentrifugation. All
scale bars, 200 nm.
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Formation of nanoscale emulsion droplets is necessary for many
applications, such as drug delivery where the outer droplet diameter
generally needs to be less than 200 nm, and preferably between 50 nm
and 100 nm (ref. 22). Although many methods are available for pre-
paration of double emulsions, none allows preparation of outer
droplets in this size range’”"*. We used ultrasonic homogenization
to prepare a K o(rac-L),o emulsion yielding a polydisperse sample
with the smallest double emulsion droplets observed by CTEM being
around 400 nm in diameter. These droplets were further reduced in
size by passage six times through a microfluidic homogenizer, yield-
ing droplet diameters ranging from about ten to a few hundred
nanometres. The stability of these double emulsions against both
external and internal coalescence allowed the use of centrifugation
to fractionate droplets into a desired size range. Centrifugation of the
sample in Fig. 2a gave a buoyant fraction containing droplets hun-
dreds of nanometres in diameter. The smaller droplets in the remain-
ing suspension were further separated by ultracentrifugation'’,
yielding a fraction with droplets ranging from about 10 to 100 nm
in diameter (Fig. 2¢). This fractionation procedure shows that isola-
tion of stable double emulsion droplets in the nanoscale range is
feasible, and that they are remarkably stable to shear.

To demonstrate their encapsulating ability, we loaded both water-
soluble and oil-soluble fluorescent markers into copolypeptide-sta-
bilized double emulsions. Water-soluble InGaP/ZnS quantum dots
were mixed with fluorescein-labelled K, (rac-L),o before emulsifica-
tion with silicone oil containing pyrene. Using fluorescence micro-
scopy, we imaged both markers and the labelled polypeptide in the
double emulsion droplets (Fig. 3a). The images also showed
the compartmentalization of hydrophilic quantum dots (red) into
the inner aqueous phase, hydrophobic pyrene (blue) into the oil
phase and the labelled polypeptide (green) stabilizing the outer inter-
face. Polypeptide at the inner interface was not observed, probably
owing to quenching of the fluorescein label by the quantum dots. In
samples prepared with KgoL, surfactant, we observed only simple oil
droplets with no internal aqueous compartment (Fig. 3b). These
cargos remained encapsulated within the droplets for at least three
months, showing unprecedented stability of the inner aqueous com-
partment compared with other double emulsion systems*”'*.

Our K,(rac-L), surfactants were designed with high hydrophilic
contents, namely the ratio of hydrophilic to hydrophobic residues,
which favour stabilization of oil-in-water emulsions where the oil is

Figure 3 | Fluorescence micrographs of double emulsions containing polar
and non-polar cargos. Samples were prepared using an ultrasonic
homogenizer (10's at 35% power) with ¢ = 0.2 and C = 0.1 mM. The oil
phase fluoresces blue because of entrapped pyrene (0.01 M), and the internal
aqueous phase fluoresces red because of encapsulation of InGaP quantum
dots (2 uM). The polypeptides are labelled with fluorescein isothiocyanate
(FITC) and therefore fluoresce green. Before imaging, the droplets were
dialysed against and subsequently diluted with pure water to remove red
fluorescence from the external phase (see Supplementary Information).

a, Double emulsion stabilized by FITC-labelled Kyo(rac-L);o, loaded with
both pyrene and quantum dots. b, Single emulsion stabilized by FITC-
labelled KgoL,0, loaded with both pyrene and quantum dots. Scale bars,

5 um.
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on the concave side of the curved interface of a nanoscale droplet.
Conversely, the inner water—oil interface of a WOW double emul-
sion is best stabilized by a surfactant with a low hydrophilic content
because the oil is on the convex side of the interface. The opposite
signs of these mean interfacial curvatures® explain why single-
component surfactants generally do not stabilize double emulsion
droplets and combinations of surfactants are required®. This also
explains the formation of only oil-in-water emulsions with KgoLso,
because the rod-like oligoleucine segments are poorly solvated by the
oil and aggregate in the oil phase'’. To stabilize an inner aqueous
droplet in a WOW double emulsion, the hydrophobic polypeptide
segments need to disperse in the oil to prevent steric crowding of the
large hydrophilic segments in the aqueous phase (Fig. 1c).

The racemic-leucine segments in K,(rac-L), provide a combina-
tion of features that stabilize double emulsion droplets. The confor-
mational flexibility of these segments improves oil solubility, because
poly(rac-leucine) is soluble in organic solvents such as CH,Cl, and
(CH3),SO whereas poly(L-leucine) is not'**. This allows K,(rac-L),
chains to stabilize the oil-water interface better in the inner droplet as
the hydrophobic segments can disperse more readily in the oil.
Despite its improved solubility, in an oil solvent nearly all residues
of poly(rac-leucine) will also be engaged in both intramolecular and
intermolecular hydrogen bonds. Studies on racemic polymers of
both leucine and phenylalanine have demonstrated that they assoc-
iate in organic solvents through hydrogen bonding®'. At the interface
of an inner aqueous droplet with oil, the high hydrophilic content of
our polymers favours a low packing density of rac-leucine segments
in the oil phase that would allow few interchain hydrogen bonds and
give a weakly stabilized interface (Fig. 1c). But the opposite curvature
of the oil-water interface in the outer droplet allows dense packing of
the rac-leucine segments in the oil phase, favouring interchain hydro-
gen bonding. Consequently, even though inner aqueous droplets are
likely to be unstable, they are prevented from merging with the outer
droplets, and forming simple emulsions, as the outer interfaces are
expected to be reinforced by hydrogen-bond cross-linking. To test
this concept, emulsions were prepared containing a silicone oil
capped with acetamide groups capable of hydrogen bonding to
rac-leucine segments. Emulsification with Kgo(rac-L),, gave WOW
nanoemulsions containing multiple internal droplets (Supple-
mentary Fig. 6), supporting the hypothesis that rac-leucine segments
can stabilize droplets through hydrogen bonding interactions in the
oil phase, thus inhibiting internal droplet coalescence.

Our use of racemic, disordered hydrophobic polypeptide seg-
ments that interact through hydrogen bonding is a new means of
stabilizing WOW double emulsions. This approach differs greatly
from protein- and peptide-stabilized emulsions where double emul-
sions do not form without the use of additional surfactants, and an
ordered amphiphilic helix is the most common source of surface
activity®* %, Our strategy also can be applied to other copolypeptides,
because samples containing rac-valine and rac-alanine hydrophobic
segments also gave stable double nanoemulsions (Supplementary
Fig. 3b,c). Use of block copolypeptide surfactants overcomes key
limitations of WOW double emulsions by allowing the straightfor-
ward preparation of stable nanoscale droplets that can simulta-
neously encapsulate both oil-soluble and water-soluble cargos.

METHODS SUMMARY

We first dissolved Kyo(rac-L),, copolypeptide in ultrapure water at the desired
concentration (0.01-1.5mM). Silicone oil (viscosity 0.1 cm?s 1) was added to
give the desired volume fraction (¢) of oil in the continuous phase
(0.05<¢ <0.50). We prepared a microscale emulsion either by mixing for
1 min using a hand-held homogenizer (IKA Ultra-Turrax T8 with the S8N-8G
dispersing element) or by mixing for 10 s using a hand-held ultrasonic homo-
genizer (Cole-Parmer 4710 Series Model ASI at an output of 35-40%). This
emulsion was then passed through a processor (M-110S Microfluidizer) with
a 75-pm stainless steel/ceramic interaction chamber and an input air pressure
(P) 0130 p.s.i. The emulsion was collected at the product outlet, and then passed
through the microfluidic homogenizer repeatedly for a total of six passes
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(N= 6), which decreased the average droplet radius (a) and increased the mono-
dispersity of the sample. We used a similar protocol for emulsions generated
using other block copolypeptide surfactants (Supplementary Table 1,
Supplementary Fig. 2a—c). The ratio of inner droplet radius to outer droplet
radius was relatively uniform for different hydrophobic chain lengths at about
0.5 (Supplementary Table 1, Supplementary Fig. 2d). Other amphiphilic block
copolypeptides where either the lysine or leucine domains were substituted with
different hydrophilic or hydrophobic residues, respectively, also formed double
emulsions (Supplementary Fig. 3a—d). We also qualitatively evaluated the emul-
sification capability of different polypeptide surfactants using toluene, which
forms less stable emulsions, and with a control homopolypeptide, Kgo
(Supplementary Fig. 4).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Fractionation of emulsions. A Kyo(rac-L),, emulsion, with block copolypeptide
concentration C= 1.5 mM (prepared as in Methods Summary), was centrifuged
in a 15 mL plastic centrifuge tube for 24 h at 3,500 r.p.m. using a tabletop cent-
rifuge (IEC HN-S). A 0.5-mm plug was formed and separated from the remnant
suspension beneath. The plug formed at the top of the tube because the density of
silicone oil is lower than water (0.973 g ml™ for 0.1 cm*s™ " silicone oil, 1.0 g ml™
for water). The remnant suspension was further fractionated at 20,000 r.p.m. for
4 h using an ultracentrifuge (Beckman L8-55) with a swinging bucket rotor. The
plug that formed on top of the suspension was separated and the remaining
suspension was imaged using CTEM (Fig. 2c).

Dynamic light scattering. Because the interfacial organization of double emul-
sions is complex, describing their structure in complete detail can be complicated.
Two different droplet size distributions are necessary for inner and outer droplets,
pi(a;) and py(a,), respectively, where a is the radius. Although the droplet volume
fraction of the outer droplets is simply ¢,,, the distribution of inner droplet volume
fractions depends on p;(a;) and on the number distribution of smaller droplets
within a given droplet, p;,(N;), where N; is the number of inner droplets. To simplify
the description of double emulsions, usually average radii (for example, a; and a, ),
inner volume fractions ¢; and numbers of inner droplets N; are reported, as
quantifying the full distributions can be difficult. The outer diameters of emulsion
droplets were estimated by dynamic light scattering (DLS) with a Photocor-FC
board and software. Although DLS of double emulsions yields intensity correlation
decay data that are complex’, we believe the DLS data provide a crude estimate of
average outer droplet diameter consistent with CTEM real-space data. Average
outer droplet diameters from CTEM measurements were generally lower than
diameters from DLS, reflecting the inevitable exclusion of larger droplets from
the thin vitrified water layer (<200 nm) usable for CTEM imaging. The DLS
samples were diluted to obtain an intensity reading of between 1X 10° and
6 X 10° counts. Each sample was run at 90° scattering angle for 500's, with linear
channel spacing and an adjustable baseline. The fitting procedure used was cumu-
lant analysis with an adjustable baseline to fit the data and calculate droplet radii.
DLS data for different emulsion formulations are given in Supplementary Fig. 5.
Fluorescence microscopy. Before fluorescence imaging, emulsion suspensions
were diluted tenfold with deionized water. A drop of emulsion was then placed
on a glass slide and covered using a glass cover slip. The samples were imaged
using a Zeiss Axiovert 200 fluorescence microscope equipped with ultraviolet
filter set #49 (excitation 365 nm, emission 420 to 470 nm), blue filter set #10
(excitation 450 to 490 nm, emission 515 to 565nm), and green filter set #43
(excitation 530 to 560 nm, emission 570 to 640 nm).
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CTEM imaging. Each emulsion sample was diluted tenfold with deionized water
before imaging. An aliquot of each sample (5 pil) was then placed on a Formvar
stabilized with carbon 300 mesh copper grid (Ted Pella). The grid was loaded
into a Vitrobot (FEI) automated vitrification device for automated sample blot-
ting and vitrification in liquid ethane. The grid was stored under liquid nitrogen
and then placed, using a cold stage, in a Phillips Tecnai F20 electron microscope
and imaged with an accelerating voltage of 120kV. Images were obtained on a
Teitz SCX slow-scan CCD detector controlled by the Leginon software package®.
Critical aggregation concentration via pyrene fluorescence. Polypeptide solu-
tions (2 ml) were dispersed in water at a range of concentrations (2.0 X 10~ to
2.0 X 107> M). A stock pyrene solution was made by dissolving pyrene in acet-
one (6.0 X 10~>M). Next, an appropriate amount of the pyrene stock solution
was added to give a final concentration of 12 X 107 M in water and the acetone
was evaporated off. To each polypeptide solution, we added 2.0 ml of the stock
pyrene solution to afford a final concentration of 6.0 X 10”7 M. Each solution
was allowed to equilibrate overnight before measurements. To record fluor-
escence spectra, we added 3.0 ml of each polypeptide solution to a polystyrene
cuvet (4.0ml). The excitation spectra were recorded within a range of 300—
360 nm at an emission wavelength of 390 nm. All spectra were run with an
integration time of 1s per 0.5nm. The ratio of the intensities of two peaks
L3538/ 1553 was plotted as a function of polypeptide concentration (M) for each
sample. The critical aggregation concentrations were determined as the inter-
section of the extrapolated straight line fits of the plot as previously described®.
Interfacial tension measurements. Interfacial tension (y) values between poly-
peptide solutions (0.1 mM KgL,y and 0.1 mM Kyo(rac-L),;) and PDMS
(0.1cm*s™") were measured using the Du Nouy ring method outlined by
Zuidema and Waters®. A platinum-iridium ring (circumference 5.0 cm) was
attached to a balance and the mass of the oil/polypeptide solution interface was
measured as the ring was pulled at a rate of 0.0l mms ™' using a calibrated
bottom-hole balance apparatus at 25°C. The polypeptide solutions (KgoLog
and Kyp(rac-L),) were well above their measured critical aggregation concen-
tration values of 7.1 X 1077 and 9.7 X 1077 M, respectively. To reduce wall
effects, the diameter of the container (8.0 cm) was significantly larger than the
diameter of the Du Nouy ring. In addition, each polypeptide solution was equi-
librated with the oil-water interface for at least 24 h before measurement.
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Supplementary Methods

Materials. Tetrahydrofuran (THF) was dried by passage through a column
packed with alumina under nitrogen prior to use '’. Molecular weights were
obtained by tandem gel permeation chromatography/light scattering (GPC/LS)
performed at 60 °C on a SSI pump equipped with a Wyatt DAWN EOS light
scattering detector and Wyatt Optilab DSP. Separations were effected by 10°,
10*, and 10° A Phenomenex 5 pm columns using 0.1 M LiBr in DMF as eluent
and polypeptide concentrations of approximately 5 mg/mL. Infrared spectra
were recorded on a Perkin Elmer RX1 FTIR Spectrophotometer calibrated using
polystyrene film. '"H NMR spectra were recorded on a Bruker AVANCE 400
MHz spectrometer. Deionized (DI) water was purified using a Purelab Option
560 reverse osmosis purifier. Ultrapure (18 MQ) water was obtained from a
Millipore Milli-Q Biocel A10 purification unit. Silicone oil (10 cSt,

polydimethylsiloxane, PDMS) was supplied by Gelest, Inc.

Block Copolypeptide Synthesis. The a-amino acid-N-carboxyanhydride NCA

monomers were synthesized using previously published literature protocols .
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The resulting polypeptides were characterized using GPC, 'H NMR and IR
spectroscopy ' The compositions of the copolymers were determined by
analysis of the integration values of the "H NMR spectra recorded in D,O. All
compositions were found to be within 5% of predicted values. Polymer chain
length distributions (Mw/Mn) ranged from 1.1 to 1.3. KgoL2o was synthesized
using a published procedure . Chain conformations of the hydrophobic
poly(leucine) segments were confirmed using circular dichroism spectroscopy
(Supplementary Fig. 1), where the contributions from the poly(lysine) segments

were removed using poly(racemic-lysine) segments as previously described '’.

Poly(N;-CBZ-L-lysine)s-b-poly(rac-leucine)z. In a nitrogen filled glove box,
CBZ-L-Lysine NCA (10 g, 33 mmol) was dissolved in THF (200 mL) and placed
in a 500 mL flat bottom flask that could be sealed with a plastic stopper. An
aliquot of (PMe3)4Co (16 mL of a 48 mg/mL solution in THF) was then added via
syringe to the flask. A stir bar was added, then the flask was sealed and allowed
to stir for 45 minutes. An aliquot (50 uL) was removed from the polymerization
solution for GPC analysis (Mn = 11,000, Mw/Mn = 1.24). L-Leucine NCA (1.3 g,
8.2 mmol) and D-Leucine NCA (1.3 g, 8.2 mmol) were dissolved in THF (50 mL)
and then added to the polymerization mixture. After stirring for another 16 h,
FTIR analysis showed complete consumption of monomer, similar to previously

reported results ’.

Poly(L-lysine-HBr)40-b-poly(rac-leucine)zo, Kaso(rac-L)zo. The poly(N.-CBZ-L-
lysine)so-b-poly(rac-leucine) solution from above was removed from the
drybox and the THF removed under reduced pressure. The block copolypeptide
was then dissolved in trifluoroacetic acid (TFA) (350 mL), transferredtoa 1 L
flat bottom flask, which was placed into an ice bath. HBr (33% in acetic acid)

was then added (40 mL, 131 mmol) and the reaction stirred for 2 hrs.
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Deprotected polymer was isolated by addition of diethyl ether (400 mL) to the
reaction mixture, followed by centrifugation. The isolated polymer was then
dissolved in DI water and dialyzed (using a 6,000 to 8,000 MWCO membrane)
in a 4 L container against aqueous tetrasodium EDTA (3 mmol, 2 days),
aqueous HCI (100 mmol, 2 days), DI water (1 day), aqueous LiBr (100 mmol, 2
days), and finally DI water (2 days), changing each solution 3 times/day. The
dialyzed polymer was isolated by freeze-drying to give the product as a dry
white powder (4.8 g, 70 %). FTIR and "H-NMR were performed on the block

copolypeptide and were found to be similar to previous results 7

FITC functionalized Kgo(rac-L)10. The Kyo(rac-L)1o copolymer was prepared in
a manner similar to Kyp(rac-L)20. GPC analysis of the first segment (poly CBZ-L-
lysine) gave: Mn=10,500, Mw/Mn = 1.20. The deprotected copolymer (150 mg,
1.3 x 102 mmol) was dissolved in water and placed in a 125 mL flat bottom
flask. NaHCO3 (160 mg, 19 mmol) was then added to the solution. Fluorescein
isothiocyanate (FITC) (5.0 mg, 1.3 x 102 mmol) dissolved in dry DMSO (1 mL)
was added to the polymer solution. A stir bar was added and the reaction
mixture was stirred overnight. The polymer solution was dialyzed (using a 6,000
to 8,000 MWCO membrane) for 3 days against DI water, changing the water 3
times/day. The dialyzed polymer was isolated by freeze-drying to yield a yellow-
orange polymer containing approximately 1 fluorescein unit per polymer chain
(130 mg, 87%). The FITC functionalized KgoL2o copolymer was prepared using a

similar procedure.

Loading of fluorescent probes into different phases of FITC-Kyo(rac-L)10
stabilized double emulsions. To label the hydrophobic phase, pyrene was
dissolved in silicone oil at a concentration of 0.01 M. To label the aqueous

phase, water soluble quantum dots (Evident Technologies, Type T2-MP 650 nm
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Macoun Red InGaP/ZnS, amine-functionalized) were dispersed in the aqueous
phase at a concentration of 2 uM. To prepare the emulsion, solutions of FITC-
labeled Kyo(rac-L)1o (150 pL of a C = 0.1 mM solution) and InGaP quantum dots
(50 uL of an 8 uM solution) were mixed with pyrene in 10 ¢St silicone oil (50 uL
of a 0.01 M pyrene solution). The mixture was emulsified using an ultrasonic
homogenizer (output of 35%) for 10 s. The same procedure was followed for the
FITC-KsoL2o block copolypeptide surfactant. Prior to imaging the
nonencapsulated quantum dots were removed by dialysis against deionized

water.

www.nature.com/nature 4



doi: 10.1038/nature07197 SUPPLEMENTARY INFORMATION

Water
Block Droplet Inner/Outer Solubility Interfacial
Copolypeptide M _x (10%)* Diameter (nm) Diameter Ratio CAC (M) Limit (mM) Tension (dyne/cm)t
K,g(rac-L), 5.5 380 0.52 1.5x 10 N/A N/A
K,olrac-L)g 11.0 430 0.48 1.1 x 10% 11.5 N/A
Kyglrac-L),, 10.5 200 0.47 2.0x10% 8.5 N/A
K, olrac-L),, 11.0 120 0.57 9.7 x 107 3.0 25.3
K‘w{réic-L]l.‘eo o 11.0 60 0.45 N/A N/A MN/A
K, frac-L),, 111 60 0.52 3.6x107 1.0 N/A
Keglrac-L)yy 16.2 N/A N/A 36x10° 45 N/A
K,golrac-L)yg 271 N/A N/A 3.6x10% N/A N/A
Keo(rac-A), 16.3 N/A N/A 4.1x10° N/A N/A
Kgy(rac-V),, 15.8 N/A N/A 49x10° N/A N/A
Kgolog * 16.2 130 N/A 7.1x107 25 33.4
Ryo(rac-L),, 10.7 220 0.51 24x10% N/A N/A
Egglrac-L),, 9.1 210 0.52 24x10° N/A N/A

* = number average molecular masses determined using GPC-LS.

*k —

This sample was fractionated from larger droplets by centrifugation followed by

ultracentrifugation.
# = This sample formed a simple WO emulsion.

1 = Oil/water interfacial tension data of 10 cSt PDMS in contact with: 10 mM aqueous sodium
dodecyl sulphate (SDS) solution = 12.4 dyne/cm; in contact with deionized water = 40.7

dyne/cm.

N/A = experiment not performed

Supplementary Table 1. Block copolypeptide surfactants used to prepare
emulsions. All emulsions were prepared using a microfluidic homogenizer under
the following conditions: number of passes (N) = 6, homogenizer inlet air
pressure (P) = 130 psi, block copolypeptide concentration (C) = 1.0 mM, and oil
volume fraction (¢) = 0.20. Diameters (of the outer droplets) and inner/outer
diameter ratios were determined by averaging measurements of at least 50
droplets from CTEM images. Critical aggregation concentration (CAC) values
were determined using pyrene fluorescence at 20 °C. Water solubility limits

were measured by diluting 15 mM stock solutions of each polypeptide until
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optically clear solutions were created. The block copolymers had negligible
solubility in PDMS. Oil/water interfacial tension data were measured using the
Du Nouy ring method using 10 ¢St PDMS and block copolypeptide solutions
(0.1 mM, pull rate = 0.01 mm/s, 25 °C).
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Supplementary Figure 1. Circular dichroism spectra of block copolypeptide
solutions (1.0 mg/mL) in ultrapure water. The minima at 208 and 222 nm in the
(rac-K)soL20 sample are characteristic of the a-helical conformation. ¢ = (rac-

K)soLzo, and o = (rac-K)4o(rac—L)20.
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Supplementary Figure 2. CTEM images for Ky(rac-L), stabilized double
emulsions prepared using a microfluidic homogenizer under the following
conditions: number of passes (N) = 6, homogenizer inlet air pressure (P) = 130
psi, block copolypeptide concentration (C) = 1.0 mM, and oil volume fraction (¢)
=0.20. (Bars =200 nm): (a) = Kgo(rac-L)s, (b) = Kso(rac-L)10, and (c) = Kso(rac-
L)so (d) Histogram displaying percentage of sample observed vs. ratio of inner
radius <a> to outer radius <a> (I/O ratio) determined by counting at least 50

droplets in a CTEM image of a Kso(rac-L)1p emulsion.
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Supplementary Figure 3. CTEM images of various block copolypeptides used
to stabilize double emulsions. CTEM images of (a) Rqo(rac-L)1o (R = L-arginine
hydrobromide) and (b) E4o(rac-L)1o (E = L-glutamic acid sodium salt) stabilized
double emulsions prepared using a microfluidic homogenizer under the
following conditions: number of passes (N) = 6, homogenizer inlet air pressure
(P) = 130 psi, block copolypeptide concentration (C) = 1.0 mM, and oil volume
fraction (¢) = 0.20. CTEM images of (c) Keo(rac-V)o (V = valine) and (d) Kso(rac-
A)2o (A = alanine) stabilized double emulsions created using an ultrasonic
homogenizer for 1 minute with block copolypeptide concentration (C) = 1.0 mM,

and oil volume fraction (¢) = 0.20. All bars = 200 nm.
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Supplementary Figure 4. Comparison of emulsification properties of
copolypeptides. (a) Photograph of emulsions containing toluene as the oil
phase using Keol2o and Kag(rac-L)zo surfactants created using an ultrasonic
homogenizer for 1 minute with block copolypeptide concentrations (C) = 0.1
mM, and oil volume fractions (¢) = 0.20. The image was taken 3 hours after
emulsification, where the Kgol2o sample showed noticeable phase separation
(oil layer at top). (b) Photograph of attempted emulsification of silicone oil and
water using the homopolypeptide Kgp as a surfactant. This sample rapidly and

completely phase separated.
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Supplementary Figure 5. Plots of dynamic light scattering (DLS) data showing
how double emulsion droplet size is affected by different experimental
parameters. All samples were prepared using a microfluidic homogenizer under
the following conditions: number of passes (N) = 6, homogenizer inlet air
pressure (P) = 130 psi. Diameters were determined using cumulant analysis of
the (DLS) correlation function and are estimates of outer droplet diameters of
the WOW double emulsions. (a) Plot of diameter vs. Kso(rac-L)o block
copolypeptide concentration (C). (b) Plot of diameter vs. oil volume fraction (¢).
(c) Plot of diameter vs. hydrophobic (rac-L) length by variation of x in different

samples of Kg(rac-L)y.
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Supplementary Figure 6. Fluorescence microscopy and CTEM images

showing influence of silicone oil capped with acetamide groups (PBA) on
hydrogen bonding in the oil phase of emulsions. (a) Fluorescence microscopy
image of WOW double emulsions stabilized with FITC-Kgo(rac-L )2 containing
multiple inner water droplets (C) = 0.1 mM, PBA oil volume fraction (¢) = 0.20
created using ultrasonic homogenizer for 10 seconds. (b) Fluorescence
microscopy image of single OW emulsions stabilized with FITC-KgoL2o (C) = 0.1
mM, PBA oil volume fraction (¢) = 0.20 created using ultrasonic homogenizer
for 10 seconds. (c) CTEM image of nanoscale WOW double emulsion droplets
with multiple inner water droplets prepared with PBA as the oil phase. (d) CTEM
image of nanoscale double emulsion droplets using 300 cSt PDMS (identical
viscosity to PBA) as a control oil phase where single inner aqueous droplets are

dominant. Emulsion samples for (c) and (d) were prepared with Keo(rac-L)2o
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using a microfluidic homogenizer under the following conditions: number of
passes (N) = 6, homogenizer inlet air pressure (P) = 130 psi, block
copolypeptide concentration (C) = 1.0 mM, and oil volume fraction (¢) = 0.20.
Scale bars: (a) and (b) =5 um; (c) and (d) = 100 nm. PBA = bis[3-(acetamido)-

propyl] terminated polydimethylsiloxane (M, = 2,500, 300 cSt).
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