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ABSTRACT

Many uses of emulsion droplets require precise control over droplet size and shape. Here we report a
‘shape-memorable” micro-droplet formulation stabilized by a polyethylene glycol (PEG)-modified
protein-surfactant, the droplets are stable against coalescence for months and can maintain non-
spherical shapes for hours, depending on the surface coverage of PEGylated protein. Monodisperse
droplets with aspect ratios ranging from 1.0 to 3.4 were controllably synthesized with a flow-
focusing microfluidic device. Mechanical properties of the interfacial protein network were explored
to elucidate the mechanism behind the droplet shape conservation phenomenon. Characterization of
the protein film revealed that the presence of a PEG layer at interfaces alters the mechanical
responses of the protein film, resulting in interfacial networks with improved strength. Taking
advantage of the prolonged stabilization of non-spherical droplets, we demonstrate the possibility of
functionalization of the droplet interface with accessible biotin moieties. The stabilization of micro-
droplet shape with surface-active proteins that also serve as an anchor for integrating functional
moieties, provides a tailorable interface for diverse applications.



1. INTRODUCTION

Micro-droplets are compartmentalized fluids in tiny volumes (~0.5 fL to 523.6 nL for droplets with
diameters of 1-1000 pwm), which serve a multitude of uses in material science and industrial
applications.! Their compartmentalized structure makes them ideal for carrying therapeutics or
cosmetic ingredients and encapsulating bioactive entities such as cells, proteins, enzymes, and
nucleic acids for the construction of biomimetic systems.?® Micro-droplets also hold great promise in
chemical and biochemical applications as high-efficiency micro-reactors*> or as bio-sensing devices.
The isolation of reagents inside microdroplets minimizes cross-contamination or interference,
resulting in higher sensitivity and accuracy.® In addition, control over droplet behaviours such as
motion, merging, splitting, and sorting further expands the uses of droplets towards more flexible
settings. For example, many reports demonstrate the utilization of droplets for various types of
analysis and biological assays such as DNA amplification and analysis, protein crystallization,
biomarker detection, catalysis and kinetic monitoring.”*° Micro-droplets are not only useful by
themselves; they could also be applied as well-defined templates for engineering a wide range of
structures, such as growing nanocrystal (gold, silver, platinum) dispersions,! assembling micro-

capsules*? and micro-particles.>°

The ultimate success of these applications depends critically on the availability of droplet dispersions
with a well-controlled shape and size distribution. Non-spherical shapes may offer many additional
benefits due to their anisotropic architectures and larger surface area compared to their spherical
counterparts. The properties conferred by shape could be exploited to build materials with unique
structures or to build stimuli-responsive systems that exhibit novel responses to external stimulations
e.g. hydrodynamic, electrical, optical,*® acoustic,*” or magnetic-responsive.'®1° There is a direct
geometrical influence of shape regarding light scattering,?° refraction, dichroism, and plasmon
resonance phenomenon*! and non-spherical shapes pack more densely compared to spherical ones,
which would be highly advantageous for applications requiring compact arrangements. However, the
controlled synthesis of non-spherical droplets in large quantities remains difficult. To date, the
production of micro-droplets has been dominated by spherical droplets because of the tendency
towards fluid equilibration and minimization of interfacial free energy, whether they are formed

through conventional bulk emulsification techniques or by shearing flows in microfluidic systems.?*



Current strategies to form non-spherical droplets include manipulating droplets using open patterned
surfaces of different wettability.?22 Hancock et al. have shown patterning water droplets by
selectively altering the wettability of surfaces,?* however, this method is limited by the complexity of
precisely creating distinct surface properties at microscale. Another strategy is through interfacial
tension driven evolution of droplet morphology where the local accumulation of surface-active
emulsifiers at interfaces can partially change the droplet curvature.?>%% A widely used approach is
microchannel confinement, which offers unrivalled performance for the controlled generation of
droplets of varying size, shape, morphology, internal structure and chemistry.® 2’ Using microfluidics
to control local flows, the flexible design of microscale geometries and the applicability of auxiliary
forces allow a high degree of control over the manipulation of individual droplets. However, for
most droplets generated in microfluidic devices, non-spherical shape is short-lived due to the
interfacial minimum free energy effect. In order to preserve non-spherical shapes, droplets must stay
in the confined conditions or be cured into solid state before they relax back to spherical. Several in
situ curing strategies have been reported, for example, by photo-polymerization,?® flow lithography,
solvent evaporation-induced solidification,?® thermal-controlled crosslinking and gelling.?® While
this approach has enabled the stabilization of capsules and solid particles of multiple shapes
(ellipsoids, plugs, rods, disks, cubes, threads, core-shell, Janus),?’-2-% it is not favourable for

continuous synthesis process due to easily clogging of microfluidic channel by aggregated solids.

In this work, we demonstrate a microfluidic-based method for fabricating non-spherical droplets
stabilized by a surface-active peptide and modified protein co-surfactant. AM1 (Ac-MKQLADS
LHQLARQ VSRLEHA-CONHo) is a designed peptide with good emulsifying ability; rapidly
adsorbing onto oil/water (O/W) interfaces and forming strong cohesive films in the presence of
divalent metal ions via histidine coordination.3! S28C, a protein composed of repeating AM1 units, 2
spontaneously integrates onto AM1-covered interfaces, further enhancing the stability of the system
and introducing the possibility of surface modification by conjugated functional moieties.*® Herein,
using this co-surfactant system, we show the controlled synthesis of polyethylene glycol (PEG)-
modified protein-stabilized droplets with tuneable shape. Mechanical properties of the interfacial
protein network were evaluated to understand the mechanism behind the shape-maintenance
phenomenon. These non-spherical droplets offer new opportunities for shape-relevant studies,
considering the wide interest in non-spherical particle synthesis, controlled release, sensing, and

catalysis applications.



2. MATERIALS AND METHODS
2.1 Materials

Miglyol® 812 oil (density 0.945 g-cm, viscosity 25.1 mPa-S at 20 °C) was provided by Caesar &
Loretz GmbH (Hilden, Germany). Peptide-surfactant AM1 was purchased from GenScript
Corporation (Piscataway, NJ, USA). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
zinc chloride (ZnCly), tris(2-carboxyethyl)phosphine hydrochloride (TCEP), methoxypolyethylene
glycol maleimide (MeO-PEG5K-Mal, Mn=5,000) and poly(ethylene glycol)[N-(2-
maleimidoethyl)carbamoyl]methyl ether 2-(biotinylamino)ethane (Mal-PEG5K-biotin, Mn=5,400)
were purchased from Sigma-Aldrich, Co. (St. Louis, MO, USA). Alexa Fluor 488 streptavidin
conjugates and a lipophilic dye Dil (1-1’-Dioctadecyl-3,3,3°,3’-tetramethylindocarbocyanine
perchlorate) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). S28C was
expressed from Escherichia coli cells and then purified by a chromatography-based method as
previously described.333* Briefly, the purification process composed of three chromatography steps:
first, by an immobilized metal affinity chromatography (IMAC) column to enrich the metal-binding
S28C; second, removing charged contaminants by sequential cation and anion exchange; third,
selection and focusing of the aliphatic S28C by reversed phase chromatography (RPC). All the
buffers were produced in lab with fresh Milli-Q water (~18.2 MQ-cm™) and pH adjusted with

hydrochloric acid or sodium hydroxide.
2.2 S28C purification and PEGylation

S28C was conjugated with MeO-PEG5K-Mal via thiol-maleimide coupling reaction. The detailed
procedures were depicted in a flow chart in Fig. S1(A). First, the lyophilized S28C was dissolved in
HEPES buffer (25 mM, pH 7.0) that containing 4 mM TCEP to reach a protein concentration of 400
uM. Then, MeO-PEG5K-Mal (or Mal-PEG5K-biotin) powder was weighed directly ina 5 mL
reaction tube. S28C solution was added into the tube drop-by-drop while stirring with a magnetic
stir bar. The protein S28C and MeO-PEG5K-Mal were mixed at a molar ratio of 1:20 (S28C: MeO-
PEG5K-Mal) and stirred at 250 rpm under 4 °C overnight (16 h). The reacted sample mixtures were
diluted to 10 mL to retard the reaction and the mixtures were ran through an IMAC column to isolate
the PEG-conjugated S28C. Reversed phase high performance liquid chromatography (RP-HPLC)
analysis and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Mini-
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PROTEAN® TGX™ Gels, Bio-Rad, CA, USA) were used to verify the PEGylated S28C (denoted
as S28C-PEG) could be separated from other substrates by IMAC, as shown in Fig. S1(B). Fig.
S1(C) showed the PEGylation and Biotinylation reaction products (Lane 2 and 5) and corresponding
purified protein (Lane 4 and 7). The PEGylation reaction was then optimized using a molar ratio of
1:40 (S28C: MeO-PEG5K-Mal), followed by continuously stirring under room temperature for 3
hours. To further remove the remaining free PEG and salts, IMAC eluates were dialyzed against 25
mM HEPES (pH 7.5) overnight and the dialyzed samples were collected and lyophilized. The S28C-
PEG used in this work were 1:40 conjugated proteins unless stated otherwise.

2.3 Fabrication of microfluidic chips

Microfluidic chips were fabricated based on standard SU-8 photolithography and soft lithography
techniques.®® Briefly, PDMS and curing agent were weighed at a mass ratio of 10:1 and mixed
vigorously using a centrifugal mixer. Then polymer mixture was poured onto the previously
designed silicon wafer master with the desired channel pattern, degassed and incubated under 80 °C
for 20 min to cure the polymer before cutting out the cured PDMS slab. Glass slides were cleaned
with ethanol and Milli-Q water, dried by nitrogen gas, then coated with a thin layer of PDMS using a
spin coater. Oxygen plasma treatment was performed on both PDMS surfaces to be bonded (the
channel slab and the slide), which were then quickly pressed together before incubation in 80 °C
oven for another 20 min. Oxygen plasma treatment is a critical step, converting the inherently
hydrophobic PDMS surface to a hydrophilic surface. The hydrophobicity of PDMS would recover
with time, so the chip has to be used right after fabrication. The chip channel was immediately fully
rinsed with Milli-Q water after taking out from the oven to maintain its hydrophilicity. The chip was
rinsed with 0.5 mM EDTA between repeated runs, washed with ~15 mL Milli-Q water, which was

expelled before use.
2.4 Microfluidic production of oil-in-water droplets

A flow focusing microfluidic device with three inlets was used for droplet generation and control
(refer to Fig. 1A). The spiral channel has a width of 200 pum and a depth of 150 um and a total length
of ~0.48 m to allow sufficient time for the adsorption of protein surfactants on the droplet surface.3
37 Miglyol 812 was used as the dispersed phase; surface-active peptide AM1 and protein
S28C/S28C-PEG were dissolved in 25 mM HEPES buffer (pH 7.0) and used as the continuous

5



phase. All peptide/protein solutions used in the microfluidic experiments contain ZnCl; at twice the
concentration of AM1 and eight times that of S28C/S28C-PEG. The prepared solutions were fed to
the micro-channels by three digitally controlled syringe pumps (Harvard Apparatus PHD 2000,
USA). Several flow rate combinations were tested to control the hydrodynamic flow. Droplets were
collected in 1.5 mL Eppendorf tubes for storage or directly onto a glass slide for microscopy. Biotin-
functionalized droplets were also prepared following a same microfluidic protocol using S28C-PEG-
biotin. Droplets (produced with 50 uM AM1 and 20 uM S28C-PEG-Biotin in the presence of ZnCl,)
were collected at a flow rate of 2:3:3 pL/min and maintained 1:1 in fresh 50 uM AMI1 solution
containing 100 uM ZnCl> for subsequent functionalization with Alexa fluor® 488 streptavidin (50

pg/mL) for 1 hour at room temperature.
2.5 Microscopy and image analysis

A Nikon optical microscope (Eclipse TS100 Inverted Microscope, Nikon Inc., Japan) equipped with
a digital camera (Powershot A640, Canon Inc., Tokyo, Japan) was used to capture the droplets and
record videos and images. The size distribution of the micro droplets was analyzed by

ImageJ (National Institute of Health, USA). Images were colour-threshold treated to detect of
contour of droplets and the size and distribution were measured by the ‘particle analyze’ function. To
compare the dynamic breakup process under different surfactant solution conditions, videos were
recorded, and the droplets formed were tracked and measured by a written MATLAB (version
R2019a, MathWorks, Inc., USA) script. Fluorescent images of droplets were obtained with a Nikon
Eclipse Ti Series Microscope (Nikon Inc., Japan) at an excitation wavelength of 560 nm. For biotin-
functionalized droplets, confocal images were captured with a Leica TSC SP8 Confocal Microscope
(Leica Microsystems CMS GmbH, Mannheim, Germany). Dil and Streptavidin Fluro Alexa 488
were excited at 560 nm and 499 nm, and emission bands were collected between 568-687 nm and

504-549 nm, respectively.
2.6 Characterization of peptide/protein films by Cambridge interfacial tensiometry (CIT)

Cambridge interfacial tensiometry (CIT) was used to characterize the interfacial network.® 5 pM
S28C/S28C-PEG with 40 uM ZnCl; in HEPES buffer (25 mM, pH 7.0) were prepared, 6.5 mL of
each solution was used to fill the CIT sample trough. Proteins may self-assemble into a cohesive

network at air-water interface between the two T-shaped bars plunged on the solutions surface, one
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T-Bar was connected to a force sensor, which allows for the detection of stresses required to stretch
the protein network. The interfacial structure was subject to periodically expansion and contraction
cycle every 1 minute over a 60 min period with a strain up to 300% (with a constant strain rate of
10% per second). The stress curve as a function of the displacement of strain was recorded, and
elastic modulus was calculated according to the slope of the stress-strain curve. 20 uM AM1 solution

with 40 uM ZnCl was also tested as a comparison group.
2.7 Interfacial tension and droplet contraction

The interfacial tension (IFT) for surfactant enriched O/W interfaces were measured by a pendant
drop method using a KRUSS DSA-10 droplet-shape analysis (DSA) instrument. Peptide/protein
solutions were prepared with 25 mM HEPES buffer (pH 7.0) and then 6.5 mL of it was filled into a
quartz cuvette container. Miglyol oil was supplied through a J-shaped stainless-steel capillary, an oil
droplet (about 8-10 puL in volume) immersed in the protein solution was then generated at the
capillary tip. The droplet shape variation over time was automatically detected and recorded, and
dynamic IFT data were collected. After aging for 20 min, a sudden contraction was performed on the
droplet, and the changes of droplet interfacial morphologies were monitored over a 15 min period. 50
uM SDS solution was prepared with Milli-Q water. The IFT profiles were smoothed with the Padé
approximation fitting®® in GraphPad Prism 8 software (GraphPad, San Diego, CA) for better

visualization.
2.8 Rheological studies and data processing

A microfluidic-based method was adopted to investigate rheological properties of interfacial
accumulated elastic peptide/protein networks. A simple two-inlet microfluidic device (Fig. S2) was
used, with Miglyol oil as the dispersed phase (flow rate Qq changed from 0.4, 1 and 2.5 puL/min), and
six different surfactant solutions as the continuous phase (flow rate Q. was set to be 4, 8, 16, 32, 64
uL/min for each Qq). Small molecule surfactant sodium dodecyl sulfate (SDS) (50 uM), which does
not form an interconnected network upon adsorption at oil/water interface, was selected as a control.
The breakup of microfluidic oil stream in response to varying shearing conditions were compared
and quantitatively analyzed by fitting droplet size (as a function of Q4/Qc) to a linear-relationship
mathematical model (Eq.1). Slopes of the fitted lines were extracted as an elasticity-related factor



and introduced into a modified model. A MATLAB script was created to determine the optimal

parameter that gave the best fitting to the droplet size using the proposed model (refer to Fig. S3).

3. RESULTS AND DISCUSSION
3.1 Conservation of deformed droplet shape by PEGylated biosurfactant

In biomedical applications, PEGylation is a widely used strategy for drug-carrier systems to improve
the bioavailability and provide immune evasion. Shielding by the immunologically inert PEG layer
decreases the possibility of early elimination from circulation by the immune system.*® We designed
a surface-active protein S28C, which has a single cysteine residue within the sequence (Fig. 1A) to
increase the precision and efficiency of site-specific modifications via sulfhydryl-maleimide
crosslinking.®? Following the single sulfhydryl-maleimide reaction strategy, we obtained PEGylated
S28C (denoted as S28C-PEG, refer to Fig. S1). S28C-PEG and S28C were evaluated as the co-
surfactant of AM1 in the same microfluidic (a flow focusing device with a long spiral channel)
setting to stabilize the generated oil droplets. 50 uM AM1 together with 5 uM S28C/S28C-PEG were
tested for the controlled production of Miglyol 812 oil droplets (flow rates 1:4:4 pL/min for Miglyol
oil: AM1 solution: S28C solutions, respectively). Unexpectedly, the S28C-PEG stabilized droplets
were found to be ‘shape-memorable’; they were able to maintain an ellipsoidal shape following
deformation by the microfluidic channel (Fig. 1B(iv)). Although the droplets were all deformed in
microfluidic channels due to the confinement of channel dimensions (Fig. 1B(i-ii)), those stabilized
by S28C relax back to spherical immediately after escaping the confinement of channel (Fig.
1B(iii)). Further increasing the S28C concentration 10-fold (50 uM) does not prevent relaxation to
spherical. To see if the PEGylation modification had a significant impact on the interfacial activity
of S28C, interfacial tension kinetics at the oil/protein solution (S28C and S28C-PEG) interface was
monitored with a pendant drop shape analyser. For both molecules, the interfacial tension decreases
rapidly at the beginning of measurement, dropping from ~31.6 mN-m™ for pure Miglyol 812
oil/water interface and reaching an equilibrium value of around 12 mN-m™ at the end of 20 min-
monitoring, indicating very efficient adsorption of both proteins (Fig. 1D). Although the IFT
decrease for the larger S28C-PEG was slightly slower than that of S28C, they both reached a similar



equilibrium value. Therefore, PEGylation has a negligible effect on the interfacial activity of S28C

protein.
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Figure 1. Microfluidic production of peptide/protein stabilized micro-droplets. (A) The microfluidic
channel is 150 pm in height and the width varies from 200 pm for the main channel and 100 pm at the
junction, scale bar: 800 um. Biosurfactants AM1 and S28C were sequentially introduced to produce and
stabilize oil droplets. The red-highlighted residues in S28C sequence indicate AM1 sequence, the green-
highlighted residue indicates the cysteine introduced for functionalization. (B) Droplets with different
interfacial molecular structures stabilized by: (i) S28C, (ii) S28C-PEG. (iii) and (iv) show corresponding
droplet morphologies without the confinement of channel following collection, and (v) and (vi) are
corresponding schematics depicting the differences in droplet interfacial structures, scale bar: 200 pm. S28C-
PEG was conjugated at a molar ratio of 1:20 (S28C: MeO-PEG5K-Mal). (C) Definition of droplet aspect ratio
(AR), where L represents the droplet length (major axis) and W stands for the width (minor axis). (D)
Comparison of the interfacial tension profile for 5 uM of S28C (e) and S28C-PEG (A) at oil-water interface.

Both S28C and S28C-PEG were used in the presence of 40 uM ZnClo.
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3.2 Control over droplet aspect ratio by varying flow rates

Considering the shape-memorable behaviour of the S28C-PEG stabilized droplets, the opportunity
arises to produce long-lasting non-spherical droplets of different aspect ratios (AR; Fig. 1C) by
breaking-off the dispersed flow into different lengths when operating within the constraints of
microfluidic channel. We tested several flow rate combinations using two concentrations of S28C-
PEG. The fluid dynamic and break-off of the droplets are dominated by complex interactions of
multiple factors, including junction geometry, inertia, viscosity, surface tension etc.** A set of
dimensionless numbers have been defined to quantify the influence of different factors.*> Among the
most important are the Capillary number (Ca), which characterizes the relative importance of viscous
force over surface tension; flow rate ratio Qda/Qc, representing the flow rate ratio of the dispersed
phase (Qq) and continuous phase (Qc).** Models predicting droplet formation and size based on these
numbers have been established for certain flow conditions**¢ and a power law relationship has been
proposed describing the influence of Q4/Qc on resulted droplet size. The relationship can be

expressed as:

N =

dic . (%) )
where d is the droplet size, and d. is the width of channel. A larger Qa/Qc would yield a smaller
shearing force thus leading to larger droplets. Since the extent of aspect ratio (AR) variation depends
on the droplet size, AR could be controlled simply by changing Q4/Qc. Consistent with (Eq.1), when
a larger Qda/Q. was generated by increasing Qq from 1 to 5 ulL/min, elongated droplets were formed.
AR ranging from 1.54+0.04 to 2.43+0.18 were achieved when using 10 uM S28C-PEG (Fig. 2A(i)).
Reducing Qd/Qc by increasing Q. correspondingly resulted in smaller droplets, with a reduction of
droplets showed relaxation to spherical in all but the lowest Qd/Qc after 20 minutes. The observation
that the highest surfactant to oil ratio could partially stabilize droplets led us to test higher
concentrations of S28C-PEG.
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Increasing the S28C-PEG to 50 uM, the droplet shape retention was greatly enhanced for all the
tested flow rate combinations (Fig. 2A(iv - vi)). Therefore, we inferred that the relaxation rate of
droplet shape is inversely proportional to the adsorbed interfacial network. An insufficient coverage
of interfacial S28C-PEG network at low bulk solutions would be responsible for the fast relaxation
when using 10 uM S28C-PEG. The higher supply of S28C-PEG molecules at 50 uM results in
higher amount of adsorbed S28C-PEG and, presumably, a stronger interfacial network. Notably,
when the AM1 flow rate was low, droplets relaxed from 2.06+0.08 to 1.22+0.10 within 20 min in the
presence of 50 UM S28C-PEG (Fig. 2A(Vv)). This indicates a possible synergistic adsorption effect
between AM1 and S28C-PEG with insufficient adsorption of AM1 limiting accumulation of S28C-
PEG at interfaces. For a quantitative comparison of the surfactant coverage at the droplet surface, the
droplet volume and the protein solution supplied to each droplet were estimated. As shown in Figs. 2
and S5, droplet shape can be stabilized in the presence of 10 uM S28C-PEG when flow
combinations result in smaller-AR droplets and higher S28C-PEG concentrations. These data
suggest that a higher supply of S28C-PEG to the interface can result in more stable non-spherical
droplets. Applying this finding, we further increased the AR of droplets up to 3.4 by decreasing the
continuous phase flow rate at 50 uM S28C-PEG, resulting in droplets of AR ranging from 2.0 to 3.4
(Fig 2B(i-iii).
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Figure 2. Control over droplet aspect ratio (AR). (A) Droplet AR variation with changing flow rate of (i)
oil, (i) AM1 and (iii) S28C-PEG when using 10 uM S28C-PEG, and (iv) oil, (v) AM1 and (vi) S28C-PEG
when using 50 uM S28C-PEG. The insets show the morphologies of the droplets in the observation chamber.
Scale bar: 400 um. The flow rates of the labelled phases were changed between 1-5 uL./min in turn, while
keeping the other two phases constant. For AM1 and S28C-PEG solution, the flow rate was fixed at 4 pL/min;
for oil, the flow rate was fixed at 2 pL/min. All peptide/protein solutions contain ZnCl,. Symbols of circle (e),
cubic (m), and triangle (A ) mark AR of droplets that flowing in the channel or collected in the chamber and
20 min post-collection, respectively. (B) Optical microscope images of Miglyol® 812 droplets with increasing
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ARs from (i)2.0 to (ii)2.3 to (iii)3.4, and (iv) show Dil-loaded droplets captured by fluorescence microscope.
Black scale bar: 400 um, white scale bar: 200 um. (C) Droplet stability over an 8-hour observation, the
droplets were obtained under flow rates of 1:4:2 pL/min and 3:9:6 pL/min (for oil, 50 pM AM1 with 100 uM
ZnCl,, and 10 uM S28C-PEG with 80 uM ZnCl; solution), respectively. The insets show the original and final
shape over the observation period.

3.3 Droplet stability against shape relaxation.

Following collection, droplets with an initial AR of 2.38+0.07 and 1.62+0.04 were monitored for an
8-hour period. The high-AR droplets were almost spherical after 8 h, while the low-AR droplets
were more stable, only slightly relaxing during the first hour with a small decrease of AR from
1.62+0.04 to 1.42+0.06 then remaining stable without further relaxation or coalescence. Similarly
stable non-spherical droplets have also been observed for Pickering emulsion droplets stabilized by
nanoparticles, and in droplet systems with densely assembled interfacial protein/polymer networks.?®
47 Many of these droplets display shape conservation upon coalescence (a phenomenon termed
arrested coalescence), which is related to interfacial jamming of solid particles or high-mechanical
modulus molecular networks.?® The crowding of these intrinsically robust substances at the interface,
reinforces the mechanical strength of the interface, and simultaneously raises steric barriers for
molecular motion, turning it from a flexible liquid-like state to a more rigid solid-like state. Here, in
an analogous way, the jamming of polymer PEG chains at droplet surface may play a role. The
S28C-PEG layer presents a steric constraint at the interface, favouring the dissipation of the
relaxation force, effectively preventing the kinetic mass transfer and rebound of the droplets. This
coincides with the bulk phenomenon in which including polymer additives into droplet can alter fluid
rheology and influence droplet shape rebound.*® Bartolo et al. also showed that adding flexible
polymers could inhibit droplet rebound on surfaces by generating normal stresses at the interface,
which counteracted the surface tension-induced retraction forces.*® Consistent with this
interpretation, we have previously observed that a proportion of PEG chains in our system lie at the

interface.®®

To compare the PEG surface coverage, the S28C-PEG solution supplied to each resulted droplet (in
Fig. 2C) was calculated. While this volume changes from 14.94 pL to 7.69 pL for the high (2.38) to
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low (1.62) AR droplets, respectively. Considering the higher surface area of high-AR droplet, the
surface coverage amounts of S28C-PEG are comparable between the two. The discrepancy of shape-
durability is likely, therefore, due to larger relaxation force for the longer shape of the high-AR
droplets. For a deformed droplet interface, energy is stored in the droplet system, which is dissipated
under relaxation to return to a minimum energy state. The rebound of the deformed droplets depends
on surface tension difference-induced relaxation force versus the interfacial structure-derived
resistance force. Higher-AR droplets would generate a larger rebound force than shorter ones.
Therefore, the PEG layer at the current level of packing density cannot provide enough resistance
against this force for the high-AR droplets. Further studies are needed for quantitatively establish the

relationship between shape durability and the required minimum PEG surface density.
3.4 Mechanical properties of interfacial protein network.

The dynamic mechanical properties of protein films can be characterized by dilational or shear
modulus, which quantifies the resistance of material to applied forces. It is described by two
components, i.e. an elastic (storage) modulus that quantifies film elasticity against stress, and a
viscous (loss) modulus as a measure of energy dissipation accompanying deformation.>! To
explore the impact of PEG-chain on the mechanical properties of interfacial protein network, a
tensile test was carried out using a Cambridge interfacial tensiometer (CIT; Fig. 3A). Stress-strain
curves are derived for the S28C, S28C-PEG or AM1 protein/peptide networks subjected to 60 min of
periodic expansion and compression. At the low-strain region, the response was predominantly
elastic for AM1 and S28C. Stress increases rapidly with expending strains at the lower strain levels
and then gradually reached a plateau value around 5.63 mN-m™ (at ~68.7% strain) for S28C at 5 uM
and 1.94 mN-m™ (at ~25.1% strain) for AM1 at 20 pM. The plateau value represents the tensile
strength of the film2 and a larger tensile strength for S28C reflects a stronger film structure
compared to AML1. This is despite the fact that the number of AM1 units (four AM1 per S28C) is the
same at the concentrations used and may be due to more extensive cross-linking mediated by
histidine coordination of Zn?*.>® However, both the two have shown excellent ductile properties that
able to resist large strain stretches, as evidenced by the continuous hysteresis curves. The interfacial
elastic modulus of the film structure can be calculated from the slope of the initial linear part of the

curve, which is described by the equation:>3
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os =E;-¢ (2)

where o5 is the interfacial stress and ¢ is the strain. Es is a constant characterizing the two-
dimensional elastic modulus of the interfacial network. Linear fitting of the data to 5% strain gives
an elastic modulus value of 117.9 mN-m™ (R>0.97) and 118.3 mN-m™ (R?>0.99) for AM1 and
S28C network, respectively. In contrast, for the S28C-PEG enriched interface, no elastic deformation
was observed. A possible mechanism is proposed as illustrated in Fig. S4, where the T-bar slips on
the PEG layer at the interface. Therefore, only force changes of very small amplitudes were detected,

representing the dragging of the force-transducing T-bar over the PEG surface.
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Figure 3. Properties of the interfacial peptide/protein network. (A) Cambridge interfacial tensiometer
(CIT)-derived stress-strain hysteresis curves of interfacial surfactant network in respond to continuous
expansion and compression. (B) Interfacial tensions (IFT) profile of (i) 50 pM SDS vs. 50 uM AM1, (ii) 10
uM S28C vs. 10 uM S28C-PEG and (iii) 50 uM AM1+10 uM S28C mixture vs. 50 uyM AM1+10 uM S28C-
PEG mixture over an aging time of 20 min. (C) Monitoring of the surfactant film recovery after sudden
contraction, films formed in (i) 5 uM S28C; (ii) 5 uM S28C-PEG; (iii) 50 uM AMI co-adsorbed with 10 uM
S28C and (iv) 50 uM AMI1 co-adsorbed with 10 uM S28C-PEG. The oil droplets were aged for 20 min in
surfactant solutions before a sudden contraction was performed. All peptide/protein solutions used for
contraction experiments contain ZnCl,. Scale bar: 1 cm
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Alternatively, pendant drop tensiometry also offers valuable information about interfacial
phenomenon. IFT reduction is a direct quantitative reflection of the interfacial accumulation of
surfactants (Fig. 3B). The extremely rapid decreasing and equilibration of IFT for smaller molecule
SDS indicates its very fast adsorption and arrangement at O/W interface. In contrast, AM1, S28C
and S28C-PEG systems showed a gradual decreasing IFT profile, which is probably size dependent,
with AM1 adsorbing too fast at 50 UM to detect the adsorption curve and resulting in the smallest
IFT value of the biosurfactants, ~11 mN-m™ at 1200 s. However, AM1 and S28C co-adsorption did
not show further decreased IFT compared to either of the single component systems. Adsorption may
have been reduced by the electrostatic association of S28C (pl 6.5) and AM1 (pl 8.5) under neutral
pH. In contrast, AM1 and S28C-PEG co-adsorption system showed a considerably lower IFT value,

possibly due to a charge screening effect of PEG.

Following sudden droplet contraction of aged droplets covered with interfacial protein networks,
wrinkles can be observed due to the rapid withdrawal of inner liquid. The wrinkle recovery process
also manifests the mechanical characteristics (elasticity) of the network®*. A shown in Fig. 3C, the
S28C network was fully recovered after 15 minutes of relaxation, while S28C-PEG still showed
wrinkles on the surface and contraction around the neck of the droplet. Similarly, for co-adsorption
cases, S28C-PEG significantly delayed the recovery compared with S28C. We speculate that the
jammed polymers of the PEG layer partly projecting towards the aqueous phase increases the local
interfacial elasticity, posing a larger energy barrier for mass transfer and limiting droplet rebound.

Therefore, the S28C-PEG covered interfaces exhibit more rigid features.
3.5 Rheological investigation at surfactant accumulating interfaces

Previously, the influence of surfactant elasticity on resulting droplet size was identified and
discussed by Zhao et al., finding a significant impact of interfacial elasticity on the dynamic breakup
of droplets in microfluidic devices.** A dimensionless parameter {=c/E was introduced to reveal the
relative impact of interfacial tension ¢ and interfacial elasticity E, and a correlative relationship
between droplet size and {-modified (Qa/Qc)Y? was proposed.*® Inspired by this, here we use a
microfluidic approach to investigate the rheological response of elastic surfactant network under
shearing conditions. Figure 4 displays consecutive snapshots of a complete droplet formation-
detachment cycle for different surfactants. With SDS, the oil phase stream was sheared off into

droplets at the orifice of the central channel. However, for the peptide/protein systems,
16



intermolecular networks increased the local interfacial elasticity, resulting in increased resistance of
the oil stream to shearing stress and elongation of the oil stream along the channel (Fig. 4). The
extension of the oil stream and delayed break-off phenomenon was extremely obvious for the highly
elastic AM1 and S28C-PEG co-adsorbed network (Fig. 4A(vi)), possibly owing to a more closely
packed interconnected protein layer and the presence of PEG chains increasing the dissipation of
shear stress (Fig. 4B). To quantify the differences in interfacial elasticity, the droplet sizes were
analyzed by the power law model (Eq.1). SDS, as a non-elastic control, shows a good fit (Table 1) to
this equation, the droplet size follows a linear relationship as a function of (Qa/Qc)Y? under different
Qu values (Fig. 5). However, for peptide/protein surfactants, although the normalized droplet sizes
still have a positive correlation with (Qa/Qc)Y?, the slopes are variable at different Qq values (Table
1), which may indicate elasticity differences. This is especially evident for S28C-PEG when Qq is
lowest, where interfacial network is expected to be dense, much steeper slopes are obtained in the
presence and absence of AM1. The slow extrusion of the oil flow allows more time for proteins to
accumulate and arrange at the interface, increasing the mechanical strength of the interfacial protein

film resulting in larger droplets.
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Figure 4. Investigating interfacial elasticity using microfluidics. Consecutive snapshots capturing a
complete cycle of droplet formation-detachment process. (A) Qil droplets were formed under the shearing of
surfactant solutions of : (i) 50 uM SDS, (ii) 50 uM AM1, (iii) 10 uM S28C, (iv) 10 uM S28C-PEG, (V) 50 uM
AM1 with 10 uM S28C, and (vi) 50 uM AM1 with 10 uM S28C-PEG. All peptide/protein solutions contain
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ZnCl,. Flow rates: 0.4 uL/min for oil and 8 pL/min for all the surfactant solutions. Scale bar: 400 um. The

arrow in (vi) indicates the break-off position of the oil flow. (B) Schematic showing the differences in

interfacial structures before droplet breakup for non-elastic SDS and elastic peptide/protein network-covered

interfaces.
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Figure 5. The impact of interfacial elasticity on droplet size. Dependency of the normalized droplets size

as a function of (Qa/Qc.)"2 upon varying Qq (0.4(e), 1(m), 2.5(A) (uL/min) and Q. (4, 8, 16, 32, 64 uL/min) for
systems of (A) 50 uM SDS, (B) 50 uM AM1, (C) 10 uM S28C, (D) 10 uM S28C-PEG, (E) 50 upM AM1 with

10 uM S28C, and (F) 50 uM AM1 with 10 uM S28C-PEG. All peptide/protein solutions contain ZnCl..
Normalized droplet size D is calculated by D=L*W/dc2 Where L, W represents droplet length and width, dc

stands for channel width. The straight line in the plots shows the least square linear regression of the data, and

the shaded area indicates the 95% confidential band.
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Table 1. Fitting parameters derived by least square linear regression of normalized droplets size versus

varying flow rate ratio.

Slope k R square
Systems Qs=0.4 Qq=1 Qs=2.5 All Q=04 Qg=1 Q4=2.5 All
points points

SDS 2.649 2127 1614 1.704 0.9718 0.8824 0.9945 0.8987
AM1 5119 5695 3.62 3.606 0.9909  0.9896 0.9307 0.8344
S28C 2.052 4684  3.365 2.801 0.9322  0.9308 0.9464 0.8867
S28C-PEG 8.522 4125 4.138 3.535 0.9956  0.9908 0.9934 0.7392
AM1+S28C 2.673 185 2.14 2.013 0.8932 0.9310 0.9172 0.9232
AM1+S28C-PEG 17.18 3.895 4.632  3.144 0.9561  0.9907 0.8538 0.7453

To quantify the impact of accumulating elastic surfactant at interfaces on the breakup behaviour of
microfluidic flows, we propose a modified size-(Qa/Qc)"? relationship that takes elastic properties
into account. Assuming the slope (Table 1) positively correlates with interfacial elasticity, a
correction parameter g=c-E is introduced into the original power law equation, where o is the
interfacial tension and E stands for the elasticity-related factor calculated from the normalized slope
k/ksps for each system. ksps is the averaged slope for SDS (i.e. E=1 for the non-elastic SDS system).
Applying this correction parameter g, all droplet sizes (Fig. 6A) collapsed to one correlation curve
(Fig. 6B), which was expressed by: Doc(Qq/Qc)?-(c-E)*3609, Therefore, the impact of accumulating
(shown by reduction of interfacial tension, o) elastic (reflected by E values) surfactant at a liquid-
liquid interface on the resulting droplet size is modelled by this equation, showing that forming high-
elasticity interfacial structures negatively affects the breakup of microfluidic streams leading to
larger droplets. This equation provides a simple and direct correlation between droplet size and
interfacial elasticity, showing that the droplet size increases with the elasticity, mainly due to the

delay of droplet breakup hindered by the elasticity of the interface.
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Figure 6. Modified equation to introduce the effects of elasticity on droplet size. (A) Original data were
replotted from Figure 5, (B) elasticity factor-modified data. The straight line shows a fitting curve when a
correcting factor (c-E)*% is applied, which can be expressed by equation: Doc(Qq/Qc)¥?(c-E)36:0%° where D
is the normalized droplet size, Q4/Qc is the flow rate ratio of dispersed phase to continuous phase, ¢ is the
interfacial tension, E is the elasticity-related factor, an exponential parameter within the range of 0.36+0.09 all

gives a good fitting of droplet size with R?>>0.80 . The dashed lines show 95% prediction band.

3.6 Bio-functionalization of droplet interfaces

The ability to manipulate droplet shape and their interfacial properties may be of great interests in
many biomedical related applications.?® % The protein-covered interfaces presented in this work
offer great flexibility for interfacial modification through protein engineering and/or

bioconjugation.2® With a top-down modification strategy, the interfacial properties of protein-
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stabilized droplets can be customized on-demand and, ideally, following their formation. For
example, designer peptide/protein adsorbed droplet interfaces can be functionalized with cell-
targeting ligands to promote its interactions with specific cells.®* ¢ As a demonstration of the
possibilities, and of the stability of non-spherical shape retention, we functionalized high-AR
droplets using maleimide-PEG5K-biotin. Following bioconjugation to the single cysteine residues of
S28C, S28C-PEG-biotin was used to generate ellipsoidal droplets presenting biotin at the interface.
To confirm availability and reactivity of this functional moiety, Alexa fluor® 488 streptavidin was
used to label the interface (Fig. 7A). Confocal images of Dil-labelled (red-fluorescent) oil droplets
demonstrated complete coverage of biotin at droplet surfaces, as indicated by the continuous
fluorescent streptavidin ring around the droplet periphery (Fig. 7B). The droplets maintained the
ellipsoidal shapes throughout the one-hour labelling process.

A Fluorescent streptavidin
: - .
\a 4
Blotln M L »
PE
/)f Qil \\ /

Figure 7. Biotin-functionalized droplets. (A) Schematic illustration showing fluorescent streptavidin
binding onto biotin-functionalized droplet interface. (B) Confocal micrograph of Dil inside the oil droplets,
(C) confocal micrograph of fluorescent streptavidin on the biotin-functionalized interface, (D) overlay of both

confocal channels, and (E) corresponding brightfield image of the droplets.
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4. CONCLUSION

In summary, we present a microfluidic method for producing mono-dispersed oil-in-water emulsion
droplets with non-spherical dimensions. We found that PEGylation of the protein S28C changed the
mechanical properties of the protein film network, resulting in controllable droplet shape. Non-
spherical oil droplets of a range of aspect ratios (from 1.0 to 3.4) can be produced by simply
changing the flow rates within the designed channel. The range of droplet dimensions could feasibly
be further increased with additional channel designs. The resulting droplet size and stability are
discussed as a function of the flow rate ratios and mechanistic understanding of interfacial film
properties. The droplets are stable against coalescence and the non-spherical shape can be maintained
for several hours to days depending on the surface coverage of PEG molecule. This allows for top-
down functionalization of non-spherical micro-droplets. Beyond this proof-of-concept study, further
work will be aimed at: (1) quantitatively determining the relationship between macroscopic droplet
shape-durability and corresponding microscopic structures at the interface; (2) investigating the
possibility of producing molded shape-specific droplets by taking advantage of the ‘shape-
memorable’ property of the protein film; (3) using these non-spherical droplets as template for

constructing anisotropic compartments for various applications, such as biochemical assays.
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A. Protocol for S28C-PEG synthesis
PEGylation
$28C MeO-PEG- ’
Maleimide
Dissolvedin 256 mM HEPES with 4 Molar ratio 1:20 or 40
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Figure S1. S28C conjugation procedures (A) and purified products checked by RP-HPLC (B) and
SDS-PAGE (C). Conditions for Biotinylation are the same as PEGylation. For the SDS-PAGE, lane
1 is pure S28C protein, lane 2-4 and 5-7 are conjugation products, IMAC flow-throughs and eluates,
for PEGylation and Biotinylation, respectively. Lane 8 is standard protein marker.
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Figure S2. Microfluidic chip for rheological studies. Two inlets channel with a flow-focusing
configuration was used, oil solution was introduced from the central channel (width: 40 um),
surfactant solutions were fed through the Y-shaped side channel. The oil phase was sheared by the
aqueous surfactant phase at the junction and then entered a long spiral channel (width: 400 um). The

channel is 150 um in depth.
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Figure S3. Fitness of droplet size to the proposed (o-E)" modified model under different values of n.
o is the interfacial tension, E is the elasticity factor, n is a constant. The shaded area indicates the n
range (0.36+0.09) that gives a good fitting of droplet sizes to the model Doc(Qa/Qc)*?(c-E)%36009,
with all R? larger than 0.80, when n=0.36, R?=0.84.

A MATLAB script was used to determine the parameter n. The normalized droplet sizes obtained
under different surfactant solutions were divided by a correcting factor (6-E)" to integrate the impact
of surfactant-film elasticity on resulted droplet size. thus, re-scattered the droplet size distribution.
Then a least square linear regression was applied to the re-scattered sizes to test if the data could be
unified into certain function of (Qa/Qc)~2. n values ranging from 0 to 1 were swept at a step of 0.01
by a loop function in MATLAB, and the corresponding fitting R-square (R?) were calculated. For n
values within the range of 0.27-0.45, the droplet sizes display a good linear fitting with
(Qd/Qc)Y?-(6'E)", with R?>0.80.



A. 3 T-bar sit on S28C network

Moving T-bar
Adsorbed
protein
T-bar sit on PEG layer

Force transmitted
to sensor

Protein in bulk

Figure S4. lllustration of Cambridge interfacial tensiometry (CIT) setup (A), showing the possible
cause of different mechanical response of S28C (B) and S28C-PEG (C) protein networks. The
biosurfactant solutions were added into the CIT trough, forming an interfacial layer between the two
T-bars of the CIT apparatus. Pulling of T-bar transmits the force generated by interactions between
the T-bar and interfacial protein network, where the T-bar slips on the PEG layer at the interface.
Figures are not presented to scale.
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Figure S5. Generated droplet volume (o) and S28C-PEG volume supplied to each droplet (m) as a
function of varying flow rates of (A) oil, (B) AM1 (C) S28C-PEG using 10 uM S28C-PEG solutions
and (D)-(F) are corresponding data for 50 uM S28C-PEG solutions. Droplet volume was
approximated by treating the droplets as ellipsoidal shapes. Droplet generation frequency was
estimated by dividing the overall supplied oil volume by the resulted droplet volume®’”: Freq =
Voir/Varop- Where Vi is the total volume of supplied oil in one second, Varop is the volume of the

generated droplets. Vprot/drop = Qs2sc-rec-t/Freq, t=1 sec.



Table S1. Initial IFT values detected by the DSA apparatus was listed in this table as the transient
interfacial tension for interfaces formed at microfluidic junction.

SDS AM1 S28C  S28C- AM1+S28C AM1+S28C-
PEG PEG

Concentration 50 50 10 10 50+10 50+10
(UM)

IFT (mN'm™) 2.80 1410 1706 21.36 15.82 14.71




