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This paper describes the break-up behavior of a concentrated emulsion comprising

drops stabilized by amphiphilic silica nanoparticles flowing in a tapered microchan-

nel. Such geometry is often used in serial droplet interrogation and sorting

processes in droplet microfluidics applications. When exposed to high viscous

stresses, drops can undergo break-up and compromise their physical integrity.

As these drops are used as micro-reactors, such compromise leads to a loss in the

accuracy of droplet-based assays. Here, we show droplet break-up is suppressed by

replacing the fluoro-surfactant similar to the one commonly used in current droplet

microfluidics applications with amphiphilic nanoparticles as droplet stabilizer. We

identify parameters that influence the break-up of these drops and demonstrate that

break-up probability increases with increasing capillary number and confinement,

decreasing nanoparticle size, and is insensitive to viscosity ratio within the range

tested. Practically, our results reveal two key advantages of nanoparticles with

direct applications to droplet microfluidics. First, replacing surfactants with

nanoparticles suppresses break-up and increases the throughput of the serial

interrogation process to 3 times higher than that in surfactant system under similar

flow conditions. Second, the insensitivity of break-up to droplet viscosity makes it

possible to process samples having different composition and viscosities without

having to change the channel and droplet geometry in order to maintain the same

degree of break-up and corresponding assay accuracy. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4985158]

I. INTRODUCTION

In recent years, droplet microfluidics has grown into an interdisciplinary platform where

fluid dynamics, chemistry, and bioengineering meet. Applications of droplet microfluidics are

broad, ranging from disease diagnostics, drug discovery, to the synthesis of novel materials.1–3

Droplet microfluidics has multiple advantages: (1) The ability to generate monodisperse drops

reproducibly allows accurate control of the size of the drops. (2) The small volume (pL to nL)

of the drops, which act as micro-reactors, can accelerate some reactions that would be too slow

to take place in bulk. (3) The ability to generate, interrogate, and sort drops at high rates enable

the rapid screening of many samples in a massively parallel manner.4,5 These advantages make

droplet microfluidics a strong candidate for the next generation of high-throughput screening

platform.2,6,7 To further increase the throughput of droplet applications, the ability to control

and employ concentrated emulsions (defined here as emulsions having a droplet volume fraction

a)Y. Gai and M. Kim contributed equally to this work.
b)sindy@stanford.edu.

1932-1058/2017/11(3)/034117/17/$30.00 Published by AIP Publishing.11, 034117-1

BIOMICROFLUIDICS 11, 034117 (2017)

http://dx.doi.org/10.1063/1.4985158
http://dx.doi.org/10.1063/1.4985158
http://dx.doi.org/10.1063/1.4985158
http://dx.doi.org/10.1063/1.4985158
mailto:sindy@stanford.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4985158&domain=pdf&date_stamp=2017-06-09


u exceeding 80%) will become essential, since it reduces the volume of the continuous phase

that must be handled otherwise in dilute emulsions for the same number of drops. In these

high-throughput applications, it is also critical that the physical integrity of droplets is pre-

served. In contrast to solid wells in their multi-well plate counterparts, drops are prone to insta-

bilities of the liquid-liquid interface and can undergo coalescence or break-up. While coales-

cence has been successfully avoided by using appropriate stabilizers,8,9 the break-up of drops,

especially those within a concentrated emulsion, can limit the ultimate throughput of the

assay.2,10,11

The deformation and break-up of isolated single drops has been well studied in the field of

low Reynolds number hydrodynamics.12–17 For a single drop, the interface can be described by

assigning a surface tension if the interface is a simple liquid-liquid interface. The deformation

of the drop is determined by capillary number (Ca), viscosity ratio, flow type, and confinement.

There exists a threshold or critical Ca, above which a drop fails to sustain its stable shape and

undergoes break-up. The critical Ca is, in turn, dependent on factors including viscosity ratio,

flow type, and confinement.17–19

More recent studies have extended this simple description of interface to complex interfa-

ces, which can display rich dynamics in the presence of surface viscosity, surface elasticity, or

both. For instance, a Newtonian viscous interface can be modeled by the Boussinesq-Scriven

constitutive law.20–22 In addition to Ca, the Boussinesq number (Bq), which represents the

effect of surface viscosity relative to bulk viscosity, plays a critical role in determining drop

deformation. Previous numerical and analytical works have shown that as the interfacial viscos-

ity (and hence Bq) increases, drop deformation decreases at a fixed Ca.21–24 When drops are

enclosed by a solid deformable membrane (also known as capsules), depending on the composi-

tion of the membrane, the deformation exhibits different modes from that of a pure liquid

drop.25–28 In particular, it has been shown that the deformation is significantly restricted by

increasing the elasticity of the interface.28,29 When drops are stabilized by densely packed par-

ticles, a rigid barrier is formed at the interface, which shows a strong viscoelastic behavior.30–32

Similar to a capsule, previous work has reported that a particle-stabilized drop deforms less

than a pure liquid drop at comparable flow conditions.31 When subject to sufficiently large

deformation induced by strong external flow, break-up was always observed for capsules and

particle-stabilized drops.31,33,34 The break-up process can still be described by a deterministic

behavior: above a certain critical Ca, drops fail to sustain a steady large deformation and

undergo break-up.25,31,35 In addition to viscosity ratio, flow type, and confinement, the value of

the critical Ca is dependent on interfacial viscoelasticity.

In contrast to single drops, the corresponding problem of drops within a concentrated emul-

sion in microfluidic channels is less explored and is not well understood. Previously, we have

found that, unlike single drops, the break-up of drops within a concentrated emulsion is not

deterministic but is stochastic.10,11 At a given flow condition, only a fraction of the drops

breaks. The stochasticity arises from the time-varying droplet-wall and droplet-droplet interac-

tions not present in single-drop systems. We have further identified that the break-up probability

can be described by the product of three dimensionless groups: capillary number, viscosity

ratio, and confinement factor.10,11 For the conditions tested, the break-up probability increases

with increasing value of the product of these three dimensionless groups.

In this paper, we investigate the break-up behavior of a concentrated emulsion comprising

drops stabilized by amphiphilic silica nanoparticles instead of the fluoro-surfactant similar to

the one commonly used in current droplet microfluidics applications. The key motivation for

replacing surfactants with nanoparticles (referred to as “NPs” hereafter) is that NPs mitigate

surfactant-mediated inter-drop transport of small molecules such as model drugs and fluoro-

phores commonly used in fluorogenic enzyme substrates.8,36–38 Such transport leads to the

undesirable cross-talk of droplet contents and destroys the accuracy of droplet-based assays.39

In addition, we found that NPs provide a sufficiently rigid interface that supports the attachment

and growth of adherent cells, a capability not possible in surfactant systems.8 Previously, we

have demonstrated that these NPs are effective in stabilizing drops against coalescence. Here,

we show that replacing the fluoro-surfactant molecules with NPs as droplet stabilizers reduces
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the break-up of drops within a concentrated emulsion flowing as a two-dimensional monolayer

in a tapered geometry. Such geometry is often used in droplet interrogation and sorting pro-

cesses, which are typically performed in a serial manner by flowing a concentrated emulsion

into a tapered channel leading to a narrow constriction, whose height and width are comparable

to the diameter of a drop.2 In addition, we identify important parameters that influence the

break-up of drops stabilized by these NPs in the concentrated emulsion (referred to as “NP

drops” herein). While extensive work has described the stability of NP drops (also referred to

as “Pickering emulsions”), most had focused on the stability of the emulsions against coales-

cence, rather than the break-up of the emulsion into small drops.40–43 In fact, it is not at all

obvious what the combined effect of NPs and confinement—arising from both the channel wall

and the high volume fraction of the drops within the concentrated emulsion—should have on

the suppression or enhancement of break-up of these drops. As such, the key significance and

novelty of this work lies in the elucidation of the fate and dynamics of individual NP drops

within a highly confined concentrated emulsion, a regime that no work has reported before. We

expect our results here to lay the foundation for the further development of theoretical frame-

work for both NP-laden drops and concentrated emulsion.

II. EXPERIMENTAL METHOD

A. Materials

All chemicals were used as purchased without purification. Absolute ethanol (EtOH)

(99%), tetraethyl orthosilicate (TEOS) (98%), ammonium hydroxide solution (NH4OH) (28 wt.

%), and 1H,1H,2H,2H-Per-fluorooctyltriethoxysilane (FAS) (97%) were purchased from Sigma-

Aldrich. HFE-7500 was purchased from 3M.

B. Synthesis of amphiphilic fluorinated silica nanoparticles

We synthesized amphiphilic fluorinated silica nanoparticles following our protocol pub-

lished previously.36 We generated three sizes of NPs having diameters of 30 nm, 100 nm, and

200 nm, respectively. For 30 nm NPs, 3.57 ml of TEOS was added to a solution mixture con-

taining 50 ml of ethanol (EtOH), 1 ml of deionized water, and 1.43 ml of NH4OH (28 wt. %).

The solution was stirred vigorously (�800 rpm) at room temperature for 12 h. 5 ml of neat FAS

was then added directly to every 30 ml of the synthesized SiO2 NPs dispersion obtained above,

followed by vigorous stirring (�800 rpm) at room temperature for 6 h. We diluted the reacting

solution by adding EtOH to terminate the reaction with a dilution factor of 5. The nanoparticles

were then spun down by centrifugation (Sorvall LEGEND X1R) at 10 350 rpm for 30 min.

After the supernatant in the mixture was removed, the solid particles were isolated by desicca-

tion overnight and then redispersed in HFE-7500.

The synthesis was similar for NPs of other sizes, except that the volumes of deionized

water, NH4OH, TEOS, and FAS were adjusted. For 100 nm NPs, 3.13 ml of deionized water,

1.49 ml of NH4OH, and 3.72 ml of TEOS were used for the solution mixture. For 200 nm NPs,

4.55 ml of deionized water, 5.04 ml of NH4OH, and 4.06 ml of TEOS were used for the solution

mixture. For both sizes, 3 ml of neat FAS was used for every 30 ml of the synthesized SiO2

NPs dispersion. The size of the particle was measured by scanning electron microscope (SEM).

SEM images of the particles are shown in Fig. 1(a).

C. Droplet generation and emulsion preparation

We fabricated all microchannels in poly(dimethylsiloxane) (PDMS) using methods in soft

lithography. The microchannels were rendered hydrophobic by treatment with Aquapel

(Pittsburgh, PA) to prevent droplets from wetting the wall. We used flow-focusing nozzles to

generate monodisperse droplets. The disperse phase was deionized water, and the continuous

phase was HFE-7500 containing amphiphilic fluorinated silica nanoparticles (6% w/w). The dis-

persity of the drops was less than 3% in volume. We used a serpentine channel with a length

of 1.37 cm downstream of the nozzle to ensure sufficient time for the NPs to adsorb to the
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droplet interface to prevent their coalescence upon their collection off-chip. Even though the

flow was in the low Reynolds number regime, diffusion was not the only means by which the

particles were transported from the bulk continuous phase to the droplet surface. In the presence

of flow and confinement, the convective effect arising from the lubrication film between the

drops and the channel wall also contributed to accelerate the transport process.44,45 We col-

lected the drops generated from the flow-focusing nozzles into plastic syringes (Normject 3 ml).

The drops were then stored for 30 min, during which additional NPs in continuous phase

FIG. 1. (a) SEM images of dried droplets that were stabilized by NPs with diameter of: (i), (iv) 30 nm, (ii), (v) 100 nm, and

(iii), (vi) 200 nm, respectively. (iv)–(vi) are enlarged views corresponding to regions inside the red boxes in (i)–(iii), respec-

tively. (b) (Left) Image of the electric drill/driver fitted with a custom 3D-printed syringe holder for centrifugation and con-

centration of the emulsion. (Right) The volume fraction of the emulsion increased from 65% to 85% after the

centrifugation step. (c) Scheme of the channel. (d) Experimental setup.
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continued to adsorb to the droplet interface. As a result, the drop interface was expected to pos-

sess a high surface coverage of NPs. Supplementary material, Note S1, shows our estimation of

the surface coverage of NPs on the drops. The coverage was found to be similar for drops

coated with 30 nm-NPs and 200 nm-NPs, at �1.31 and 1.57 times the value when the drops

were covered by a monolayer of randomly close-packed NPs, respectively (see supplementary

material, Note S1). We are in the process of investigating the origin of this coverage and using

other methods to verify the estimations here. Nevertheless, the coverage ratios of drops coated

by these two different NP sizes were similar. Furthermore, since the desorption energy of the

NPs was on the order of 104 –105 kBT, the NPs were expected to be irreversibly adsorbed at

the droplet interface.8 As such, the drops were stable against coalescence even after we washed

off excess NPs in the continuous phase (see supplementary material, Fig. S1).

For the results on the break-up of surfactant-stabilized drops, details can be found in our

prior publications.10,11 Briefly, the disperse phase consisted of a mixture of deionized water and

glycerol at different mixing ratios, and the continuous phase consisted of a hydrofluoroether

HFE-7500 (3M, St. Paul, MN) containing an ammonium salt of Krytox (2% w/w) as surfactant

to prevent droplet coalescence.11 The interfacial tension between water and HFE-7500 contain-

ing this surfactant (2% w/w) was measured to be 26.3 mN/m using a pendant drop goniometer.

We have used only one surfactant here because: (1) This surfactant was similar to the fluoro-

surfactant commonly used for stabilizing water drops in fluorinated oil in droplet microfluidics

applications.9 (2) This surfactant was the only one with which data were available for the

break-up of concentrated emulsions for direct comparison with the results presented in this

work.

To obtain emulsions with volume fraction u> 85%, the drops were centrifuged in the

syringes at 374 rpm for 10 min using a centrifuge modified from a hand drill with a 3D-printed

custom holder for syringes [Fig. 1(b)].46 After centrifugation, the volume fraction of the emul-

sion increased from �65% to �85%. No coalescence was observed during centrifugation, and

the size of the drops remained unchanged after centrifugation. We then reinjected the emulsion

into a microchannel to examine break-up.

D. Droplet reinjection and channel geometries

Figure 1(c) shows a scheme of the microchannel. The height of the channel was smaller

than the diameter of a drop when spherical. The emulsion thus flowed as a monolayer. In the

absence of break-up, drops would be forced to pass through the narrow constriction in a serial

manner as the width of the constriction was smaller than the diameter of a drop. The entrance

angle of the constriction was fixed at 30�, and the exit angle of the constriction was fixed at 5�.
Table I lists the experimental parameters tested. We used a Rame-Hart 290 goniometer to mea-

sure surface tension between the disperse phase and the continuous phase. After the pendant

drop was formed, we waited 35 min before taking the measurement to allow sufficient time for

NPs to adsorb to the interface, such that the measured surface tension has already reached an

equilibrium value.8 The dynamic viscosity of water and glycerol mixture were based on previ-

ous literature.47 We used a Cannon 9722-D50 viscometer to measure the viscosity of the con-

tinuous phase containing different NPs at different concentrations. For each set of break-up

experiment, we used a syringe pump (Kent Scientific) to vary the flow rate.

E. Measurement and analysis of droplet break-up

We imaged the emulsion flow in the microchannel by a high-speed camera (Phantom v7.3)

mounted on an inverted microscope [Fig. 1(d)]. We used MATLAB to track the position, size,

and shape of all drops in each frame. We defined the break-up fraction as the total number of

drops that had been split downstream of constriction divided by the total number of drops

injected into the channel. We obtained the number of split drops by comparing the drop size

distributions upstream and downstream of the constriction (see details in our previous

works10,11). We assumed that a parent drop split once only at the constriction, and a break-up
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TABLE I. Experimental parameters.

Experiment # Disperse phase ld (mPa s) Continuous phase lc (mPa s) k r (mN/m)

Constriction height,

H (lm) Constriction width, Wc (lm)

Droplet

volume (pL)

Confinement

factor, cf

A1 Water 1 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 0.78 31.25 30 45 70 1.42

A2 Water 1 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 0.78 31.25 25 30 50 1.68

A3 Water 1 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 0.78 31.25 20 25 65 2.24

A4 Water 1 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 0.78 31.25 25 25 65 2.01

A5 Water 1 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 0.78 31.25 30 38 70 1.51

A6 Water 1 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 0.78 31.25 25 40 76 1.71

B1 20 wt. % glycerol solution 1.76 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 1.38 33.74 30 38 70 1.51

B2 40 wt. % glycerol solution 3.71 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 2.90 36.12 30 38 70 1.51

B3 70 wt. % glycerol solution 22.5 HFE7500 þ 30 nm NPs

(6% w/w)

1.28 17.04 35.51 30 38 70 1.51

C1 Water 1 HFE7500 þ 100 nm NPs

(6% w/w)

1.31 0.76 30.18 30 38 70 1.51

C2 Water 1 HFE7500 þ 200 nm NPs

(6% w/w)

1.32 0.76 27.69 30 38 70 1.51
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event led to two daughter drops. We verified this assumption for all flow conditions tested in

this paper.

III. RESULTS

A. The effect of confinement

We first varied the drop size, constriction size, and flow rates to study the break-up behav-

ior of NP drops. Figure 2 shows the break-up fraction as a function of the capillary number.

The capillary number Ca is defined in the following equation:

Ca ¼ lcGr

r
; (1)

where lc is the dynamic viscosity of the continuous phase, G is the strain rate in the constric-

tion, r is droplet radius, and r is the interfacial tension between the continuous phase and the

disperse phase. We also plotted the results in terms of an alternative definition of Ca where the

effective viscosity of the emulsion was used (details in supplementary material, Fig. S2). Here,

we had presented the break-up results of NP drops in terms of Ca for direct comparison with

FIG. 2. Effect of confinement on the break-up of NP drops within a concentrated emulsion. (a) Break-up fraction as a func-

tion of capillary number (Ca) at different drop sizes and constriction geometries. The data are from experiments A1-A6 as

listed in Table I. (b) Break-up fraction as a function of the product of capillary number (Ca) and confinement factor (cf).
The black dashed line is a guide to the eye only. The gray dashed line is the visual guide adopted from surfactant drops

from our previous work.10 See supplementary material, Fig. S1, of our prior work for a detail discussion of error bars.11
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previous results on surfactant drops.10,11 The break-up process, however, was determined not

only by a balance between viscous effect and surface tension effect but also by interfacial vis-

coelasticity, drop-drop interaction, and drop-wall interaction as shown in Sections III D, and IV.

Nevertheless, Ca was still a useful quantity that was used routinely to describe the deformation

and break-up of drops with viscoelastic interface despite the increased complexity of the

interface.21,31,35,48

Similar to our previous results,10 we found that most break-ups took place close to or

inside the constriction. We thus approximated the strain rate G experienced by the drops as the

shear strain rate in the constriction in the following equation:49

_c ¼ 2

3
_ca

�
b�

f �
þ a�

nf �

�
; (2)

where _ca ¼ 6Q
WcH2

� �
ð1þ H

Wc
Þf � is the apparent shear rate experienced by a Newtonian fluid, Wc

is constriction width, H is channel height (H/Wc< 1), and Q is the volumetric flow rate. f*, a*,
b* are functions of H/Wc only, and we set n¼ 0.5 based on the work of Princen and Kiss50 to

represent the index of a power-law concentrated emulsion (see supplementary material, Note

S2, and our previous work for more details10).

We can make three immediate observations. First, as Ca increased, the break-up fraction

increased for a fixed drop size and constriction geometry. Second, at the same Ca, the break-up

fraction increased with increasing confinement factor cf. The confinement factor is defined in

Eq. (3), where rh is the hydraulic radius of the constriction.10

cf ¼ r

rh
: (3)

Third, by plotting the break-up fraction as a function of Ca, the data failed to collapse into a

single curve. This result indicates that Ca alone was insufficient to describe the break-up behav-

ior of NP drops. Figure 2(b) plots the break-up fraction as a function of Ca*cf for datasets A1-

A6 in Table I. As can be seen, the data collapsed into a single curve. Similar to surfactant

drops, this result implies that confinement, along with Ca which describes viscous stress and

interfacial tension, govern droplet break-up.

B. The effect of viscosity ratio

Figure 3 examines the effect of viscosity ratio. The viscosity ratio k is defined as the ratio

of the dynamic viscosity of the disperse phase to that of the continuous phase as shown in the

following equation:

k ¼ ld

lc

: (4)

We plotted the break-up fraction as a function of Ca for 4 sets of experiments for k¼ 0.78,

1.38, 2.90, and 17.04 corresponding to datasets A5, B1, B2, and B3, respectively, in Table I. In

our previous study on surfactant system, we found that k was a critical parameter that deter-

mined the break-up fraction. Specifically, at the same Ca and cf, the break-up fraction increased

with increasing k. In contrast, we found that the break-up fraction of NP drops was not sensi-

tive to k within the range tested.

C. The effect of NP size

Figure 4 reports the effect of NP size on break-up fraction. The differences in break-up

fraction start to be observable from Ca¼ 0.08, below which the break-up fractions were low

(<5%) and not significantly different for the three NP sizes. At Ca> 0.08, a decrease in break-

up fraction was observed as the diameter of NPs increased.
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D. Local break-up dynamics

To further investigate the break-up phenomena, here we focus on the dynamics of individ-

ual drops close to the entrance to the constriction where majority of the break-up events took

place. Figures 5(a)–5(d) show snapshots of four pairs of drops during their flow through the

constriction. Figures 5(e)–5(h) plot the deformation of the drops highlighted in blue in Figs.

5(a)–5(d) as a function of time. The deformation D is defined in the following equation:

D � P

2
ffiffiffiffiffiffiffiffi
p�A
p ; (5)

where P and A are the projected perimeter and area of the drop, respectively.10,11 Three param-

eters remained constant in the four cases shown: cf, Ca, and the relative position between the

two drops entering the constriction. Comparing Figs. 5(a) and 5(b) shows that in both surfactant

and NP system, droplet break-up occurred primarily from the pinching of a drop by another

FIG. 4. Effect of particle size on break-up. Break-up fraction as a function of capillary number for drops stabilized by NPs

with different sizes. The data are from experiments A5 (30 nm NPs), C1 (100 nm NPs), and C2 (200 nm NPs) as listed in

Table I.

FIG. 3. Effect of viscosity ratio on break-up. Break-up fraction as a function of capillary number at different viscosity ratios

(k). The data are from experiments A5 (k ¼ 0.78), B1 (k ¼ 1.38), B2 (k ¼ 2.90), and B3 (k ¼ 17.04) as listed in Table I.

The dashed line is for visual guide only.
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against the wall. Comparing Figs. 5(b) and 5(c) shows that the effect of viscosity ratio had

insignificant effect on droplet deformation and the break-up dynamics. Comparing Figs. 5(b)

and 5(d) shows that drops stabilized by large NPs (200 nm) experienced less deformation than

drops stabilized by small NPs (30 nm).

To generate Figs. 5(a)–5(d), we purposely chose drop pairs having the same relative posi-

tions or packing configuration, in which the two drops were synchronized as they entered the

constriction. The packing configuration of the drops in the rest of the emulsion was not fixed

but time-varying, however.10,11 In Figs. 5(i)–5(l), we plotted the distribution of the maximum

deformation (Dmax) of a large number of drops (N¼ 3000) with different packing configurations

and tracked their subsequent fate (break-up or not) in the same region shown in Figs. 5(a)–5(d).

To facilitate comparison, we combined the histograms from Figs. 5(i) to 5(l) in Fig. 6. For a

concentrated emulsion comprising surfactant drops, we have previously identified a critical

deformation value D � 1.7, beyond which break-up started occurring and the break-up proba-

bility increased with drop deformation.10,11 In Fig. 6(c), we noticed the break-up of NP drops

started to occur at a deformation value D� 1.4, slightly lower than that of surfactant drops.

The origin of this difference is under current investigation. Despite this small difference, the

trend of break-up probability of NP drops was similar to that of surfactant drops: once break-up

started, increasing drop deformation resulted in increasing break-up probability. We also note

FIG. 5. A series of snapshots showing the deformation of drops for: (a) surfactant drops, (b) NP drops in experiments A5,

(c) B2, and (d) C2, respectively, all at capillary number Ca � 0.15. The value of confinement factor cf is identical in

(a)–(d). k shown in (a) is identical to that in A5. (e)–(h) The deformation of the drop highlighted in blue as a function of

time, corresponding to the snapshots in (a)–(d). (i)–(l) Histograms showing the distribution of the maximum deformation a

drop experienced during its flow in the field of view as shown in (a)–(d). 3000 drops were recorded for each plot. The red

curves denote drops that underwent break-up, and the green curves denote drops that did not undergo break-up.
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that the break-up probability relied not only on the absolute value of this critical deformation D
but also on the proportion of drops within the emulsion with deformation exceeding this critical

value. As such, even the critical deformation value for NP drops was slightly smaller than that

for surfactant drops, the smaller proportion of drops having deformation exceeding this critical

value led to a smaller break-up probability.

FIG. 6. (a) Distribution of the maximum deformation of 3000 drops, including both break-up and non-breakup drops. (b)

The same distribution as that in (a), but for non-breakup drops only. (c) The same distribution as that in (a), but for break-

up drops only. The curves in (a)–(c) correspond to datasets shown in Figs. 5(i)–5(l), respectively.
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IV. DISCUSSION

A. Confinement enhances the deformation and break-up of NP drops

Previously, the confinement of a drop has been shown to be critical in determining the

deformation and break-up of a drop, both for single drops and for drops within a concentrated

emulsion stabilized by surfactants. The effect of confinement on the deformation of a single

drop was analytically studied by Shapira and Haber, who modified Taylor’s small deformation

theory and combined with Lorentz’s reflection method to introduce confinement.51 While the

analysis was based on small deformation theory, its prediction was in good agreement with

experimental results at moderate and large Ca.52,53 Subsequent analytical, simulation, and

experimental works confirmed that confinement enhances droplet deformation.51–57 For capsules

and particle-stabilized drops, the motion and deformation modes were different from that of a

pure drop owing to the different nature of the interface, where interfacial viscoelastic response

must be considered in addition to surface tension. The general effect of confinement on defor-

mation, however, remains qualitatively similar: as confinement increases, the deformation of

the drop also increases.48,58,59 The effect of confinement on break-up has been mixed, however.

Depending on the details of flow type, viscosity ratio, the presence and the composition of sur-

factants and viscoelastic components, break-up has been enhanced or suppressed.19,48,53–57,60

Nevertheless, confinement is still expected to play an important role in our system in

determining the break-up of NP drops, as it does on the break-up of surfactant drops within

a concentrated emulsion. The mechanism responsible for the break-up of NP drops was simi-

lar to that of surfactant drops, as can be seen by comparing Figs. 5(a) to 5(b) and 5(c). As a

drop flowed through the constriction, it deformed to an elongated shape. Break-up occurred

when another drop attempted to squeeze into the constriction at the same time, eventually

pinching and splitting the first drop into two daughter drops. Similar to surfactant drops,

strong confinement led to increased deformation of NP drops and facilitated their pinch-off

in the constriction. As such, increasing confinement also led to an enhancement of break-up

for NP drops.

B. Replacing surfactants with NPs suppresses droplet break-up

In comparison to drops stabilized by the fluoro-surfactant studied, the break-up fraction of

NP drops was significantly lower than that of surfactant drops at the same values of Ca*cf [Fig.

2(b)]. This result is also supported by considering droplet deformation. At the same Ca and cf,
NP drops deformed less than surfactant drops, as seen by comparing Figs. 5(e) and 5(f).

Although both highlighted drops in Figs. 5(a) and 5(b) pinched off, the maximum deformation

of the drops immediately before break-up was very different. The highlighted surfactant drop

deformed significantly with a maximum deformation value Dmax� 2.5, while the highlighted

NP drop deformed to a maximum value of Dmax� 1.47 only. Figure 6 shows similar trends for

a large number of drops in the emulsion. Specifically, Fig. 6(a) shows that NP drops rarely

reached a deformation beyond Dmax� 2.5, while a considerable portion of surfactant drops had

deformation beyond Dmax� 2.5 at a fixed set of values for Ca and cf.
Here, the comparison between NP and surfactant system was performed at the same capil-

lary number, where any difference in interfacial tension was already accounted for. If interfacial

tension was the only contributing factor to the results, the data for surfactant and NP-stabilized

drops should have collapsed onto a single curve in Fig. 2(b). Here, the suppression of deforma-

tion and break-up in NP drops was likely due to the larger viscoelastic contribution from the

NP-covered interface than that from a surfactant interface.61–66 To further illustrate the differ-

ence between the surfactant and NPs studied, we consider the stress boundary condition in

determining drop deformation. In the absence of Marangoni effect, the boundary condition can

be written in a general form as shown in Eqs. (6) and (7), which correspond to the local stress

balance at the interface in tangential direction and in normal direction, respectively21,67–70

½ðT � T�Þ � n̂� � t̂ þ rs � ssð Þ � t̂ ¼ 0; (6)
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½ðT � T�Þ � n̂� � n̂ ¼ rðr � n̂Þ þ ss � n̂ð Þ � n̂ r � n̂ð Þ; (7)

where T is the stress tensor (including both viscous stress and pressure) of bulk fluid evaluated

at the interface, ss is the surface stress tensor arising from interfacial viscoelasticity, n̂ and t̂ are

unit normal and unit tangential vectors, respectively, r is the interfacial tension as defined

before, and rs denotes surface gradient along the interface. We used * to denote parameters of

the flow of the disperse phase.

For the surfactant we used, we believe that the primary effect of the surfactant was to mod-

ify the overall interfacial tension, and the contribution from viscoelasticity was small and negli-

gible. The boundary conditions can then be simplified to

½ðT � T�Þ � n̂� � t̂ ¼ 0; (8)

½ðT � T�Þ � n̂� � n̂ ¼ rðr � n̂Þ: (9)

Equations (8) and (9) imply that the deformation of a simple surfactant drop is solely deter-

mined by balancing the stress difference of the bulk fluids across the interface (which tends to

deform the drop) and surface tension (which tends to resist the deformation).

In the case of an interface coated with NPs, the presence of interfacial viscoelasticity intro-

duces additional dynamics that is reflected in the terms associated with ss in both Eqs. (6) and

(7). The constitutive equation of ss, however, was not trivial. Depending on the particle size,

wettability, concentration, and many other factors, the constitutive model of particle-laden inter-

face was complex and often non-linear.61,64,65,70 Nevertheless, the equations here qualitatively

reveal that the boundary conditions are very different in the case of NPs versus the case of

surfactant.

In general, both elastic and viscous modulus of a particle-laden interface were reported to

be significantly higher than that stabilized by typical surfactant molecules.64,65,71 Both viscous

and elastic components of the interface constrain the degree at which a drop can deform.21,31

Therefore, it follows that the deformation of a NP drop was less than that of a surfactant drop.

In our system, increasing drop deformation was correlated with increasing break-up fraction.10,11

As NPs suppressed deformation, the break-up fraction in NP drops decreased accordingly.

We found that the break-up fraction was not sensitive to the NP concentrations used for

the range of values tested (supplementary material, Fig. S1). The transport of NPs from the

continuous phase onto the increased interfacial area caused by drop deformation was unlikely

to be significant in our case. This result was largely due to the different time scales for drop

deformation and for NP transport.17,40,44,45,48,53,72 In our system, the time scale for drop defor-

mation and relaxation was <1 ms [Figs. 5(a)–5(h)], while the transport of NPs was expected to

take >10 ms (see supplementary material, Note S3). Although we could not easily estimate the

effect of convection and adsorption kinetics on the actual time scale of NP transport, the

adsorption process was known to be slow and rate-limiting, especially when the droplet surface

was already densely packed with NPs.45,73–75 The results in Fig. S1 (supplementary material)

indicate that the time scale for NP transport arising from the combined effect of diffusion, parti-

cle interaction, and convection should be slow compared with that of droplet deformation in

our system. Furthermore, at the highest bulk NP concentration (6% w/w) used in our experi-

ment, the continuous phase had the same viscosity as neat oil and was not expected to raise

any viscoelastic response.76 Therefore, extra NPs in the continuous phase had insignificant

effect on drop deformation and break-up.

C. Break-up of NP drops is insensitive to viscosity ratio

Unlike surfactant drops, both the deformation and break-up fraction of NP drops were

insensitive to the viscosity ratios tested in this paper. The insensitivity of deformation is clearly

seen by comparing Figs. 5(f) and 5(g). Increasing k from k¼ 0.78 to k¼ 2.90 increased Dmax

from Dmax� 1.47 to Dmax� 1.58 only for the highlighted NP drops. This increment of 0.11 was

small compared with surfactant case in our previous study, in which the increment in Dmax was
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almost 1 by changing k from k ¼ 0.81 to k¼ 2.02.10 Figures 6(a)–6(c) further confirm that

changing k did not significantly alter NP drop deformation, as seen by the similar distributions

of drop deformation between experiments A5 and B2.

The insensitivity to k for NP drops appears in line with earlier work on droplet break-up in

the presence of surface-active polymers, where the critical Ca and droplet deformation at criti-

cal condition were reported to be independent of k.16,77,78 The independence was caused by the

use of a convection-dominant surfactant giving rise to a strong Marangoni stress, which

retarded interfacial flow substantially. As a result, the effect of viscosity ratio on retarding

interfacial flow and drop deformation was only incremental. This explanation does not apply

here, however. We tested different concentrations of NPs in the continuous phase, and found

that the break-up fraction was insensitive to NP concentration (see supplementary material, Fig.

S1). The convective effect of NPs at the interface did not cause strong Marangoni flow, and

Marangoni effect was unlikely to be significant in our system.

Here, we propose this insensitivity to viscosity ratio as another consequence of increased

interfacial viscoelasticity. In the presence of NPs at the interface, the large interfacial viscoelas-

tic contribution overtook the viscous stress contribution from the flow of the internal disperse

phase, and appeared as a dominant term in the boundary conditions as shown in Eqs. (6) and

(7). In this case, the contribution from internal fluid viscous stress became an incremental term.

As a result, the internal fluid and k virtually ceased to play a role in determining drop deforma-

tion. In our system, we have shown the break-up fraction is correlated to drop deformation. It

thus follows that k did not affect the break-up fraction here.

While our proposal has to be verified with measurements of the viscoelastic properties of

interfaces coated with our NPs, it is in line with previous studies.71,79,80 As a note, the surfac-

tant used in our previous study was unlikely to have given rise to an interface with large visco-

elastic modulus. This fact was in part supported by the dependence of droplet deformation and

break-up fraction on k, as well as our micro-particle imaging velocimetry results which showed

that the strength of inner fluid recirculation decreased with increasing viscosity ratio.81

We note that the range of viscosity we could test was limited by the availability of fluids

with which we can form stable concentrated emulsions. Even the range tested was relatively

narrow, the results were still useful since: (1) Practically, most droplet microfluidics applica-

tions are performed in this viscosity range. (2) Fundamentally, the insensitivity of our results in

comparison with the surfactant system was sufficient to reflect the different flow physics

induced by the differences in the interfacial properties given by NPs and surfactant.

D. The use of large NPs suppresses droplet break-up

Figure 4 shows that an increase in NP size leads to a decrease in break-up fraction in our

system. Such result is again consistent with the trend of droplet deformation. In Fig. 5(h), the

deformation of the drop stabilized by 200 nm-NPs increased gradually as the drop attempted to

squeeze into the constriction. A maximum deformation Dmax� 1.34 was reached when the lead-

ing edge of the drop was inside the constriction, while the rear end of the drop was still outside

the constriction. The drop successfully overtook the neighboring drop and entered the constric-

tion completely without being pinched off. After passing through, the deformation value

decreased as the drop relaxed inside the constriction. On the other hand, the drop stabilized by

30 nm-NPs [Fig. 5(f)] reached a deformation of Dmax� 1.47 and eventually underwent break-

up. This trend was the same in the entire emulsion, as seen by comparing the distributions of

drop deformation from experiment C2 where 200 nm-NPs were used, and that from experiment

A5 where 30 nm-NPs were used [Figs. 6(a) and 6(b)]. In addition, from Fig. 6(c), the total num-

ber of split drops in experiment C2 was significantly lower than all other cases.

Particle size, from the nanometer to micrometer range, has been shown to be of paramount

importance in determining the structure and viscoelastic response of a two-dimensional

Langmuir monolayer with particles.61,82 Among other factors, increasing particle size at a fixed

surface particle density was shown to induce a transition from a liquid-like to solid-like state in

a monolayer of charged polystyrene microparticles; such transition could then change the shear
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response of the interface.61,82 Dynamically, from direct interfacial shear measurement on the

viscoelastic response of two-dimensional particle surfaces laden by gold NPs, an increase in

particle size from 7 nm to 80 nm led to increases in both elastic and viscous moduli.61,62

Assuming that size was the only major difference in the three sets of particles used in our sys-

tem, the observation of suppressed break-up with increasing NP size can be reasoned as an

increase in the interfacial viscous and elastic moduli. Such an increase stiffened the interface

and constrained droplet deformation,21,62,83 thereby decreasing break-up fraction in our system.

To predict and explain the trend more quantitatively requires measuring the viscoelastic proper-

ties of interfaces laden with different NP sizes at different surface densities, and is under cur-

rent investigation.

V. CONCLUSIONS

In summary, we have compared the break-up of drops stabilized by NPs with those stabi-

lized by the fluoro-surfactant similar to the one commonly used in droplet microfluidics in a

concentrated emulsion flowing in a tapered microfluidic channel. We showed that break-up was

suppressed by replacing surfactant with amphiphilic NPs as droplet stabilizer. The break-up

fraction of NP drops was not sensitive to k for the range of values tested, and it decreased with

increasing NP size. To further understand and predict the break-up behavior of NP drops, work

is in progress to characterize the rheological properties of interfaces laden with our NPs, and to

derive the dependence on particle size, concentration, as well as fluid properties.

Practically, our results indicate two key advantages of NPs with direct applications in drop-

let microfluidics. First, since droplet break-up is insensitive to viscosity ratio, one can use the

same droplet size and channel geometry—that is, the same confinement factor—for samples

having different viscosities (e.g., polymer or protein solutions that can be more viscous than

water) and maintain the same degree of break-up and corresponding assay accuracy. This fea-

ture is an advantage over the surfactant system studied. For surfactant-stabilized drops, the

break-up fraction scales with the product of confinement factor and viscosity ratio. The droplet

size and/or the constriction geometry must therefore be redesigned and customized separately

for samples with different viscosities in order to maintain the same break-up fraction. Second,

replacing surfactants with NPs increases the throughput of the serial droplet interrogation

process. For example, if a tolerance of 3% of droplet break-up is acceptable in a microfluidic

assay, the highest throughput is �7100 drops/s for 70 pL-drops flowing in a 30� taper with a

confinement factor of 1.51 when the drops are stabilized by 200 nm-NPs. This throughput is 3

times faster than the case when the drops are stabilized by the surfactant studied here.

SUPPLEMENTARY MATERIAL

See supplementary information for the (1) effect of NP concentration on break-up fraction,

(2) break-up results in terms of alternative definition of capillary number, (3) estimation of NP

coverage on droplet interface, (4) calculation of values for f*, a*, and b* in Eq. (2) in the main

text, and (5) estimation of time scale for drop deformation and NP diffusion, respectively.
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