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Refractive-index and density-matched emulsions
with programmable DNA interactions

Wenjun Chen, Lucas Sixdenier, Angus McMullen, David G. Grier and

Jasna Brujic*

Emulsion droplets on the colloidal length scale are a model system of frictionless compliant spheres.

Direct imaging studies of the microscopic structure and dynamics of emulsions offer valuable insights

into fundamental processes, such as gelation, jamming, and self-assembly. A microscope, however, can

only resolve the individual droplets in a densely packed emulsion if the droplets are closely index-

matched to their fluid medium. Mitigating perturbations due to gravity additionally requires the droplets

to be density-matched to the medium. Creating droplets that are simultaneously index-matched and

density-matched has been a long-standing challenge for the soft-matter community. The present study

introduces a method for synthesizing monodisperse micrometer-sized siloxane droplets whose density

and refractive index can be precisely and independently tuned by adjusting the volume fraction of three

silane precursors. A systematic optimization protocol yields fluorescently labeled ternary droplets whose

densities and refractive indexes match, to the fourth decimal place, those of aqueous solutions of

glycerol or dimethylsiloxane. Because all of the materials in this system are biocompatible, we

functionalize the droplets with DNA strands to endow them with programmed inter-droplet interactions.

Confocal microscopy then reveals both the three-dimensional structure and the network of droplet–

droplet contacts in a class of self-assembled droplet gels, free from gravitational effects. This

experimental toolbox creates opportunities for studying the microscopic mechanisms that govern

viscoelastic properties and self-assembly in soft materials.

1 Introduction

Colloidal dispersions are valuable model systems for experi-

mental studies of many-body phenomena. The individual par-

ticles are small enough to explore complex phase spaces under

the influence of random thermal forces yet large enough to

observe in real space through conventional light microscopy.1–6

Multiple light scattering obscures the dynamics of individual

particles in the bulk of dense three-dimensional dispersions

unless care is taken to match the particles’ refractive index to

that of the fluid medium. Studies on index-matched disper-

sions have revealed the microscopic origin of a range of

phenomena, including the mechanisms of three-dimensional

melting and freezing,7–9 gelation,10,11 jamming,12 and the glass

transition.13,14 Gravity influences the behavior of micrometer-

scale colloidal particles and imposes uniaxial stress that can

qualitatively alter their collective behavior.11,15–23 Previous

experimental studies have mitigated the influence of gravity

either by density-matching the particles using solvent

mixtures24–34 or else by transporting the system to a microgravity

environment.16,21,23,35 Nearly all of these prior studies focus on

the behavior of solid particles that interact through hard-sphere

repulsions in the normal direction and frictional forces tangen-

tially. Compliance36 and friction37 are both believed to be

singular perturbations for processes such as jamming and

freezing. These considerations highlight the desirability of emul-

sion droplets as compliant and inherently frictionless model

particles, whose inter-particle interactions are tunable via sur-

face chemistry, and whose refractive index and density can be

simultaneously matched to the medium.

Lipid-stabilized emulsion droplets constitute an experimen-

tally accessible model for soft frictionless spheres.38–41 The

incompressible droplets deform elastically under compression

or extension.40 Their liquid interfaces allow them to slip and

rotate freely when they come into contact, effectively eliminating

friction.38,39,41 The lipid surfactant, furthermore, can be functio-

nalized to implement specific interparticle interactions, giving

rise to attractive gels with unique mechanical and packing proper-

ties, as predicted by both theory and numerical simulations.4,42–48

Here we introduce a novel synthetic protocol for lipid-

stabilized emulsions that yields stable, monodisperse droplets

whose density and refractive index are simultaneously matched

to an aqueous solution that is biocompatible and nontoxic.
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This contrasts with a previously reported protocol for matched

emulsions49 that yields polydisperse droplets dispersed in a

solution containing formamide, which is both toxic and volatile.

The single-pot synthesis is inherently scalable. Droplets can be

optimized for diameters ranging from 1 mm to 10 mm and can be

matched for both refractive index and density with an accuracy

of 100 parts per million. These emulsions are robust against

centrifugation and remain neutrally buoyant over several days.

Concentrated emulsions have an optical penetration depth of

several millimeters. Completed droplets can be can be fluores-

cently labeled and specifically functionalized, as shown in Fig. 1.

Split-and-mix processing50 then can be used to create multi-

functional monodisperse emulsions that self-organize into pre-

programmed sequences and hierarchically ordered structures.

With these tools in hand, we use confocal microscopy to

map the distribution of particles in concentrated 3D emulsions

under conditions of positive, negative, and neutral buoyancy.

We then use the biocompatibility of the aqueous phase to

functionalize the droplets with lipids that carry selected sequences

of single-stranded DNA. These DNA sticky ends implement a

programmed matrix of inter-droplet interactions40,51 that is vali-

dated through confocal imaging of droplet contacts within 3D

packings. Imaging also verifies the planned valence of the droplet

contact network and the flexibility of the DNA-mediated droplet–

droplet bonds.39–41,52,53

2 Experimental section
2.1 Materials

For droplet synthesis, diethoxydimethylsilane (DMDES, 98 per-

cent), ammonia (27 vol% cent aqueous solution), sodium dodecyl

sulfate (Z99.0%), dimethylsulfoxide (DMSO, Z99.9%), and gly-

cerol are purchased from Sigma-Aldrich. The dye 4,4-difluoro-

1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 493/

503, 99%) is purchased from Thermo Fisher Scientific. Two other

silanes, phenylmethyldiethoxysilane (PMDES, 97%) and (3,3,3-

trifluoropropyl) methydimethoxysilane (TFPMDMS, 97%) are

purchased from Gelest. All solutions are prepared using deionized

water with 18.2 M cm�1 resistivity, obtained from a Millipore

Filtration System (Milli-Q Gradient A10). BODIPY solution is

prepared at 1 mg mL�1 in ethanol.

2.2 Droplet synthesis protocol

The single-pot preparation of monodisperse matched emul-

sions is illustrated in Fig. 2. We present the protocol in the

context of preparing a typical 1.5 mL sample of monodisperse

emulsion. These droplets are created using 5 vol% monomers

and 5 vol% ammonia.

2.2.1 Prehydrolysis. To prepare 1.5 mL of 5 vol% droplet

emulsion, monomers are first hydrolyzed by adding 75 mL of

monomers to 1335 mL of deionized water in a 2 mL glass vial

and then stirring the solution in a vortex mixer (Vortex-Genie 2)

at 2500 rpm for up to 5 min and thereafter on a shaker (IKA

minishaker MS 3 basic) at 1000 rpm for at least 6 h to vigorously

homogenize the mixture. The time required to complete the

prehydrolysis varies with the amount and type of silane mono-

mers used. PMDES and TFPMDMS hydrolyze more slowly than

DMDES; a 5 vol% mixture typically requires 12 h to completely

dissolve. If the monomers are still not completely dissolved

after 12 h, the solution can be further stirred in a vortex mixer

for 5 min and tumbled on a shaker for another 6 h to obtain a

uniformly transparent solution.

2.2.2 Emulsification. After prehydrolysis, 75 mL of ammo-

nia (27 vol% solution) is added to catalyze droplet nucleation.

The solution is mixed by gently tumbling the glass vial, taking

care to avoid overly vigorous mixing that could increase poly-

dispersity. The solution then is left on the rotator for 24 h to

allow droplets to grow. Once the sample is taken off the rotator,

15 mL of 100 mM SDS solution is added to the sample with

continued gentle tumbling to reach a final SDS concentration

of 1 mM.

The completed droplets are washed with 1 mM SDS solution

three times to stop further growth and are stored in a 5 mM SDS

solution. Fig. 3a presents a bright-field micrograph of a typical

Fig. 1 Droplets of a ternary oil mixture (a) can be simultaneously density-matched and index-matched to a biocompatible glycerol solution (b). Matched

droplets can be stabilized with lipid surfactants that also provide chemical functionality. Lipid–bound DNA strands, for example, endow droplets with

specific affinity for other droplets displaying complementary DNA sequences (c). Multiple classes of DNA-functionalized droplets can be distinguished by

fluorescent labeling and can be combined through split-and-mix processing to enable droplet–droplet assembly into clusters (d). These transparent,

neutrally buoyant, programmable emulsions constitute an experimental toolbox for studying self-organization and the emergence of collective

properties in complex multicomponent soft materials.
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sample of monodisperse emulsion droplets. Because these

droplets are neither density matched nor index matched to

the aqueous medium at this point, they sediment into a

monolayer that can be imaged directly.

To prepare a 100 mL droplet dispersion made using 5 vol%

monomers and 5 vol% ammonia, we first add 5 mL of mono-

mers to 89 mL of deionized water in a 250 mL glass Erlenmeyer

flask. The mixture is vigorously stirred using a magnetic stirrer

(IKA 3671000 Color Squid White Magnetic Stirrer) at 800 rpm

for at least 6 h to obtain a homogeneous solution. We then

reduce the stirring speed to 100 rpm and add 5 mL of ammonia

to the sample. The sample is left on the stirrer to grow for 24 h.

Once the droplets have grown to their final size, 1 mL of 100

mM SDS solution is added to reach a final SDS concentration of

1 mM. The droplets are then washed three times with a 1 mM

SDS solution by centrifugation or dialyzed against a 1 mM SDS

solution to prevent further growth. The completed dispersion is

stored in a 5 mM SDS solution until further use.

2.3 DNA functionalization

Single-stranded DNA is purchased from Integrated DNA Tech-

nologies with sequences reported in Table 1. Linker strands, L

Fig. 2 (a) Schematic representation of the stages of droplet emulsification: prehydrolysis, nucleation, and growth. (b) Structural formulae of the three

types of silane monomers used in the droplet formulation to achieve a wide range of densities and refractive indices.

Fig. 3 (a) A typical microscopy image of monodisperse emulsion droplets. Scale bar is 50 mm. (b) Refractive index and diameter distribution measured by

the XSight for a batch of droplets made using 15 vol% of both ammonia and DMDES monomer. Gaussian fits to the distributions give the Polydispersity

index (PDI) of 2.3% and the standard error of the refractive index (n) mean to the fifth decimal place. (c) Population-averaged droplet diameter increases

as a function of DMDES monomer volume fraction at a fixed ratio (1 : 1) of monomer to ammonia (red) and as a function of their increasing volume

fraction ratio (blue).
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and L, have 20 complementary base pairs (bps) at their 30 end

(sticky ends). The P strand has a self-complementary palin-

drome sequence of 6 bps at its 30 end. The complementary

spacer (CS) strand is complementary to the 50 first bps that are

common to L, L0, and P. An azide group is added at the end of

each strand (50 end for L and L0, and 30 end for CS) to facilitate

coupling the strands to lipid surfactants via click chemistry.

Droplets are functionalized with lipid-tethered DNA strands

according to a protocol adapted from ref. 39–41. Briefly, each

sticky DNA strand (L, L0, P) and the complementary spacer

strand (CS) are coupled to a DBCO-terminated pegylated

lipid (DSPE-PEG(2000)-DBCO, Avanti Polar Lipids) via an

azide–alkyne click reaction, before being annealed from 70 1C

to room temperature. The resulting lipid-tethered double-

stranded DNA duplex is stored at 10 mM in a buffer containing

10 mM Tris, 1 mM EDTA, and 50 mM NaCl (buffer A).

Droplets are functionalized by incubating 5 vol% of packed

droplets with 100 nM of the appropriate DNA duplex in buffer A

for 30 min. The functionalized droplets are stabilized by adding

0.1 wt% of Pluronic F68. Then, the droplets are washed through

two cycles of centrifugation, supernatant removal, and redis-

persion, once in buffer A supplemented with 0.1 wt% of Triton

X165, and once in pure buffer A, respectively. The droplets are

finally redispersed at 5 vol% in buffer A.

2.4 Characterization

2.4.1 Droplet diameter. The size distribution of the dro-

plets is measured by total holographic characterization54,55

with xSight (Spheryx, Inc.). The measurements are made at

23 1C at a vacuum wavelength of 450 nm. A 30 mL aliquot of

droplet emulsion is pipetted into the sample reservoir of an

xCell8 microfluidic chip (Spheryx, Inc.), which is mounted in

xSight. The automated measurement process transfers 6 mL of

the sample through the channel, recording and analyzing

holograms of several thousand droplets. This analysis yields

each droplet0s diameter with a precision of 2 nm.56 The poly-

dispersity index for the sample is calculated as the standard

deviation divided by the mean particle diameter. Typical results

are plotted in Fig. 3b.

2.4.2 Droplet refractive index. Total holographic character-

ization with xSight also yields the refractive index of each

droplet with a precision of Dn = �5 � 10�4 nm.54,56 Measure-

ments performed at vacuum wavelengths of 640 nm, 520 nm

and 450 nm can be combined to estimate the dispersion of the

droplets0 refractive index.

The holographically measured droplet refractive index is

validated by coalescing the droplets into a continuous phase

whose refractive index is measured with an Abbe refractometer

(Atago NAR-3 T). Droplets are coalesced by adding CaCl2 to

reach a final concentration of 10 mM and then stirring in a

vortex mixer. The refractive index is then measured at a vacuum

wavelength of 589 nm at 23 1C.

Refractive index measurements are used to map the ternary

composition space for the three-component droplets, as shown

in Fig. 4a, and to traverse that space to achieve desired proper-

ties, as shown in Fig. 4b.

2.4.3 Droplet density. To estimate the droplet density, we

measure the total dispersion density at four different droplet

mass fractions and then extrapolate to 100% droplet mass

Table 1 DNA sequences for functionalizing lipid-stabilized emulsion droplets. Complementary linker strands, L and L0, and palindromic strand, P, are

listed from the 50 end to the 30 end. The complementary spacer strand, CS, is listed from 50 to 30. The L and L0 strands are fluorescently labeled with

cyanine-5 and cyanine-3, respectively

Fig. 4 (a) Ternary diagrams of the density (left) and the refractive index

(right) of droplets that are synthesized using 5 vol% of ammonia and 5 vol%

of monomers. Each circle represents a distinct droplet type made from a

combination of the three distinct silane monomers: DMDES, PMDES, and

TFPMDMS. (b) Plotting the refractive index as a function of the density for

the data points in panel (a) reveals the matching aqueous phases with

either DMSO (blue) or glycerol (red) in 1 mM SDS solution. Lines are

interpolations between data points.
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fraction. An Anton-Paar DMA 4500 M density meter is used to

measure the densities of the droplet dispersions. All density

measurements are performed at 23 1C.

To determine the mass fraction of droplets in dispersion, we

weigh the dispersion before and after drying it in a vacuum

desiccator (Bel-Art) with desiccants (DrieriteTM Drying Desic-

cants, W.A. Hammond). Drying removes the aqueous phase,

but not the silanes.

2.4.4 Index matching. The transparency of the emulsion is

evaluated by measuring the optical transmittance of a 5 mL

sample in the visible range using a UV-Vis spectrometer

(Agilent Cary 3500 UV-vis Spectrometer). Transparency is max-

imized when the refractive index of the droplets matches that of

the continuous aqueous phase. Typical results are presented in

Fig. 5.

2.4.5 Density matching. The buoyant density of the dro-

plets is measured by placing samples dyed with BODIPY in a

0.1 � 1 mm rectangular capillary (Vitrocom) and imaging the

droplets on a Leica SP8 confocal microscope equipped with a

Leica glycerol immersion objective lens (HCX PL APO 63�/1.3

GLYC CORR CS (21 1C)). Z-stacks are acquired in reflection

mode with a continuous-wave 488 nm (cyan) laser. Positions of

the individual droplets are obtained from these raw data using

the TrackMate package57 in the Fiji image analysis platform58

and are analyzed to estimate the density mismatch between the

droplets and the aqueous medium.

The mass density difference, Dr, between the droplets and

the surrounding medium is estimated from the measured

velocity of the droplets, v, using the formula

Dr ¼ 18
Zv

d2g
; (1)

where Z is the dynamic viscosity of the medium, d is the mean

droplet diameter, and g = 9.81 m s�2 is the acceleration due to

gravity. For a 42 wt% cent glycerol solution at 23 1C, Z = 3cP.

Density-matched droplets remain suspended in the 100 mm-

deep channel without sedimenting for a week, implying

that v { 0.2 nm s�1. For the matched droplets shown in

Fig. 5, which have a diameter of d = 1.5 mm, this means that

Dr{ 5 � 10�4 g cm�3.

3 Results and discussion
3.1 Droplet synthesis

To synthesize polysiloxane oil droplets, we implement the

protocol depicted in Fig. 2a, using the formation of polydi-

methysiloxane (PDMS) droplets as an example. This protocol is

adapted from ref. 59–61 as outlined in ref. 39–41,53. The

synthesis starts with the prehydrolysis of alkoxysilane mono-

mers (here dimethoxydiethylsilane, DMDES) in water. Ammo-

nia is added to the solution to catalyze the condensation of the

hydrolyzed silane units into hydrophobic siloxane oligomers

(here PDMS chains) that spontaneously form droplet nuclei

upon phase separation. The nuclei then are left to grow into

droplets of desired sizes by progressively incorporating addi-

tional silane units. Ultimately, sodium dodecyl sulfate (SDS)

surfactant is added to stabilize the droplet interfaces, resulting

in monodisperse suspensions of micrometre-sized droplets

(Fig. 3a).

Among the parameters that govern droplet size, the most

important are the volume fractions of monomer and ammonia.

More specifically, increasing the volume fraction of monomers

or decreasing that of ammonia leads to the formation of

increasingly large droplets, as shown in Fig. 3c. This is because

the amount of ammonia directly determines the number of

nuclei formed, while free hydrolyzed DMDES monomers dictate

the availability of silane units that can be incorporated into the

droplets. In other words, a scarcity of nuclei and an abundance

of monomers results in larger droplets.

To vary the refractive index and density of the emulsion, we

prepare droplets using three types of monomers: DMDES, phenyl-

methyldiethoxysilane (PMDES) and (3,3,3-trifluoropropyl)methy-

dimethoxysilane (TFPMDMS) (See Fig. 2b). These monomers have

similar structures, notably two alkoxysilane functions that are

involved in the formation of the oligomer backbone, but they

differ in their alkyl side groups. Accordingly, the densities of

DMDES, TFPMDMS, and PMDES are 0.865 g cm�3, 1.089 g cm�3

and 0.963 g cm�3, and their refractive indices are 1.380, 1.358,

and 1.469, respectively. By varying the ratios of volume fractions of

the three types of monomers, we produce droplets with a range of

Fig. 5 Refractive index and density matching of droplets with a mean

diameter of 1.5 mm. An optimally matched dispersion consists of droplets

with a refractive index of 1.3861(2) (68.5% DMDES, 31.5% TFPMDMS)

dispersed in a 41.6 wt% glycerol solution. UV-Vis transmittance (a) and

visual inspection of macroscopic samples (b) show excellent transparency

of the matched emulsion at 7.0 vol%, while the same emulsion in

water shows no transmittance. (c) After a 5 day rest, confocal imaging

of fluorescent droplets reveals a uniform vertical distribution for the

matched emulsion (blue and (d)), and a linear upward trend for

deliberately mismatched droplets (70.0% DMDES and 30.0% TFPMDMS,

refractive index 1.3864(2), in a 41.9 wt% glycerol solution: red and (e)).

Droplets are synthesized using 5 vol% monomers and 5 vol% ammonia.

Scale bar: 20 mm.
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densities from 0.88 g cm�3 to 1.28 g cm�3, and refractive indices

from 1.38 to 1.55, as shown in Fig. 4a.

3.2 Index matching and density matching

To match both the refractive index and the density of the

droplets, we prepare aqueous mixtures of either DMSO or

glycerol in 1 mM SDS. From Fig. 4b, we identify by interpolation

the formulations that achieve matching for both parameters.

For example, droplets synthesized using a binary mixture of

68.5% DMDES and 31.5% TFPMDMS (refractive index 1.3861)

match with an aqueous solution containing 41.6 wt% of

glycerol. Alternatively, droplets of 81.3% DMDES and 18.7%

TFPMDMS can be matched with 35.9 vol% DMSO solution.

The UV-Vis transmittance spectrum plotted in Fig. 5a shows

that optimally formulated droplets are index-matched to their

buffer across the entire visible spectrum. Even at a density of

7 vol%, the dispersion is essentially transparent, which is

confirmed by visual inspection in Fig. 5b. The same droplets

form an opaque dispersion when they are dispersed in pure

water at the same concentration, and even when they are

diluted a hundred-fold.

To check how well the transparent droplets are density

matched, we label them with a fluorescent dye (1 vol% of

BODIPY solution) for imaging with confocal microscopy.

Fig. 5c shows the integrated fluorescence intensity in vertical

slices through two emulsions after five days of equilibration.

The optimally formulated emulsion shows no trend along the

vertical axis, which is consistent with the uniform distribution of

droplets in the confocal image in Fig. 5d. The absence of a trend

is consistent with successful density matching down to at least

the fourth decimal place, given the droplet size. Deliberately

mismatching the density by Dr = 0.007 g cm�3 with a composi-

tion of 70.0% DMDES and 30.0% TFPMDMS yields clear evi-

dence of creaming on the same time scale, as shown by the

nonuniform fluorescence yield from top to bottom in (Fig. 5c,

red data). This also is consistent with the vertical confocal slice

in presented in Fig. 5e for the mismatched droplets.

To test the sensitivity of our system, we synthesize larger

droplets with a diameter of 3.5 mm and a refractive index of

1.3850, using 1 vol% of ammonia and 5 vol% of monomers

(73.4% DMDES, 26.6% TFPMDMS). We achieve simultaneous

matching in refractive index and density using an aqueous

phase containing 40.6 wt% of glycerol and 5 mM SDS (see

Fig. 6b). A tiny variation (0.5 wt%) of the glycerol content causes

the droplets to either sink or cream, as shown in Fig. 6a and c,

respectively. Here, the difference between the densities of the

matching aqueous phases measured in Fig. 6b corresponds to

density matching better than 0.001 g cm�3. We can vary the

weight fraction of glycerol by 0.1 wt%, matching densities to

within 10�4 g cm�3.

3.3 Functionalization of droplets with DNA

Because the aqueous phase is biocompatible, the matched

emulsion is amenable to functionalization with biological

molecules, such as DNA or proteins.62 Here we show that a

lipid–DNA conjugated complex is adsorbed onto the droplet

surface, as illustrated in Fig. 1, without significantly changing

the refractive index. Droplets are synthesized using 0.2 vol% of

ammonia and 5 vol% of monomers (74.0% DMDES, 26.0%

TFPMDMS), yielding a sample with a mean diameter of 6 mm

and a refractive index of 1.3850. To accommodate the stickiness

of DNA and to stabilize the emulsion, the glycerol-containing

aqueous phase is supplemented with 5 mM Tris, 5 mM MgCl2
and 0.05 wt% F68 surfactant, which changes its density. Con-

sequently, the amount of glycerol is adjusted to 40.3 wt% to

maintain density matching.

The droplets are functionalized with single-stranded DNA

sequences (labeled with blue fluorophores), whose complemen-

tary strands coat a second emulsion (labeled with yellow

fluorophores), causing the droplets to bind through DNA

hybridization. The two types of droplets are mixed together

(at B1 : 1 volume ratio) to give a uniform three-dimensional

dispersion of bound droplets (Fig. 7a). When viewed at the scale

of individual droplets (Fig. 7b), the presence of a droplet–

droplet bond is revealed by the formation of a patch with

enhanced fluorescence at the contact point. This signature

results from the colocalization and hybridization of comple-

mentary DNA strands.39,40,63 In contrast, non-contacting dro-

plets on sub-resolution lengthscales do not exhibit such

enhancement (Fig. 7b). The ability to identify and study

Fig. 6 Confocal microscopy images show that 3.5 mm-diameter transparent droplets either sink (a) or cream (c) after a 5 hour rest, but remain

suspended (b) after a 30 min centrifugation at 100 g. The outcome is sensitive to the glycerol volume fraction to within 0.5 wt%, corresponding to a

density difference of 0.001. The emulsion consists of 4 vol% of droplets with a refractive index of 1.3850. The aqueous phase contains 5 mM SDS.
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adhesion between droplets in three dimensions in the absence

of gravity opens the experimental platform for the design and

development of new colloidal architectures.

The specific interactions mediated by complementary DNA

linkers favor the formation of dimers and trimers of droplets.

To increase the connectivity between the droplets, we also

incorporate palindromic DNA strands that promote non-

specific binding among all droplets. The addition of palin-

drome interactions increases the adhesive strength of bonds

between droplets and leads to the formation of highly inter-

connected three-dimensional droplet networks, as shown in

Fig. 7c. Each droplet in this network displays multiple adhesion

patches. The possibility to produce high-valence assemblies of

density-matched droplets paves the way to the study of gelation

in three dimensions and to the design of programmable bio-

inspired materials. Image reconstruction of the particle centers

and the areas of deformation between contacting droplets can

be used to estimate inter-droplet forces relative to the single-

droplet surface tension.51,64,65 The map of the structural net-

work then can be used to determine the force moment tensor at

the particle scale and the full stress tensor at the system scale.48

This experimental platform therefore enables comprehensive

comparison at the single particle scale between experiments,

numerical simulations, and theory, which will be undertaken

for our system in the future.

4 Summary and conclusions

We present a preparatory protocol for highly monodisperse

emulsion droplets whose refractive index and density can be

simultaneously matched to the aqueous phase. Monodisperse

matched emulsions offer several advantages over previously

reported model colloidal systems. Emulsion droplets act as

frictionless, deformable particles whose interactions can be

precisely tuned. Precise density matching eliminates the influ-

ence of gravity on collective phenomena such as gelation,

jamming and crystallization,16,30,66 which can now be revisited.

Another exciting avenue of research is the study of mixing

suspension flows in the absence of friction,67–70 which is a

notable industrial challenge. Moreover, the biocompatibility of

our system paves the way for biomimicry, including the study of

the influence of DNA-mediated adhesion and assembly on the

emulsion architecture. Furthermore, recent progress in folding

colloidal polymers in 2D41 will be extended into 3D to make

colloidal protein analogs. In addition to their fundamental

interest, folded colloidal polymers will serve as building blocks

for novel functional materials.71,72
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Fig. 7 Confocal images of DNA-functionalized droplets (6 mm diameter, refractive index 1.3850) in a matching aqueous solution containing 40.3 wt%

glycerol. (a) 3D reconstruction of a mixture of 8 vol% droplets coated with complementary DNA (labeled in blue or yellow). Box size: 140 mm. (b) Zoomed-

in images of representative dimers or trimers of droplets showing non-contacting or contacting droplets, as revealed by fluorescent adhesion patches

formed through DNA hybridization. Scale bars: 5 mm. (c) Adding a palindromic DNA interaction between all droplets (shown in pink in the schematics)

yields a highly interconnected colloidal gel. The transparency of the sample allows for a clear visualization of the distribution of B1.5 mm-diameter

adhesion patches (bottom 3D projection). Box size: 30 mm.
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