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Abstract: 

Droplets serve as practical compartments for the analysis of individual biological species like 

nucleic acids and single cells due to the small size and ease of production of droplets.  However, 

coalescence among droplets is a persistent challenge that often precludes the application of 

droplet-based techniques, particularly in cases when droplets are subject to harsh conditions or 

must remain stable for extended periods of time.  Here, we introduce a versatile film-forming 

surfactant that forms robustly stable droplets.  The film is formed at the droplet interface through 

covalent interactions between a custom polymer in a fluorinated phase and a diol-containing 

macromolecule in an aqueous phase.  The film can stabilize droplets during polymerase chain 

reaction (PCR) and is biocompatible.  The surfactant provides an archetype for new surfactant 

chemistries employing random copolymers and interfacial association.
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1. Introduction

Aqueous droplets dispersed in fluorinated oils and stabilized by surfactants can serve as inert and 

versatile compartments for the isolation and analysis of individual nucleic acid molecules and 

single cells.[REF 1] Compartmentalization in droplets can enable applications such as disease 

diagnosis from trace samples in blood,[REF 2] analysis of products secreted by individual cells, 

[REF 3]  directed evolution of enzymes,[REF 4]  and investigations of differences in gene 

expression among individual members of cell populations.[REF 5]  Many of these applications 

rely on the polymerase chain reaction (PCR) for the amplification of nucleic acid molecules in 

droplets. In droplet-based PCR, single nucleic acid molecules contained within droplets are 

amplified, enabling highly sensitive and quantitative detection of DNA.[REF 6] However, the 

elevated temperatures and repetitive cycles of heating and cooling required in PCR can 

destabilize the droplet interface and lead to the coalescence of droplets, which limits the 

reproducibility and resolution of droplet-based methods due to the uncontrolled mixing of contents 

previously isolated within individual droplets.

Fluorinated oils commonly serve as the continuous phase in droplet-based biological experiments 

because they are poor solvents of hydrophilic and lipophilic molecules and thereby reduce the 

transfer of biological contents among droplets.[REF 7]   Fluorinated oils also allow for the diffusion 

of gases required for the viability of encapsulated cells and are compatible with the 

polydimethylsiloxane (PDMS) microfluidic devices commonly used to generate droplets. [REF 8, 

9] Partially fluorinated surfactants that assemble at the interface between aqueous droplets and 

surrounding fluorinated oils can provide a steric barrier to droplet coalescence.  These so-called 

fluorosurfactants, in polymeric or small-molecule form, are often used to stabilize droplets in 

droplet-based microfluidics.   

Substantial effort has been devoted to the design of surfactants that both stabilize droplets in 

fluorinated oils and are PCR- and cell- compatible.  Tri-block copolymer fluorosurfactants, like 

FSH2-Jeffamine,[REF 10] poly(methyl glycerol)-perfluoropolyether,[REF 11] and commercially 

available PEG(PFPE)2,[REF 3.4] as well as di-block copolymers featuring low molecular weight 

PFPE chains and a dendritic tri-glycerol moiety,[REF 12] have been reported to offer improved 

droplet stability during PCR; however the ability of the surfactants to limit coalescence needs to 

be further improved.[REF 13]  Fluorosurfactants with charged headgroups, like Krytox, can 

stabilize droplets but are known to interfere with enzymatic and biological processes.[REF 14] 

Though polymer species can be included in the aqueous phase to passivate the charged 

headgroups,[REF 15] Krytox remains little used as a surfactant in biological applications, and 
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surfactants produced by replacing the charged carboxylate group with a neutral moiety[REF 16] 

generate droplets that can nonetheless be susceptible to coalescence during thermal cycling.   As 

an alternative to surfactants, solid nanoparticles that assemble at the water-oil interface to form 

Pickering emulsions have been employed to stabilize droplets.  Such droplets can be used for 

cell growth and enzymatic reactions in droplets,[REF 17-19] but slow nanoparticle diffusion can 

limit the droplet generation rate,[REF 20] it can be difficult to release the contents of droplets,[REF 

21] reductions in leakage and cross-talk are limited to specific situations, [REF 22] and the 

emulsion remains thermodynamically susceptible to coalescence.  A promising alternative 

approach to stabilize droplets is the formation of an interfacial elastic film.[REF 15, 23,24] Films 

are formed through strong interactions, such as chemical bonds, among molecules at the surface 

of a droplet.  These chemical bonds in the interfacial film must be disrupted for droplets to merge 

and thus present a more substantial barrier to droplet coalescence than the supramolecular 

interactions of traditional adsorbed surfactants.  While examples of film-stabilized systems for 

aqueous droplets in non-fluorinated oils are abundant,[REF 25] film-forming systems in fluorinated 

oils are rare, despite their promise for improving biological analysis in droplets.  Thus, there is a 

need for a versatile, biocompatible film-forming system capable of reliably stabilizing droplets 

without inhibiting their microfluidic formation due to fast precipitation and device clogging.  Such 

a surfactant would extend the application of droplet-based techniques and make droplet-based 

biological assays more reliable and reproducible.  

Here we report a versatile film-forming surfactant system for fluorinated oils that is biocompatible, 

with little adverse effect on both enzymatic and cellular processes over relevant time period of 

hours to days, and can be used to produce exceptionally stable droplets for a wide range of 

droplet-based biological applications.  The film results from covalent interactions between a 

custom polymer in the fluorinated phase and a diol-containing macromolecule in the aqueous 

phase.  We demonstrate the capabilities of the surfactant system in PCR, where no droplet 

merging is observed, and in cell incubation, where encapsulated cells exhibit comparable viability 

to those in droplets stabilized by commercially available fluorosurfactant.

2. Results and Discussion  

2.1 Design of the fluorophilic copolymer for interfacial association
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We form an interfacial film at the surface of droplets through covalent interactions, specifically the 

formation of a boronic ester, between a custom copolymer in a fluorinated continuous phase and 

a diol-containing polymer or poly-ol in an aqueous drop phase.  We synthesize the custom 

polymer by the widely accessible free-radical copolymerization of boronic-acid-appended acrylic 

monomers at a minority fraction and a fluorinated acrylic monomer at a majority fraction, which 

enables the dissolution of the polymer in fluorinated oils.  Specifically, the monomers N-[3-

(4,4,5,5-tetramethyl-1,3,2,-dioxaborolan-2-yl)phenyl] acrylamide and 1H,1H,2H,2H-

heptadecafluorodecyl acrylate are copolymerized in dimethylformamide with 

azobisisobutyronitrile (AIBN) as a thermal radical initiator .  Subsequently, the pinacol ester that 

protects the boronic acid during polymerization is hydrolyzed in hydrochloric acid.  The result is a 

fluorinated boronic acid (FBA) random copolymer, shown in Fig. 1a and Fig. S1.  The ratio of 

boronic acid monomer to fluorinated acrylate monomer in the copolymer can be controlled by 

varying the stoichiometric ratio of the two monomers in the initial reaction.  We find that to achieve 

robust film formation while ensuring good dispersibility of the polymer in the fluorinated solvent, a 

1:4 molar ratio of boronic acid co-monomer to fluorinated co-monomer in the copolymer is 

adequate.

2.2 Characterization of the interfacial film

To prepare the FBA copolymer for use as a film-forming surfactant, we disperse the polymer in 

HFE-7500, a common fluorinated oil, and dissolve polyvinyl alcohol (PVA), the diol-containing 

component of the film forming system, in water. These polymers react to form covalent bonds at 

the interface between the oil and aqueous phases. Specifically, the boronic acid of the FBA 

copolymer bonds with two neighboring hydroxyls of PVA (1,3-diol) to create boronic ester cross-

links between the polymers.[REF 26] The FBA copolymers have multiple boronic acid functional 

groups on a single chain that can interact with multiple 1,3-diols from distinct PVA polymers in the 

aqueous phase to form a crosslinked polymer network on the surface of droplets, as shown 

schematically in Fig. 1b and Fig. 1c.  This interaction generates an amphiphilic interfacial film 

between the water and fluorinated oil with a hydrophilic and a fluorophilic side. Once the interfacial 

polymer network is sufficiently dense, the access of the two polymers to each other at the interface 

is blocked and film growth stops.

To characterize the film that results from the interaction between the FBA copolymer and PVA at 

the oil-water interface, we use a pendant drop setup to image a drop formed by injecting a 

dispersion of FBA copolymer in HFE-7500 into an aqueous solution of PVA.[REF 27]  We form a 

drop at the tip of the blunt needle and wait several minutes for a film to form. Subsequent retraction 
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of the FBA solution back into the needle results in visible wrinkling at the surface of the drop, 

demonstrating the formation of an elastic interfacial film (Fig. 1d). We note that the formation of 

an initial film occurs within seconds, which is further supported by transient interfacial rheological 

measurements that also prove the conclusion that the interfacial film is elastic (Fig. S2).

Fig. 1. a) Chemical structure of the fluorinated boronic acid (FBA) copolymer and polyvinyl alcohol 
(PVA). b) Schematic of the interaction between FBA polymer dispersed in the fluorinated phase 
and PVA dissolved in the aqueous phase.  The association between polymers forms a film at the 
interface through c) boronic ester bonds. d) A film can be observed when a dispersion of FBA 
polymer in fluorinated oil is injected into an aqueous solution of PVA.  Slight retraction of the 
aqueous phase produces visible wrinkling of the film on the surface of the drop.  The scale bar is 
500 microns. e) The film-forming surfactant can be used to produce stabilized droplets in a 
microfluidic dropmaker. The scale bar is 100 microns. f) Evaporation of water reduces the volume 
of droplets and leads to visible wrinkling on their surfaces, demonstrating the formation and 
stability of the elastic FBA-PVA interfacial film.  The scale bar is 250 microns.

The curvature of the drop in a pendant drop setup is determined by the balance between 

gravitational force and surface tension. Thus, by measuring the curvature of the interface, pendant 

drop is commonly used to quantify the surface tension between liquids of various compositions. 

We find that the surface tension is already lowered when only the FBA or the PVA are present, 

with a more substantial decrease in surface tension due to the PVA. In the presence of both 

polymers in their respective phases, the surface energy is lowered more than four-fold. We note 

that the surface tension measured upon FBA-PVA film formation has to be regarded as an 
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effective surface tension, since it is calculated from the curvature of the drop while the interfacial 

film grows.  The results of surface tension measurements are shown in Table 1.  

Table 1. Surface tension between various water/HFE-7500 compositions

Interface Surface Tension (mN/m)

2wt% PVA in water / 3wt% FBA copolymer in HFE-7500 10

2wt% PVA in water / HFE-7500 14

Water / 3wt% FBA copolymer in HFE-7500 29

Water / HFE-7500 42

2.3 Generating droplets with the FBA-PVA surfactant system

We use the interfacial association between the FBA copolymer and PVA and the resulting 

amphiphilic film to stabilize droplets during generation in a microfluidic device.  We use a co-flow 

dropmaker in the dripping regime where the perpendicular oil flow pinches off the aqueous stream 

to form droplets,[REF 28] as depicted in Fig. 1e.  When using an aqueous stream of 2 wt% PVA 

and an oil stream of 3 wt% FBA copolymer, homogeneous droplets are formed that do not 

coalesce during collection, indicating that stabilization with the interfacial film is achieved within a 

second or less (residence time in the microfluidic dropmaker). Importantly, when we omit the FBA 

copolymer, droplets quickly merge into a single separated water phase upon collection despite 

the low surface tension afforded by PVA, indicating the importance of the copolymer in the oil 

phase to droplet stability.  This observation is in stark contrast to emulsions of water and non-

fluorinated oils that can be stabilized with PVA alone. We speculate that for water/fluorinated oil 

interfaces, the presence of PVA is restricted to the inner water side of the droplet interface and 

does not provide steric hinderance towards the coalescence of droplets. .  In fact, we find that 

water-in-fluorinated oil drops are stable for at least 24 hours of incubation at PVA and FBA 

concentrations as low as 0.5 wt% and 1.2 wt%, respectively, even after cleaning of the continuous 

phase with pure HFE-7500 following drop making (Fig. S4).  The droplets remain intact during 

both pipetting and washing.To further confirm the presence of an elastic film around the aqueous 

droplets formed using PVA and FBA copolymer, we allow water to evaporate from the droplets, 

decreasing the droplet volume.  The observed wrinkling of the interface, as shown in Fig. 1f, 

reaffirms the presence of the elastic film.  Histograms of droplet diameters under various 
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production and processing conditions are provided in Fig. S3.  Our FBA-PVA associative 

surfactant system can also be used to generate oil-in-water droplets, as shown in Fig. S5.  

We note that for an interfacial film to form, both FBA and PVA polymers must diffuse to the oil-

water interface. In the dripping regime, a new interface is formed with every drop. and we can 

operate devices for over an hour without clogging or adverse wetting of channels.  However, when 

we increase the aqueous flow rate to operate the device in a jetting regime, the resulting fluid jet 

creates a persistent interface between the oil and aqueous phases.  The persistence of this 

interface leads to the formation of a film that stabilizes the jet.  Jetting then proceeds further 

downstream, ultimately progressing until a film-stabilized tube extends to the outlet of the device.  

Operating devices in the dripping regime is thus critical to the effective production of droplets.  

Once droplets form, the  FBA copolymer system rapidly stabilizes the interface.  We observe no 

merging of droplets in the outlets of devices, and droplets can resist coalescence shortly after 

formation even under substantial deformations, as depicted in the outlet channels of Fig. S8.   

While we do not observe merging as a result of contact between droplets, we do find that droplets 

can weakly adhere to one another when they are in close contact for several hours.  We 

hypothesize that this interaction is due to polymer chains that span droplets. Gentle pipetting is 

sufficient to disrupt this interaction, without compromising the integrity of the individual droplets. 

2.4 Performing PCR in droplets

To demonstrate the suitability of our surfactant system for biomolecular processes, we perform 

PCR in droplets using an aqueous mixture containing PCR reagents, PVA and a fluorescent 

TaqMan probe that reports that amplification of DNA template.  The fluorescent probe is a 

modified DNA oligo that generates a fluorescent signal in proportion to the extent of DNA 

amplification.  We prepare two samples of droplets stabilized by our surfactant system.  In one 

sample, we include 137 base pair (bp) DNA template and in the other we omit the template to 

serve as a control. We thermally cycle the droplets to perform PCR, performing 35 cycles with a 

maximum temperature of 95°C.  Droplets stabilized using traditional block copolymer surfactant 

and subjected to the same cycling conditions merge extensively during this process.  We 

characterize the film-stabilized droplets using fluorescence microscopy.  Droplets prepared 

without template exhibit only low background fluorescence, while droplets prepared with DNA 

template are highly fluorescent, as shown in Fig. 2a and Fig. 2b respectively.  Droplets from a 

sample containing an equal mixture of droplets with and without template exhibit a binary 

distribution of either high or low fluorescence after cycling, as shown in Fig. 2c.  We postulate that 

the elastic crosslinked interfacial film and the electrostatic repulsion with the negatively charged 
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boronic ester group ensures that polyanionic genetic material remains isolated within individual 

droplets.  In contrast, Rhodamine B, a positively charged dye, can migrate out of and between 

droplets, as shown in Fig. S6, likely due to their association with FBA. This feature might provide 

a path to selective transport of molecular reagents to and between droplets in the future.

We perform agarose gel electrophoresis to confirm that the desired PCR product is generated in 

droplets.  We use a commercial DNA purification kit to recover the DNA from the film-stabilized 

droplets.  The initial centrifugation through the silica-based matrix of the purification column 

shears the droplets and the released DNA binds to the matrix.  We elute the sample, 

electrophorese the collected DNA on an agarose gel, and visualize the result using ultraviolet 

illumination.  We observe a single band, shown in Fig. 2d, that is consistent with the expected 

length of the amplicon.

Fig. 2. PCR cycling of droplets a) without DNA template and b) with DNA template.  A fluorescent 
probe indicates the amplification of DNA.  Combining droplets with and without template and 
cycling indicates c) selective amplification without observable transfer of material among droplets. 
d) Gel electrophoresis of amplification product isolated from film-stabilized droplets shows 
amplification of the targeted DNA (right) next to a DNA ladder (left) with numbers indicating base 
pairs.  Scale bars are 200 microns.

2.5 Growing cells in FBA-PVA stabilized droplets 

To assess the compatibility of the film-forming surfactant with cells, we compare the viability of 

mammalian cells in droplets formed using the FBA copolymer system with that of cells 

encapsulated in droplets using commercially available triblock copolymer surfactant, which is 

commonly used for cell experiments. We stain mammalian K562 cells with a commercially 

available live-dead kit, which produces a maximum fluorescent signal at a wavelength of 515 nm 
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when the cell is alive and at 635 nm when the cell is dead, and load the cell into droplets, adjusting 

flow rates to achieve matching volumes.  We incubate the collected droplets at 37°C, taking 

samples every 24 hours to image the droplets with a confocal microscope.  For each set of imaged 

droplets, we count the number of intact live and dead cells in each of 200 droplets to determine 

the percentage of viable cells.  We find that the FBA copolymer surfactant has no immediate 

cytotoxic effects on encapsulated cells, with 97% of cells viable over the first 24 hours.  This 

matches the performance of the commercial surfactant.  In both sets of droplets, we see only 50% 

viability after 48 hours.  All cells are dead within 72 hours, suggesting the depletion of nutrient 

resources in the droplets.  The stability conferred by the surfactant film also allows for bacterial 

cells to be incubated, as shown in Fig. S7.  The droplets encapsulating the bacterial cells have 

diameters of over 250 microns.  We find that droplets of the same size stabilized by PEG(PFPE)2 

surfactant merge during incubation to produce a continuous aqueous phase atop the denser 

fluorinated phase.  Coalescence can be driven by buoyancy forces that press droplets against 

one another, causing the fluid between them to drain and disrupting stabilizing surfactant layers 

at their interface.  Large droplets are more easily deformed than small droplets, which can 

increase the contact area between adjacent droplets and consequently, the probability of 

coalescence.  We hypothesize that by maintaining surfactant at the interface between droplets, 

the cross-linked surfactant film preserves a steric barrier against coalescence. 

Fig. 3.  a) Stained mammalian cells encapsulated in FBA-PVA film-stabilized droplets. The scale 

bar is 200 microns.  b) Cells exhibit similar viability in FBA-PVA-film-stabilized droplets and 

droplets of the same size stabilized by traditional PEG(PFPE)2 surfactant.
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3. Conclusions

We report an associative polymeric surfactant system that produces remarkably stable water-in-

fluorinated oil droplets through the formation of an elastic interfacial film.  The film surfactant 

reliably inhibits droplet coalescence, particularly among droplets exposed to numerous thermal 

cycles of PCR and prolonged incubations of large microfluidic droplets with diameters over 250 

microns.  The compatibility of the surfactant with enzymes and cells makes it well suited for a 

wide variety of droplet-based biological applications that are traditionally difficult to perform 

because of droplet coalescence.  For instance, the stabilization of large droplets, which can be 

less stable than small drops, can have application in the amplification of RNA by RT-PCR, where 

cells are typically lysed in droplets and the resulting cellular debris can have inhibitory effects at 

the high concentrations encountered when using small droplets.[REF 29] The ability to culture 

cells may also facilitate economical low-volume drug screening based on cell proliferation.[REF 

30] 

The boronic ester bonds formed by the FBA surfactant system are reversible and could potentially 

be used to create interfacial film-forming surfactant systems that are stimuli-responsive.  The 

film’s mechanical properties, for instance, can be tailored by adjusting the molecular weight of the 

diol-containing species to achieve capsules whose contents may be released under specified 

shear stresses.  Similarly, the mechanical and chemical properties of the film may be adjustable 

by changing pH.  We perform our experiments with aqueous solutions with pH values in the range 

of 7 to 8; however, changes in pHcan alter thenumber of boronic ester bonds formed by boronic 

acid functional groups in equilibrium.  This might provide an avenue by which tofor control film 

formation and dissolution, and the corresponding capture or release of droplets contents. For 

example, in strong alkaline conditions at pH>12, boronic esters hydrolyze which would result in 

uncrosslinking of our amphiphilic interfacial film and potentially controlled release of its 

cargo.[REF 31] The polymers in the aqueous phase of the interfacial film can also be 

tailored.Different diol-containing species, including fetal bovine serum (FBS) and dextran can be 

used in place of PVA, as shown in Fig. S8, and other molecules that interact with  boronic acid 

can also be considered. At sufficiently high concentrations, small molecular weight carbohydrates 

may also compete with diol-containing polymers for boronic ester bonds formed at the droplet 

surface, thus offering a possible route to concentration-dependent dissolution of the film 

In general, both the negative charge and boronic-acid functionality of the FBA copolymer, which 

respectively contribute to the abstraction of positive dyes from droplets and the formation of films 

with a variety of di- and poly-ol-containing species, are critical to determining the particular 
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implementations and applications for which the polymer is best suited.  Fluorescence-based 

assays in droplets, for instance, are likely to benefit from the use of neutral or negatively-charged 

dyes.  The interaction between FBA copoylmers and polysaccharides, many of which contain 

multiple tightly spaced hydroxy groups, offers other potential applications. Antibodies, for 

instance, may be able to be attach to the surface of droplets through the boronic ester bonds 

formed between the FBA copolymer and the carbohydrates present on antibodies after post-

translational glycosylation.  Cells expressing high levels of polysaccharides on their surface, like 

yeast and other fungi, could moreover interact with FBA, possibly offering a means to concentrate 

or embed cells near the surface of droplets.

Surfactants employing random copolymers like the FBA copolymer may give access to new 

chemistries with unique characteristics.  For example, new chemistries may enable sensing 

capabilities in complex emulsions, where interactions between analyte molecules and surfactants 

can alter interfacial geometries to produce optical signatures.[REF 32, 33]   We expect the FBA 

copolymer reported here to disperse in a wide variety of fluorinated solvents, including many of 

the substitutes currently being offered as replacements for HFE-7500.  Copolymers with boronic 

functional groups and co-monomeric sidechains tailored to specific solvent environments such as 

non-fluorinated oils can further extend our approach and enable the stabilization of droplets in a 

variety of emulsion systems.[REF 34]

Our FBA copolymer and PVA film-forming surfactant system forms droplets that are 

extraordinarily stable in PCR and will be of immediate interest to researchers using droplet-based 

techniques.  Further, our work demonstrates that random copolymers can be used for the facile 

production of functional surfactant films that can be tailored for specific industrial and research 

applications.

4. Methods and Materials

4.1 Copolymer surfactant synthesis

A mixture of azobisisobutyronitrile (AIBN; 0.0301g, 0.183 mmol, MilliporeSigma), N-[3-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl] acrylamide (0.2g, 0.7 mmol, Tokyo Chemical 

Industry) and 1H,1H,2H,2H-heptadecafluorodecyl acrylate  (0.927mL, 2.9 mmol, Tokyo Chemical 

Industry) in dimethylformamide (3.44mL, Sigma-Aldrich) is de-aerated by bubbling with nitrogen. 
The mixture is stirred under inert atmosphere at 70ºC for 48 hours.  The solution typically turns 
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turbid within an hour.  We wash the product repeatedly in an excess of methanol (MilliporeSigma), 

centrifuging and decanting the supernatant after each wash.  After the final decanting step, we 

dry the polymer in a vacuum oven at 70ºC overnight.  After the polymer has dried, we add it to a 

1M solution of hydrochloric acid (15mL, Millipore Sigma) and stir overnight at 100ºC under reflux 

to remove the pinacol protecting group of the boronic acid component of the polymer.  Following 

deprotection, we again wash the polymer in an excess of methanol.  After this purification, we dry 

the polymer overnight in a vacuum oven at 70°C.  Proton-NMR spectra of the protected and 

deprotected products in deuterated hexafluoroisopropanol taken on a Bruker AVANCE NEO 400 

at 400 MHz are shown in Fig. S1 and are used to quantify the composition of the copolymer and 

successful deprotection.

4.2 Preparation of film components for microfluidics

We disperse the FBA polymer in HFE-7500 (3M, discontinued) at a concentration of 50mg/mL by 

stirring the dried polymer in HFE-7500 in a sealed vial at 55°C on a hot plate overnight.  The next 

day, we remove the vial from the hot plate to allow the dispersion within the vial to cool and filter 

the dispersion through a two-micron syringe filter (VWR) and into a collection vial.  We measure 

the concentration of the filtrate by aliquoting 1 mL of the solution to a tared vial, removing the 

HFE-7500 by evaporation at 60°C in a vacuum oven, and weighing the solid polymer left behind.  

We find the concentration of polymer in the dispersion after filtering is ~30mg/mL.  For the 

aqueous phase, we dissolve PVA (13-23k, Sigma Aldrich) in water at 2 wt%, stirring until the 

polymer is fully dissolved.

4.3 Device preparation and operation

We fabricate and operate PDMS microfluidic devices according to methods detailed 

elsewhere.[REF 3] Briefly, we spincoat SU-8 photoresist (MicroChem) onto a silicon wafer 

(University Water) and selectively cross-link regions of the photoresist with UV light, using a 

photomask to template the features.  After washing and drying the wafer, we affix it to the bottom 

of a petri dish (BD Falcon) with Scotch tape and pour mixed PDMS and curing agent (Dow, 

Sylgard 184) into the dish.  We remove air bubbles under vacuum and cure the mixture overnight.  

We cut out the resulting PDMS elastomer and peel the slab from the silicon wafer.  With a biopsy 

punch (Ted Pella), we punch holes in the PDMS slab at each fluid inlet or outlet.  We then plasma 

treat the PDMS and a glass substrate and bond the two by pressing them together.  We inject 

Aquapel (Aquapel) into the channels of the device to render them hydrophobic, clear the channels 

by blowing nitrogen through them, and dry the device in an oven at 65°C.  To form droplets with 
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the device, we attach PE-2 tubing (Intramedic) to syringes containing the aqueous phase or 

phases and the fluorinated phase and connect the tubing to the appropriate inlets of the device.  

We attach PE-2 tubing to the outlet of the device for the collection of droplets in an Eppendorf 

tube.  We control the rate at which fluid is injected into the device using syringe pumps (Harvard 

Apparatus) to avoid jetting.

4.4 PCR in droplets

We generate droplets containing 2wt% PVA (molecular weight 13k-23k, MilliporeSigma), 1x 

PrimeTIME Gene Expression Master Mix (Integrated DNA Technologies (IDT)), 1x mouse β-actin 

PCR primers and probe (IDT), and β-actin DNA template at ~1 ng/µL, in a continuous phase of 

HFE-7500 with 3wt% fluorophilic boronic acid copolymer using a microfluidic device and collect 

the drops in a PCR tube.  We produce a second set of drops containing all but the DNA template 

and collect them in a second PCR tube to serve as a negative control. We take an equal portion 

of the drops from each of the PCR tubes and combine them in a third PCR tube.  We overlay the 

droplets in each of the tubes with mineral oil (MilliporeSigma) to prevent evaporation and subject 

the drops to thermocycling at 95°C for 3 minutes; then 35 cycles of: 95°C for 10 sec, 54°C for 15 

sec, and extension at 72°C for 30seconds; then hold at 4°C.  After cycling, we add a fraction of 

each droplet sample to a disposable hemocytometer (Bulldog Bio) and image using fluorescence 

microscopy.

4.5 Cell preparation

We culture K562 cells in cRPMI cell media (MilliporeSigma) and prepare cells for cell viability 

monitoring in droplets using a variation of the protocol from Thermo Fisher Scientific’s LIVE/DEAD 

Viability/Cytotoxicity Kit for mammalian cells.  Briefly, we pellet cells from culture and stain the 

cells by resuspending the cells in a solution of Calcein AM dye (Thermo Fisher) followed by 

washing with phosphate buffered saline (PBS; MilliporeSigma) to remove dye that has not been 

taken up by the cells.  We split the cells equally into two volumes and disperse the cells in a 

solution of Optiprep (MilliporeSigma), ethidium homodimer-1 (Thermo Fisher), and cRPMI, for 

cells to be loaded into droplets stabilized by PEG(PFPE)2 surfactant (RAN Biotechnologies), or 

Optiprep, ethidium homodimer-1, and cRPMI with 1wt% dissolved PVA, for cells to be loaded into 

droplets stabilized by the interfacial film formed through the interaction of the FBA copolymer and 

PVA.  Optiprep hinders settling of cells during cell loading in the microfluidic device to ensure 

even loading of droplets, while the ethidium homodimer-1 stains cells red upon cell death.  We 

load cells into droplets using a microfluidic dropmaker.  We collect droplets in an Eppendorf tube 
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and add mineral oil to both suppress evaporation of the fluorinated oil and allow oxygen diffusion 

during incubation.  We then incubate the collected dropletsat 37°C in a cell culture incubator at 

95% relative humidity and 5% CO2.  We take a sample of droplets by pipette every 24 hours, add 

droplets to a disposable hemocytometer (Bulldog Bio) and image using fluorescence microscopy.   

Author contributions

JGW and BTD conceptualized the material and emulsion system and devised the methodology. 

BTD, JAH, and DAW developed the biotechnological methodology. BTD performed most 

experiments and acquired, analyzed, and curated the data. JGW and DAW administered and 

supervised the research. RGR performed the bacterial cell experiments. DAW acquired funding. 

BTD wrote the original draft, JWG and BTD reviewed and edited the final draft of the manuscript. 

All authors gave approval to the final version of the manuscript.

Conflicts of interest

There are no conflicts to declare.  Harvard University filed a patent that is in part based on the 

results presented here.

Data availability

The data supporting this article have been included as part of the Supplementary 

Information.

Acknowledgements

This work was supported by the National Science Foundation (DMR-1708729). This work was 

performed in part at the Harvard MRSEC funded by the National Science Foundation (DMR-

2011754). 

References

Page 15 of 19 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
09

/2
5 

04
:5

5:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00456J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00456j


16

1. S. Mashaghi, A. Abbaspourrad, D.A. Weitz, and A.M. van Oijen, Droplet microfluidics: A 
tool for biology, chemistry and nanotechnology, Trends in Analytical Chemistry, 2016, 82, 118-
125.

2. H. Kim, A. Zhbanov, S. Yang, Microfluidic Systems for Blood and Blood Cell 
Characterization, Biosensors, 2023, 13, 13.

3. L. Mazutis, J. Gilbert, W. L. Ung, D. A. Weitz, A. D. Griffiths and J. A. Heyman, Single-
cell analysis and sorting using droplet-based microfluidics, Nature Protocols, 2013, 8, 870-891.

4. J. J. Agresti, E. Antipov, A. R. Abate, K. Ahn, A. C. Rowat, J.-C. Baret, M. Marquez, A. 
M. Klibanov, A. D. Griffiths and D. A. Weitz, Ultrahigh-throughput screening in drop-based 
microfluidics for directed evolution, Proceedings of the National Academy of Sciences, 2010, 
107, 4004-4009.

5. A. M. Klein, L. Mazutis, I. Akartuna, N. Tallapragada, A. Veres, V. Li, L. Peshkin, 
David A. Weitz and Marc W. Kirschner, Droplet barcoding for single-cell transciptomics applied 
to embryonic stem cells, Cell, 2015, 161, 1187-1201.

6. B. Hindson, K. D. Ness, D. A. Masquelier, P. Belgrader, N. J. Heredia, A. J. Makarewicz 
et al., High-Throughput Droplet Digital PCR System for Absolute Quantitation of DNA Copy 
Number, Analytical Chemistry, 2011, 83, 8604-8610.

7. C. Holtze, A. C. Rowat, J. J. Agresti, J. B. Hutchison, F. E. Angilè, C. H. J. Schmitz, S. 
Köster, H. Duan, K. J. Humphry, R. A. Scanga, J. S. Johnson, D. Pisignano and D. A. Weitz, 
Biocompatible surfactants for water-in-fluorocarbon emulsions, Lab on a Chip, 2008, 8, 1632-
1639.

8. J. G. Riess, Blood Substitutes and other potential biomedical applications of fluorinated 
colloids, Journal of Fluorine Chemistry, 2001, 114, 119-126.

9. J. N. Lee, C. Park, G. M. Whitesides, Solvent Compatibility of Poly(dimethylsiloxane)-
Based Microfluidic Devices, Analytical Chemistry, 2003, 75, 6544-6554.

10. G. Etienne, M. Kessler and E. Amstad, Influence of Fluorinated Surfactant Composition 
on the Stability of Emulsion Drops, Macromolecular Chemistry and Physics, 2017, 218, 
1600365.

11. O. Wagner, J. Thiele, M. Weinhart, L. Mazutis, D. A. Weitz, W. T. S. Huck and R. Haag, 
Biocompatible fluorinated polyglycerols for droplet microfluidics as ana alternative to PEG-
based copolymer surfactants, Lab on a Chip, 2016, 16, 65-69.

12. M. S. Chowdhury, W. Zheng, S. Kumari, J. Heyman, X. Zhang, P. Dey, D. A. Weitz and 
R. Haag, Dendronized fluorosurfactant for highly stable water-in-fluorinated oil emulsions with 
minimal inter-droplet transfer of small molecules, Nature Communications, 2019, 10, 4546.

13. T. W. Cowell, A. Dobria, Han. H, Simplified, Shear Induced Generation of Double 
Emulsions for Robust Compartmentalization during Single Genome Analysis, ACS Appl. Mater. 
Interfaces, 2022, 14, 18, 20528-20537.

Page 16 of 19Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
09

/2
5 

04
:5

5:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00456J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00456j


17

14. L. S. Roach, H. Song and R. F. Ismagilov, Controlling Nonspecific Protein Adsorption in 
a Plug-Based Microfluidic System by Controlling Interfacial Chemistry Using Fluorous-Phase 
Surfactants, Analytical Chemistry, 2005, 77, 785-796.

15. C. J. DeJournette, J. Kim, H. Medlen, X. Li, L. J. Vincent and C. J. Easley, Creating 
Biocompatible Oil-Water Interfaces with Synthesis: Direct Interactions between Primary Amines 
and Carboxylated Perfluorocarbon Surfactants, Analytical Chemistry, 2013, 85, 10556-10564.

16. Y.-L. Chiu, H. F. Chan, K. K. L. Phua, Y. Zhang, S. Juul, B. R. Knudsen, Y.-P. Ho and K. 
W. Leong, Synthesis of Fluorosurfactants for Emulsion-Based Biological Applications, ACS 
Nano, 2014, 8, 3913-3920.

17. M. Pan, L. Rosenfeld, M. Kim, M. Xu, E. Lin, R. Derda and S. K. Y. Tang, Fluorinated 
Pickering Emulsions Impede Interfacial Transport and Form Rigid Interface for the Growth of 
Anchorage-Dependent Cells, ACS Applied Materials & Interfaces, 2014, 6, 21446-21453.

18. K. Yin, X. Zeng, W. Liu, Y. Xue, X. Li, W. Wang, Y. Song, Z. Zhu and C. Yang, Stable 
Colloidosomes Formed by Self-Assembly of Colloidal Surfactant for Highly Robust Digital PCR, 
Analytical Chemistry, 2019, 91, 6003-6011.

19. M. Pan, F. Lyu and S. K. Y. Tang, Fluorinated Pickering Emulsions with Nonadsorbing 
Interfaces for Droplet-based Enzymatic Assays, Analytical Chemistry, 2015, 87, 7938-7943.

20. L. A. Chacon Orellana and J.-C. Baret, Rapid Stabilization of Droplets by Particles in 
Microfluidics: Role of Droplet Formation, ChemSystemsChem, 2019, 1, 16-24.

21. M. Pan, F. Lyu and S. K. Y. Tang, Methods to coalesce fluorinated Pickering emulsions, 
Analytical Methods, 2017, 9, 4622-4629.

22. J. Waeterschoot, E. Kayahan, J. Breukers, J. Lammertyn, X. C. i Solvas, The effects of 
droplet stabilization by surfactant and nanoparticles on leakage, cross-talk, droplet stability and 
cell adhesion, RSC Advances, 2024, 14, 24115-24129.

23. G. De Angelis, N. Gray, V. Lutz-Bueno, E. Amstad, From Surfactants to Viscoelastic 
Capsules, Advanced Materials Interfaces, 2023, 10, 2202450.

24. A. L. Hiddessen and B. J. Hindson, Bio Rad Laboratories Inc., Emulsion chemistry for 
encapsulated droplets, US Patent 9,822,393, 2024 Jan 9.

25. J. Gaitzsch, X. Huang and B. Voit, Engineering Functional Polymer Capsules toward 
Smart Nanoreactors, Chemical Reviews, 2016, 116, 1053-1093.

26. W. L. A. Brooks and B. S. Sumerlin, Synthesis and Applications of Boronic Acid-
Containing Polymers: From Materials to Medicine, Chemical Reviews, 2016, 116, 1375-1397.

27. A. Daerr and A. Mogne, Pendent_Drop: An ImageJ Plugin to Measure the Surface 
Tension from an Image of a Pendent Drop, Journal of Open Research Software, 2016, 4, e3.

28. A. S. Utada, E. Lorenceau, D. R. Link, P. D. Kaplan, H.A. Stone, and D. A. Weitz, 
Monodisperse Double Emulstions Generated from a Microcapillary Device, Science, 2005, 308, 
537-541.

Page 17 of 19 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
09

/2
5 

04
:5

5:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00456J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00456j


18

29. A. K. White, M. VanInsberghe, O. I. Petriv, M. Hamidi, D. Sikorski, M. A. Marra, J. Piret, 
S. Aparicio and C. L. Hansen, High-throughput microfluidic single-cell RT-qPCR, Proceedings of 
the National Academy of Sciences, 2011, 108, 13999-14004.

30. M. Tehranirokh, A. Z. Kouzani, P. S. Francis and J. R. Kanwar, Microfluidic devices for 
cell cultivation and proliferation, Biomicrofluidics, 2013, 7, 51502-51502.

31. S. Cho, S. Y. Hwang, D. X. Oh and J. Park, Recent progress in self-healing polymers 
and hydrogels based on reversible dynamic B–O bonds: boronic/boronate esters, borax, and 
benzoxaborole. Journal of Materials Chemistry A, 2021, 9, 14630-14655.

32. L. Zeininger, S. Nagelberg, K. S. Harvey, S. Savagatrup, M. B. Herbert, K. Yoshinaga, J. A. 
Capobianco, M. Kolle and T. M. Swager, Rapid Detection of Salmonella enterica via Directional 
Emission from Carbohydrate-Functionalized Dynamic Double Emulsions, ACS Central Science, 
2019, 5, 789-795.

33. A. Concellón, C. A. Zentner and T. M. Swager, Dynamic Complex Liquid Crystal 
Emulsions, Journal of the American Chemical Society, 2019, 141, 18246

34. D. A. Weitz, J. G. Werner, J. V. Brouchon, J. Heyman, and B. Deveney, Copolymers for 
stabilizing emulsions and/or forming interfacial films, and methods thereof, U.S. Patent No. 
12,296,045, 2025, Washington, DC: U.S. Patent and Trademark Office.

Page 18 of 19Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
09

/2
5 

04
:5

5:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00456J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00456j


Data Availability Statement 

for  

A biocompatible surfactant film for stable microfluidic droplets 

 

Authors:  

Brendan T. Deveney,1 John A. Heyman,1 Raoul G. Rosenthal, 1 David A. Weitz,1,2 Jörg G. Werner1,3 

 

Affiliations: 

1. School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, USA. 

2. Department of Physics, Harvard University, Cambridge, MA 02138, USA.  

3. Department of Mechanical Engineering, Division of Materials Science and Engineering, 

Department of Chemistry, Boston University, Boston, MA, 02215, USA. E-mail: 

jgwerner@bu.edu 

 

The data supporting this article have been included as part of the Supplementary Information. 

 

 

Page 19 of 19 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
09

/2
5 

04
:5

5:
53

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00456J

mailto:jgwerner@bu.edu
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00456j

