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ABSTRACT. Inkjet printing is here employed for the first time as a method to produce 

femtoliter (fL) scale oil droplets dispersed in water. In particular, picoliter (pL) scale fluorinated 

oil (FC40) droplets are printed in presence of perfluoro-1-octanol (PFCO) surfactant at velocity 

higher than 5 m/s. Femtoliter scale oil droplets in water are spontaneously formed through a 

fragmentation process at the water/air interface by using minute amounts of non-ionic surfactant 

(down to 0.003% v/v of Tween 80). This fragmentation occurs by a Plateau-Rayleigh mechanism 

at moderately high Weber number (101). A microfluidic chip with integrated microelectrodes 

allows droplet characterization in terms of number and diameter distribution (peaked at about 3 

microns) by means of electrical impedance measurements. These results show an unprecedented 

possibility to scale-up oil droplets down to the femtoliter scale which opens up several 

perspectives for a tailored oil-in-water emulsions fabrication for drug encapsulation, 

pharmaceutic preparations and cellular biology. 

1. Introduction  

Emulsions can be defined as a fine dispersion of minute micro-droplets of one liquid (the 

dispersed phase) in another (the continuous phase) in which the dispersed phase is not soluble or 

miscible.1 They are kinetically stabilized by the presence of surfactants to reduce the interfacial 

tension between the two immiscible layers.2 Emulsified droplets are the basis for many systems 

employed in food science,3 biological chemistry,4 pharmaceutical chemistry,5 drug delivery6,7, 
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platforms for artificial life 8–10. In particular, droplets at the micron size have emerged as an 

important system for these applications, given the easiness to finely adapt their physico-

chemical bulk/surface composition7,11 and their properties to the system of interest. The mild 

generation of oil droplets at micron size along with the characterization of their properties as 

single and as collective systems is consequently a topic of great interest.   

Oil droplets emulsions are conventionally prepared by employing colloid mills and high-

pressure homogenizers,5 based on the application of high shear to break-up large emulsion 

droplets into smaller ones that are stabilized by emulsifier. This results in poor control on droplet 

size, with coefficient of variation (CV – i.e. the percentage measure of dispersion of the droplet 

size around the average value, calculated as the ratio of the standard deviation to the mean 

droplet size) of typically 40%.12 Research efforts have focused on the fabrication of 

emulsification methods at low energy consumption such as membrane and microfluidics 

emulsification.13 In membrane emulsification, the dispersed phase is extruded through micro 

pores into a flowing continuous phase. Oil droplets with a CV of diameter reaching 10% can be 

produced.14 The uniformity of the droplets sizes depends on the viscosity of the dispersed phase 

and on the size distribution of the membrane pores.15 On the other hand, microfluidic 

emulsification devices can be divided in shear-based16,17 and spontaneous or interfacial tension 

driven approaches.18 In shear-based systems, the flow of the dispersed and continuous phases 

influences the droplet size. In spontaneous microfluidics emulsification devices, the drop 

formation is driven only by interfacial tension forces.19,20  However, the flow of the continuous 

phase is necessary to avoid droplets crowding at the nozzles,14 finally creating polydispersity 

and introducing mechanical stresses. An alternative to microfluidics setups is constituted by 

interfacial emulsification, in which droplets formation at the air-liquid interface of the 

continuous phase is based on interfacial shearing.21  However, the smallest droplet volume is 

limited to tens of picoliters.  

In this scenario, alternative and customizable approaches to fabricate oil droplets emulsified in 

water are needed. Possible solutions can be provided by printing approaches.22–25 Among them, 

inkjet printing is a convenient choice in terms of compatibility to liquids with different 

viscosities and densities (aqueous, organic, polymeric, oil).22,26 For instance, picoliter scale 

droplets by inkjet printing can be employed for detecting few molecules27,28 and studying 

enzymatic assays.29 As to oil in water emulsions, Zeng et.al 30 showed the possibility to produce 

oil droplets in water (O/W) in a range of hundreds of microns (210-290 µm). In their 

experiments, the nozzles print-head was immersed in water, this potentially leading to print-

head contamination due to the contact between nozzles and the aqueous phase. In order to solve 

this problem, oil droplets should be immersed into the aqueous phase without printhead/water 

phase contact.  Accordingly, the impact of a macroscopic drop onto a bath of an immiscible 

liquid results in a complex dynamics, which can lead to the tailored production of oil-in-water 

capsules with ultra-thin polymeric sheets,11 the spontaneous formation of Marangoni flows in 

case of a aqueous phase enriched with surfactants31 or drop fragmentation into a collection of 

non-coalescing smaller daughter drops.32 The dynamics of oil-in-water droplet encapsulation 

depends upon the impacting droplet Weber number (We = ρV2d0/σ where ρ [Kg/m3] is the 

density, V [m/s2] is the velocity, d0 [m] is the diameter and σ [N/m] is the surface energy). If a 

macroscopic droplet has a sufficient kinetic energy33 (We in order of 101), after an initial 

spreading on the water surface, it can be immersed in the aqueous phase. In addition, 

spontaneous Plateau-Rayleigh instabilities in the oil droplet spreading at the water surface can 
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lead to the droplet fragmentation into smaller daughter droplets which can be immersed in the 

aqueous phase. However, the dynamics of picoliter-scale oil droplet impact when at interface 

with aqueous phase is unknown. 

In order to understand and optimize droplet production processes, effective methods for 

detection and counting of oil droplets dispersed in the aqueous phase down to the single droplet 

level are required. Optical investigation can be used, which however is time consuming and 

operator-dependent. As an alternative, a faster and automated approach is constituted by 

microfluidic impedance cytometry, which is a label-free technique for high-throughput electrical 

characterization of single particles and cells.34–37 A microfluidic impedance chip typically 

consists of a microchannel equipped with microelectrodes and filled with a conductive buffer. A 

stimulation voltage is applied to a pair of electrodes and the differential current collected from 

another electrode pair is measured. The signal trace recorded upon the passage of a flowing 

particle conveys information on particle geometric and dielectric properties. In particular, for 

insulating particles, signal amplitude is proportional to particle volume. Moreover, this approach 

is recently gaining attention as a characterization and monitoring tool for digital and droplet 

microfluidics.38–40 

In this work, we show for the first time that picoliter scale oil droplets produced by inkjet 

printing can be successfully encapsulated in aqueous phases and, in presence of Plateau-

Rayleigh instabilities at the oil/water interface, they can produce daughter droplets at the 

femtoliter scale. Given the significant difference in resistivity between the oil and the aqueous 

phase, automated counting and sizing at the single droplet level is performed within a 

microfluidic impedance chip. Our results can be considered as an unprecedented effective and 

customizable approach to micron-sized oil droplets production and characterization. 

2. Materials and Methods  

Chemicals. Oil-in-water emulsions were fabricated on 8-well Chambered Coverglass with non-

removable wells (Corning, No. 1 borosilicate glass bottom). FC40 fluorinated oil (3M™ 

Fluorinert™ Electronic Liquid FC-40), 1H,1H,2H,2H-Perfluoro-1-octanol 97% (Sigma 

Aldrich), NaCl, Tris (2-Amino-2-(hydroxymethyl)-1,3-propanediol), EDTA 

((Ethylenedinitrilo)tetraacetic acid), Tween 80 (Polyethylene glycol sorbitan monooleate), 

Sucrose (for molecular biology, ≥99.5%), Atto655 biotin (BioReagent, suitable for fluorescence, 

Sigma Aldrich), Polystyrene beads (Polysciences) were purchased and used as received. 

Oil-in-water droplets fabrication.  The experimental setup used for the fabrication of the oil 

droplets is shown in Figure S1. All aqueous solutions were prepared in ultrapure Millipore 

water (Direct Q-UV filtration system, 18.2 MΩ cm). The pH was controlled by a pH meter (pH 

700, Eutech Instruments). Picoliter-scale oil droplets were dispensed by using a Dimatix 

Materials Printer (DMP-2800, Fuji Film, Figure S1A) at 40% Relative Humidity. This 

instrument was equipped with user fillable piezo-driven inkjet print cartridges, each with 16 

nozzles 254 μm spaced and 21.5 μm (10 pL) or 10.5 μm (1 pL) in diameter. Droplets were 

typically emitted at a jetting frequency of 3-5 kHz with typical flow rates of 10 pL/10 μs (i.e. 1 

μL/s) (considering the time necessary for the formation of a single droplet). FC40 ink droplets 

(FC40 added with 1.5% of the surfactant 1H,1H,2H,2H-perfluoro-1-decanol) were printed in the 

form of a dots array (361x321 with a drop-to-drop distance equal to 25 μm) inside 300 μL of 
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aqueous solution (deposited on each microwell -  see Figure S1B) containing NaCl 300 mM, 

Tris 10 mM, EDTA 1 mM, Sucrose 30%, pH 7.5, at different concentrations of Tween 80 (in the 

range comprised between 3% and 0.00003% v/v). Four aliquots of oil-in-water dispersions (each 

of 300 uL) were collected to get a sample of 1.2 mL to be used for electrical characterization. 

Before the impedance measurements, the sample was spiked with 6 µm polystyrene beads to be 

used for calibration of the impedance chip (0.012 mL of bead suspension in 1.2 mL of oil-in-

water dispersion; bead suspension made of PBS + 0.1% Tween 20 + 130 mg/mL sucrose + 107 

beads/mL). 

Oil droplets impedance-based characterization. A schematic representation of the 

experimental setup used for the impedance-based characterization of the oil droplets is shown in 

Figure S2. A commercial microfluidic chip for electrical impedance spectroscopy of single 

particles/cells was used (EIS chip, Micronit). The chip is made of borosilicate glass and an inert 

interstitial layer of dry film resist. It has a straight through channel 28 µm deep and 30 µm wide. 

There are two sets of facing electrodes (Pt). Electrode dimension along channel axis is 20 µm, 

with planar separation of 20 µm and 28 µm depth separation as based on channel depth. A 

commercial chip holder was used (Fluidic Connect PRO, Micronit). A syringe pump (Elite 11, 

Harvard Apparatus) operating at 10 µL/min was used for fluidic control. Electrical 

measurements were performed using an impedance spectroscope (HF2IS, Zurich Instruments, 14 

bit A/D conversion at 210 M sample per second), along with a transimpedance amplifier 

(HF2TA, Zurich Instruments) for signal conditioning. As pictured in Figure 1A, an AC voltage 

signal was applied to the top electrodes and the differential current flowing through the bottom 

electrodes was demodulated and recorded. With this wiring scheme, the passage of a particle that 

is insulating with respect to the suspending medium (like an oil droplet or a polystyrene bead in a 

conductive aqueous buffer) is recorded as a pair of opposite peaks,41 as explained in Figure S3. 

 Typical settings were: 4 V at 1 MHz applied potential, 115 ksample per second readout rate, 20 

kHz filter bandwidth). Collected data streams were processed using a custom Matlab script. 

Segmentation was first carried out, with a previously reported algorithm,42 aimed at extracting 

events from the data stream. For each detected event, feature extraction was then performed by 

fitting a bipolar Gaussian template (Figure 1B) to the recorded trace. In particular, the particle 

electrical diameter D was computed as43 𝐷 = 𝐺𝑎1/3, where a is the amplitude control parameter 

and G is a gain factor accounting for the electronic circuitry. The gain factor G is calibrated by 

means of polystyrene beads, as typically done in impedance cytometry for biological and 

biotechnological applications.44–46 More specifically, in this work, polystyrene beads are 

employed because of their favourable properties (high impedance, size monodispersity) which 

make them ideal candidates and widely used model systems for impedance calibration in 

aqueous based solutions at high electrical conductivity. Particle velocity V was computed from 

the transit time δ. 
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Figure 1. A) Schematic representation of the microfluidic impedance chip (side view) along with 

the relevant wiring scheme. An AC voltage is applied to the top electrodes and the differential 

current collected from the bottom electrodes is recorded. B) Bipolar Gaussian template used to 

fit the experimental traces. 

 

Oil droplets optical visualization. The microfluidic chip allows for optical inspection. Images 

of the flowing droplets/beads were recorded using a high-speed camera (Photron FASTCAM 

Mini UX100, 4000 fps, 4 μs shutter time) mounted on an inverted microscope (Zeiss Axio 

Observer, 20× objective). 

 

 

Results and Discussion 

1. Oil-in-water droplets fabrication by inkjet printing 

It was initially developed a strategy to produce spherical and satellites-free FC40 picoliter scale 

oil droplets by optimizing the printing waveform (i.e. the voltage vs. time signal given as input to 

the piezoelectric actuator). In particular, mineral oil inks can have high viscosity at ambient 

conditions and their successful print is consequently possible only by employing a double pulse 

signal waveforms.28 On the other hand, the FC40 oil possesses a significantly lower viscosity 

(about 2 mPa·s at 25°C) which makes the resulting fluid to easily produce satellites if jetted 

under the conventional conditions (Figure S4), as for instance a double pulse signal 

waveforms.28 In order to solve this issue, a single pulse driving waveform was employed for the 

droplets ejection (Figure S5). In this signal pulse, the fall time (tF) is significantly increased, thus 

maximizing the negative pressure that pulls back the liquid thread towards the nozzle minimizing 

the occurrence of satellite droplets. The FC40 oil ink was spiked with 1.5% 1H,1H,2H,2H-

Perfluoro-1-octanol (PFCO) in order to facilitate the wetting of the nozzle surface. In fact, in the 

absence of surfactant, the FC40 oil droplets were not formed, but rather it was just pulsing at the 

nozzle exit. PFCO is a pseudosurfactant commonly employed to stabilize aqueous microdroplets 

in fluorous oils within poly(dimethylsiloxane) (PDMS) microdevices and does not affect surface 

tension value of FC40 oil.47  

To avoid satellite droplets, one has to keep the ejected liquid column exiting the nozzles as short 

as possible. Indeed, by using the proposed single pulse waveform at low jetting voltages (15–25 

V), it was possible to obtain almost spherical droplets with a very short tail which avoid 

formation of satellites (Figure 2A). Droplets produced by this waveform were characterized in 
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the range of the jetting voltage comprised between 15 V and 35 V (Figure 2B). As expected, it 

was possible to observe that, at the same jetting voltage, droplet speed for 1 pL droplets is 

slightly higher than the one of 10 pL, because of the lower size of the nozzle.29 As reported in the 

Supplementary Information (see Figure S6), FC40 oil droplets are characterized by a spherical 

shape and by the absence of satellites. In both cases, voltages higher than 25 V permit to obtain 

droplet speeds in the range 5-10 m/s which is known to produce good droplet directionality48 to 

direct them into the aqueous phase filled microwell (see Figure S1). 

Subsequently, pL-scale (1-10 pL) FC40 oil droplets spiked with perfluorooctanol surfactant 

(1.5% v/v) are printed inside the aqueous phase (300 µL) manually deposited inside microwells 

(Figure S1). The resulting 300 µL aliquots of oil-in-water emulsions are collected and are flown 

inside the microfluidic chip at controlled flow rate (10 µL/min). Note that the density of the 

FC40 oil is higher (1855 kg/m3) with respect to the density of the aqueous phase (around 1130 

kg/m3), so that inkjetted oil droplets can be immersed into the aqueous phase. About 25 minutes 

are needed to print the array made of 361x321 droplets, which means that about 70-80 droplets 

are printed per second and that each new inkjetted droplet impacts the water surface after about 

10 milliseconds from the previous one.  

Once single pL scale FC40 droplets are immersed in the aqueous phase, they spread at the 

water/air interface and are subjected to capillary instabilities due to surface tension gradients 

between the droplets and the aqueous phase, which potentially leads to the production of smaller 

daughter droplets whose size is proportional to the amplitude of the largest capillary wave.33 It is 

known that simultaneous impact of different droplets facilitates the onset of splashing and 

instability phenomena of water surface when droplets impact on them- this can facilitate 

daughter droplets formation.49  

As shown in the following sections, the water-soluble amphiphilic non-ionic surfactant Tween 

80 is here demonstrated to facilitate the immersion and dispersion of oil in water droplets by 

decreasing the water/air interfacial tension. Tween 80 is also known for its excellent 

biocompatibility with biomolecules and proteins and its good solubility in aqueous phase, having 

a high HLB (i.e. hydrophile-lipophile balance) value equal to 15. The surfactant is used in a 0% 

v/v - 3% v/v concentration range. Our solution container has a 300 µL volume with an interfacial 

area of about 144 mm2 (see Figure S1). Such low surface/volume ratio is a condition typically 

employed in the containers used for CMC measurements where the amount of surfactant 

molecules at the water/air interface is negligible with respect to the number of molecules in 

solution, the Tween 80 CMC resulting in values of 15-20 mg/L.50–52  By considering that the 

surfactant molecular area in a surface layer is in the range of 0.4-1.3 nm2,53,54 a total number of 

molecules of the order of 1·1014 - 3·1014 is expected to cover the whole interfacial area of our 

container. Accordingly, only for surfactant concentrations ≥ 0.003 % v/v, the number of 

surfactant molecules in the container (> 1015) would be enough to fully cover the air/water 

interface by maintaining in solution a significant number of molecules stabilizing the oil 

droplets. This threshold concentration corresponding to about 33 mg/L well agrees with the 

CMC values reported in previous reports.50–52 
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Figure 2. Inkjet printing FC40 picoliter scale oil droplets into water leads to the production 

of femtoliter oil-in-water droplets. A) Representative stroboscopic image of a 10 pL and 1 pL 

(nominal volume) FC40 oil droplet pinching-off at the nozzle. The formed liquid thread does not 

lead to satellites. B) Droplet speed as a function of jetting voltage for 10 pL (red dots) 1 pL 

(black squares) FC40 droplets.  

2. Droplet fragmentation at water-air interface lead to formation of femtoliter-scale oil 

droplets in aqueous phase. 

As summarized in Table 1, different experimental settings were considered, characterized by 

different nozzle size (1 pL and 10 pL) and Tween 80 concentration (0 % v/v - 3% v/v). Note that 

the two different nozzle sizes are those designed for our inkjet printing device, due to the sizes of 

the microchannels realized on the MEMS built-up in the inkjet cartridge, which are respectively 

of 10.5 µm and 21 µm diameter.  

The impedance detection chip allows for a bright field optical imaging and impedance 

characterization of the sample flowing through the channels. Given the significant difference in 

the electrical resistivity between the oil droplet (reported to be about 4.0 x1015 ohm·cm by the 

producer) and the aqueous phase (experimentally evaluated to be about 1 x 102 ohm·cm), it is 

possible to successfully monitor the number and size of water-dispersed oil droplets by 

monitoring the impedance traces.  

No droplets were optically observed neither electrically detected in case 1 pL FC40 oil droplets 

were printed on the aqueous phase containing 3% v/v Tween 80 (samples S1 and S2).  On the 

other hand, it was possible to perform optical and electrical characterizations of the FC40 

droplets printed as 10 pL droplets and dispersed in the same aqueous phase (3% v/v Tween 80, 

samples S3 and S4). Figure S7 reports a representative optical investigation of the relevant 

samples. It is evident that the size of a single droplet (Figure S7A) is significantly smaller in 

comparison to the one observed from the nozzle exit during 10 pL droplet formation at the 

nozzle exit, which is not smaller than the lateral size of the nozzle (21.5 µm in the case of 10 pL 

droplet). The droplets dispersed in the aqueous phase were imaged in continuous (see 

Supplementary video VS3).  Interestingly, the size is also significantly smaller than a standard 6 

µm PS bead (Figure S7B). 
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Table 1. Mean electrical diameter and CV of the droplets, along with the relevant experimental 

conditions (ND: droplets were not detected in the impedance datastream).  The presence of 

Tween 80 (in the range comprised between 0.003% and 3% v/v) and the use of the large nozzle 

(10 pL) were necessary in order to produce detectable droplets.   

Sample Nozzle size Tween 80 Mean diameter CV 

S1 1 pL 3% v/v ND ND 

S2 1 pL 3% v/v ND ND 

S3 10 pL 3% v/v 3.2 μm 15% 

S4 10 pL 3% v/v 2.9 μm 19% 

S5 10 pL 0.3% v/v 3.4 μm 15% 

S6 10 pL 0.03% v/v 3.3 μm 18% 

S7 10 pL 0.003% v/v 2.7 μm 13% 

S8 10 pL 0.003% v/v 2.8 μm 18% 

S9 10 pL 0.0003% v/v ND ND 

S10 10 pL 0.00003% v/v ND ND 

S11 10 pL - ND ND 

S12 10 pL - ND ND 

 

 

Figure 3A reports a portion of a representative impedance data stream relevant to FC40 oil 

droplets (sample S3) spiked with PS beads (6 µm size). The beads are used as internal reference 

to calibrate the gain factor G appearing in the definition of the electrical diameter. The number of 

droplets/beads detected per second is also shown (Figure 3B). It is evident that FC40 oil droplets 

produce a much smaller electrical signal (Figure 3C) in comparison to PS bead (Figure 3D); 

this is accordance with the qualitative observation of the optically detected smaller size of the oil 

droplets in comparison with PS beads. The mean electric diameter of the droplets and its CV 

turned out to be 3.2 μm and 15%, respectively.  As reported in Table 1, similar values were 

obtained also for sample S4, having the same Tween 80 concentration (3% v/v), and for the 

samples at lower Tween 80 concentration (S5 and S6 at 0.3% v/v and 0.03% v/v, respectively, 

S7 and S8 at 0.003% v/v). By contrast, it was not possible to optically observe or electrically 

detect FC40 oil droplets dispersed in aqueous phase if 10 pL-scale droplets were printed in 

aqueous phase at Tween 80 concentrations lower than 0.003% v/v (samples S9 and S10 at 

0.0003% v/v and 0.00003% v/v, respectively) or without Tween 80 (samples S11 and S12). 
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Figure 3. Single femtoliter oil droplets detected in a microfluidic chip by electrical 

impedance variations. A) Portion of a typical impedance data stream (i.e., real part of the 

differential current signal, sample S3). Two representative events relevant to an oil droplet and a 

6 μm bead are indicated with arrows and their zoom is plotted in panels C) and D), respectively. 

In panel B), the number of detected droplets [resp. beads] against time is reported in red [resp. 

blue]. 

 

Taken together, these data are a clear indication of the fact that the fragmentation process needs 

the surfactant molecules coverage at the air/water interface. In particular, a crucial aspect for this 

dynamic is the diffusion of the surfactant to the air/water interface. This process can be described 

by the Ward and Tordai equation which describes the time dependence of surfactant 

concentration at the water/air interface.55 By applying asymptotic solutions (in particular the 

short time approximation for t → 0), it is possible to correlate the surfactant concentration in 

solution with the surfactant concentration at the water/air interface as a function of time. 

Typically, in case of surfactant concentrations higher than CMC, the system shows a significant 

reduction of the surface tension with the surfactant absorption reaching a plateau value typically 

within 103-104 seconds, whereas a significantly lower decrease of the surface tension is observed 

for surfactant concentrations lower than CMC.56 This behaviour well agrees with a picture in 

which the air/water surface tension declines only slightly when the surfactant coverage of the 

air/water interface is not higher than 60% (Tween 80 concentrations lower than CMC), whereas 

it rapidly diminishes when the surfactant occupies more than 80% of the interfacial area, which 

occurs at values around or higher than the CMC.57  
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Figure 4 provides a schematic of the complex processes occurring in the investigated systems. In 

the case of pL-scale oil droplet impact onto an aqueous phase in the absence of surfactant 

(Figure 4A), the oil droplet is subjected to a high spread at the water/air interface (high water-air 

interface energy - σwater-air) which causes its thinning at the water/air interface and subsequent 

evaporation. This occurs also considering that the droplet kinetic energy (of the order of 10-11 

Kg·m2·s-2) is not sufficient to overcome the water/air interfacial energy. A similar scenario 

occurs in case of low surfactant concentrations (lower than 0.003% v/v) for which σwater-air 

remains high (Figure 4B). In this case there is again a high oil droplet spreading on the water 

surface and a lack of immersion. At lower-than-CMC tween 80 concentrations (low surfactant 

occupancy of the air/water interface and high interfacial tension), the oil droplets will not be able 

to efficiently overcome the water/air interfacial energy, and in turn the immersion process will 

not efficiently occur. On the other hand, in the case of a properly surfactant-laden aqueous phase, 

σwater-air will be significantly diminished (not higher than 40 mN/m) in comparison to the two 

previous cases, and the oil droplet spread will be significantly compromised. Moreover, the 

droplet kinetic energy will be enough to overcome the water/air interfacial energy, resulting in its 

immersion and fragmentation (Figure 4C). 
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Figure 4.   Spreading and immersion of pL-scale oil droplets impacting at Weber numbers 

(~101) at the surfactant-free or surfactant-laden water interfaces. (A). In the case of a 

surfactant-free aqueous phase, the high σwater-air causes the oil droplet to high spread and lack of 

immersion due to the high interfacial energy. Consequently, the spread oil droplets evaporate at 

the water/air interface and no daughter droplets are immersed in the aqueous phase. (B). At very 

low surfactant concentrations, the σwater-air will not be significantly reduced and a similar scenario 

will occur – i.e. pL-scale oil droplets spread with subsequent evaporation. (C). At high 

concentrations of surfactants, the σwater-air is significantly decreased and pL-scale oil droplets 

spread is also reduced. The decreased σwater-air permits the immersion and fragmentation of pL-

scale oil droplets, resulting in fL-scale oil daughter droplets immersed in the aqueous phase. 

Evaporation occurs for the remaining part of the pL-scale oil droplets not subjected to 

fragmentation. 
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3. Impedance characterization of femtoliter oil-in-water droplets   

For many applications in biotechnology, it is important to add minute amounts of surfactants in 

order to preserve the integrity of biological structures and cells.58 In this work, the lowest 

surfactant concentration at which it was possible to obtain fragmented oil droplets is 0.003% v/v 

(which is of the order of its CMC50–52). Figure 5 reports on a representative impedance 

characterization of FC40 oil droplets dispersed in the aqueous phase at 0.003 % v/v Tween 80 

(sample S8). In particular, the histogram of the electrical diameter D is reported in panel A, 

whereas the histogram of the electrical velocity V in reported in panel B, both for the droplets 

and the reference beads. As it can be noticed from Figure 5A, the histogram of the 

(monodisperse) bead population exhibits two different peaks. This is due to the positional 

dependence issue59-60 of impedance cytometry, combined with inertial focusing mechanisms.61,62  

In fact, due to electric field non-uniformity, same size particles exhibit different electrical 

diameters according to their trajectory along the channel (positional dependence).  In particular, 

with the present chip design and wiring scheme, the electric field is non-uniform across the 

channel height and the particles traveling at mid-height exhibit lower electrical diameter than 

particles traveling close to electrodes. Moreover, due to the  top-bottom asymmetry caused by 

the cross-currents,63 the electrical diameter is higher for particles traveling near the bottom 

(current-collecting) electrodes than for particles traveling near the top (stimulating) electrodes.  

On the other hand, at particle Reynolds Rep numbers greater than one, flowing particles tend to 

migrate towards specific equilibrium positions in the channel cross-section due to the inertial 

focusing, and therefore travel along preferential trajectories.61,62 In the case of conventional 

straight channels, the inertial focusing is the net result of the balance of two inertial forces, i.e. 

the lift forces arising from the curvature of the velocity profile (Fs - i.e. the shear-induced lift) 

and the interaction between the particle and the microchannel wall (Fw - i.e. the wall-induced 

lift).64 Both the two forces exhibit strong dependence upon the particle diameter a, respectively 

Fs ∝ a2  and Fw∝ a3/δ, where δ is the distance to the wall.65,66 In a square channel, there are four 

stable positions in correspondence of the middle of each wall, whereas in a rectangular channel 

the positions close to the short walls become unstable and only two equilibrium positions are 

left.64 

The two peaks in the histogram of the beads in Figure 5A correspond to two preferential particle 

trajectory heights. On the other hand, inertial focusing is not evident for the oil droplets, as 

expected due to their lower size (and hence lower Rep). These considerations are further 

supported by the histograms of the electric velocity, which shows a wider range for the droplets 

(that visit the whole cross-section) than for the beads (that are focused). The mean electrical 

diameter of the droplets and its CV are reported in Table 1. As a perspective, the source of 

variability due to the particle trajectory could be mitigated by means of recently developed  

compensation strategies.63  
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Figure 5. Representative electrical characterization of FC40 femtodroplets dispersed in 

aqueous phase at 0.003% v/v Tween 80 (sample S8). A) Histograms of the electrical diameter 

of the oil droplets (in red) and of the 6 μm beads (in blue). B) Histograms of the electrical 

velocity of the oil droplets (in red) and of the 6 μm beads (in blue). As expected, beads exhibit 

inertial focusing at two preferential heights. This is indicated by the presence of two peaks in 

their histogram of electrical diameter and by the narrow velocity range. On the other hand, oil 

droplets do not experience inertial focusing, due to their smaller size. 

 

4. Discussion 

The formation of fL-oil droplets by fragmentation at the air/water interface is based on a far-

from-equilibrium conditions by a specific sets of dynamic parameters.67 More specifically, the 

successful immersion of inkjetted oil droplets into water takes into account a quite complex 

dynamics at water/air interface involving oil droplet impact deformation on surfactant-rich 

water/oil interface, spreading, droplet breakups and immersion in the aqueous phase.68 Immersed 

oil droplets are then stabilized by the presence of the surfactant. 

Droplet impact: oil-in-water vs. water-in-oil. The interaction of a drop into an immiscible system 

is a topic of great interest not only from the fundamental understanding of the physico-chemical 

phenomena but also for the numerous technological applications such as surface coating, spray 

cooling, thin polymer films wrap up drop encapsulation.31 In particular, studies mainly consider 

two possible impact scenarios: oil drop onto an aqueous phase31 or water drop onto an oil 

phase.28 The final outcome of these two set-ups is very different.  

The impact of an oil droplet on water (considering water thickness much higher than droplet 

diameter) results in a deformation of the water surface giving rise to a crown and capillary 

waves, which propagate outward on the liquid film.49 After crown collapsing, oil droplet spreads 

on water surface on the time scale of milliseconds.69 This can be quantified by considering the 

spreading factor: 

S= σwater-air − (σoil-air + σwater-oil) 

In which σwater-air is the water-air interface energy, σoil-air is the oil-air interface energy (around 11-

12 mN/m), σwater-oil is the water-oil interface energy (typically around 20 mN/m). More 

specifically, the spreading factor of a FC40 oil droplet on water surface is always positive – i.e. 

upon impact of the oil droplet with the water film, the difference in surface tension is a driving 

force to spread the oil droplet on the water film. In particular, the higher is the values of σwater-air, 

the higher will be the oil droplet spreading and hence, the thinner will be oil film on the surface. 

Accordingly, the presence of surfactant molecules in the aqueous phase is known to reduce the 
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thinning of oil droplet on the water surface, because upon impact, the outward flow of air and 

water lead to an extension of the surface area covered by the surfactant, reducing the local 

surface concentration of Tween 80 which, in turn, leads to higher surface tension and Marangoni 

stress.31  

The opposite scenario, namely water-in-oil impact, is associated with a negative spreading factor 

which indicates that water droplet does not spread on the oil surface, given its higher surface 

tension. In particular, the interaction of a water drop onto an oil phase leads to the formation of a 

crown followed by a central jet. More specifically, the crown is a consequence of the drop 

impact on the oil. While the crown propagates radially outwards, capillarity forces emerge, 

causing the crown collapse onto the film and generating capillary waves which propagate 

radially on the film surface away from the impact point. As a result, capillary causes droplet 

retraction which forces the motion of the droplet towards the impact point leading to the 

formation of a liquid jet. After the dynamics of impact, since the water droplet has a higher 

density than the oil phase, an engulfment of the water droplet into the oil droplet will occur as 

shown in previous reports.70,28 

Accordingly, this implies that, in contrast to the rich dynamics of oil-in-water system, a pL-scale 

water droplet impacting on oil surface can ultimately adopt an equilibrium, lens-like shape 

without any fragmentation phenomena.28 We experimentally verified this by printing single 10 

pL scale water droplets containing a fluorolabeled dye into mineral oil at conditions similar to 

those of oil droplets (Figure S8).  

Droplet fragmentation and immersion. The spread oil droplet at the water-air interface is known 

to create significant surface tension gradients, in particular decrements of the water-air surface 

tension which are able to trigger surface oil droplets instability due to the spontaneous formation 

of capillary waves71 which can lead to oil breakup in resulting daughter droplets having sizes 

which can be as low as 10-20% of the initial droplet size according to experimental 

investigations on macroscale droplets, being the number and the size of the resulting droplets  

dependent from the Weber number of the droplet.33  As reported in the results, 10 pL inkjetted 

droplets gave rise to immersed oil droplets as a result of droplet fragmentation. On the other 

hand, it was not possible to detect immersed droplets derived from inkjetted 1 pL droplets. This 

result is unexpected because the values of the Weber number for both 1 pL and 10 pL droplets 

are comparable (around 50 and 70, respectively) and are known to lead, according to Lhuissier et 

al.33 to droplet immersion resulting in axial fragmentation regime upon impact with water surface 

for which the immersed drop shapes into a single ligament and fragments into few droplets (even 

up to single droplet) along the (vertical) axis of symmetry.33 Nevertheless, the result can be 

ascribed to the lower tendency of thinner spread oil film formed by 1 pL droplet (in comparison 

with 10 pL) to give rise to capillary instabilities71 which, in turn, leads to significantly fewer 

immersed oil droplets in aqueous phase or, more simply to the small size of the resulting 

daughter droplets (around 1-2 microns if scaled according to the sizes of resulting daughter 

droplets derived from 10 pL inkjetted droplets) which would be almost at the limit of resolution 

for the present impedance chip.  

Interestingly, the observed droplet size distribution of oil immersed droplets derived from 10 pL 

inkjetted droplets (Figure 5B) resembles the shape predicted by theoretical models based on 

macroscopic droplets33 according to which the normalized distribution of droplet sizes goes with 

(8/9)·(d/<d>)-4 – i.e. the droplet size rapidly decreases from the average down to larger values. 

The distribution is independent from the Weber number and can be considered as a universal law 

valid also under different dynamic regimes. The CV of droplets diameters (around 13%-19%) is 
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comparable to those obtainable from conventional emulsification approaches.14 Remarkably, the 

number of droplets produced from the fragmentation process is not a direct result of the total size 

of the inkjetted droplet –  however, in accordance to models of droplet axial fragmentation at 

these Weber number (around 101), this number is only partially correlated to the number of 

droplets which impact on the aqueous phase, because not all fragmented droplets remain in the 

receiving aqueous phase but are ejected in the air, with consequent droplet evaporation.  

Surfactant effect on the droplet immersion and stability. As previously reported by Che et al., the 

dynamics of droplet impact on a miscible liquid is significantly altered by the presence of 

surfactant molecules following a quite complex dynamics31 which depends on the surfactant 

presence in the droplet and/or in the receiving phase. In the case of surfactant-laden droplets, 

Marangoni stresses on the surface of the liquid film can enhance the capillary wave propagation 

on the surface of the receiving liquid. On the other hand, in the case of the droplet impact onto 

the surface of a surfactant-laden liquid, the spreading of the droplet is partially inhibited because 

of the reduction of σwater-air.
31 These observations permit to better elucidate the fundamental 

mechanisms played by the surfactant molecules during the impact and the subsequent immersion 

of fragmented oil droplets into the aqueous phase. Remarkably, droplet downsizing from 

macroscale to microscale plays an important role in this regard. 

Whereas macroscale droplets which have a Bond number approaching 1 (defined as 𝐵0 =
𝜌𝑔𝑙2

𝜎
, 

where 𝜌 [Kg/m3] is the density, 𝑔 [m/s2] is the gravity acceleration, 𝑙 [m] is the characteristic 

length and 𝜎 [N/m], is the surface tension), microscale droplets are characterized by a 

significantly lower Bond number (10-4-10-5), and thus the droplet immersion is not dependent by 

gravitational contribution but quite exclusively by surface tension forces. It is important to note 

that in order for the spread oil droplet to be immersed in the aqueous phase, its kinetic energy has 

to overcome the water/air interfacial energy,11 otherwise it fails to separate from the water-air 

interface, with consequent complete spreading on the interface and evaporation which can be 

estimated to occur on the hundreds of milliseconds time scale.  

In the current reports dealing with macroscale droplets impact on fluids, surfactant effect is not 

critical for the oil droplet immersion in the aqueous phase.31 It is known that the presence of 

surfactants is able to mitigate the speed of the capillary waves because of the reduction of σwater-

air which would in principle decrease the onset of oil droplets fragmentation.   

On the other hand, in the case of micron-sized oil droplets emulsification produced by inkjet 

printing, the presence of the surfactant is essential. In fact, it was not possible to detect any oil 

droplets when immersing inkjetted droplets in the surfactant-free aqueous phase. This result can 

be explained as a consequence of the coalescence of FC40 oil droplets once immersed in the 

aqueous phase when in the absence of surfactant. Indeed, whereas the dynamics of droplet 

fragmentation can benefit by the lack of Tween 80 at the water/air interface due to the triggering 

of higher speed capillary waves, on the other hand the stabilization of immersed micron-sized 

droplets strictly depends upon the presence of surfactant agent in the aqueous phase, as a 

remarkable difference with respect to macroscale daughter droplets. In addition, it is not possible 

to exclude that in the absence of Tween 80, FC40 oil droplet is subjected to a more significant 

thinning on the water surface with respect to the surfactant-rich surface due to the higher 

spreading factor. The higher oil thinning can finally reduce the thickness of the oil film and thus, 

similarly to 1 pL droplets, the possibility to generate capillary waves and then daughter droplets 

in the aqueous phase.  

 

Conclusions 
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This study reports an unprecedented droplet fragmentation based approach for the production of 

surfactant stabilized fL-scale oil droplets dispersed in the aqueous phase from the direct inkjet 

printing of pL-scale droplets in the aqueous phase. The success in the direct immersion of 

micron-sized oil droplet in an aqueous phase is strictly dependent on two factors: the density of 

the oil phase has to be sufficiently large in comparison to the density of the aqueous phase; the 

droplet kinetic energy has to be high enough to overcome the opposing water/air interfacial 

barrier.  In the specific case of oil-in-water emulsions, electrical impedance allows for the 

detection of oil droplets at the single level, permitting to count the number of oil droplets per 

volume and characterize their diameter with size detection limit up to few microns. The oil 

droplets can be formed at low concentrations of non-ionic mild Tween 80 surfactant (as low as 

0.003% v/v) which opens interesting perspectives for applications where the surfactant 

concentrations have to be kept as low as possible. The oil droplet sizes (typically around 3 

microns range) are readily measured by electrical impedance at rates as high as some tens of 

events/second. In principle, this fragmentation method can be extended to other liquid/liquid 

systems, by meeting the above defined criteria - i.e. the density and surface tension gradient 

between the two different phases.  The study presented herein is a step forward to the high-

throughput, low cost, low energy consumption fabrication of fL-scale oil-in-water emulsions. 

These results can find immediate applications for the scalable encapsulation of fluids by 

surfactant thin films to produce at high speed and in an automatable approach, isolated oil sub-

cellular scale microcompartments dispersed in an immiscible continuous phase. In addition, a 

more in-depth control of the droplet dynamics during the fragmentation phenomena at the 

water/air interface might permit to achieve droplets of different sizes, like for instance the same 

size of the inkjetted droplet at lower We, or higher number of fragmented droplets at 

significantly higher We (102) resulting from azimuthal droplets, allowing a truly scalable and 

tailored production of droplets in immiscible phases. 
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