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Water-in-oil droplet array fabrication

The experimental conditions for inkjet printing operation can be better visualized in Figure 

S1 in which the inverse of Ohnesorge number (Z = 1/Oh) is plotted against the Reynold 

number according to Derby1. Ohnesorge (Oh) and Reynold (Re) numbers are given by: 

𝑂ℎ =
𝜇

𝜌𝜎𝐿
  𝑅𝑒 =

𝜌𝑣𝐿
𝜇

Where

ρ is the liquid density (g/cm3)

σ is the surface tension (dyne/cm)

L is the characteristic length scale (i.e drop diameter)

v is the velocity of the fluid (m/s)

μ is the dynamic viscosity of the fluid (cP)

Whereas Oh relates the viscous forces to surface tension forces, Re relates the inertial 

forces to the viscous forces. 

The red dot in the Scheme 1 defines the experimental conditions of the liquid ink here used 

(100 mM potassium phosphate, 0.05 % tween 20). The low viscosity of the aqueous ink 

determines satellites which would render the printing process not reproducible. On the 

other hand, the grey dot corresponds to the experimental condition of the mineral oil, 

which has high viscosity and low density, respectively 30.0 cP and 0.82 g/cm3.

https://en.wikipedia.org/wiki/Mu_(letter)
https://en.wikipedia.org/wiki/Dynamic_viscosity
https://en.wikipedia.org/wiki/Fluid


Fig. S1. Printing regimes in inkjet printing. The coordinate system defined by the Reynolds 
and Ohnesorge numbers illustrate the regime of fluid properties in which inkjet printing is 
possible. Red and grey dot represent experimental points for, respectively, aqueous ink and 
mineral oil.

Inkjet printing dispensing of mineral oil was easily accomplished by standard double pulse 

waveforms, increasing ink temperature at 33 °C in order to reduce dynamic viscosity (30 cps 

at 25 °C)  obtaining droplets with long tails (> 200 µm) having velocities in the range 5 to 15 

m/s (Fig. S1).

The assembly of mineral oil droplets arrays on glass surfaces is easily accomplished (Fig. S1-

S3) by employing conventional piezoeletric waveforms (Fig. S2). In the initial stage piezo is in 

a neutral or relaxed position in which chamber is at its maximum volume. During the rise 

time (tR) voltage is increased, causing a deflection in the piezo which pulls the fluid to the 

nozzle exit in order to form the droplet. The time at which the piezo is stable in a deflected 

state is called dwell time tD. During fall time (tF), the piezo voltage is decreased in order to 

pinch-off droplet at the nozzle exit. Remarkably, the relative relaxation of the piezo in 

during tF permits to pull the liquid thread back in the nozzle.



Fig. S2. Conventional double pulse waveform. 

Fig. S3. Mineral oil droplet dispensing. (a). Stroboscopic images of 10 pL (nominal volume) 
mineral oil droplet pinching-off at nozzle at 25 °C (left) and at 33 °C (right). (b) Droplet speed 
(m/s) versus Jetting Voltage (V) for mineral oil droplet dispensing by double pulse 
waveforms at increasing temperature (31 °C – 37 °C).

Aqueous ink dispensing required a more careful investigation. In order to allow the printing 

process of such low viscosity ink, we optimized the waveform signal in order to avoid 

satellites formation. There are two possibilities to avoid this. The first case occurs when the 

liquid thread ejected from the nozzle breaks up, and then the satellite and primary drop 

recombine to form a single drop2. This condition is not considered in this work and, thus, it 



will be omitted in the discussion.  The second case is constituted by the contraction of the 

liquid thread ejected from nozzle in single droplet without phenomena of multiple 

breakups. We preferred to choose this method to better control droplet generation allowing 

for more reproducible results. In this case, the liquid thread ejected from the nozzle is able 

to contract into a single drop without breaking up if the length of liquid thread at pinch-off, 

lb, does not exceed a limiting value lb* as from the following equation2,3: 

𝑙𝑏

𝑅𝑛𝑜𝑧
< 𝜁

1
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Where

Rnoz is the radius of the nozzle;

ζ = (C2-C1)·a is a measure of the times difference for the formation of the droplets at the 

nozzle exit C1 and at complete pinch-off C2, being a constant value. ζ is usually comprised 

between 0.9 and 1.1;

αmax
* is given by the following expression:
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From this model, it turns out that for our aqueous ink, by considering that tween-20 

decreases surface tension up to 35 mN/m, we obtain that Oh is almost 0.036 and   is 𝛼 ∗
𝑚𝑎𝑥

equal to 0.756 which determine a  ratio of about 3.5. This means that in order to avoid 

𝑙 ∗
𝑏

𝑅𝑛𝑜𝑧

satellite formation, it is necessary to have a liquid length while pinching off at nozzle of not 

more than 60 µm, since radius of the nozzle is about 21 µm.



Double pulse waveform used for mineral oil dispensing produced long liquid thread (> 60 

µm), so determining, as expected, a high number of satellites droplets (see Figure S4). 

Fig. S4. Stroboscopic image of 10 pL (nominal volume) Alexa 647 droplet (40 nM, 0.05% 
Tween-20) pinching-off at nozzle during emission (16 V) by double pulse waveform. Satellite 
droplet is marked in the red circle.

Fig. S5. Stroboscopic images of Atto-655 biotin (BTN*) (40 nM, 0.05 % tween 20) droplet 
dispensing by double pulse waveforms at various voltages (16 V – 22 V – 28 V). At each 
voltage, stroboscopic picture is taken while droplet is pinched-off (left figure) and when it 
reached 1000 µm to better show multiple breakups.  Satellites droplets are encircled.  

In order to avoid satellites formation during aqueous ink dispensing, we needed to tune 

waveform signal for reducing liquid length while pinching off at nozzle at values minor than 



60 µm. To achieve that, we adapted a single pulse waveform signal (Fig. S5) instead of the 

conventional double pulse waveform (Fig. S3) in such a way to:

1. Increase the rise time (tR) (which passed from 1 µs of double pulse waveform to 

2.93 µs of single pulse waveform) in order to favour droplet formation at the nozzle.

2. Increase the fall time (tF), i.e. the time at which the piezo voltage is decreased in 

order to pinch-off droplet at the nozzle exit. As to do so, we showed the possibility 

to decrease the onset of multiple breakup phenomena in the liquid thread 

minimizing the occurrence of satellite droplets4. We fixed fall time (tF) to 16.9 µs – 

to be compared with 4.92 µs of double pulse waveform.

Fig.S6. Single pulse waveform specifically suited for aqueous inkjet printing. 

We then investigated the liquid thread length while pinching-off at nozzle as a function of 

jetting voltages by using single pulse waveform signal pulse (Fig. S6). As clearly shown by 

stroboscopic figures (Fig. S7.A), low-to-intermediate jetting voltages (16 V - 22 V) allow for 

short liquid threads (minor than threshold of 60 µm) that rapidly coalesce into spherical 

droplets, whereas high voltages (28 V) determine liquid threads longer than threshold which 



are prone to breakups and satellite formation. For this reason, we identified low voltages as 

the optimal condition for aqueous ink dispensing at velocities (around 6 m/s – see Fig. S7.B) 

sufficient for encapsulation into mineral oil droplets. Remarkably, droplet velocities are 

quite well distributed among different nozzles of the same print head (Fig. S7.C).

Fig. S7. Atto-655 biotin droplet dispensing by single pulse waveforms. (a) Stroboscopic 
images of 10 pL (nominal volume)  BTN* (40 nM, 0.05 % tween 20) droplet pinching-off at 
nozzle at 16 V, 22 V and 28 V (left picture for each voltage), or when it reached almost 300 
µm in the trajectory from nozzle. Satellites droplets are encircled.  (b) Droplet speed (m/s) 
versus Jetting Voltage (V) for BTN* (40 nM) droplet in absence of STV (blu dots) or in 
presence of Streptavidin 10 nM (red dots). (c) Droplet velocity as a function of jetting nozzle 
for BTN* (40 nM) solution dispensing.



RICS experimental results

Fig. S8. RICS on Alexa 647 solution on 500 µL volume in microwell plates and on 100 nL 
droplets manually deposed. Spatial autocorrelation functions and relative fits with residuals 
of of Alexa 647 (20 nM) in microwell plates (a) and on 100 nL droplets (b).



Fig. S9. Atto-655 biotin binding to STV  obtained from measurements on 500 µL volume 
samples in microwell plates. Typical spatial autocorrelation functions and relative fits with 
residuals of of Atto655-biotin (BTN*) (20 nM) (a) and of the Streptavidin-Atto655-biotin 
(STV-BTN*) complex (b) obtained from microwell plates. In (c), histograms showing diffusion 
coefficient distribution for BTN* (light blue bars) and STV-BTN* complex (pink bars) 



obtained from measurements in microwell plates. Black lines representing Gaussian 
distributions centered at D mean values are reported as an eye guidelines.

Fig. S10. Atto-655 biotin binding to STV in 100 nL droplets. Spatial autocorrelation functions 
and relative fits with residuals of BTN* (20 nM) (a) and of the STV-BTN* complex (b) 
obtained from 100 nL aqueous droplets. In (c), histograms showing diffusion coefficients 
distribution for BTN* (light blue bars) and STV-BTN* complex (pink bars) obtained from 



measurements in 100 nL aqueous droplets. Black lines representing Gaussian distributions 
centered at D mean values are reported as an eye guidelines.

Volume (nL) Diameter (µm) Area (µm2) Roundness

100
220 ± 30 38000 ± 8500 0.88 ± 0.01

10-1
90 ± 10 6200 ± 400 0.82 ± 0.02

Table S1. Comparison of droplet diameters, areas and roundness inkjet printed at different 
volumes (100-10-1 nL) in 10 nL mineral oil droplets. Values are averaged from 10 different 
aqueous droplets.

Volume 
(nL)

D (BTN*) 
(µm2/s)

G(0) D (STV-BTN*)
 (µm2/s)

G(0)

5·104 260.7±60.6 0.015±0.003  57.9±8.9  0.012±0.002

102  252.4±50.1 0.012±0.002  54.8±9.1  0.013±0.002

100  254.4±51.1 0.018±0.002  60.7±10.5  0.015±0.003

10-1 (*)  220.4±51.8 0.014±0.003  45.2±14.6  0.015±0.003

Table S2. Comparison of average diffusion coefficients (D) and G0 values obtained from ten 
measurements on samples of different volumes (5·104 – 100 nL). (*) Average of five 
measurements. 



Fig. S11. Spatial autocorrelation functions and relative fits with residuals of of BTN* (40 nM) 
(a) and of the STV-BTN* complex in presence of the stechiometric amount of STV (10 nM) 
(b) obtained from measurements on 100 nL droplets.



Fig. S12. Spatial autocorrelation functions and relative fits with residuals of BTN* (20 nM) 
(a) and of the STV-BTN* complex in presence of the stoichiometric amount of STV (10 nM) 
(b) obtained from measurements 1 nL droplets.



Fig. S13. Competitive inhibition reactions in 100 nL droplets. (a) 256x256 representative 
fluorescence confocal images of 100 nL drops injected in oil matrices. All aqueous droplets 
contain 40 nM BTN* -10 nM STV. [BTN]/[BTN*] ratio is progressively increased in the 
droplet - corresponding to [BTN] values of 40 nM, 80 nM, 160 nM, 240 nM and 320 nM. 
Drop on the right contains free BTN* as reference. Scale bar is equal to 100 µm. (b) Average 
fluorescence intensity measured in the droplets.  (c) Diffusion coefficients obtained from 
one component RICS analysis as a function of molar fraction between BTN and BTN*. (d) 
Normalised amplitude G1(0)/G(0)  (red dots) and G2(0)/G(0)  (blue dots).

Two components fit in RICS

From FCS analysis, it is typically possible to extract the amplitude of the autocorrelation 

function value G(0) which is inversely proportional to the total concentration of molecules in 

the analysed sample. In case of the analysis of multiple species, the value G(0)  can be 

expressed as the sum of two different G values, G1(0)  related to the “slow” Atto 655-biotin 

species which are STV-BTN (BTN3*), STV- BTN2(BTN2*), STV- BTN3(BTN *) and STV-(BTN4*), 



and G2(0) ascribed to the “fast“ unbound Atto655-biotin (BTN*) species. This is accordance 

with the equation expressing the autocorrelation function in multicomponents models5:

𝐺(𝑡) =  
�̅�2

1

(�̅�1 + �̅�2)2
 𝐺1(𝑡) +  

�̅�2
2

(�̅�1 + �̅�2)2
 𝐺2(𝑡)

in which   being  the concentration of molecules of type 1 (for example the �̅�1 = 𝑄1�̅�1 �̅�1

unbound species) and  is a measure of the molecular brightness.𝑄1

From RICS it is also possible to carry out multicomponent analysis as described by Ilaste et 

al.6 who derived an analytical expression for autocorrelation function in case of two 

diffusing species with different diffusion coefficients. From their expression, it is possible to 

obtain:

𝐺(0) =  
𝛾

(�̅�1 +  �̅�2)2
∙ (�̅�1 +  �̅�2)

In which  and  are the concentrations of the species having molecular diffusion D1 and �̅�1 �̅�2

D2. By defining  and the molar fraction = , it is possible to obtain:
𝐺(0) =

𝛾
�̅�1 +  �̅�2 𝜒𝑖

�̅�𝑖

�̅�1 +  �̅�2

𝐺(0) =  𝐺(0)
�̅�1

�̅�1 +  �̅�2
+  𝐺(0)

�̅�2

�̅�1 +  �̅�2
  

Which finally gives:

𝐺(0) =  𝐺(0) ∙ 𝜒1 +  𝐺(0) ∙ 𝜒2

This can be rewritten as:

𝐺(0) = 𝐺(0)1 +  𝐺(0)2

In which we define G1 =  as the  value for the slow diffusing species - i.e. Atto 655  𝐺(0) ∙ 𝜒1 𝐺(0)

biotin is bound to streptavidin and G2 = as the  value for the rapid diffusing  𝐺(0) ∙ 𝜒2 𝐺(0)

species- i.e. free Atto 655 biotin.
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