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Microfluidic schemes for forming uniform aqueous microdroplets usually rely on contacting the aqueous
liquid (dispersed phase) with an immiscible oil (continuous phase). Here, we demonstrate that the oil can
be substituted with gas (nitrogen or air) while still retaining the ability to generate discrete and uniform
aqueous droplets. Our device is a capillary co-flow system, with the inner flow of water getting peri-
odically dispersed into droplets by the external flow of gas. The droplet size and different formation mod-

f/f,y Wof;d,sé_ es can be tuned by varying the liquid and gas flow rates. Importantly, we identify the range of conditions
Drlg;?e; 1aies that correspond to the “dripping mode”, i.e., where discrete droplets are consistently generated with no

satellites. We believe this is a significant development that will be beneficial for chemical and biological
applications requiring clean and contaminant-free droplets, including DNA amplification, drug encapsu-
lation, and microfluidic cell culture.

Dripping mode

© 2015 Elsevier Inc. All rights reserved.

even computing logic units [9]. Droplets are usually formed by
contacting two immiscible liquid streams within the device: e.g.,

1. Introduction

Conventional droplet microfluidics involves the formation of
discrete microscale droplets within microchannels [1,2]. Droplets
generated by microfluidics tend to be very uniform in size, and
their high surface-to-volume ratios allow for rapid diffusion and
heat transfer with their surroundings [3]. Accordingly, such dro-
plets have been explored as microreactors or assay containers
[4,5], templates for particle synthesis [6], cell carriers [7,8], and
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a stream of water (dispersed phase, DP) and a stream of oil (con-
tinuous phase, CP). At the meeting point of the streams (e.g., at a
T-junction), the CP induces shear forces that pinch off the DP into
individual droplets. The resulting aqueous droplets are transported
within the oily CP, with surfactants in the CP stabilizing the inter-
face and thus preventing coalescence of adjacent droplets [2,3].
Thus far, the use of a liquid as both continuous and dispersed
phases is considered foundational in the field of droplet microflu-
idics. However, several limitations arise due to the use of immisci-
ble liquids. For example, in the case where aqueous droplets are
crosslinked into microparticles or microgels, the particles still need
to be washed to remove residual oil from their surfaces. Often,
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multiple washing steps are required, and these steps almost
always have to be conducted off-chip. This is especially problemat-
ic if the particles are employed to encapsulate biological payloads
such as cells or proteins - the washing steps can then negatively
impact the viability of the encapsulants. In other cases, the
water/oil interface constrains the utility of the on-chip droplets.
For example, during DNA amplification within droplets via the
polymerase chain reaction (PCR), it is known that the key enzyme
involved in polymerizing DNA (Taq polymerase) irreversibly binds
and denatures at the water/oil interface, thus reducing the efficien-
cy of amplification [5]. Moreover, surfactants that are added to the
continuous phase for droplet stabilization can act as a source of
contamination, with adverse effects for biological and chemical
assays [3].

In this paper, we investigate an alternative to conventional dro-
plet microfluidics, in which gas (nitrogen or air) is used to replace
oil as the CP fluid. In this water-in-gas (W/G) approach, aqueous
droplets are generated within a gaseous continuous phase, thereby
ensuring that the droplets are inherently free of oil and surfactant
contamination. Our focus is on establishing a microfluidic W/G
platform that offers robust and repeatable operation, stable gen-
eration of individual droplets at periodic intervals, and precise con-
trol of droplet size. Toward this end, we have constructed a device
based on concentric glass capillaries with their inner surfaces ren-
dered hydrophobic. Water (DP) is sent through the inner capillary
while gas (CP) flows through the outer surrounding capillary. At
the meeting point of the streams, uniform water droplets are pro-
duced, with the size and periodicity of the droplets controlled by
the water and gas flow rates. The droplets remain intact while trav-
eling downstream, allowing them to be further manipulated or col-
lected for analysis. We find that discrete droplets with no satellites
are produced for a set of flow rates, and we map out the different
droplet formation regimes.

To our knowledge, W/G droplet generation within microfluidic
devices has not yet been studied systematically, and is not current-
ly used by most researchers. This is possibly due to a lack of sys-
tematic guidelines for producing uniform droplets in W/G setups.
It should be noted, though, that the dispersion of liquid streams
into droplets using air has been widely studied for applications
in ink-jet printers, sprayers and atomizers [10-12]. However, the
droplets in those cases are dispersed into open environments,
not in microchannels. Also, processes like atomization produce a
wide distribution of droplet sizes rather than a uniform population.
More recently, a few studies have been published on contacting
water and gas streams within enclosed microfluidic devices
[13,14] and inside the flow channels of polymer electrolyte mem-
brane fuel cells [15,16]. While these studies have clarified the
underlying physics, their focus was not on forming uniform dro-
plets. Here, we work with a microfluidic setup and flow conditions
(relatively low gas velocities, i.e., below 3 m/s) that are different
from previous studies. Our main interest is in establishing guideli-
nes for the generation of uniform aqueous droplets of a given size.

2. Results and discussion

The microfluidic device used for W/G droplet formation consists
of a capillary co-flow generator connected to a long downstream
flow pathway, as shown in Fig. 1A. The device is fabricated by
inserting an inner capillary into a larger outer capillary to form a
simple co-flow device (both capillaries are made out of fused
quartz) [17,18]. The dispersed liquid phase (W) is introduced
through the inner capillary while the continuous gas phase (G)
flows through the outer capillary. Both phases flow in the same
direction, and the two meet at the tip of the inner capillary, pro-
ducing aqueous droplets (Fig. 1B).

Flow
Direction

Forming Droplet

Fig. 1. Microfluidic device used in this study for generating liquid droplets using
gas as the continuous phase. The device is configured with an inner glass capillary
(50 pm ID, 80 um OD) inserted co-directionally into an outer glass capillary
(300 um ID). The inner surfaces of both capillaries are rendered hydrophobic. Liquid
(water) is introduced through the inner capillary as the dispersed phase (DP) while
gas (nitrogen) through the outer capillary phase serves as the continuous phase
(CP). At the tip of the inner capillary, uniform liquid droplets are formed
periodically and these are broken off and carried away by the gas flow. (A) is a
schematic of the device while (B) is a photograph of the device in operation. The
photograph shows the liquid droplet right before it breaks off from the capillary tip.
Dotted lines in the photograph indicate the sidewall boundaries of the outer
capillary.

The wetting behavior of the channel wall is critically important
for stable W/G droplet generation. In conventional W/O or O/W
droplet generation, the surface chemistry of the channel walls is
engineered to promote wetting of the continuous phase, with a
hydrophobic surface for W/O droplets or a hydrophilic surface for
O/W droplets. Thereby, contact between the dispersed phase and
the channel walls is minimized or eliminated. However, in the case
of W/G droplet generation, the low density of the gas phase cannot
prevent direct contact between the aqueous droplets and the
channel wall. Hence, it is critical for the channel wall to be highly
non-wetting to the dispersed (W) phase. We therefore treated the
capillaries with octadecyltrimethoxysilane, an 18-carbon long
silane that anchors to the silanols on the surface of the glass
(quartz) capillary while presenting a dense layer of hydrophobic
alkyl groups to the aqueous droplets. It should also be noted that,
due to the lack of a lubrication layer, imperfections in the channel
walls can exert drag on the droplets, disturbing and potentially
breaking them into smaller satellite droplets. In that context, our
quartz capillaries are relatively smooth and present minimal
surface roughness and imperfections.

Droplet formation is initiated by injecting the dispersed phase
(W) through the inner capillary, with the flow rate controlled by
a syringe pump. We added sodium fluorescein (0.1 wt%) to the
water to allow visual monitoring of the droplets by a fluorescence
microscope. The continuous phase (G) is delivered from a tank of
compressed nitrogen (or air) with pressure controlled by a regula-
tor. An in-line mass flow sensor is used to measure the gas flow
rate during experiments. Typical flow rates of the liquid (W) phase
are around 500 nL/min whereas the flow rates of the gas (G) are
about 10,000 times higher, i.e., around 5 x 10° nL/min.

It is worth discussing the constraints on gas flow rates in the
present system. In conventional W/O or O/W microfluidic droplet
generation, the W and O fluids meet at a junction where droplets
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are produced through a balance between viscous stresses acting on
the emerging droplet and interfacial tension [3,19,20]. Due to high
liquid viscosities, the viscous stresses are relatively high even at
low flow rates of the CP, and so the forces necessary for droplet for-
mation are readily achieved. However, in the case of W/G droplet
generation, the low viscosity of the gas (CP) results in lower vis-
cous stresses on the emerging liquid droplet under identical flow
conditions. To achieve stresses that are sufficiently large to induce
the formation of discrete liquid droplets, the gas flow rate must be
increased without exceeding a value beyond which atomization of
the droplet occurs [10]. This sets the range for the gas flow rates
used here.

Our experiments show that near-monodisperse populations of
aqueous droplets are formed over a range of liquid and gas flow
rates (SI Movie 1). The droplets in this case have consistent vol-
umes and well-defined periodicity. Fig. 2A shows a series of images
revealing the droplet formation process in this case, which we term
the “dripping mode” due to its similarity to a mode of the same
name in conventional W/O or O/W droplet formation [3]. As the
liquid emerges out of the tip of the inner capillary, it develops a
characteristic near-spherical profile due to the surface tension of
water (Image AO). Thereafter, as the liquid at the capillary tip
increases in volume, the gap between the liquid surface and chan-
nel walls reduces, leading to a rapid increase in viscous stress on
the liquid (Images A1, A2). When the viscous stress exceeds the
interfacial tension holding the liquid to the tip of the inner capil-
lary, the droplet is pinched off and emitted from the tip before

(A) Dripping Mode:
Liquid: 400 nL/min; Gas: 9.6 x 108 nL/min

Clean Side Wall

Higher gas flow rate:
Primary droplet fills part
of channel; no satellites

being carried downstream by the gas (Image A3). Under certain
flow conditions, the droplet can fill the entire channel prior to
pinch-off, as shown previously in Fig. 1B. In this case, a thin gap
supporting gas flow past the liquid volume must remain until the
droplet is released from the inner capillary.

We have identified two primary droplet formation modes over
the range of flow rates explored here. The first is the dripping mode
described in Fig. 2A and SI Movie 1, which leads to uniform dro-
plets. A second is the “satellite-forming mode” where large poly-
disperse primary droplets are generated alongside smaller
satellite droplets (Fig. 2B and SI Movie 2). In the latter mode, which
occurs at high liquid and low gas flow rates, each emerging aque-
ous droplet is broken into multiple smaller droplets. The image
sequence in Fig. 2B shows that the initial part of this mode is simi-
lar to that of the dripping mode, with a near-spherical volume of
liquid emerging from the inner capillary tip (Image BO). However,
after growing to a certain size, the primary droplet splits into
smaller satellite droplets (Images B1, B2). Because the majority of
the satellite droplets are much smaller than the outer capillary dia-
meter, the gas cannot exert sufficient momentum to carry these
droplets downstream and they can become attached to the side-
wall before evaporating or merging into a subsequent primary
droplet.

Phase diagrams displaying the flow conditions leading to each
mode of droplet formation are presented in Fig. 3. These data corre-
spond to liquid flow rates from 200 to 800 nL/min, while the gas
flow rates were between 3.2 x 10° and 12.8 x 10° nL/min. The

(B) Satellite Forming Mode:
Liquid: 400 nL/min; Gas: 4.8 x 108 nL/min

Side Wall with Satellite Droplets

Lower gas flow rate:
Primary droplet fills entire
channel; satellites formed

Fig. 2. Time-lapse photographs depicting the two different W/G droplet formation modes. (A) Dripping Mode: In this mode, discrete, uniform droplets of water are formed
periodically (see SI Movie 1). The water droplet grows at the tip of the inner capillary (A0-A2) before it is pinched off (A3) and carried away by the flow of gas. Note that the
sidewall of the outer capillary remains clean in this case, i.e., no droplets remain attached to it. (B) Satellite-Forming Mode: This mode occurs at lower gas flow rates than in the
dripping mode. In this case, the droplet formed at the capillary tip is not stable and portions of the growing droplet (B0-B2) break up into smaller satellites (see SI Movie 2).
Note also that the satellite droplets tend to get stuck on the capillary sidewall. Scale bars are 300 pm in all images. Schematics of the two modes are shown below the

photographs.
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Fig. 3. Phase diagrams showing the W/G droplet formation modes under different gas and liquid flow rates. (Left) Plot of the primary droplet volume vs. the gas (CP) flow rate
for different values of the liquid (DP) flow rate. (Right) Plot of the liquid (DP) vs. gas (CP) flow rates. In both figures, the dashed line demarcates the transition from the
dripping mode to the satellite-forming mode. Note that the dripping mode occurs at higher gas flow rates.

estimates of primary droplet volume are obtained from the known
aqueous flow rates and measurements of the primary droplet fre-
quency. A key finding from Fig. 3 is that, for a given liquid flow rate,
increasing the gas flow rate causes a transition from the satellite-
forming mode to the dripping mode. The transition is reversed by
decreasing the gas flow rate, with no observed hysteresis (SI Movie
3). The satellite-forming mode thus occurs at lower gas flow rates,
with a strong dependence on the gas:liquid flow rate ratio. This
observation contrasts with liquid-in-liquid droplet formation,
where satellite droplets occur only in a “jetting mode” at high flow
rates of the continuous phase due to droplet destabilization from
excessive viscous forces [2]. While similar jetting mode behavior
has been observed in liquid-gas droplet generators at high gas flow
rates (this is akin to atomization) [ 14], the formation of satellite dro-
plets at low gas flow rates has not been previously reported to our
knowledge.

Over the range of flow rates explored in this work, the dripping
mode is the dominant regime, supporting the stable formation of
monodisperse aqueous droplets with average diameters in the
range between 250 and 320 pm. As seen in Fig. 3, droplet size
within the dripping mode is relatively insensitive to liquid flow
rate, particularly at higher values of this parameter. This behavior
is different from W/O or O/W droplet generators, where droplet
size is largely a function of flow rate ratio [21,22]. Note that as
the gas flow rate is lowered, the primary droplet increases in vol-
ume and increasingly fills up the volume of the channel.

The transition between dripping and satellite-forming modes
occurs in the limit when the primary droplet fills up the entire
channel, i.e., when the primary droplet diameter d is (slightly)

(A) Dripping

(B) Satellite-Forming

larger than the channel diameter D = 300 um. (Note that a spheri-
cal droplet of 300 um diameter has a volume of 13.7 nL. For higher
d, the droplet at the capillary tip is elongated into a plug before
pinch-off; see schematic in Fig. 2). As the droplet size approaches
this limit, the gas flow path is nearly completely occluded, but
there remains a small gap h between the droplet boundary and
the channel walls. At this stage, the hydrodynamic inertial and
pressure forces acting on the drop become very high since these
forces ~(D/h)* [13,14]. In other words, the smaller the gap h
between the channel and the droplet, the larger these forces, which
counteract the surface tension forces that keep the droplet
attached to the tip of the inner capillary. Overall, this is an unstable
scenario and it results in the formation of satellites in addition to
the primary droplets. Our observations suggest that there is an
upper limit to the size of uniform droplets that can be produced
in the dripping mode using the W/G approach. To a first
approximation, this upper limit is simply dictated by the channel
dimensions and it can be varied by altering the diameter of the
outer capillary.

Droplets formed under both the dripping and satellite modes
were collected off-line by immersing the outlet of the outer capil-
lary into an external glass vial filled with hexadecane mixed with
2 wt% of the nonionic surfactant Span 80. The aqueous droplets
remain stabilized against coalescence in the vial. Droplets formed
in the dripping mode are highly uniform in size, forming a
hexagonal-close-packed array when observed under an optical
microscope (Fig. 4A). These droplets have an average diameter of
262 pm, with a standard derivation of only 3 pm (Fig. 4, right
panel). The uniformity of these droplets not only demonstrates
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Fig. 4. Microscopic images and size distributions of aqueous droplets generated in the dripping and satellite-forming mode. At the capillary outlet, droplets stained with a
fluorescent dye are collected in a vial filled with oil and surfactant. The resulting droplets are imaged by optical microscopy and images of droplets are shown for (A) dripping
mode (liquid flow rate 800 nL/min, gas flow rate 12 x 10° nL/min) and (B) satellite-forming mode (liquid flow rate 400 nL/min, gas flow rate 4 x 10° nL/min). In the panel on
the right, the size distributions of droplets in (A) and (B) are plotted as histograms, with the data corresponding to a sample size of 100 droplets in each case.
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the controlled nature of the dripping mode, but also reveals that
droplets remain intact and discrete as they travel down the chan-
nel to the capillary exit. This latter point is consistent with optical
observation of the entire process (SI Movie 4). On the other hand,
droplets within the satellite-forming regime are polydisperse
(Fig. 4B) and widely distributed in size (Fig. 4, right panel).

3. Conclusions

We have demonstrated the continuous production of uniform
aqueous droplets in a surrounding gas (nitrogen or air) stream
within a microfluidic capillary co-flow device. Controlling the wet-
ting properties of the capillaries is crucial for successful droplet
formation. Droplet formation follows two modes: dripping and
satellite-forming. We have constructed phase diagrams from
experimental data identifying the flow rates associated with each
mode. The transition from dripping to satellite-forming mode
occurs when the gas flow rate is lowered, and it seems to correlate
with the occlusion of the entire channel by the growing liquid dro-
plet. Thus, this transition depends on the flow rates as well as the
dimensions of the channel (outer capillary). Our work provides
guidance for further investigations of liquid-in-gas droplet
formation. Potential future directions include in situ droplet
polymerization into solid or gel-like microparticles, and the use
of droplets as microreactors and containers for biological assays.
In all these cases, the utility of our approach lies in the ability to
generate droplets that are free from oil and surfactant contamination.
This approach could also be used to generate uniform droplets of
other liquids, including polar ones like alcohols or nonpolar ones
like hydrocarbons. The key will be to tailor the surface properties
of the channel walls such that it is non-wetting to the liquid at hand.

4. Materials and methods

Octadecyltrimethoxysilane, sorbitan-monooleate (Span 80),
hexadecane and sodium fluorescein were obtained from
Sigma-Aldrich. All chemicals were used as received. Fused quartz
capillaries of different diameters (50 wm ID/80 pm OD and 300 pm
ID/400 pm OD) were purchased from VitroCom. All capillaries
were modified to be hydrophobic by immersion into a 0.1 M HCl
solution for 30 min at 70 °C, rinsing with DI water, and drying
before being put into an vacuum oven together with an open
volume (3 mL) of octadecyltrimethoxysilane at 60 °C overnight.

The microfluidic co-flow capillary devices were assembled from
the hydropholically modified glass capillaries in a manner similar
to previous designs [17,18]. The inner glass capillary (50 um ID)
was first connected to one end of a 2.5 cm length of 250 um ID
and 750 pum OD Tygon tubing (Cole-Parmer). The other end of
the Tygon tubing was inserted into a 10 pL plastic pipette tip with
the end cut off. The open capillary end was positioned within the
modified pipette top with a ~2 cm length outside the tip head.
After inserting another Tygon tubing segment into the tail of the
pipette for convenient introduction of the gas continuous phase,
the tail was sealed with epoxy. At the pipette tip, the other end
of the inner glass capillary was inserted into the 300 pm ID outer
sheath capillary, and the tip of the pipette was sealed with epoxy.
The overall length of the inner channel over which droplets are
formed was 10 cm.

The dispersed phase was DI water mixed with 0.1 wt% of
sodium fluorescein, a water-soluble fluorescent dye. A precision
syringe pump (Pump 11 Elite, Harvard Apparatus) was used to

control the infusion of the dispersed phase into the device. For con-
trol of the gas flow, a compressed nitrogen tank was first connected
to a low pressure regulator (Airgas 1-5 psi regulator) equipped
with an in-line digital mass flow sensor (FMA3101, Omega Engi-
neering) that monitored the real-time gas flow rate. Optical images
and movies of droplet formation were taken using an inverted
fluorescent microscope (Nikon Eclipse TE2000s). Droplet sizes
during droplet formation were determined through the known
flow rate of the dispersed phase and the measured droplet
generation frequency. Droplets were also collected off-line in a
glass vial filled with hexadecane mixed with 2 wt% of Span 80
surfactant. Sizes of these droplets were determined from optical
microscope images using the Nikon NIS-Elements software.
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Appendix A. Supplementary material

Movies showing the two droplet generation modes, i.e., drip-
ping (Movie 1) and satellite-forming (Movie 2), the transition
between the two modes (Movie 3), and downstream droplet
transport and collection (Movie 4).

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2015.02.023.
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