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ABSTRACT: Microsystem technologies allow a plethora of operations to be
achieved for microemulsion- and microdroplet-based assays, providing
miniaturized, yet large-throughput capabilities to assist experimentation in
analytical chemistry, biology, and synthetic biology. Many of such approaches
have been implemented on-chip, using microfluidic and lab-on-a-chip
technologies. However, the microfabrication of such devices relies on expensive
equipment and time-consuming methods, thus hindering their uptake and use
by many research laboratories where microfabrication expertise is not available.
Here, we demonstrate how fundamental water-in-oil microdroplet operations, such as droplet trapping, merging, diluting, and
splitting, can be obtained using straightforward, inexpensive, and manually fabricated polymeric microtube modules. The modules
are based on creating an angled tubing interface at the interconnection between two polymeric microtubes. We have characterized
how the geometry and fluid dynamic conditions at this interface enabled different droplet operations to be achieved in a versatile and
functional manner. We envisage this approach to be an alternative solution to expensive and laborious microfabrication protocols for
droplet microfluidic applications.

■ INTRODUCTION

In recent years, droplet microfluidic technologies,1−3 where
biological or chemical samples are compartmentalized within
aqueous droplets surrounded by an oil phase, have been
established as an effective, miniaturized, and high-throughput
platform for analytical chemistry,4−6 synthetic biology,7−9

emulsification physics,10−12 and condition monitoring.13−15

Droplets with pL−nL volumes can be passively generated by
geometrical architectures16−19 or actively generated by valves20

and actuator-based platforms.21,22 Droplet operations, such as
merging,23 splitting,24 and trapping,25,1,26 rely on specific
geometrical features, which can be produced by advanced
microfabrication techniques, such as soft lithography,27 three-
dimensional (3D) printing,28 laser cutting,29 micromachining,30

or injection molding.31,32 These microfabrication methods can
be expensive, time-consuming, or demand microfabrication
expertise. Although limited layouts of microfluidic modules are
available commercially, the majority of these provide solutions
for microdroplet generation rather than microdroplet oper-
ations. Therefore, droplet microfluidic devices are produced
mainly in engineering research laboratories with a customizable
format.33 These limitations make droplet microfluidics less
accessible to the wider scientific communities that do not have
extensive expertise in microsystem engineering. Therefore,
simplified and inexpensive techniques that do not rely on
microfabrication could enhance the uptake of droplet micro-
fluidic technology and its use in many biological and chemical
research laboratories.
Developing droplet microfluidic assays using commercially

available tubing,34−37 capillaries,38−41 or connectors42,43

provides alternative solutions to chips-based microfluidics.

Utada and co-workers44 first used glass microcapillaries to
form a coaxial geometry generating single and double emulsions.
Chen et al.45 applied multiple glass capillaries to split single and
double emulsions. The physical mechanisms underlying micro-
droplet generation using capillaries have been extensively
studied,46 and tubing-based microfluidics transporting and
incubating microdroplets have been developed for cell-based
assays,47,48 protein crystallizations,49 and synthesis of liposomes
and nanomaterials.42,50−53 However, droplet operation modules
based on tubing or capillaries are lagging behind, these still
relying mainly on chip-based microfabricated layouts. Offering
novel and simple approaches to achieve microdroplet operations
using microtube-based microfluidics is therefore important to
extend the assay capabilities to the wider scientific community.
In this paper, easy-to-replicate, manual protocols for

assembling standard polymeric microtubes are presented that
enable the most common microdroplet operations to be
achieved. We describe how trapping, merging, diluting, and
splitting of water-in-oil (W/O) microdroplets can be robustly
obtained by interfacing manually prepared polymeric micro-
tubes. We elucidate the physics that underpins droplet
operations in microtubes and the way these can be exploited
to develop advanced droplet protocols, discussing the

Received: October 15, 2020
Accepted: January 5, 2021

Articlepubs.acs.org/ac

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.analchem.0c04360
Anal. Chem. XXXX, XXX, XXX−XXX

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

80
.6

.8
5.

88
 o

n 
Ja

nu
ar

y 
18

, 2
02

1 
at

 1
6:

47
:5

5 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Declan+New"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Zagnoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.0c04360&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04360?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04360?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04360?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04360?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c04360?fig=abs1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c04360?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


functionality of the proposed methods and potential applica-
tions of such approaches.

■ MATERIALS AND METHODS
Materials.All chemicals were purchased from Sigma-Aldrich

(U.K.) unless otherwise stated. Polyethylene (PE) tubing and
polypropylene (PP) gel-loading pipette tips were purchased
from Fisher Scientific (U.K.); poly(tetrafluoroethylene)
(PTFE) tubing was purchased from Cole-Parmer (U.K.).
Experimental Setup to Investigate Droplets at Angled

Interface. To facilitate the generation and fine-tuning of W/O
microdroplets, an in-house21,22 developed instrument was used
to selectively aspirate water or oil fluid volumes into a loading
microtube (PTFE, inner diameter 0.15 mm, outer diameter 0.4
mm) from a multi-well fluid container. Different aqueous
solutions were placed in independent wells and covered by a
common layer of hexadecane oil (Figure 1). The selection of the

desired aqueous solution or oil phase was actuated by a solenoid,
which transiently lowered the tip of the loading tube into the
desired phase for the required time duration, generating W/O
droplets. Two steppermotors, controlled by in-house-developed
C-code via Arduino, actuated an X−Y translation stage that
determines the position of the wells with respect to the tubing
tip. The aspiration was achieved using a 1 mL glass syringe
(Duran, Germany) mounted on a syringe pump (AL-1000HP,
World Precision Instrument) in withdrawal mode and set to a
constant flow rate (1−61.5 μL/min). The size of droplets
produced and tested in this work ranged from ∼10 to 600 nL.
The generated droplets were subsequently transported from the
loading tube to an angled tubing interface (dashed line rectangle
in Figure 1), manually assembled by press-fitting microtubes,
where microdroplet trapping, merging, diluting, and splitting
operations were obtained.
Microtube Preparation and Manual Assembly. Poly-

meric tubing and/or the tapered, thin end of gel-loading pipette
tips were used to create the desired tube-to-tube interface. Each
interface consisted of an outside tube, “OT” (PE tube, inner
diameter 0.58mm, outer diameter 0.96mm), and an inside tube,
“IT” (PE tube, inner diameter 0.28 mm, outer diameter 0.61
mm, or PP-tapered gel-loading pipette tip, inner diameter 0.3
mm, outer diameter 0.54 mm). The IT was cut with a scalpel to

create a desired angle with respect to the cross-sectional plane of
the IT and thenmanually inserted in theOT, creating a leak-free,
pressure-fit connection. The other extremity of the OT was then
press-fit to the loading tube where droplets were generated. The
other extremity of the IT was either connected to further tubing,
interfaced to a collection vial (for sample connection), or
collected into the syringe.

Imaging. An inverted microscope (Axiovert A1, Zeiss) was
used for all experiments using objective lenses of 2.5×, 5×, 10×,
or 20×. Colored images/videos were acquired through a color
camera connected to the microscope eyepiece. Fluorescent
images were acquired using an EMCCD LucaR camera (Andor
Technologies) via Andor Solis software, using a fluorescein
isothiocyanate (FITC) filter. The intensity of fluorescent
droplets were calculated by averaging the intensity values of a
region of interest of 100 pixels in the center of the droplet.
ImageJ software (v1.46r) was used to analyze and process
recorded videos.

■ RESULTS
The interconnection created between the OT and IT provides
the key element that determines the implementation of basic
droplet operations, such as merging, dilution, and splitting.
These are dependent on the size of the droplets, their velocity,
and the geometry of the tubing interface.

Microdroplet Trapping Mechanism. All microdroplet
operations in this paper are based on the fabrication of an
“angled”OT−IT interface, whereW/O droplets are trapped. To
this end, polymeric microtubes were chosen to guarantee the
desired phase wetting properties that promoted W/O
emulsions. The OT was obtained from a microtube with a
circular cross section, while two types of microtubes were used
for the IT, either a tapered microtube (thin end of gel-loading
pipette tip) with a circular cross section or a microtube with a
flattened tip to obtain an elliptical cross section. The tip of the IT
was cut to a certain angle (α) with respect to the plane of its cross
section and manually inserted into the OT, as schematically
shown in Figure 2A. The protocol used for obtaining a tube with
an elliptical cross section is illustrated in Figure S1. The distance
that the IT was inserted inside the OT was not critical, as long as
the tubes created a leak-free junction.
A W/O droplet is trapped at the angled interface when a

balance is reached between the Laplace pressure forces around
the droplet and hydrodynamic forces that push the droplet
toward the interface. Three steps (Figure 2B and Movie S1)
describe the droplet trapping sequence: (i) a droplet approaches
the interface with a constant velocity according to the flow rate
applied, Q. (ii) The frontend of the droplet is deformed at the
angled interface, reducing its radius of curvature with respect to
its backend, which remains in the OT (point a in Figure 2B) and
remains almost unchanged. The droplet moves forward until an
oil bypass is created. (iii) The droplet stops and remains trapped
when an equilibrium between Laplace pressure forces and
hydrodynamic forces is reached. Ultimately, any condition that
pushes the droplet frontend to travel further into the angled
tubing interface and completely obstructs its opening (point b in
Figure 2B) will force the droplet to flow into the IT.
The trapping condition is described by eq 1, where Pa is the

pressure at the backend of the droplet, Pb is the pressure at the
frontend of the droplet (with Pa − Pb = Q × R, where Q is the
average flow rate determined by the withdrawal pump and R is
the average hydraulic resistance of the bypass gap), rb1 and rb2
are the radii of curvature of the frontend of the droplet when

Figure 1. Experimental setup. W/O droplets were formed using an in-
house-developed instrument. A syringe pump continuously aspirated
water or oil volumes into a loading tubing (inner diameter 0.15 mm,
outer diameter 0.4 mm) from a fluid container, where different aqueous
solutions were placed in wells and covered by a common oil layer. A
computer-controlled X−Y stage moved the container underneath the
loading tube, so that the desired phase could be selected. Additionally,
the loading tube was lowered in a time-controlled manner into the
desired fluid, resulting in a W/O droplet of defined volume to be
formed. Droplets were subsequently transported to the angled tubing
interface for the desired operation. Droplet operations at the angled
interface were monitored under a microscope or recorded with a color
camera for further analysis. Scale bar is 600 μm.
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trapped at the angled interface, and ra is the approximated radius
of curvature of the backend of the droplet.

i
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jjjjj

y
{
zzzzzγ− ≤ + −P P

r r r
1 1 2

a b
b1 b2 a (1)

As rb1 and rb2 are always smaller than ra, the leading droplet
interface is “more rigid” than the backend, creating a
redistribution of the droplet surface, which allows the oil to
flow from the OT to the IT via the bypass gap. Only higher
values of hydrodynamic pressure difference will be able to move
the frontend of the droplet further into the IT (detailed
derivation is shown in the Supporting Information). This
trapping mechanism is similar to that obtained by chip-based
microfluidic layouts in the literature based on bypass
channels23,54,55 or surface energy traps.56,57 The trapping
mechanism can also be explained considering the interfacial or
surface free energy of the W/O droplet. A droplet has the
tendency to minimize its surface energy by reducing its surface
area, E = γ× S (S is the surface area of the droplet at a given time,
γ is the interfacial tension).57 During trapping, the droplet’s
surface gradually increases while entering the angled interface.
The droplet is trapped when the droplet surface free energy
equalizes that created by the hydrodynamic forces on the
droplet.
An effective way to fine-tune the trapping condition defined

by eq 1 is to modify the geometrical shape of the IT by altering
its circular cross section into an almost elliptical cross section by
flattening the tubing extremity (Figure S1). This procedure
significantly decreases one radius of curvature of the IT and
consequently increases the Laplace pressure at the frontend of
the trapped droplet. Concurrently, it also induces a larger bypass
gap to be obtained as more space is created between the IT and
the OT (3D schematics in Figure 2A), which ultimately leads to
a smaller hydraulic resistance R. A further parameter affecting
the trapping mechanism is the slope of the angled interface, α
(Figure 3A). By decreasing the angle α, the length of the angled

interface increases (DOT× cot(α)), thus enabling larger droplets
to be trapped.
To study the droplet trapping efficiency of differently sloped

angled interfaces, we arbitrarily selected three different values of
α, approximately 5°, 20°, and 45°. For each angle, we
characterized experimentally the relationship between the
largest volume of the droplet that could be trapped at the
interface with respect to the flow rate magnitude applied with
the syringe pump, for both circular and elliptical cross sections of
the IT. To compare the system performance in different
experimental conditions, we measured the largest droplet
volumes that could be trapped at an angled interface and
normalized these values to the theoretical volume given by (1/
12 + cot α/8) × π × DOT

3 (Figure 3A). Lines in Figure 3B,C
show the normalized maximum volumes of droplets trapped at
the angle interface in the cases of circular and elliptical IT cross
sections, respectively. Regions positioned below the lines
represent droplets that could be trapped at the corresponding
angled interface, while those above the lines could not be
trapped. The results show that angled interfaces with elliptical
cross sections present stronger trapping ability for the same flow
rate than those of circular cross sections.When plotting the same
data of Figure 3B,C as absolute droplet volume values (Figure
S2), the results show that smaller values of the angle α are able to
trap larger droplet volumes. In our experimental setup, droplets
with diameter smaller than ∼0.3 mm were not considered, as
these were smaller than the IT diameter.

Microdroplet Merging. Controllable pairwise droplet
merging23,58 is a fundamental process in many applications to
trigger chemical reactions42,59 for DNA sequencing60,61 or
protein crystallization.62 The proposed angled interface enables
pairwise (Movie S2) or multiple droplet merging (Movie S3) to
be obtained (Figure 4). This operation was obtained using an
angled interface composed of an IT with a circular cross section.
Five steps underpin this operation (Figure 4A): (i) while one

droplet (green) is trapped at the angled interface, a second
droplet (red) approaches the first one; (ii) coalescence of the
two droplets is achieved upon contact as no surfactants are used.

Figure 2.Droplet trapping at an angled OT−IT interface. (A) 2D and 3D schematics showing the fabrication of angled tubing interface: the IT is made
of either a tapered microtube with circular cross section (thin end of a gel-loading pipette tip) or a flattened tube with an elliptical cross section. The IT
is cut to the desired angle and inserted into the OT. (B) Side view schematic (left column) and images (right column) of the three key steps to achieve
droplet trapping at the angled interface (circular cross section or elliptical cross section). First, the droplet moves toward the interface with a constant
velocity (i). When the droplet approaches the angled interface (ii), the frontend of the droplet is guided onto the sloped IT, while its backend remains
in the OT. The droplet continues to move forward until a bypass gap for the oil phase (from point a to point b) is created into the IT.When a balance is
reached between the Laplace pressure and the hydrodynamic pressure around the droplet, this eventually stops and remains trapped (iii). Scale bar is
600 μm. (C) Schematic representation of the side view and top view of a trapped droplet at the angled interface for both types of IT. The blue lines
show different trajectories of the oil flow path from OT to IT around the droplet.
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Once coalescence is initiated, (iii) the droplet starts moving into
the IT. Subsequently, (iv) the resulting droplet enters the IT and
(v) is released from the angled interface without breakup. An
essential condition for this operation to take place is that,
following droplet merging, the resulting droplet has a
normalized volume greater than 1 (point above the curve in
Figure 3B), when the equilibrium of forces (eq 1) can no longer
be maintained. The same principle applies when merging
multiple droplets (Figure 4B and Movie S3). Therefore, the
volume of each droplet must be carefully controlled during
generation and in relation to the angle α, as their cumulative
volume at the angled interface determines how many droplets
can be merged. The smaller the droplet size, the higher the
number of droplets that can be merged for a given angled
interface.
For a constant flow rate, the parameter that determines the

merging rate is the time lag between any two generated droplets.
This was controlled by appropriately selecting the droplet
generation frequency using our experimental setup. In the two
examples shown (Figure 4A,B), the merging rate is∼0.14 Hz for
pairwise droplet merging and ∼0.05 Hz for triple droplet
merging.

Microdroplet Dilution. The formation of serial dilutions is
an important operation in many chemical and biological assays.
A droplet-based microfluidic dilutor55,63 constitutes a powerful
chemistry tool for high-throughput screening. However, this
function typically requires sophisticated designs and micro-
fabricated layouts. The angled tubing interface enables precise
droplet assay dilution (Movie S4).
To achieve a reproducible serial dilution process,55,63,64 the

volume of the diluent solution added into the mother sample is
normally designated to be identical to the diluted volume
extracted from the mother sample (Figure 5A). The elliptical
angled interface facilitates the size of the diluent droplet to
match that of the diluted droplet. This implies that the size of the
mother droplet (trapped at the angled tubing interface) remains
constant, i.e., the trapped droplet is “metered”.55,64 Figure 5B−
D demonstrates that the angled interface with an elliptical cross
section is capable of precisely metering aqueous droplets.
There are six steps to complete one dilution process (Figure

5B). First, a mother droplet (red) with a volume Vm and
concentration C0 is trapped at the angled interface (i) until a
diluent droplet (green), with volumeVd, merges with the former.
After merging (ii), the total volume of the merged droplet (Vm +
Vd) is greater than the corresponding maximum volume allowed
for trapping a droplet at the angle interface and it fully blocks the
oil bypass gap. As a result, the frontend of the merged droplet is
pushed into the IT (iii). Immediately after merging, the diluent
volume is confined to the backend of the droplet, while the
frontend is flowing into the IT. After a short period of time (iv),
the volume of the droplet in the OT returns to its original value
and the oil bypass gap is re-established. This results in a
Rayleigh−Plateau instability at the angled interface (white dot
circle in Figure 5A). Consequently (v), a droplet with the same
volume of the diluent droplet is pinched off, leaving a mother
droplet restored to its original volume Vm and a concentration
C1, where C1 < C0 × (1 − Vd/Vm). During the time elapsed
between (iii) and (v), the diluent does not have enough time to
propagate and diffuse to the droplet frontend. By appropriately
spacing diluent droplets apart, the viscous shear forces induced
by the bypass flow on the droplet W/O interface ensure
thorough mixing (vi) in the mother droplet (i.e., ∼40 s for the

Figure 3. Condition to trap droplets at angled tubing interfaces. (A)
Schematic illustrating the geometrical configuration of the maximum
droplet volume that can be housed at the angled tubing interface
according to the parameter α (derivation in the Supporting
Information). (B, C) Plots showing the trapping efficiency of the
angled tubing interface for three angles, α ∼5°, ∼20°, and ∼45°, with
respect to the same range of flow rates. The largest volume of the
trapped droplets was normalized to the theoretical value of a trapped
droplet at the angled interface, given by (1/12 + cot α/8) × π × DOT

3.
Regions under the curve represent conditions that enable droplet
trapping.

Figure 4. An angled interface enables controlled droplet merging
operations. (A) Schematic diagrams and snapshots that depict the key
processes of droplet trapping, merging, and release. (i) The first droplet
(green) is trapped, waiting for a second droplet (red) to reach the
interface. The blue arrow indicates the flow direction. (ii) Two droplets
are merged. (iii) The merged droplet moves toward the IT. (iv, v) The
merged droplet travels into the IT and is released from the trap without
breaking. (B) A representative example of the merging of three droplets
(red, blue, and white). Scale bars are 600 μm.
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flow rates tested in this work), due to inner droplet eddies. This
last aspect determines the precision of the dilutor.
To demonstrate the capability of the angled interface dilutor,

a mother droplet, containing 100 μM calcein, was diluted 15
times (Figure 5C,D) with blank droplets. By setting the period
of incoming diluent droplets to ∼1 min, thorough mixing was
achieved throughout the process. Fluorescent measurements of
the 15 released droplets, emerging from the mother droplet,
follow an excellent exponential fit (Figure 5D).
Microdroplet Splitting. Fine-tuning the size of micro-

droplets and creating monodispersed populations are common
requirements in many droplet-based assays.65 A convenient way
of achieving this is to split a long plug into many smaller and
equally sized droplets using a Y-junction.66 This function can be
obtained in the proposed setup using an angled interface
composed of an IT with an elliptical cross section (Movie S5).
To achieve this, a droplet is generated and transported to the

angled interface using a flow rate higher than its critical trapping
value (Figure 3C). In this condition, a balance between surface
tension forces and hydrodynamic forces is never achieved and
this can be described as

i
k
jjjjj

y
{
zzzzzγ− > + −P P

r r r
1 1 2

a b
b1 b2 a (2)

This condition results in the frontend of the droplet being always
pushed into the IT by hydrodynamic pressure. The elliptical
cross section creates small radii of curvature when the droplet
interface enters the IT, which, combined with interface
instabilities, produces the periodic formation of an intermittent
oil bypass gap inducing droplet pinch-off, similar to step (iv) in
Figure 5A. The process of pushing the frontend of a droplet into
IT with subsequent pinch-off is repeated until the droplet at the
angled interface is depleted (Figure 6A). The process of
continuously pushing and pinching off a droplet is similar to that
obtained in passive microfluidic devices.66

The size of droplets that can be split is equal or smaller than
the theoretical value given by (1/12 + cot α/8)× π×DOT

3. This
depends on the inner and outer tubing diameters and on the
angle α. Larger tubing diameters and smaller values of α allow
trapping of larger droplets. For a given droplet volume, the size
of the daughter droplets depends on the magnitude of the flow
rate, where higher flow rates produce smaller droplets with
higher monodispersity. As an example, the polydispersity of

droplet sizes (excluding the first two droplets) decreased from
30 to 10% for increasing flow rates from 21.5 to 61.5 μL/min
(Figure 6B), identifying an expected trend where higher flow
rates produced more monodisperse droplet populations.

■ DISCUSSION
The proposed tubingmodules and associatedmethodologies are
the first examples of microdroplet operations that do not rely on
chip-based microfabricated structures.
We have presented a manually constructed, easy-to-assemble

microtube system for droplet microfluidic circuit operations
without the need for microfabrication expertise, laborious
protocols, or expensive microfabrication equipment. The use
of polymeric microtubes has several advantages over other
microfluidic formats. First, polymeric microtubes, especially PE,
PP, or PTFE tubing, are flexible, economic, and commercially
available with a large range of dimensions, thus making this
method highly accessible to different scientific communities.
Second, the variety of tubing materials have intrinsic surface
properties to fine-tune the type of emulsions (W/O or O/W)
and oil phases (e.g., hydrocarbon or fluorinated oils) that can be
used. Third, this method is highly modular, as the different

Figure 5. An angled interface enables droplet dilutor operations. (A) Size of the input droplet (diluent) is identical with that of the output droplet
(diluted) (n = 5). (B) Key steps of a droplet dilutor: (i) a mother droplet (red) is trapped at the angled interface waiting for diluent droplets (green) to
coalesce. (ii) After a diluent droplet is merged with the mother droplet, the bypass gap is blocked. (iii) The frontend of the merged droplet is pushed
into the IT. (iv) The merged droplet reduces its volume in the OT and Rayleigh−Plateau instability emerges around the neck in the IT. (v) The front
tip of themerged droplet pinches off (v), leaving themother droplet at the angled interface. Relying on the viscous shear induced by the bypass flow, the
trapped mother droplet is thoroughly mixed after time (vi). The blue arrows indicate the direction of oil flow, while the black arrows indicate the inner
droplet eddies. (C, D) A representative example of 15 droplets pinched off from the mother droplet containing originally calcein. The fluorescent
intensity of each droplet is normalized to the value of the first droplet pinched off. Experiments were repeated three times. Scale bars are 600 μm.

Figure 6. An angled interface enables the splitting of plugs into
daughter droplets. (A) Schematic of a plug splitting into smaller
daughter droplets and image of a train of daughter droplets. (B)
Characterization of size polydispersity of daughter droplets under
different flow rates. When calculating polydispersity, the first two
droplets were excluded. Typically, a plug of 0.6 μL could be split into
∼20 droplets. Higher flow rate enables smaller polydispersity of sizes of
droplets. Each condition was repeated at least three times. Scale bar is
600 μm.
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angled tubing interfaces presented here can be serially extended
or connected in parallel, relying just on manual pressure-fitting
protocols. This approach is also amenable to other tubing
microfluidic modules44,67 and, being based on nonporous and
non-gas-permeable materials, offers advantages in minimizing
evaporation of the phases, a common problem in elastomer-
based (i.e., poly(dimethylsiloxane), PDMS) microfluidic
devices.
The factors that affect the droplet trapping at an angled tubing

interface are the size of the droplets, the flow rate, the angle α,
and the geometry of the tubing cross section. The ratio of the
inner to outer tubing affects the droplet trapping condition, the
operation, and the size of the resulting droplets, directly
influencing the geometrical parameters of the droplets at the
angled interface (Figure S2). These geometrical parameters can
be compensated by appropriately selecting the flow rate.
Moreover, the viscosity of the oil phase is directly proportional
to the hydraulic resistance of the tubing and, consequently,
affects the trapping capability at the angled interface (eqs 1 and
S7). For increasing values of dynamic viscosity, an increasing
hydraulic resistance is obtained and, therefore, decreasing values
of the flow rate or larger cross sections of the inner tubing are
required to maintain the pressure difference constant. When the
droplet volume is larger than a critical value (Figure 3), a droplet
cannot be trapped, as an oil bypass flow cannot be obtained and
an equilibrium between surface tension and flow forces cannot
be achieved. When this occurs at a circular angled interface, the
droplet is released from the interface typically without breakup.
This feature was exploited to achieve droplet trap−merge−
release mechanisms. Differently, at elliptical angled interfaces,
droplet breakup is easier to achieve due to the geometrical cross
section inducing higher values of localized pressure at the
interface. This feature was exploited to achieve droplet metering
and droplet dilution operation working across the critical
droplet value, while non-equilibrium conditions allowed droplet
splitting.
Surfactants are commonly used in microdroplet operations to

prevent coalescence or interdroplet exchange of encapsulated
substances. In our system, the use of surfactants did not affect
the functionality of trapping or splitting operations, but that of
droplet merging and diluting, as surfactants prevent the
coalescence of droplets that occur during such operations. In
the future, the possible application of external electrical fields56

could overcome these limitations. Furthermore, we expect that
the use of surfactants with the angled interfacemodules can yield
to other droplet-based applications.54,68

Overall, the main advantage of the proposed tubing-based
approach is the flexibility in replacing chip-based microsystems
with inexpensive and disposable tubing modules. However, a
trade-off exists between decreasing the complexity of the system
and its performance with respect to device-based droplet
microfluidics.
In our experimental setup, the flow rate was controlled by a

syringe pump in withdrawal mode, an instrument widely
accessible in many biochemistry labs, while microdroplets
were formed in a low-throughput manner using an in-house-built
robotic system (also commercially available). The latter enabled
the automated generation of droplets with the desired size and
composition. The proposed microtube system operates at
smaller rates (10’s Hz), larger droplet volumes (nL instead of
pL), and therefore smaller droplet throughput than chip-based
platforms. However, other tubing-based droplet protocols42,43

can be used to obtain higher-throughput applications. Addi-

tionally, while a syringe pump (or equivalent instrumentation)
may be used for flow control, other options have been reported
in the literature to generate droplets, such as gravity-fed
systems.69,70 If combined with equipment-free flow actuation
methods, tube-based droplet techniques can be deployed for
medium-throughput and miniaturized assays in remote or
resource-poor areas. Finally, polymeric microtubes are deform-
able, a useful feature for the development of wearable or textile
devices.71 The angled interface module can also be used as a
droplet meter to precisely dispense liquid solutions. For
example, the serial combination of several meters and dilutor
tubing modules can reproduce chip-based configurations to
dilute samples without the need for droplet generation, as shown
for microfluidic domino layouts.64

■ CONCLUSIONS
Polymeric tubes with sub-millimeter bore dimensions are low
cost, available in hydrophilic and hydrophobic materials, and
widely used in biochemistry labs. Here, we have shown
experimental protocols to achieve specific microdroplet-based
functions using manual protocols for the fabrication of
polymeric microtube setups. Capabilities of droplet splitting,
merging, and diluting tubing modules were characterized,
highlighting the advantages that such easy-to-use setup can
provide. Therefore, we expect this work to facilitate the uptake
and development of cost-effective, chip-free microdroplet-based
assays in research laboratories that do not have access to
microfabrication facilities, lack in microsystem development
expertise, or would like an opportunity to decrease fabrication
costs.
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