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On-demand generation and mixing of liquid-in-gas slugs with
digitally-programmable composition and size

Yi-Chun Chen', Kan Liu™#, Clifton Kwang-Fu Shen, and R. Michael van Dam”

Department of Molecular & Medical Pharmacology and Crump Institute for Molecular Imaging,
David Geffen School of Medicine, University of California, Los Angeles, 570 Westwood Plaza, Los
Angeles, CA 90095

Abstract

Microscopic droplets or slugs of mixed reagents provide a convenient platform for performing
large numbers of isolated biochemical or chemical reactions for many screening and optimization
applications. Myriad microfluidic approaches have emerged for creating droplets or slugs with
controllable size and composition, generally using an immiscible carrier fluid to assist with the
formation or merging processes. We report a novel device for generation of liquid slugs in air
when the use of a carrier liquid is not compatible with the application. The slug generator contains
two adjacent chambers, each of which has a volume that can be digitally adjusted by closing
selected microvalves. Reagents are filled into the two chambers, merged together into a contiguous
liquid slug, ejected at the desired time from the device using gas pressure, and mixed by flowing in
a downstream channel. Programmable size and composition of slugs is achieved by dynamically
adjusting the volume of each chamber prior to filling. Slug formation in this fashion is
independent of fluid properties and can easily be scaled to mix larger numbers of reagents. This
device has already been used to screen monomer ratios in supramolecular nanoparticle assembly
and radiolabeling conditions of engineered antibodies, and here we provide a detailed description
of the underlying device.

Keywords

microfluidics; microchemistry; multiphase flow; slug generation; slug mixing; reaction
optimization

Introduction

The advantages of performing reactions in microreactors, such as improved speed,
selectivity, and safety, are well-documented in the literature [1-4]. These advantages are
believed to arise in large part from the precise control of temperature, facilitated by the high
surface to volume ratio in microfluidic devices. Using multiphase microfluidics, in which
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droplets or slugs of one phase flow within a second carrier phase, further enhances this
control over reaction conditions [5-8]. The movement of the droplet or slug causes an
internal recirculating flow that increases the uniformity of its temperature and concentration
[9]. Each droplet or slug in a multiphase system can be considered as an isolated, nanoliter-
scale (or smaller) microreactor that in principle can be individually manipulated and
analyzed. This microfluidic format is especially useful when working with scarce reagents,
such as products of long chemical synthesis pathways, or isolated natural products that can
only be obtained in small quantities. By creating droplets that each contain mixtures of a
reagent with different samples, or by subjecting droplets to different reaction conditions, it is
possible to perform extremely sample-efficient screening or optimization protocols.
Investigators have capitalized on these advantages for many applications, such as screening
enzyme inhibitors [10], screening protein crystallization conditions [11], screening chemical
reaction conditions [12-15], optimizing supramolecular nanoparticle assembly [16], and
optimizing radiolabeling conditions for antibody-based medical imaging agents [17].

Myriad microfluidic approaches exist for continuous generation of droplets and slugs
comprising controlled amounts of reagents, generally at the junction of one or more reagent
streams and an immiscible carrier stream [18-21]. In general, the size or composition of the
slugs is determined by the flow parameters, and sequences of slugs with varying
compositions can be created by controlling the flow parameters in a gradient manner [11].
To perform screens involving multiple different samples (e.g. enzyme inhibitors), typically
the carrier stream is replaced with a pre-formed series of slugs of these samples, and the
microfluidic junction injects additional reagents into each slug that passes by [8]. Amounts
and identity of these added reagents may be constant or varied in a gradient manner.

While most early work focused on continuous generation of droplets and slugs, there has
recently been tremendous interest in on-demand creation of slugs with programmable size
and composition. This capability could improve reagent economy by enabling only selected
reaction conditions to be tested, for example according to the principles of “design of
experiments”. It also could pave the way to general-purpose fluidic devices for flexible
mixing and processing of liquids at the nanoliter scale [22]. Injection of droplets or slugs of
controllable size on demand has been demonstrated using laser pulses [23], off-chip valves
[22,24], actuators affixed to microfluidic chips [25-27], on-chip micropumps [28], and on-
chip microvalves [29-33]. Sizes of each slug are controlled by actuation duration. Increases
in throughput can be achieved with multiple slug generators operating in parallel [24].
Mixtures of multiple reagents can be created by synchronized generation of pairs (or higher
numbers) of single-reagent slugs, which are subsequently combined in downstream on-chip
slug-merging structures. In one report, Lau et a/. used a sophisticated on-chip “formulator”
to prepare and mix a selected composition of several reagents prior to injection into the
carrier stream [34]. In addition to on-demand creation of new slugs, there have been reports
of on-demand injection of reagents into pre-existing slugs using microvalves [35] or electric
fields [36].

In many applications the use of a carrier liquid is undesirable, due to difficulty in efficiently
separating sample from the carrier liquid if additional processing is required, or due to the
difficulty in finding a carrier fluid that is sufficiently immiscible with all reagents. Though
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the use of a gaseous carrier is common in applications such as ink-jet printing and
atomization, generation of droplets in air has not widely been used in microfluidic devices.
Jiang et al. [37] demonstrated continuous generation of uniform water droplets in a gas
stream, and on-demand generation of slugs in air has been achieved using microvalves.
Sassa et al. [38] reported sophisticated manipulations of slugs in air and could generate
different reaction mixtures by generating slugs of controlled amounts of individual reagents
and merging them. We have previously reported a microvalve-based device to create liquid-
in-air slugs with controllable composition of multiple reagents at the time of formation, i.e.
without the need for additional slug manipulation steps [39]. In the device, the desired
volumes of each reagent are loaded into adjacent chambers, followed by merging of the
chamber contents and mixing by flowing the slug through the downstream microchannel.

We present here an improved liquid-in-air slug generator and mixer that is based on a similar
principle but is more amenable to automation and user-friendly operation. Instead of
controlling the filling pressure to determine the quantity of each reagent in an analog
fashion, the quantity of each of multiple reagents is selected by digitally controlling the size
of each chamber using microvalves. This simplifies the control system and the use of
constant reagent loading pressure eliminates the problem of differing elastic expansion of
each chamber, thereby eliminating the need for calibration of the device to account for the
pressure-dependent expansion of PDMS [39]. This slug generation principle has already
been reported for optimization of monomer ratios for supramolecular nanoparticle assembly
[16], and optimization of radiolabeling conditions for antibody-based imaging agents [17].
The contribution of this paper is to describe the detailed design, theory of operation, and
characterization of the device, as well as discuss the selection of parameters for automation
of the device for generation and mixing of programmable slugs from arbitrary reagents.

Chip Design

We designed and fabricated a two-layer PDMS microfluidic chip (Figure 1) for generation of
multi-component liquid-in-air slugs with programmable composition (Figure 2). The chip
incorporates microvalves and pumps to control fluids [40] and leverages the permeability of
PDMS for preparing well-defined volumes by blind filling of fixed-volume chambers [41].
The central feature of the design is a “slug generator”, comprising a long channel divided
into two halves by a reagent isolation valve, Vijs,. Each half is further subdivided into five
equal chambers by individually-addressable volume-selection microvalves (Va1, Va2, Va3,
Va4, Vas for reagent A, and Vg, Vg2, Vi3, Vea, Vs for reagent B). These valves can
control the channel length (and therefore volume) that can be filled with each reagent. Note
that the chambers closest to the central reagent isolation valve are slightly longer than the
others; this is to compensate for the internal volume of the volume-selection valves and
ensure the proper relative sizes of all chambers. Channels are approximately 200 um wide
by 40 um deep, and each “unit volume” chamber has a length of 1.5 mm. A single chamber
has a volume of approximately 6 nL. Upstream of the slug generator are three additional
ports. One is used for controlling the pressure of chambers prior to filling, to decouple the
slug ejection conditions (e.g. pressure of separation gas) from the slug generation process.

J Micromech Microeng. Author manuscript; available in PMC 2017 November 20.
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Typically this was used as a vent to reduce any trapped pressure to the atmospheric pressure.
The second is used to flush the slug-generator and downstream channels with cleaning
solution. The third is a peristaltic pump that admits controlled amounts of gas to eject the
slugs into the mixing channel.

Our previous droplet generation devices directed all slugs to a single output for serial
processing [39]. To facilitate applications of this device such as screening of radiochemical
reaction conditions, or dispensing reagent combinations to off-chip instruments or assays
(e.g. in well plates), a demultiplexer [42] is included in the chip design. This structure
enables different slugs to be directed to different chip outlets for on-chip or off-chip analysis
or processing, or allows extensive washing to be performed between samples in applications
that are particularly sensitive to carryover. The demultiplexer uses 21og,(N)=6 microvalves
to direct the slug to 1 of N=8 different outlets. Demultiplexers can easily be scaled to much
high numbers of outputs as demanded by the application.

Chip Fabrication

The microfluidic reaction optimization chip was implemented as a two-layer
poly(dimethylsiloxane) (PDMS) chip according to common design and fabrication practices
[39,40]. The upper layer of channels contains the fluidic channel network, consisting of
reagent inlets, filling chambers, and slug output, while the lower layer contains microvalve
control channels. Fabrication details have been described previously [39].

Chip Interface and Control System

To actuate an on-chip microvalve, the corresponding control channel was pressurized via a
3-way solenoid valve (SMC Series S070) connected to a 60 psig [414 kPag] nitrogen source.
Microvalves were re-opened by venting the pressure. All valves were electronically-
controlled through a data acquisition module (USB-4750, Advantech) by a software program
written in LabView (National Instruments). Connections to control channels on the chip
were made using 22 gauge stainless steel tubes inserted into punched holes in the chip, in
turn connected to PTFE microbore tubing (0.022” 1D, 0.042” OD, Cole-Parmer). Groups
of 16 metal tubes were mounted into custom chip connectors developed in our lab to
accelerate chip set-up and provide rigidity/stability to improve the maximum operating
pressure of connections. Microvalve and pump control channels were filled with a small
amount of hydraulic fluid (water) to avoid transfer of gas into the fluidic channels by
permeation through the thin PDMS valve membrane. Water could be replaced by a low-
viscosity mineral oil for applications where reagents in the fluidic channel are incompatible
with water, or in applications such as chemical reactions involving high operating
temperatures.

To the slug outlet channels, silica capillary tubing (75 um ID, polyimide coated) was directly
inserted. If Teflon or stainless steel tubing was used, we observed that the smallest slugs (6
nL) could not be reliably transferred from the chip into tubing without breaking apart.

Reagents A and B were loaded into GC vials connected to the chip via PTFE microbore
tubing (0.012” 1D, 0.030” OD, Cole-Parmer) inserted directly into the PDMS chip.

J Micromech Microeng. Author manuscript; available in PMC 2017 November 20.
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Nitrogen at pressure Py was applied to drive reagents into the chip to fill the chambers of
the slug generator.

The inlet to the peristaltic pump (providing gas to eject slugs) was supplied with nitrogen at
pressure Pegject-

Formation of Slugs

To generate a two-component slug (Figure 2), the two reagents, A and B, are driven by
external pressure to blind fill the two chambers (A and B) in the slug-generation region of
the chip. Each chamber is completely filled, the chamber volumes thus determining the
volume of each of the two reagents that will comprise the slug. Contrary to our previous
work where the amount of each liquid was determined by varying reagent driving pressure
[39], here the size of each chamber is controlled digitally by microvalves. In the chip design
we used here, the volume of each can be selected to be from 1-5 unit volumes (i.e., about
6-30 nL). For example, closing valve V a1 causes chamber A to be 1 unit volume in size;
closing Va, (but leaving V51 open) causes chamber A to be 2 unit volumes in size; and so
on. This selection is made immediately prior to the generation of the slug and is made
independently for the two slugs.

On the fly, one can close appropriate valves to determine the volume of each reagent, thus
affecting the slug size, reagent ratio, and relative concentration of each reagent (i.e. relative
to original stock solution). Several examples are shown in Scheme 1 of Figure 3. For
example, if the desired ratio of reagents A and B is 1:1 in a 2-unit slug, then valve Va; and
Vg1 (Figure 2) are closed. If the desired ratio is 5:1 in a 6-unit slug, valve V a5 and valve
Vg1 are closed as shown in the third sequence. In some applications it is preferable to vary
the amount of reagents but to keep the total slug volume constant. To facilitate this mode of
operation, the chip design includes an extra pair of inlets for addition of buffer solutions
(Scheme 2 of Figure 3). Reagent A and buffer A together occupy 5 unit volumes, and
reagent B and buffer B together occupy 5 unit volumes. Scheme 3 of Figure 3 shows one
additional way the slug generator can be operated. Reagents instead of buffer solutions are
loaded into the end ports and the central ports are not used. A limitation is that all (10)
chambers must be filled to avoid an air gap between reagents (which would prevent merging
and mixing of the slug), but this scheme permits a wider range of reagent ratios, and a more
uniform range of relative concentrations, than the other schemes. The Supplementary
Information (Figure S5 and Tables S1-S3) illustrates the relationships among slug size,
relative concentration of reagent A, and ratio of reagents A:B that can be achieved by the
three schemes.

Ejection and Mixing of Slugs

After the chambers are filled up to the first closed volume-selection valve, their contents are
isolated from the inlet channels (by closing valves Va, Vg, Vput-a, Vout-g) @and then merged
by opening the reagent-isolation microvalve between them to form a single liquid slug with
end-to-end reagent composition. This slug is pushed out of the slug-generation region with
pressurized inert gas provided by a peristaltic pump to make room for the next slug. The
action of driving the slug along the downstream channel causes its contents to mix [44]. In
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our chip design, the mixing channel has sufficient length for completion of mixing before
reaching the demultiplexer at the chip output.

Three valves were used as a peristaltic pump [40] to introduce controlled amounts of air to
push newly-generated slugs out of the slug generator. (It should be noted that a total of six
valves were incorporated into the design of the pump structure to provide additional
flexibility in pumping parameters, but only three were used in this work.) The sequence of
valves states used for peristaltic pumping is shown in the Supplementary Information
(Figure S1). For a fixed pressure in the control channels and a fixed Peject, €ach cycle pumps
a fixed amount of nitrogen behind the most recently generated slug to move it out of the slug
generation region. As the ejection gas expands to equilibrate with the pressure on the
downstream side of the slug, the slug is pushed downstream. The slug is pushed to the
output of the demultiplexer, enabling generation of the subsequent slug. The slug generator
is vented prior to generation of the next slug in case any residual pressure remains in the
filling chambers.

Once a multi-component liquid slug is generated, it is generally desirable to rapidly mix its
contents and perform a physical or chemical process with well-defined residence time.
Immediately downstream of the slug generator is a long serpentine channel for mixing. It
has been shown that when droplets or liquid slugs are moved by pressure along a
microchannel, an internal recirculating flow pattern is generated that mixes its contents
within several slug lengths of movement [45,46][46]. In our chip, the mixing channel has
been designed to be 5x the length of the longest slug that can be generated in the chip (10
unit volumes ~ 60 nL). The effectiveness of mixing in slugs has been shown to depend on
the initial geometric configuration of reagents in the slug [47]. In the device presented here,
slugs are always generated with axial (end-to-end) configuration of reagents thus they are
optimally configured for mixing in simple, straight microchannels, and do not require
meandering channels. Mixing of components of slugs with higher number of components (3
or 4) is achieved in the same fashion.

Characterization of Chip Operating Conditions

Chamber Filling—Because reagents are isolated from one another during the filling
process, filling can be studied with only a single reagent. The time for a reagent to fill a
chamber was measured as a function of (i) filling pressure and (ii) programmed chamber
size (1 to 5 unit volumes). Additional variables not expected to affect filling time were also
studied: (iii) reagent type, (iv) total reagent volume, and (v) ejection gas pressure.

For each characterization experiment, the reagent was loaded into a small vial, connected via
tubing to the chip, and primed up to the inlet isolation valve, V a. Filling pressure, chamber
volume, and other parameters were adjusted according to the needs of the experiment.
During the filling time, timestamped video was recorded (30 fps), and later analyzed to
determine the duration of the filling process.

Slug Ejection—rFor a fixed ejection gas pressure, Pgject, 0f 10 psig [69 kPag], we
measured the distance a slug moves as a function of the number of peristaltic pumping
cycles. The distance the meniscus moved during different numbers of cycles was measured

J Micromech Microeng. Author manuscript; available in PMC 2017 November 20.
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by taking digital micrographs of the chip before and after the pumping cycle, and computing
the distance using image analysis software. We observed the motion of a single slug as a
function of number of pump cycles to verify the linearity of distance moved with number of
pump cycles. Measurements were also performed with different slug sizes.

Carryover and Accuracy of Ratios—Accuracy of reagent ratios and carryover were
measured by preparing slugs of radioactive [F-18]fluoride solution and deionized water. No-
carrier-added [F-18]fluoride/[O-18]H,0 was produced by 11 MeV proton bombardment of
98 % enriched [O-18]H,0 in a silver target body using a RDS-112 cyclotron (Siemens). The
[F-18]fluoride solution injected into the chip was prepared from 5uL of [F-18]fluoride/
[0-18]H,0 and 1L of 1M K,COs.

We first measured the carryover from one slug to the next in order to determine a washing
protocol. A 10 unit volume slug of [F-18]fluoride solution was generated and ejected to the
first output channel. The liquid was captured in a glass capillary tube inserted into the
channel output and then transferred to a gamma counter for radioactivity measurement.
Next, several 10 unit volume slugs of deionized water were generated and ejected to the first
output channel. Each wash slug was individually captured in a separate glass capillary tube
and its radioactivity measured with a gamma counter (Wallac 1480 WIZARD 3).
Measurements were corrected for radioactive decay and divided by the total collected
radioactivity.

To measure accuracy of slug composition, 10-unit-volume slugs were generated using
[F-18]fluoride solution as reagent A, deionized water as buffer A, and deionized water as
reagent B (Scheme 2 of Figure 3). Slugs were generated with 0 to 5 unit volumes of
[F-18]fluoride solution. Each was ejected, washed by a single 10-unit-volume slug of
deionized water, and collected at output, and the radioactivity measured using a gamma
counter. Radioactivity measurements were decay-corrected and were compared to the 1-unit-
volume slug.

Results and Discussion

Determination of Operating Parameters for Automated Operation

An important design goal in this chip was to make the slug-generation process user-friendly
and amenable to automation in a straightforward way. We aimed to make it possible to
control the composition of every slug independently, despite the selected composition and
despite the type of reagents used and their total volumes. We characterized the reagent filling
time and slug ejection process in order to be able to choose one set of operating conditions
that could be used for all generated slugs.

Selection of Slug Filling Parameters

The reagent-isolation valve Vs, separates the filling processes of the two reagents and thus
the filling process can be studied by filling one half of the slug generator with one reagent.

In our previous work [39], we observed that filling a dead-end chamber occurs via a two-
step process, characterized by an initial rapid increase to a non-zero filling fraction followed
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by a much slower process during which the remainder of the chamber is filled. First, the pre-
existing gas within the chamber is rapidly compressed until its pressure is in equilibrium
with the pressure, Py, driving the reagent into the chamber. Assuming the ideal gas law
applies, and there is no loss of gas and no temperature change, the initial volume Vg of gas
(at pressure Pg) shrinks to a smaller volume given by:

. P

V= Vi
P ° [€h)

The chamber has a uniform cross-section, and assuming the channel cross-section is the
same before and after filling, one can express the length of the chamber remaining empty as:

. R
L'=22 L,
Pan )

where Lg is the initial chamber length. The timescale, t;, of this first compression phase is
very short (on the order of 100 ms), with filling limited by the flow of reagent into the
chamber to occupy the volume (Vo-V”) previously occupied by gas. This flow depends on
driving pressure (Psij), geometry (size of microchannel and interconnect, length of pathway
filled with fluid), and fluid viscosity.

In the second phase of the filling process, the compressed gas escapes the chamber by
permeation through the PDMS matrix. The timescale, t,, of this phase is longer, and filling is
limited by the escape of trapped gas. Permeation depends on the difference of pressure
between the gas and its destination outside the chip, the permeability of PDMS to the
trapped gas (Kppms,n2), and the geometry (thickness of the PDMS, and surface area through
which the gas permeates). None of these factors is related to properties of the incoming
reagent, and it is by using this portion of the filling process that we can ensure filling is
independent of liquid properties.

Assuming permeation is a sufficiently slow process, we can assume the pressure of the
trapped gas is constant, in equilibrium with Pg;. If we also assume the temperature remains
constant and that the ideal gas law holds, we can write an expression for the change in molar
amount (n) of remaining gas:

dn_FPandV_ P ,dL
dt RT dt RT  dt (3)

where L is the length of the trapped gas segment and A is the cross-sectional area of the
chamber. The molar loss due to permeation is given by

J Micromech Microeng. Author manuscript; available in PMC 2017 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 9

dn 1
= _KPDMSA,NQ (L(t)c+5)(Pﬁll - Pext)

d @

where d is the thickness of PDMS through which the trapped gas is permeating, Kppms N2 IS
the permeability of nitrogen in PDMS, Pyj-Pext IS the difference in pressure between the
trapped gas and the atmosphere outside the PDMS chip, C is the circumference of the
chamber, and LC+e is the surface area through which nitrogen can permeate. We write L =
L(t) because the amount of remaining gas is a function of time, starting from an initial length
L" (Equation 2) and ending at zero when the channel is completely filled. The term eis
included to avoid infinities during integration.

Combining Equations 3 and 4, and collecting constants into a new constant K, we obtain:

ar — RTR’PDMSAN:Z Pﬁ]] - Pext

1 Pay — Pexs
— — L
dt Ad Pan (L(t)C+e)

K Pa 5)

(L(t)C+e)= —

Integrating, we can compute the total time for the second phase of filling to be completed:

Pan =0 dL K = P .’ K  Pa L'c
to=—K =— In|LC =——n|[—+1
? Pan — chth:L’ LC+e C Pan — cht[ a[LC+ellg C Pan — Pext e *

and finally,

tQZK Phn In (LOC&—H)
(6)

C Pan — Pext e Pan

Empirically, this second phase is much slower than the first (compression) phase, and is
limited by the permeation of air through the PDMS material of the chip. The slow speed
limits the importance of viscous effects and this filling phase was expected to be
independent of such factors as liquid properties, and total volume of liquid samples. Indeed,
filling times were compared for water (viscosity, n=1 mPa-s) and glycerol (n = 1200 mPa-s)
and found to be identical within experimental error (data not shown) despite the large
difference in viscosity. In addition, despite very large difference in fluidic resistance, we
observed that total reagent volumes from 2 pL (a short slug within the inlet tubing) to 2 mL
(the inlet tubing between the chip and reagent vial completely filled) exhibited virtually no
difference in filling time when driven at the same pressure Psjj; (Supplementary Information,
Figure S2). Venting the filling chambers after each slug is ejected ensures Py is constant and
removes dependence of filling time on Pejec (Supplementary Information, Figure S3).
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The important dependencies in Equation 6 are the filling pressure, P, and the initial
volume/length of the chamber, Lg. Thus, in order to determine optimal operating parameters,
we characterized the filling time as a function of filling pressure, Pg)j, and chamber volume
(1 to 5 units, i.e. 6-30 nL) as shown in Figure 4. The data is in good agreement with the
model of Equation 6. (See Supplementary Information for details of non-linear regression
fitting.) This model could help predict operating parameters for chips with different
geometries, different numbers of unit volumes, or even fabricated from different materials.
To simplify automated operation, we selected a fixed filling time of 60 s that was sufficient
to fill the maximum volume (5 unit volumes) at the selected filling pressure, Py = 20 psig
[138 kPag]. This pressure provides a good compromise between filling speed (faster at
higher pressures) and reliability of chip tubing interconnects and connections to reagent
vials (more reliable at lower pressures).

Though the filling time is adequate for many applications where only modest number of
slugs are needed (e.g., optimization of radiolabeling conditions [17]), there may be
applications where a higher slug-generation rate, and faster filling time, is needed. There are
several ways this could be achieved. For example, permeation of air out of the chambers
could be enhanced by reducing the chip thickness or by placing vacuum channels in close
proximity to the filling chambers, multiple slug generators could be operated in parallel, or
initial pressure (Pp) of trapped air could be reduced by applying vacuum prior to filling.
Though not studied in detail, reduction of Ppincreases the amount of liquid loaded during
the initial filling phase, and decreases the amount of air (£ “A) that needs to be eliminated
during the second filling phase, resulting in filling times on the order of seconds. Another
approach that could be used if some dependence on fluid properties is acceptable is to use a
variation of our previous partial filling technique that depends on the initial (fast) part of
chamber filling [39], however, instead of dynamically adjusting filling pressures for each
reagent to control slug composition, the pressures can be held constant and the chamber
sizes can be adjusted to achieve the desired filling amounts for each reagent.

Selection of Slug Ejection Parameters—Slugs were ejected from the slug generator
by admitting pressurized gas via a peristaltic pump. In our previous work [39], we used a
single valve to open a constant pressure source to move slugs, but we found that the sudden
pressure change could cause fragmentation of liquid slugs, leading to substantial loss of the
slug contents along the microchannel and tubing walls. In the present design, the peristaltic
pump admits only small pulses of gas that more gently build-up pressure and accelerate the
slug. Furthermore, peristaltic pumps permit the volume of added gas to be metered, enabling
predictable positioning of slugs in the downstream channel. Each cycle of the peristaltic
pump pushes a volume of pressurized gas from the pressurized gas source toward the slug.
This gas expands, causing the slug to move until the pressure on both sides is equilibrated.

The distance moved that a slug moved per pumping cycle was found to depend linearly on
the number of pumping cycles, but was dependent on the size of the slug (data not shown).
This dependence is likely due to some leakage of the pressurized gas through the PDMS
material. Because longer slugs have higher fluidic resistance, it takes longer to accelerate/
move them, allowing increased leakage of gas and thus decreased total distance moved for a
given amount of gas admitted by the peristaltic pump.
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In some applications, slugs are pumped all the way to the output port. This would be useful
if it is desired that all slugs experience the same amount of time in this part of this chip (e.g.
if there are heat sources for performing chemical or biochemical reactions) and could be
accomplished by determining the number of pump cycles needed to move the maximum size
slug all the way to the output ports. Based on an ejection gas pressure of 10 psig [69.0 kPag]
and a pump frequency of 2.5 Hz, 30 cycles were used to move slugs all the way to the outlet
ports of the chip. These same parameters were used regardless of the slug size. Alternatively,
in some applications, it may be desirable to direct all slugs to the same output port, and then
it is only necessary for slugs to be pumped out of the slug generation region to make room
for creation of the next slug. However, in this situation, the slug motion is less predictable
and uniform because the total fluidic resistance depends not only on the newly formed slug
but also any other slugs still in the mixing channel (or output tubing). We did observe that
the distance that newly-generated slugs move for a fixed number of pumping cycles was
strongly dependent on the number of slugs already in the mixing channel (data not shown).

Qualitative Verification of Mixing

Because slug mixing has been extensively studied in the literature, we sought only a
qualitative verification that the slugs were being mixed within the length of the mixing
channel. In Figure 5, a slug of 2 components (water with different colors of food dye) is
generated and pumped through the mixing channel. The distinct colors in the original slug
are observed to reach a homogeneous mixture during its transit through the mixing channel.

On-the-fly Selection of Compositions

Liquid-in-air slugs with digitally programmable composition were generated on demand
using the filling parameters (pressure and time) determined above. To generate slugs of
different compositions, no operating parameters were changed — the computer program
simply controlled the closure of particular chamber size selection valves depending on the
desired composition. Figures 6a and 6b show sequences of slugs inside the chip, where each
slug has a unique but well-defined size and composition, generated from Scheme 1 of Figure
3. Slugs exhibit uniform appearance suggesting rapid mixing and their length and color
reflects the expectation based on composition. It can also be observed that none of the slugs
were fragmented and that there is negligible residue between slugs. Furthermore the change
in slug composition is instantaneous: there are no wasted “intermediate” slugs when
switching from one size/composition to another.

Quantitation of Carryover and Volume Accuracy

Since the generated slugs make contact with the channel walls there is a possibility of
contamination. Using radioactive solutions, we measured the carryover from one slug to the
next. After generating a slug of [F-18]fluoride solution, 1.5% of the radioactivity was found
in the immediately subsequent slug of water, and 0% in additional slugs (Supplementary
Information, Figure S4). Therefore a single slug (10 unit volumes) of water could be used to
effectively wash the chip. The low loss from the initial slug suggests that the amount lost
during slug flow will at most affect the reagent ratio of the next slug by 1.5%, assuming
preferential loss of one reagent but not the other.
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Using this wash protocol, the accuracy of volume ratios in the generated slugs was
investigated with radioactive solutions. Ratios of radioactivity in the slugs generated with
different amounts of [F-18]fluoride solution were compared to the first slug and show the
expected linear relationship (Figure 7), with an error <2% between the actual and expected
values.

Applications of Programmable Slug-Generation

Digitally-programmed slug generation has been used for optimization of monomer ratios for
supramolecular nanoparticle assembly [16], and for optimization of radiolabeling conditions
for antibody-based imaging agents [17]. In the latter application, the effect of the ratio of the
labeling agent N-succinimidyl-4-[F-18]fluorobenzoate ([F-18]SFB) to an anti-PSCA
diabody was explored. Each individual slug had sufficient material for analysis of labeling
yield enabling optimization with miniscule reagent consumption. In fact, this study
consumed 4-5 orders of magnitude less protein per data point compared with conventional
macroscale studies, requiring on average only 41 ng of protein (for 2.0 mg/mL stock) per
data point. Once optimal conditions were determined, larger amounts could be produced at
the optimal yield by generating and pooling a large number of slugs with identical
composition. Automation was especially important in this application because it was
necessary to operate the chip behind lead shielding where it is difficult to find space for
observation equipment such as microscopes, and because the optimization process needs to
be performed routinely due to difficult-to-measure batch-to-batch variations in the
radiolabeling agent or the biomolecule. In addition to other types of reaction optimization
experiments with scarce reagents, the chip could be used for dispensing/formulating
mixtures of radiolabeled compounds or drugs for chip-based cell studies.

Conclusions

We have developed a PDMS-based screening and reaction optimization chip based on
programmable generation of liquid-in-gas slugs. Size and composition of 2, 3, or 4-
component slugs can be digitally controlled. The use of microvalves decouples the liquids as
the slug is formed, avoiding effects such as change in reagent orientation as a function of
viscosity [47], and allows dynamic control of the volume of each reagent during slug
formation. The chip has been designed so the slug-creation time and slug-ejection times can
easily be predicted and therefore can be readily automated. Slug generation time was
determined to be independent of reagent type, total reagent volume, and other factors. This
enables worry-free operation, with reliable slug generation despite variations in a wide range
of parameters. Unlike our previous work [39], ratios of reagents are limited to discrete rather
than continuous values. This does not represent a practical limitation since optimization
studies are generally performed by choosing discrete values for a parameter over a range of
interest. The chip design could be scaled to larger numbers of chambers to achieve higher
resolution of reagent concentrations. Advantages of this new approach include removing the
dependence of optimal filling time on viscosity, eliminating the need for rapidly controlling
pressures, and eliminating the need for calibration of each chip (e.g., due to batch-to-batch
variations in PDMS). The use of a peristaltic pump to more gently eject slugs and avoid
breakup was also helpful in working with individual slugs.
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Figure 1.
(Left) Photograph of slug generation and mixing chip for reaction optimization. Channels

are filled with food dye for purposes of visualization: microvalve control channels (red),
reagent A (yellow), reagent B (blue). (Right) Schematic of chip design illustrating the
various functional components. The fluid layer is shown in blue and the control layer in red.
For clarity, only the microvalves (red rectangles) are shown in the control layer.
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(Top) Schematic of slug generator, vent port and nitrogen pump. Microvalves are
represented by red rectangles and labeled with names used in the text. (Bottom) Sequence of
steps to generate a slug. (a) Vent is opened to release any residual pressure in channel. (b)
Chamber size is adjusted by closing appropriate valves. In this case, a 3:1 (A:B) slug is
shown. (c) Chambers are filled with reagents. If buffer solutions are used, they would also be
filled at this time. (d) Filled chambers are sealed. (e) Adjacent chambers are merged by
opening isolation valve. If buffer solutions are used, the contents of buffer-filled chambers
would be merged into the slug as well. (f) Slug is ejected with nitrogen pump to the selected
demultiplexer output. The slug mixes as it flows.
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Figure 3.
Three methods of programming slug size and composition. Scheme 1. Reagents A and B are

filled from the center of the slug generator. Reagent A fills 0-5 chamber volumes to the left
of Vs and Reagent B fills 0-5 chamber volumes to the right of Vjso. The three examples
show A:B ratios of 1:1, 3:1, and 1:5. Scheme 2. Reagents A and B are filled from the center
and buffer solutions fill the remainder of the 5 chambers on each side of Vg, to ensure
uniform slug size. The composition (ratio of A:B) can be varied over the same range as
Scheme 1, but concentrations of A and B relative to original stock solutions are limited to 0O,
10, 20, 30, 40, or 50%. Scheme 3. Reagents A and B are filled from the ends of the slug
generator (i.e. using the buffer inlets) up to an isolation valve (can be any of Vax, Vex,
where X = {1,2,3,4,5} or Vijgo). More extreme ratios of reagents are possible than the above
cases, but the slug size must always be 10 unit volumes to ensure the reagents can be
merged. All of these techniques can be generalized to any number of chambers.
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(a) Schematic of the filling process. Gas initially in chamber (i) is rapidly compressed as
filling begins (ii) with a timescale on the order of 100 ms. Trapped, compressed gas
permeates out through the PDMS (iii) with a timescale on the order of 1 min until the
chamber is filled (iv). (b) Dependence of filling time on the filling pressure, Py, for several
different slug sizes (number of unit chambers). (c) The same data as (b) but plotted to
illustrate dependence of filling time on number of chambers, for several different filling
pressures. Points represent experimental data, lines represent non-linear regression fit to a
filling model. (Operating conditions: Pgject = 10 psig [69 kPag], vent time = 200 ms.)
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Figureb.

Time sequence of micrographs of a two-component slug being generated, then ejected and
pumped through the mixing channel. (a) Chamber volumes are selected by choice of valve
states; (b) Chambers are filled; (c) Chambers are merged to form a contiguous slug; (d) Slug
is ejected; (e-h) Slug is pumped through mixing channel and then to the pre-selected output
port into the output tubing.
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Generation of successive slugs of two reagents (A and B) having different composition
selected in real-time. Reagents were loaded from the center and buffer inlets were not used.
The slug ejection time was shortened for this image to ensure all slugs fit into the mixing
channel. It is evident that the slugs are already well-mixed after traveling a short distance
along the channel. (a) Slugs with varying size and composition; (b) Slugs with constant
volume (3 unit volumes) but varying composition. Below each image is a schematic
representation of the slug composition and numerical ratio of reagent A (yellow) and reagent

B (blue).
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Figure7.
Validation of volume ratio accuracy. (Top) Schematic of generation of slugs containing

[F-18]fluoride solution. 10-unit-volume slugs containing X = 0 to 5 unit volumes of
[F-18]fluoride solution were generated. Each slug was collected and its radioactivity
measured and corrected for radioactive decay (t;» = 110 min). Ratio of radioactivities of X
={0,2,3,4,5} slugs to X = 1 slugs were computed. The experiment was repeated 3 times and
the results averaged. The expected results are shown as a continuous line. Ratio of volumes
matches expected values within <1.6%.
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