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Abstract

This paper characterizes the conditions required to form nanoliter-sized droplets (plugs) of viscous aqueous reagents in flows of immiscible
carrier fluid within microfluidic channels. For both non-viscous (viscosity of 2.0 mPa s) and viscous (viscosity of 18 mPa s) aqueous solutions,
plugs formed reliably in a flow of water-immiscible carrier fluid for Capillary number less than 0.01, although plugs were able to form at
higher Capillary numbers at lower ratios of the aqueous phase flow rate to the flow rate of the carrier fluid (in all the experiments performed,
the Reynolds number was less than 1). The paper also shows that combining viscous and non-viscous reagents can enhance mixing in droplet
moving through straight microchannels by providing a nearly ideal initial distribution of reagents within each droplet. The study should
facilitate the use of this droplet-based microfluidic platform for investigation of protein crystallization, kinetics, and assays.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the word “contact” somewhat loosely, because even though
plugs press against all four walls of the microchannel, they
This paper discusses the effects of viscosity on the for- are prevented from intimate contact with the walls by a thin
mation of droplets and on mixing inside the droplets mov- film of carrier fluid[9,10]. Previously, we have characterized
ing through straight microfluidic channels. The formation of the formation of these plugs and mixing within the plugs
droplets in two-phase flow in microchannels has attracted using fluids that had matched viscosities, all approximately
significant attention. Formation of patterns in the flows far equal to that of watef11,12] Recently, we have begun to
from equilibrium[1] and the effects of wettability on the apply this plug-based microfluidic platform to the manipula-
patterns generated in two-phase floj2$ have been de-  tion of viscous protein solutions for functional and structural
scribed. Preparation of monodisperse emuls{@8hand the studies. We used this platform to screen hundreds of pro-
use of flow-focusing techniques to control both size and dis- tein crystallization conditions inside nanoliter-sized plugs,
tribution of monodisperse and polydisperse emulsighs consuming less than 4 nl of protein solution for each crys-
have been reported. Segmented flow has been incorporatedallization trial[13]. We also demonstrated that the platform
into a DNA analyzer5], and droplets have been used in can be used to study millisecond enzyme kinetics using only
microchannels to perform and enhance two-phase chemi-nanoliters of reagentfl4]. Handling of viscous solutions
cal reactiong6,7]. We have recently shown that it is pos- (e.g. solutions of polyethylene glycol and concentrated pro-
sible to form droplets of multiple aqueous reagents in a tein and enzyme solutions) was an important issue in both
flow of water-immiscible carrier fluid, transport the droplets of the studies. Consequently, it has become apparent that
through microchannels without dispersion, and mix the con- the effects of viscosity on the formation of plugs and on the
tents of the droplets by chaotic advection in winding chan- mixing within plugs should be characterized.
nels[8]. We refer to droplets that contact all four walls of Here we investigated the formation of plugs in multiphase
a microchannel but do not wet the walls as plugs. We use flows where the fluids were more viscous than water. We also
investigated the formation of plugs in flows where the vis-
* Corresponding author. Tekt1-773-702-5816: cosities of the aqueous and carrier fluids were different from
fax: +1-773-702-0805. one other. In both cases, the flows form plugs up to a certain
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Fig. 1. Visualization of the three regimes of behavior observed in
two-phase flows of viscous fluids. (a) Left: a scheme of the microfluidic
network. Right: a microphotograph of formation of plugs at low value
of Ca=4.7 x 1073. (b) A microphotograph of flow that is in transition

to laminar flow. The flow velocity was 53mm, and the length of the
laminar segment was §dm. The Capillary numberCa = 9.3 x 1073,

(c) A microphotograph of flow where the length of the laminar segment

is 200um. The flow velocity was 67 mm$, andCa = 1.2 x 10°2. In

all microphotographswf = 0.5. The cross-sectional dimensions of the

channels were 5@m x 50 pm.

ities in terms of the Capillary numbeEa, and water frac-
tion, wf, showing thatCa can be used to reliably predict
thresholds for combinations of fluids that have matched vis-
cosities.Ca = Uu/y, whereU (ms™1) is the flow velocity,

w (kgm~1s-1) the dynamic viscosity, angt (kgs2) the
surface tension at the interface between the aqueous phase
and the carrier fluid. The Capillary number “represents a
measure of viscous stresses relative to interfacial tension
stresses15]. Water fraction,wf, is the ratio of the volu-
metric flow rate of the aqueous phase to the total volumetric
flow rate of carrier fluid and aqueous phase. We also demon-
strate that although mixing still proceeds by recirculating
flows in plugs of viscous reagents, mixing is affected by the
presence of viscous reagents. Although viscous reagents are
expected to mix more slowly than non-viscous reagents, we
show that for certain conditions, a combination of viscous
and non-viscous reagents mix faster than a combination of
all non-viscous reagents. The results of these investigations
should be important for studies that utilize plug-based mi-
crofluidic platforms to manipulate proteins, biological flu-
ids, and organic reagenits6—18]

cosity. However, multiphase flow reached the threshold at
lower flow velocities when viscous solutions were used. For
all the experiments, the value of the Reynolds number was 2. Experimental
low (Re < 1), and we have previously shown that at these

values,Re has a negligible effect on formation of plugs and
mixing inside them11]. We quantify the threshold veloc-
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The experiments were performed as described previ-
ously [11], with the following additions: We measured
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Fig. 2. Phase diagrams characterizing plug formation in four systems of viscous/non-viscous aqueous solutions and carrier fluids. The faonsombinat
were: (a) NV-A and NV-CF, (b) V-A and V-CF, (c) NV-A and V-CF, (d) V-A and NV-CF. For (c) and @ was calculated using the viscosity of
the non-viscous phase. Abbreviations are define8ention 2
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Fig. 3. A phase diagram characterizing plug formation in the system of
NV-A and NV-CF. Points are plotted against the superficial flow velocities
of the two fluids. These velocities were calculated just upstream of the
junction where plugs formed.

the viscosity of fluids using a glass capillary viscometer
(British-Standard, U-Tube; Cannon Instrument Company).
In the experiments that characterize formation of plugs
(reported in Figs. 1-3, non-viscous aqueous solution
(NV-A) was a solution of 24% glycerol in water (m/m),
m 2.0mPas. Viscous aqueous solution (V-A) was a
solution of 68% glycerol in water (m/m)y = 18 mPas.
Non-viscous carrier fluid (NV-CF) was a 10:1 (v/v) mix-
ture of 3M fluorinated fluid FC-3283 and 1H,1H,2H,2H
perfluoro-1-octanol (PFO); = 2.0 mPas. Viscous carrier
fluid (V-CF) was a 10:1 (v/v) mixture of perfluoroper-
hydrophenanthrene (PPP) and PFRO,= 18 mPas. The
surface tensions between various aqueous solutions an

carrier fluids (as determined by the pendant-drop method

[19-21) were as follows: 1® + 0.5mNm ! between
VA and V-CF, 134 4+ 0.5mNm?! between V-A and
NV-CF, 114 + 0.5mNm! between NV-A and V-CF,
and 106 + 0.5mN ! between NV-A and NV-CF. In the
experiments that characterize mixing in plugs (reported in
Fig. 4), the dark colored streams were 0.07 M solutions of
Fe(SCN)G-2)+ complexes. The colored solutionig. 4a
was made with NV-A, and the viscosity of the solution was
2.0mPas. The colored solution Kig. 4b was made with
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Fig. 4. Comparison of mixing behavior in plugs when (a) all three agueous

streams were non-viscous with (b), when one of the aqueous streams wa

viscous. (al) and (b1l) Left: a scheme of the microfluidic network. Right:
microphotographs of plug formation. (a2 and b2) Microphotographs of
plugs that had traveled identical distances-d#4 mm for identical periods

of time (~2.1s) through the straight channel. Channels had cross-sectional

dimensions of 15p.m x 100pum. The solutions are described 8ection
2.In (@) and (b),U = 6.7mms1, wf = 0.5, and the plugs had virtually
identical volumes.
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V-A, and the viscosity of the solution was 19 mPas. The
colorless aqueous streamshig. 4 were a 0.2 M solution

of KNO3 in NV-A. The viscosity of the colorless solution
was 2.1 mPas. Non-viscous carrier fluid (NV-CF) was used
in both of the experiments reported kig. 4.

3. Results and discussion

3.1. Forming plugs of solutions with viscosity higher
than water

We investigated the formation of plugs with four combi-
nations of aqueous solution and carrier fluid and found that
plugs could be formed reliably, regardless of the viscosity
of the fluids. The combinations of fluids were (1) NV-A and
NV-CF, (2) V-A and V-CF, (3) NV-A and V-CF, and (4)
V-A and NV-CF (abbreviations are defined $ection 2.

For all the combinations, the multiphase flow exhibited
three regimes of behavior: (i) At low flow velocities.(7x
1074 < Ca < 7.6 x 1072), plugs immediately separated
from the aqueous stream at the junction where the aque-
ous stream met the stream of carrier flukig( 19. The
length of plugs and the spatial period, or center-to-center
distance between adjacent plugs, were reproducible. (ii) As
the flow velocity andCa were increased to a certain thresh-
old (1.9 x 10°3 < Ca < 8.2 x 1072), plugs did not sepa-
rate immediately at the junction. Instead, the aqueous stream
4ormed a short (one to two times the width of the channel)
aminar segment beyond the junction before plugs separated
from the streamHKig. 1b. (iii) At higher flow velocities and
Ca (22 x 102 < Ca < 1.1 x 10°1), the laminar seg-
ment propagated further downstream and its length fluctu-
ated Fig. 19. The size of plugs also decreased noticeably.
The three regimes may be explained very simplistically in
terms of the Capillary number. The ratidu is an expres-
sion of the velocity at which the interface between the two
phases may move under the force of surface tension, resisted
by the viscosity of the fluids. As long as the flow velocity
is much lower than the interfacial velocityp., the surface
tension dominates and the plugs snap off cleanly (regime
(). As the velocity of the driving flow increases, the in-
terfacial velocity is not high enough for clean snap-off, and
fluids proceed laminar for some distance before the snap-off
occurs.

We quantified the three regimes of flow for the four com-
binations of aqueous solution and carrier fluid in terms of
Ca andwf. The surface tensions between aqueous solution
and carrier fluid were similar for all four combinations of
fluids; the only components @a varied in this study were
w and U. The results are displayed as phase diagrams in
Fig. 2 For all four combinations of fluids, the regions of
the phase diagrams that correspond to regime (i) have the
same general shape. Threshold valueSatvere higher for
lower wf. For two of the combinations of fluids, the viscos-
ity of the aqueous solution matched the viscosity of the car-
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rier fluid. From the diagrams characterizing combinations of these vortices can enhance mixing by reducthgHowever,
NV-A and NV-CF (ig. 29 and V-A and V-CF Fig. 2b), we have previously shown that the efficiency of mixing
it was clear thaCa was important for predicting the behav- in straight channels depends significantly upon the initial
ior of the flow. Viscosities of the fluids differed by nearly distribution of reagents in each plJg1]. If one reagent
a factor of ten, and the flow velocities at a threshold for a is isolated in the upper half of the plug and another is
given wf were about ten times lower in the flow of viscous isolated in the lower half, then mixing is not enhanced by
fluids. However, the threshold values @& for a givenwf internal flow. When reagents of matched viscosity formed
were nearly identical between the two diagrams. For a given long plugs at highwf ~ 0.5, this initial distribution was
wf, the threshold values da differed by a factor between  observed Fig. 4a).
1.1 and 1.4, except fapf = 0.2 where the threshold values For faster mixing by recirculation, one reagent should be
of Ca differed by a factor of 1.7. initially distributed to the back of the plug, and the other

For flows of two fluids with different viscosities, it was reagent should be distributed to the fr¢bl]. In this way,
unclear which viscosity should have been used to calculateeach reagent is divided equally between the two vortices.
Cato predict threshold flow velocities. In the phase diagrams When one stream of V-A and two streams of NV-A were
constructed for two combinations of fluid where there was simultaneously injected into a flow of NV-CF (V-A was in-
a contrast between the viscosity of the aqueous solution andiected through the leftmost inlet), the V-A initially collected
that of the carrier fluidKig. 2c and g, the viscosity of the  in the back of the plugKig. 4bJ). The distribution of the
non-viscous phase was used to calcul@te It appeared reagents, therefore, was nearly ideal, and for the conditions
that Ca, calculated this way, did not predict the behavior shown inFig. 4, a viscous and a non-viscous reagent mixed
of the flow as accurately as in the combinations of fluids faster than reagents of low, matched viscosities in long plugs
of matched viscosities. For examplelt= 0.5, threshold (Fig. 4a2 and bR (Our previous studies show that longer
values ofCa differ by a factor of 1.5 between NV-A/V-CF  plugs form at higher water fractiofi¥1].) For this combina-
and NV-A/NV-CF, and threshold values differ by a factor of tion of fluids, threshold values @a were identical to those
3.2 between V-A/NV-CF and NV-A/NV-CF. Iltis interesting  found for a combination of V-A and NV-CF. If V-A was
to consider that plugs of viscous solution may be formed at flowed through the rightmost inlet, then plugs formed only
higher flow velocities using non-viscous carrier fluid rather for significantly lower values o€a.
than viscous carrier fluid.

Such phase diagrams have been often presented in the
coordinates of velocities (or volumetric flow rates) of the 4. Conclusion
two fluids [2,4,7,22] We have replotted the data shown in
Fig. 2ato underline the similarities of the phase diagram  Plugs may be formed in multiphase flows of fluids with
presented here and the ones observed previolty 8). viscosities significantly higher than that of water. We have
We used the superficial flow velocities of each fluid, calcu- demonstrated tha®a can be used to predict the conditions
lated by dividing the volumetric flow rate of the fluid by the necessary to reliably form plugs when the fluids in the flow

cross-sectional area of the channel. have matched viscosities. In flows where there was a con-
trast between the viscosity of the aqueous solution and the

3.2. Mixing in plugs of solutions with viscosity higher viscosity of the carrier fluid, threshold values G& dif-

than water fered from the threshold values 64 of flows of fluids with

matched viscosities by a factor of 1.5-3.4. We also observed

When two reagents flow laminar in microchannels, mixing that two aqueous reagents of differing viscosities may mix
is slow and proceeds by diffusion. The time needed to mix more rapidly than two aqueous reagents with matched vis-
two reagents by diffusion isir = stI2/2D wherestl (m) cosities.
is striation length, the distance that a reagent must diffuse We conclude that this plug-based microfluidic platform is
to mix with another reagent, arid (m?s™1) the diffusion capable of accommodating viscous fluids, although several
coefficient. In a plug, the initiatl is on the order of the width ~ questions remain to be addressed. We used the viscosity of
of the plug (determined by the width of the channel). In long the non-viscous phase to calculate threshold valueSaof
plugs formed at high water fractionst] is approximately for flows of fluids with contrasting viscosities. In this case,
half of the width of the plug. The initiadtl may be reduced threshold values o€Ca are lower than those of a flow of
further by the eddy present during the formation of shorter fluids with matched viscosity. When we used the viscosity
plugs formed at lower water fractio$l]. The value oD of the viscous phase, the threshold values were higher than
is lower for viscous solutions and increases mixing time.  those for a flow of fluids with matched viscosity. Therefore,

If reagents are localized within plugs, however, they can it is important to establish how to average these viscosities
be mixed rapidly by re-circulating flowgl1]. There are  to obtain threshold values @a that are consistent for all
two vortices of flow in a plug moving through a straight combinations of fluids. We have previously shown that mix-
microchannel, one in the upper half of the plug and another ing can be accelerated by increasing the velocity of the flow.
in the lower half (as viewed ifrig. 4) [23]. In principle, Another issue to be investigated is whether geometries of
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