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Abstract: This work addresses novel means for controlled mixing and reaction initiation in biomimetic
confined compartments having volume elements in the range of 10-12 to 10-15 L. The method is based on
mixing fluids using a two-site injection scheme into growing surfactant vesicles. A solid-state injection needle
is inserted into a micrometer-sized vesicle (radius 5-25 µm), and by pulling on the needle, we create a
nanoscale surfactant channel connecting injection needle and the vesicle. Injection of a solvent A from the
needle into the nanotube results in the formation of a growing daughter vesicle at the tip of the needle in
which mixing takes place. The growth of the daughter vesicle requires a flow of surfactants in the nanotube
that generates a flow of solvent B inside the nanotube which is counterdirectional to the pressure-injected
solvent. The volume ratio ψ between solvent A and B inside the mixing vesicle was analyzed and found to
depend only on geometrical quantities. The majority of fluid injected to the growing daughter vesicle comes
from the pressure-based injection, and for a micrometer-sized vesicle it dominates. For the formation of
one daughter vesicle (conjugated with a 100-nm radius tube) expanded from 1 to 200 µm in radius, the
mixing ratios cover almost 3 orders of magnitude. We show that the system can be expanded to linear
strings of nanotube-conjugated vesicles that display exponential dilution. Mixing ratios spanning 6 orders
of magnitude were obtained in strings of three nanotube-conjugated micrometer-sized daughter vesicles.

Introduction

Control of fluid delivery inside small-dimension channels is
of paramount importance in microfluidic devices, with applica-
tions in, for example, chip-based chemical analysis, drug
screening, computations, and chemical kinetics.1-4 Techniques
used for fluid delivery in micrometer-sized channels include
electroosmotic flow, electrochemistry, electrowetting, electro-
capillary pressure, and mechanical pumping.5-9 As a comple-
ment to these techniques, we have constructed channels in lipid
bilayer systems composed of micrometer-sized vesicles con-
nected by lipid nanotubes having a radius of 50-150 nm. To
take full advantage of lipid nanotube-vesicles networks as
systems for initiating and controlling chemical reactions, a way
to transport materials through the nanotubes is of central
importance. Such transport can be obtained by utilizing the

dynamic and fluid character of the bilayer membrane. As is
well-known for a system comprising two fluids separated by
an interface, mechanical equilibrium requires that the interfacial
tension be constant at the interface. Any gradients in tension
necessarily cause interfacial transport, producing tangential
forces on adjacent fluid lamina belonging to the bulk liquid
phases. In other words, the spatial variation in interfacial tension
creates a flow in the liquid phases on either side of the interface.
Interfacial tension-driven flows are generally termed Marangoni
flow, and examples of this phenomenon include spreading of
films on liquid interfaces and film wetting of solid substrates.10

In the case of bilayer membranes, nonuniform lipid distribu-
tions can be induced by, for example, fluid convection,
temperature gradients, electric fields, laser light, or mechanical
means. Tangential gradients in surface tension then produce a
membrane flow directed toward regions of higher surface
tension. We have previously provided experimental evidence
of tension-driven lipid transport using a simple model system
consisting of two surface-immobilized vesicles connected by a
lipid nanotube.11 By deforming one of the vesicles using a
micromanipulator-controlled carbon fiber, a gradient in mem-
brane tension was established over the system. This results in
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lipid flow from a source (vesicle in a state of lower membrane
tension) to a sink (vesicle in a state of higher membrane tension).
The flow of the lipid membrane is represented by a lateral
translation of a cylindrical wall, translating with velocityVn, a
quantity that can be experimentally determined. This results in
a moving wall driven flow of the liquid inside the tube, and
thus transport of fluid between vesicles. A related method relies
on formation of nanotube-integrated vesicles by adding excess
membrane material to a surface-adhered vesicle. Such nanotube-
integrated vesicles can be moved from one surface-immobilized
vesicle to another (i.e., between the endpoints in a network)
across a nanotube, thereby transporting and delivering discrete
quantities of material in a controlled fashion.12 The mobile
vesicles can be emptied into the stationary vesicles at will to
obtain mixing between two separate femto-to-picoliter packets
of fluids.

Here we present a technique to obtain mixing between two
liquids in a growing surfactant vesicle conjugated by a
suspended nanotube in one end and contacted by a solid-state
microinjection needle in the other end. The distal end of the
nanotube is connected to a larger mother vesicle serving as lipid
membrane reservoir.13 The growth of the daughter vesicle forces
membrane material from the mother to cross over the lipid
nanotube to the daughter vesicle, producing a liquid flow inside
the nanotube due to nonslip and viscous coupling. During
inflation, the liquids from the pipet and nanotube, respectively,
which can be two separate matrixes containing different solutes,
will mix. We have calculated the mixing ratio of the two flows
within a daughter vesicle as a function of the vesicle-nanotube
system geometry, and it turns out that the liquid mixing ratio is
only dependent on the relative diameters of the inflated vesicle
and nanotube, but not inflation rate at the limit of no diffusion.
The theoretical work is accompanied by experimental observa-
tion of the vesicle inflation parameters, with regard to daughter
vesicle birth and growth as a function of pipet injection pressure.
Furthermore, we have examined the respective flows from pipet
and nanotube using fluorescent probes and find that this device
should be useful for mixing femto-to-picoliter volumes of
reactants in micrometer-scale compartments with mixing ratios
spanning several orders of magnitude. The method is particularly
relevant for initiation and studies of chemical reactions in
confined biomimetic geometries involving small-volume transfer
and few molecules. The study also provides understanding for
how nanotube-vesicle networks with contents-differentiated
containers can be created using well-defined materials transfer
functions.

Materials and Methods

Vesicle Preparation.Vesicles were prepared from soybean lecithin
dissolved in chloroform (100 mg mL-1) as a stock solution. A
dehydration/rehydration method previously described was used to
prepare unilamellar vesicles.13,14 In short, a droplet of lipid dispersion
(1 mg mL-1) was placed on a borosilicate cover slip and dehydrated
in a vacuum desiccator. When the lipid film was dry, it was rehydrated
with buffer solution (Trizma base 5 mM, K3PO4 30 mM, KH2PO4 30
mM, MgSO4 1 mM, EDTA 0.5 mM, pH 7.8) After a few minutes,
micrometer-sized unilamellar vesicles were formed. A small sample

of vesicle suspension was carried over to a drop of fresh buffer solution
on a cover slip, and the vesicles were allowed to settle at the surface.

Microscopy and Fluorescence Imaging.The cover slips were
placed directly on the stage of an inverted microscope (Leica DM IRB,
Wetzlar, Germany). For epifluorescence illumination, the 488-nm line
of an Ar+ laser (2025-05, Spectra-Physics) was used. To break the
coherence and scatter the laser light, a transparent spinning disk was
placed in the beam path. The light was sent through a polychroic mirror
(Leica) and an objective to excite the fluorophores. The fluorescence
was collected by a three-chip color CCD camera (Hamamatsu, Kista,
Sweden) and recorded by using a digital video (DVCAM,DSR-11,
Sony, Japan). Digital images were edited using the Adobe Premiere
and Photoshop graphic software. Scion Image was used for image
analysis (Scion Corp., Frederick, MD).

Micropipet-Assisted Formation of Unilamellar Networks. Fab-
rication of networks of nanotube-conjugated vesicles was performed
as previously described.15 With this method, networks can be produced
with controlled nanotube length, angle between nanotube extensions,
and vesicle container diameter. The micromanipulators (MWH-3,
Narishige, Tokyo, Japan) are graded to a resolution of 0.2µm, allowing
for precise control of thex,y,z-position. The tapered injection micropi-
pets were borosilicate capillaries pulled on a CO2 laser puller instrument
(model P-2000, Sutter Instrument Co., Novato, CA). A microinjection
system (Eppendorf, CellTram Vario) and a pulse generator (Digitimer
Stimulator DS9A, U.K.) were used to control the electroinjections.

Chemicals and Materials. Trizma base, glycerol, and potassium
phosphate were from Sigma-Aldrich Sweden AB. Soybean lecithin
(polar extract) was obtained from Avanti Polar Lipids, Inc. (Alabaster,
AL). Chloroform, EDTA (titriplex III), magnesium sulfate, potassium
dihydrogen phosphate, potassium chloride, sodium chloride, and
magnesium chloride were from Merck (Darmstadt, Germany). Deion-
ized water (Millipore Corp., Bedford, MA) was used to prepare the
buffer. Alexa488-conjugated dextran was obtained from Molecular
Probes (Leiden, The Netherlands).

Results and Discussion

Formation of Nanotube-Conjugated Daughter Vesicles.
Tethers or nanotubes pulled from vesicles using point loads
follow a first-order transition and display a force overshoot.16

Once the tube is formed, further extension in length follows
smoothly with a forcef0 ) 2πx2σκ, whereσ is the surface
tension andκ is the bending rigidity of the membrane. The
required force is typically on the order of 10 pN, giving a cost
of ∼10-17 J per 10µm length of tube. The equilibrium radius
of the tube isa0 ) xκ/2σ, which means that a vesicle withσ
) 0.5 × 10-5 J m-1 andκ ) 10-19 J will have a tube with a
radius of about 100 nm. The tube itself can be considered as a
flexible filament with bending rigidityk ) πκa , which is of
the order 0.6× 10-25 J m for the values used above. A variety
of experimental techniques based on micromanipulation of
micrometer-sized vesicles have been developed for tether
formation, including pulling with pipets17 or optical tweezers,18

pulling by hydrodynamic force,19 pulling by action of poly-
mers,20 and pulling by action of molecular motors.21 In all these
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cases, the lipid membrane is adhered to the surface of the pulling
object, that is, the walls of the vesicle remain intact.

In the present work, the initial step to form daughter vesicles
is based on electroinjection of solid-state tips into micrometer-
sized unilamellar vesicles and is quite different from the above-
mentioned techniques as the tip of the injection needle is actually
penetrating the membrane wall before the nanotube is pulled
out.11 Thus, after nanotube formation, the interior surface of
the lipid tube is enclosing the outer surface of the tip; a liquid
contact is established between the two systems. Under conditions
of constant injection pressure, Nomarski differential interference
contrast microscopy imaging revealed that a dilated lipid
cylinder with an apical bulb is formed immediately as the pipet
is pulled out from the mother vesicle; that is, there is initially
no nanotube present (Figure 1a). As the pipet tip is pulled away
from the mother vesicle, a small vesicle is formed at the tip of
the pipet (Figure 1b). The vesicle is formed when the injection
pressure is not sufficiently high to hydrodynamically maintain
a large radius cylinder continuous with the vesicle body. The
membrane system responds to the deformation by forming a
nanotube (Figure 1c,d) because the resistance to bending is much
smaller than for a stretching deformation. The integrity of the
nanotube is maintained because the injection pressure is too
low to force solution through the nanotube. Using the Poiseuille
equation∆P ) Q8ηLt/πa4, whereQ is the volumetric flowrate
and Lt is the nanotube length, the pressure required to force
aqueous solution at a flow rate of 1 pL s-1 through a 10-µm-
long 100-nm-radius nanotube is∼250 kPa, a factor of 100
higher than that employed in our experiments.

Growth of a Daughter Vesicle by Hydrodynamic Injection.
The growth of a daughter vesicle during injection is caused by
recruiting membrane from the mother vesicle. The daughter
vesicle grows by continuous injection of fluid from the
microinjection system (solvent A) as well as from internal fluid
(solvent B) and lipid wall material transported from the
nanotube, as schematically shown in Figure 2 and displayed in
the sequence of Nomarski images shown in Figure 3. The
velocity of the nanotube lipid wall is determined by the rate at
which the daughter vesicle grows. The total surface area of
surfactant in the tube and daughter vesicle is:

wherea is the radius of the nanotube,R is the radius of the
daughter vesicle, andL is the distance between injection needle

and mother vesicle. The flux of surfactants going from mother
vesicle to daughter vesicle is:

whereVn is the velocity of surfactants in the nanotube, that is,
the velocity of the lipid membrane wall. Conservation of surface
area implies thatJn ) dS/dt, which givesVn ) 4(R/a)Ṙ - 2Ṙ,
whereṘ is the time derivative of the vesicle radius. The last
term can be neglected sinceR . a, hence:

In the derivation above, we assumed that the radius of the
nanotube is uniform. However, during inflation the tension in
the daughter vesicle is, in general, higher than that in the mother
vesicle, which results in a nonuniform tube radius. It is
straightforward to show that eq 3 is still valid when the nanotube
radiusa varies along the tube, and the membrane wall velocity
increases as the tube becomes thinner. For simplicity, in the

Figure 1. Formation of a nanotube-conjugated daughter vesicle. (a) A
cylindrical membrane tether is pulled out. (b-d) At a critical cylinder length,
the cylinder walls bend to form the daughter vesicle and nanotube. The
time lapse between frames is 40 ms. The injection flow rate was 1 pL s-1.

Figure 2. Schematic drawing showing geometry, flow, and growth
parameters during inflation of a daughter vesicle (left compartment, injection
of solvent A) at the end of a nanotube pulled from a mother vesicle (right
compartment, contains solvent B).

Figure 3. Time-lapse images of daughter vesicle inflation. (a) The volume
of the daughter vesicle (arrow) is 0.4 pL. (b-f) The vesicle is inflated at a
rate of 1 pL s-1 to a final volume of 10.5 pL.

S) 4πR2 + (L - 2R)2πa (1)

Jn ) 2πaVn (2)

Vn ) 4
R
a

Ṙ (3)
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following we shall consider the tube radius constant. To estimate
the tension gradient we approximate the hydrodynamic stress
on the tube with that of a cylinder in translation motion, which
corresponds to a tangential surface stress:19

whereF is the drag on a cylinder having the same dimensions
as the nanotube and moving with velocityVn in a liquid of
viscosity η. Since the Laplace pressure inside the daughter
vesicle is larger than that in the mother vesicle, there will be a
Poiseuille flow inside the tubeQP ) ∆Pπa4/8ηL. The pressure
difference,∆P, is maximal when the mother vesicle is much
larger than the daughter vesicle; in this case∆P ≈ 2(σ + ∆σ)/
R, where∆σ is the tension difference between mother vesicle
and daughter vesicle. This Poiseuille flow is superimposed on
the plug flow generated by the moving walls. The tangential
surface stress from Poiseuille flow is:

The tension gradient along the membrane tube is equal to the
difference in tangential hydrodynamic stress on each side of
the membrane:

Equation 5 shows that the tangential stress from Poiseuille flow
is small whenR . a and when the contribution to the tension
difference over the tube is of the ordera/Rσ. Thus, the total
increase in tension over the tube is approximately∆σ ≈ σtL )
2ηVnL/a ln(L/a).

The volume flow rate of solventB through the nanotube into
the mixing vesicle is composed of a plug flow due to the moving
walls and Poiseuille backflow:

The total volume of solventB in the growing vesicle is found
by integratingQB over time, which gives:

whereQ ) 4πR2Ṙ is the volume growth rate of the vesicle.
The total volume of the growing vesicle is:

The volume flow rate of solventA into the vesicle isQA )
πb2V, where V is the constant linear flow velocity from the
injector, andb is the radius of the inner channel of the tip.
Experiments show that inflation of vesicles displays a linear
relationship in volume growth over a large range of injection
pressures. In Figure 4, this relationship is shown for injection
pressures of 2, 20, and 52 hPa, using a 0.5-µm-radius tip. The
nonlinearity expected at small sizes was impossible to resolve

in the experiments. Equations 8 and 9 give us the volume ratio
ψ between solventsA andB inside the mixing vesicle:

This equation is valid whenR . a. For sufficiently high
injection rateQ and long nanotubes, the Poiseuille backflow is
small. In this case:

With a tube radiusa ) 100 nm and vesicle radiusR ) 3 µm,
there will be 5% of solvent B in the mixing vesicle.

We performed experiments to verify this theory and to show
that materials are quantitatively transferred from the mother
vesicle across the nanotube into the growing daughter vesicle.
Nanotube-conjugated daughter vesicles were formed from
Alexa-dextran-loaded mother vesicles using a microinjection
needle filled with nonfluorescent, isoosmolar buffer. The ratio
of fluorescence intensity between the two compartments was
compared after corrections for optical path length by taking the
ratio between peak intensity and vesicle diameter as a measure
of dye concentration. We assumed that the vesicles were
attached to the surface in the low-adhesion regime and therefore
treated them as spheres.22 Figure 5 shows an experiment where
Alexa dextran was transported from the mother vesicle, which
contained dye corresponding to 2 mg mL-1. The injection
pressure was kept below that necessary to inflate a daughter
vesicle (∼0.5-1 hPa) at the tip, and therefore only a nanotube
was pulled out (Figure 5a,b). Increasing the pressure to 2 hPa
caused onset of daughter vesicle formation and growth, with a
pipet flow rate of 0.02 pL s-1 during inflation (Figure 5c). Any
accumulation of fluorescence in the daughter vesicle must be a

(22) Seifert, U.; Lipowsky, RPhys. ReV. A 1990, 42, 4768-4771.

Figure 4. Increase in daughter vesicle volume with time at constant
injection pressures, based on measurements of vesicle radius (see Figure 3
for setup). Each data point is an average of two experiments. Lines are
simple linear fits.
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result of transport across the nanotube. Figure 5d shows the
advent and accumulation of Alexa dextran in the daughter
vesicle, demonstrating nanotube transport. We assume that
equilibration between containers by diffusion is negligible for
our macromolecular solutes (see below).

In Table 1, we present the mixing ratios in percent obtained
from experiments, the daughter vesicle radius in micrometers,
the calculated tube radius in nanometers, and the expected
mixing ratios obtained from theory calculated using eq 11 for
eight vesicles in the size range of 5.5-30.5µm in radius. Figure
6 shows the mixing ratio as a function of vesicle radius in the
range of 0.5-200 µm. The best fit of eq 11 to experimental
values yields a tube radius of 171 nm. As can be seen, the
experimentally obtained mixing ratios are, in general, in good
agreement with theoretical predictions. It is pertinent to mention
a few experimental issues here. The minimal vesicle size and
the precision of the technique in producing defined vesicle sizes,
that is, a defined dilution, are primarily determined by the

injector system but also by the manner in which vesicle growth
is halted. Using the current setup, the flow is continuous and
cannot be halted on demand. The lowest flow rate using a tip
diameter of 0.5µm is approximately 0.02 pL s-1. At this flow
rate it will take only 5-6 s to inflate a daughter vesicle to a
diameter of 5µm, at whichṘ is 0.2µm s-1. The only way to
halt vesicle growth is to position it at the substrate surface, wait
for it to stick, and then gently pull the needle out. Even the
most deft pair of hands will find it hard to perform this procedure
in under 5 s. This explains the absence of vesicle sizes below
5 µm in Figure 6.

After their formation, the vesicles are stable (we do not
observe a decrease in vesicle diameter on the time scale of the
experiment). This is another indication that the pressure differ-
ence between daughter vesicle and mother vesicle is too small
to create a significant Poiseuille flow, otherwise the vesicle
would shrink.

In the case of pure plug flow in the nanotube, the mixing
ratio between solventA as a result of pressure injection and
solvent B from the mother vesicle through the nanotube is
determined by the conservation of surface area (we assume that
the surfactant flow is incompressible).

Exponential Dilution and Mixing in a Plurality of Con-
secutively Formed Vesicles.To demonstrate serial dilution in
several vesicles, we first made a daughter vesicle from a mother
vesicle filled with Alexa dextran, using a pipet filled with a
nonfluorescent isoosmolar buffer solution. We immobilized it
on the surface, proceeded to create a second and third vesicle
conjugated by nanotubes, and also immobilized these to the
surface as demonstrated in Figure 7a,b. We can describe a
consecutive material transfer function similar as that above for
the three vesicles (which can be generalized for any given
number of vesicles), and for sake of simplicity we solve it for
R1 ) R2 ) R3. Then we define the corresponding mixing ratios
ψ1, ψ2, andψ3 for the case of formation of one, two, and three
daughter vesicles. For formation of the first vesicle, one gets
the mixing ratio as defined before:

For two vesicles we get:

Finally, for three vesicles we get:

These equations can be generalized for any number of vesicles.
Interestingly, the systems of several consecutively formed

Figure 5. Nanotube-mediated transport of fluorescent dextran during
formation and growth of a daughter vesicle. (a) Nomarski image of the
experimental setup. (b) Schematic showing pipet tip and membrane system
before formation of daughter vesicle. (c) Membrane system after formation
of daughter vesicle and direction of transport flow. (d) Accumulation of
the dextran in the expanding daughter vesicle.

Table 1. Measured and Calculated Mixing Ratios ψ, Vesicle
Radius, and Calculated Tube Radius for Eight Vesicles

measured mixing
ratio ψ (%)

vesicle radius
(µm)

calculated tube
radius (nm)a

calculated mixing
ratio (%)b

4.8 8.0 256 3.26
2.2 7.5 110 3.48
2.2 9.3 136 2.82
5.2 5.5 191 4.75
0.5 29.0 99 0.90
0.5 30.5 109 0.86
0.1 30.5 25 0.86
1.19 25.5 203 1.02

a The tube radius was calculated usinga ) 2Rψ/3 (eq 11). A least-
squares fit ofψ ) 3a/2R to the measured data gives a tube radius of 170
nm with a mean square error of 74 nm.b The calculated mixing ratio was
derived inserting the measured vesicle radius and a tube radius of 174 nm
into eq 11.

Figure 6. Mixing ratio ψ(R) in formation of single daughter vesicles (n )
8). The line represents the least-squares fit ofψ ) 3a/2R to the measured
data (0), giving a tube radiusa of 170 nm. The mean square error was 75
nm.

ψ11 ) 3a
2R

(12)

ψ12 ) 3a
R

(13)

ψ22 ) 27a2

8R2
(14)

ψ13 ) 9a
2R

(15)

ψ23 ) 9a2

R2
(16)

ψ33 ) 9a3

R3
(17)
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vesicles behave as exponential dilution and mixing devices.
Figure 8 plots logψn as a function ofR between 0.5 and 100
µm in diameter for the system of three conjugated vesicles
(nanotube radius was set to 170 nm from the least-squares fit
to the single vesicle data).ψ was calculated using eqs 15-17,
where it is assumed that the three vesicles have the same radius.
It can be seen that dilutions with a factor of 106 can be obtained
between the first and last vesicle. We performed fluorescence
microscopy experiments to control the validity of eqs 15-17,
as shown in Figure 7c. The ratio of peak fluorescence intensity,

obtained from line profiles obtained at different exposure times
(Figure 7d), between the vesicles were compared pairwise.
Again we made corrections for optical path length by taking
the ratio between intensity peak height and vesicle diameter as
a measure of concentration.

For the three consecutively formed daughter vesicles, we
obtained from two separate experiments the following mixing
ratios in percent: (8.6, 8.2) (1.0, 0.64), and (0.1, 0.17). The
radii (in micrometers) of the respective vesicles were: (3.7, 7.7),
(3.6, 5.5), and (3.8, 4). Using eqs 15-17, we found the expected
mixing ratios in percent to be 12, 0.7, and 0.02. The experi-
mentally obtained mixing ratios are in good agreement with
theoretical predictions for the first two daughter vesicles but a
factor of five higher than predicted for the last. We believe that
the anomalous high fluorescence intensity in the latter is caused
by fluorescence from membrane-associated dye.

Translocation Is Dominated by Transport and Not by
Diffusion for Macromolecular Solutes. In principle, the
contents in two chambers connected by a nanotube should
equilibrate over time by diffusion.23 The relaxation functions
are dependent on the volume of the two vesicles, the length,
and radius, respectively, of the nanotube as well as the diffusion
coefficient of the solute inside the tube and the solute densities.
For well-defined static geometries, these functions can be solved
for a number of cases.23 We consider here two vesicles of equal
radiusR connected by a tube of lengthL and radiusa. Initially,
the particle density in one of the vesicles is zero and finite in
the connecting vesicle. The relaxation time is23

whereV ) 4/3πR3 is the volume of the initially empty vesicle
and all other symbols as defined above. The average time it
takes for a particle to diffuse through the tube is

and after some rearrangements we get:

Thus the equilibration timeτ for the concentration in a vesicle
is, in general, much larger than the diffusion timeτp, sinceR≈
L andR . a.

For 10 kD dextran with a diffusion coefficient ofD ) 2.7×
10-7 cm2 s-1 and typical system dimensions (a ) 150 nm,R )
5 µm, L ) 7 µm), the equilibration time isτ ≈ 1000 s, that is,
orders of magnitude higher than the time it takes to inflate a
vesicle, which typically takes a few seconds, and orders of
magnitude higher than for unhindered diffusion in bulk solution.
The small contribution to mass transfer by diffusion between
mother and daughter vesicle is caused by the small cross section
and volume element of the nanotube.

We verified experimentally that diffusion between two
nanotube-conjugated vesicles is negligible under relevant time
scales to form a daughter vesicle. We made daughter vesicles

(23) Dagdug L.; Berezhkovskii, A.; Shvartsman, S.; Weiss G.J. Chem. Phys.
2003, 119, 12045-12682.

Figure 7. Serial dilution and mixing in a plurality of consecutively formed
vesicles. (a) Nomarski image. (b) Schematic of the membrane compartments.
(c) Corresponding fluorescence image (exposure time 1.2 s). (d) Corre-
sponding fluorescence intensity profile.

Figure 8. Calculated mixing ratioψn(R) in three nanotube-connected
daughter vesicles as a function of vesicle radius.
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from dextran-loaded mother vesicles using a buffer-filled
microinjection needle. The daughter vesicle was immobilized
on the glass surface, and the fluorescence intensity was measured
after 0, 5, and 10 min. We performed two experiments, where
the radii of the daughter vesicles were 7 and 9µm and the
nanotube lengths were 7 and 47µm, respectively. In both cases,
we observed no measurable change in intensity in the daughter
vesicle over time. This demonstrates that, on the relevant time
scales used for transporting materials by convection (seconds),
diffusion for macromolecular solutes is not an important factor.

Conclusion

We demonstrate a novel microfluidic mixing device based
on growing micrometer-scale vesicles on surfactant tubes and
describe the volume ratioψ between solventsA andB inside
the mixing vesicles. The mixing ratio was found to depend only
on geometrical quantities. This relation is important for under-
standing the mixing ratio of two or several components
introduced into the vesicle from the two or several different
sources.12 In the case of formation of one daughter vesicle
(conjugated with a 170-nm radius tube) expanded from 0.5 to
200 µm in radius, the mixing ratios cover almost 3 orders of
magnitude. If the injection can be stopped at any instance,
vesicles can be prepared with a well-defined volume of the two
solutions at a given mixing ratio. We also show that in a system
of several consecutively formed conjugated vesicles (nanotube
radius was set to 170 nm) dilutions with a factor 106 can be
obtained between the first and last.

The method can be used to create vesicles with different
concentrations of enzymes and substrates in a controlled manner
for kinetic studies by introducing an enzyme from the pipet
source and substrate from the nanotube source, using the
equations presented herein to determine the activity of the
different species over time. Likewise, if we drive transport by
injection of solution into a daughter vesicle, we can calculate
the flux of particles as a function of time. This device should
be useful in situations where it is desirable to mix extremely
small volumes of a reactant in micrometer-scale compartments.

Reaction initiation, mixing, and mass transport in biomimetic
nanoscale compartments with tailored surfaces and functional-
ities is judged to be of considerable relevance in understanding,
for example, the actions of enzymes, transporter proteins, and
other biomolecules as well as properties of signaling pathways
and other reaction networks. For example, these systems have
a potential to provide new tools that can give unique insight
into how chemical reactions occur and how fluids behave in
confined geometries.24,25 Appropriately designed, they could
serve as platforms for studies of single-molecule dynamics,26

enzyme-catalyzed reactions,27 single-file diffusion,28 and single-
molecule sequencing and synthesis. Such systems can provide
an understanding of materials transport and reactions in biologi-
cal systems that occur on these length scales that, as of today,
are poorly understood.29,30 The method described herein also
gives instructions for how nanotube-vesicle networks with
known amounts of different species in specific containers can
be constructed. In an upcoming article we will solve the
hydrodynamics of these systems.

Acknowledgment. The work was supported by the Royal
Swedish Academy of Sciences, the Swedish Research Council
(VR), and the Swedish Foundation for Strategic Research (SSF)
through a donation from the Wallenberg Foundation. O.O.
acknowledges the receipt of a Rotschild-Yvette Mayent-Institut
Curie Fellowship, and P.D. acknowledges the receipt of a Marie
Curie Postdoctoral Fellowship. We appreciate helpful discus-
sions with J. Prost.

JA0451113

(24) Chiu, D.; Wilson, C.; Ryttse´n, F.; Strömberg, A.; Farre, C.; Karlsson, A.;
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