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L
iposomes were first described in 1965
by Bangham et al., when the expo-
sure of phospholipid films to excess

water gave rise to the formation of lamellar
structures that were able to sequester aque-
ous solutions.1 The ability to encapsulate
compounds drove initial applications of
lipid vesicles as drug delivery vehicles, but
early liposome formulations had limited
commercial success because of colloidal
and biological instability.2 Further wide-
spread application of liposomes as artificial
drug carriers has been hindered by limited
reproducibility of particle size, high cost of
creating custom formulations, and indeter-
minate stability.3

Our liposome formation technique, con-
trolled microfluidic mixing and nanoparti-
cle determination (COMMAND), addresses
several of these issues. COMMAND utilizes
microfluidic hydrodynamic focusing to pre-
cisely control the convective-diffusive mix-
ing of miscible liquids under laminar flow
and determine the self-assembly of phos-
pholipid molecules into nanoscale
liposomes.4�7 This enables the controlled
formation of liposomes ranging in mean di-
ameter from about 50�150 nm with rela-
tive standard deviations ranging from
�10% for smaller vesicle distributions to
�20% for larger vesicle distributions. COM-
MAND compares favorably in this regard to
many other techniques for the preparation
of nanoscale liposomes, although direct
and quantitative comparisons of liposome
size are complicated by the use of different
characterization techniques (e.g., dynamic
light scattering with or without prior size
fractionation, freeze fracture electron mi-
croscopy, cryogenic transmission electron
microscopy). For example, a modified thin-
film hydration method has been used to

synthesize liposomes with diameters dis-
persed from 170 to 230 nm.8 Detergent di-
alysis has been used to synthesize lipo-
somes dispersed from 15 to 150 nm.9 Inkjet
printing was used to synthesize liposomes
dispersed from 50 to 200 nm.10 A dense gas
technique involving depressurization of ex-
panded solution into aqueous media has
been used to synthesize liposomes dis-
persed from 50 to 200 nm.8 A rapid extru-
sion procedure utilizing stacked polycar-
bonate filters with pore sizes ranging from
30 to 400 nm produced liposomes with a
dispersity of �25% (relative standard devia-
tion).11 Freeze-drying of a monophase solu-
tion was used to produce liposomes dis-
persed from 100 to 200 nm, and an
industrial scale ethanol injection technique
was used to synthesize liposomes dispersed
from 50 to 400 nm.12,13 Liposomes with di-
ameters at the smaller end of the 50 to
150 nm size range are important for drug
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ABSTRACT We investigate the formation of unilamellar lipid vesicles (liposomes) with diameters of tens of

nanometers by controlled microfluidic mixing and nanoparticle determination (COMMAND). Our study includes

liposome synthesis experiments and numerical modeling of our microfluidic implementation of the batch solvent

injection method. We consider microfluidic liposome formation from the perspective of fluid interfaces and

convective-diffusive mixing, as we find that bulk fluid flow parameters including hydrodynamically focused alcohol

stream width, final alcohol concentration, and shear stress do not primarily determine the vesicle formation

process. Microfluidic device geometry in conjunction with hydrodynamic flow focusing strongly influences vesicle

size distributions, providing a coarse method to control liposome size, while total flow rate allows fine-tuning the

vesicle size in certain focusing regimes. Although microfluidic liposome synthesis is relatively simple to implement

experimentally, numerical simulations of the mixing process reveal a complex system of fluid flow and mass

transfer determining the formation of nonequilibrium vesicles. These results expand our understanding of the

microfluidic environment that controls liposome self-assembly and yield several technological advances for the on-

chip synthesis of nanoscale lipid vesicles.

KEYWORDS: liposome · lipid vesicle · nanoparticle · microfluidic
mixing · hydrodynamic focusing · microfluidic injection · simulation
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delivery and gene therapy applications because of re-

duced opsonization in the bloodstream.14,15 Liposomes

at the larger end of this size range are useful as engi-

neered nanostructures for a variety of other applica-

tions, including as templates for nanoparticle

formation,16�18 as carriers of many markers to provide

immunoassay signal amplification,19 and as nanoscale

vials for molecular encapsulation and confinement.20

Microfluidic hydrodynamic focusing has subsequently

been applied to the directed self-assembly of other am-

phiphilic particles and block copolymers,21 as well as

to the self-assembly of mesoscale spherical quantum

dot compound micelles.22

Additional advantages of COMMAND include the

elimination of size homogenization postprocessing pro-

cedures (defined here as procedures that subject previ-

ously formed liposomes to external forces in order to

rupture the bilayer membrane) such as membrane ex-

trusion and sonication and the ability to control vesicle

size reproducibly.23�25 Other methods such as dialysis

and dilution allow the direct formation of liposome for-

mulations but are often limited by poor reproducibility

or time-consuming synthesis processes.26 The elimina-

tion of postprocessing to homogenize vesicle size is an

important benefit that is congruent with the demands

of personalized medicine applications such as drug de-

livery and gene therapy, which require reproducible

vesicle size distribution and consistency from batch to

batch. Such applications also drive the need for real-

time liposome synthesis processes compatible with lab-

on-a-chip technologies. On-chip integration of lipo-

some synthesis would facilitate the multiplexed delivery

of nanoscale vesicles to target cells for the high

throughput discovery and screening of therapeutic

agents, as well as point-of-care personalized liposome

therapeutic treatment. An integrated and mobile mi-

crofluidic platform could also minimize lipid oxidation

and hydrolysis, which are known to reduce liposome

stability and limit applications thereof.

Despite the longstanding interest in liposome appli-

cations and the growing interest in microfluidic ap-

proaches to the synthesis of nanoscale lipid vesicles

(and other types of nanoparticles),4 a fundamental un-

derstanding of the lipid-to-liposome self-assembly

mechanism has remained limited, in part by current

methods of liposome formation and characterization.

In many conventional nanoscale liposome synthesis

techniques, vesicle formation is primarily determined

by macroscopic experimental parameters such as injec-

tion flow velocity, injection pressure, or stirring rate.

The ability to precisely control and characterize micro-

scopic mixing conditions and the associated impact on

vesicle formation is limited by the chaotic nature of mix-

ing under the turbulent conditions associated with

“batch” processing or obscured by the visual inaccessi-

bility of mixing dynamics.13,27,28 Another recent micro-

fluidic approach to synthesize nanoscale vesicles is
based on relatively complex mixing dynamics.10

In contrast to the batch solvent injection method
from which it is adapted, COMMAND enables precise
steady-state control over the mixing of miscible liquids
under laminar flow conditions.27,28 This results in pre-
dictable and repeatable mixing across microfluidic in-
terfaces and the continuous synthesis of liposome size
distributions of controlled size. Under laminar fluid flow,
the mixing of miscible liquids is governed by molecu-
lar diffusion as influenced by convection, which facili-
tates numerical simulation of the alcohol�water inter-
face. Relevant simulations include concentration
profiles of alcohol�water mixtures for different hydro-
dynamic focusing conditions, total flow rate, and vis-
cous anisotropy which is often inherent to miscible
solvent�water combinations.29�32 These various at-
tributes enable the controlled investigation of vesicle
formation, and, because COMMAND is accessible with
optical microscopy, observed and simulated microflu-
idic environments can be compared and validated.
These attributes also differentiate COMMAND from a
variety of other microfluidic approaches to the forma-
tion of microscale and nanoscale droplets, vesicles, and
tubules. COMMAND exploits the steady-state
convective-diffusive mixing of miscible liquids to con-
trol microfluidic environmental polarity and direct the
self-assembly of amphiphilic molecules into kinetically
trapped nanometer scale vesicles. This approach is fun-
damentally different from a growing number of microf-
luidic techniques that utilize mechanical shear forces
and capillary instability between immiscible liquids to
form vesicles or droplets stabilized by surfactants,33,34 or
techniques that apply mechanical forces to lipid bod-
ies to form microscale lipid vesicles or microscale and
nanoscale lipid tubules.35�38 The on-chip format of
COMMAND also distinguishes it from other novel mi-
crofluidic approaches to nanoscale vesicle synthesis
which are not as conducive to the investigation of the
lipid-to-liposome self-assembly process.10

In this manuscript, we present a detailed study of de-
terministic liposome formation by controlled microflu-
idic mixing. We performed liposome synthesis experi-
ments to investigate the dependence of liposome size
distribution on microfluidic device geometry, hydrody-
namic flow focusing, and volumetric flow rate. Our ex-
perimental results show that liposome size distributions
are not only a function of flow rate ratio (FRR), as previ-
ously hypothesized,5,6 but also a function of device
size and scaling, and total flow rate, and we discuss
the technological consequences of these findings. We
then use numerical simulations of the convective-
diffusive mixing of isopropyl alcohol (IPA) and water to
relate the results of our synthesis experiments and cor-
relate liposome size with microfluidic mixing condi-
tions. We interpret this correlation through a critical
mixing time which kinetically limits the growth and coa-
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lescence of intermediate lipid fragments or
micellesOan existing theory for the mechanism of non-
equilibrium lipid vesicle formationOand we discuss
the implications of our work for future investigations
of the microfluidic directed self-assembly of nanoscale
vesicles.

RESULTS AND DISCUSSION
The primary motivation for our work is to investi-

gate the formation of kinetically trapped lipid vesicles
ranging in diameter from 50 to 150 nm, as determined
by microfluidic mixing. In contrast to equilibrium struc-
tures such as micelles, which tend to rapidly exchange
surfactants and contents, kinetically trapped lipid
vesicles are more stable and maintain size, structure,
and desirable chemical properties for extended times
after administration.19 As a result, kinetically trapped
nanoscale lipid vesicles facilitate the application of lipo-
somes as drug carriers and have important implica-
tions for other applications of liposomes as engineered
nanostructures. We envision that the results of our
study are not necessarily limited in scope to lipid mol-
ecules and could help to provide insight into the
microfluidic directed self-assembly processes of a vari-
ety of related amphiphilic molecules of biological or
synthetic origin.

Effects of Microfluidic Device Design and Hydrodynamic Flow
Focusing on Liposome Size. We used two microfluidic de-
vices to characterize the combined effects of device ge-
ometry and hydrodynamic flow focusing on liposome
synthesis. The devices were well separated in design pa-
rameter space, having different channel dimensions
and geometrical scaling, as shown in Figure 1.

Figure 2 shows the geometric radius (Rg) distribu-
tions for liposomes produced using a variety of hydro-
dynamic focusing conditions in microfluidic devices
with 10 �m (Figure 2a) and 65 �m mixing channel
widths (Figure 2b) at a constant total average flow ve-
locity of 0.25 m/s. As shown in Figure 2c, the two differ-
ent devices were used to synthesize similar liposome
size distributions with values of Rg ranging from a peak
vesicle number fraction of �25 to �73 nm with de-
creasing FRRs.

Similar liposome size distributions were obtained
under different hydrodynamic flow focusing condi-

tions and bulk fluid flow parameters. The 10 �m chan-
nel geometry produced comparable peak vesicle num-
ber fractions at approximately half the FRR and double
the final alcohol concentration of the 65 �m channel
geometry. Neglecting a slightly flattened parabolic flow
profile in the channel due to a higher viscosity of IPA
compared to PBS, the focused stream width scales lin-
early with the mixing channel width,39 so that the fo-
cused stream width is approximately 6.5 times wider in
the 65 �m channel than in the 10 �m channel at a
given FRR. As shown in Figure 2c, the vesicle size distri-
butions vary significantly for the same focused stream
width in the 10 and 65 �m wide outlet channel devices.
Figure 2c also shows that the vesicle size differs for the
same FRRs, that is, equal concentrations of IPA in the
sample.

These results demonstrate the difficulty in consider-
ing COMMAND from the perspective of bulk fluid flow
parameters. As implemented, liposome formation is
solely dependent neither on the final solvent concen-
tration in the sample (equal FRRs in the two microchan-
nel geometries) nor on the focused stream width (equal
focused stream width in both microchannel geom-
etries) (Figure 2c). Previous reports on bulk injection
methods have suggested a higher liposome polydisper-
sity as the solvent concentration increases,28 but this is
only partially true for liposome synthesis with COM-
MAND. While alcohol concentration and polarity of the
fluidic environment are critical to the liposome self-
assembly process, these parameters must be consid-
ered from the perspective of the IPA/PBS interface and
the resulting microfluidic mixing process. Additionally,
the fact that liposomes of a particular size distribution
can exist at different final IPA concentrations indicates
that, once formed at the IPA/PBS interface, liposomes
are stable at different IPA concentrations within the
vesicle size range investigated.

The similar liposome size distributions produced
with different microfluidic devices also show that,
within a broad range, microfluidic device size and ge-
ometry are not fundamental to COMMAND but have
important technological consequences. At the onset,
larger microfluidic devices are easier to fabricate and
operate, and produce higher volumetric throughput
with lower vesicle concentration. Device size can be in-

Figure 1. Optical micrographs of microfluidic devices used for liposome synthesis with COMMAND. Microchannels were
etched in silicon substrates and sealed with borosilicate glass cover wafers via anodic bonding. (a) All channels are 120 �m
deep, the left center inlet channel is 42 �m wide, and the oblique side channels are 65 �m wide. The mixing channel is 65 �m
wide and 10 mm long. (b) All channels are 36 �m deep and 10 �m wide. The mixing channel is 10 mm long. Arrows indi-
cate the direction of fluid flow.
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creased until diffusive mixing across fluidic interfaces

and into macroscopic fluidic volumes becomes prohibi-

tively slow or turbulent mixing occurs. Smaller microflu-

idic devices are more difficult to fabricate and operate

due to increased pressure drops and clogging issues.

Smaller devices also produce lower volume through-

put but with higher vesicle concentration. A higher con-

centration of liposomes resulting from lower focusing

and increased volume fraction of lipid tincture in a

smaller microchannel enables higher encapsulation ef-

ficiency for drug delivery applications. The reduced

footprint of smaller microfluidic devices also allows for

improved integration of COMMAND for on-chip or mo-

bile liposome synthesis. Smaller microfluidic devices

may also be capable of producing larger vesicle size dis-

tributions with lower polydispersity, as suggested by a

comparison of the relative standard deviations of lipo-

some size distributions with Rg of 45 nm and above.

However, more work is required to characterize the ul-

timate limits of our technique in this regard.

Effects of Total Volumetric Flow Rate (Qt) and Average Flow

Velocity (vm) on Liposome Size. We investigated the effects

of volumetric flow rate (Qt), or average fluid flow veloc-

ity (vm), on liposome size over a wide range of hydrody-

namic flow focusing conditions. Previous reports have

suggested that the vesicle size distribution remains

nearly unaffected by the total volumetric flow rate

(Qt).5,6 While Qt has little impact on average vesicle size

at high focusing conditions (i.e., FRR � 30 in the 65 �m

wide channel) (Figure 3a), its effect on Rg increased no-

ticeably toward low focusing conditions (i.e., FRR � 20

in the 65 �m wide channel) (Figure 3d).

Figure 3d shows that decreasing Qt results in smaller

vesicle radii and narrower size distributions. The same

trend was observed for liposome synthesis experiments

performed in the smaller microfluidic device (data not

shown). Figure 3d also shows that increasing Qt

changes the shape of the vesicle distribution from a

skewed distribution to an increasingly symmetric distri-

bution. A similar transition from a skewed to a more

symmetric distribution was observed when decreasing

the FRR (Figure 2). Figure 3d shows that a FRR of 14 at a

Qt of 25 �L/min produces a peak liposome number frac-

tion with an Rg value of about 40 nm similar to a FRR

of 19 and a Qt of 100 �L/min (Figure 3c). This suggests

that increasing Qt beyond 100 �L/min at a FRR of 19 can

Figure 2. Dependence of liposome size on microfluidic device design and hydrodynamic flow focusing. Microfluidic device
design and hydrodynamic flow focusing are shown to strongly influence the average geometric radius (Rg) of liposomes pro-
duced at different buffer-to-solvent flow rate ratios (FRRs) and constant total flow velocity vm � 0.25 m/s. Liposome size dis-
tributions produced in the (a) 10 �m and (b) 65 �m wide channel geometry are shown (insets show average Rg � standard
deviation). (c) Liposome size distribution as a function of FRR for both channel geometries with the peak Rg value and the Rg

limits at a 5% peak height. The continuum stream width in micrometers for the 10 �m (red) and 65 �m (black) wide chan-
nel geometry is shown above or below the width of the size distribution at each FRR. A decrease in FRR increases the vesicle
size in both channel geometries. Comparable vesicle size distributions in the smaller channel geometry were obtained at
about half the FRR of the 65 �m channel device.
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produce larger and more homogeneous liposomes

than are obtained at a lower FRR. Increasing Qt has a

limiting effect, however, as a more than 2-fold increase

beyond 100 �L/min at low FRRs requires a longer mi-

crochannel to ensure complete mixing within the

65 �m channel device. At values of Qt greater than

200 �L/min, bimodal liposome size distributions were

obtained with very large particle diameters (data not

shown) in addition to nanoscale liposomes, which sug-

gests the formation of much larger vesicles down-

stream of the microchannel terminus by uncontrolled

bulk mixing in the microfluidic connector and collection

tube. We also observe that as FRR is increased, the

vesicle radii distribution changes ever more subtly with

Qt, which provides a means for increasing synthesis

throughput (Figure 3a,b) of small liposomes at high

FRR. In summary, liposome formation depends on Qt

or vm within certain focusing regimes, and Qt can there-

fore be used to fine-tune the vesicle size distribution

or increase liposome synthesis throughput.

Discussion of Diffusive and Convective-Diffusive Mixing

Regions. COMMAND utilizes hydrodynamic focusing to

precisely control microfluidic mixing and determine

nanoparticle formation. In this process, a central stream

is sheathed between two adjacent streams and hydro-

dynamically focused, which narrows the central stream

to the extent that diffusive mixing occurs rapidly across

its width. Micrometer-scale laminar flow, the complete

miscibility between IPA and PBS, and the rapid reduc-

tion of the small viscosity difference between IPA and

PBS due to diffusion result in steady state microfluidic

mixing without instability along the contact interface.

This makes our system suitable for numerical

analysis,39,40 and we modeled the microfluidic environ-

ments for our synthesis experiments by simulating the

mixing of IPA with water. An understanding of this mix-

ing process is essential to our investigation of lipo-

some formation, as it is known that amphiphilic phos-

pholipid molecules are soluble in nonpolar solvents but

spontaneously self-assemble into liposomes as the po-

larity of the surrounding fluidic environment increases.

While our hydrodynamic flow focusing system has

some relevant three-dimensional characteristics, includ-

ing a nonuniform velocity across the vertical plane re-

sulting from microchannel depth to width aspect ratios

of less than five and nonuniform diffusion of the fo-

cused stream across the vertical midplane due to no-

slip boundary conditions at the top and bottom walls

affecting the flow profile,39,41 we approximate flow and

mass transfer at the vertical midplane with two-

Figure 3. Dependence of liposome size on total volumetric flow rate and hydrodynamic flow focusing. For a constant FRR,
the average liposome size increases with total volumetric flow rate Qt. Plots of the measured liposome size distribution for
the 65 �m wide mixing channel at three volumetric flow rates Qt of 25 �L/min (black), 50 �L/min (red), and 100 �L/min
(blue). The flow rate ratio (FRR) is held constant at (a) 49, (b) 29, (c) 19, and (d) 14 (insets show average Rg � standard devia-
tion). The dependence of liposome size distribution on Qt is subtle at a high FRR of 49 and increases noticeably as the FRR de-
creases to 14.
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dimensional simulations to capture the most salient fea-
tures of the system for a qualitative correlation of mi-
crofluidic mixing conditions and liposome size. A re-
cently investigated process in which a low viscosity fluid
envelops a high viscosity fluid at low Peclet numbers
Pe is not included in the simulation but is considered
in further discussion.42

Figure 4 shows the IPA concentration profile at rela-
tively low and high FRRs in the 10 and 65 �m channel
design modeled with a constant total average flow ve-
locity of 0.25 m/s. Low focusing, that is, FRR 6 in the
10 �m channel (Figure 4a) and 12 in the 65 �m chan-
nel (Figure 4c), results in a relatively wide center stream
in which mixing time is limited by molecular diffusion
in the spanwise direction (normal to streamlines).39 This
microfluidic mixing condition leads to a relatively shal-
low concentration gradient, a relatively low surface-to-
volume ratio, and a gradual depletion of the focused
center stream by mutual diffusion of the two fluids
across the contact interface. Consequently, the IPA con-
centration remains high in the interior of the focused
stream past the focusing region in the downstream dif-
fusive mixing channel. As a result, a large fraction of
lipid molecules remains solubilized and self-assembles
into larger liposomes (as measured experimentally) in
the downstream diffusive mixing channel, while the
fraction of liposomes that forms in the convective-
diffusive focusing region is low. Conversely, high focus-
ing, that is, FRR 36 in the 10 �m channel (Figure 4b)
and 48 in the 65 �m channel (Figure 4d), results in a
relatively narrow center stream in which mixing time
becomes dominated by two-dimensional
convective�diffusive transport in the focusing region.39

In this microfluidic mixing condition, convection
abruptly reduces the width of the focused stream in
the hydrodynamic focusing region, which reduces the
diffusion length, enhances diffusive mixing, and results
in a steep concentration gradient. High focusing (Figure
4b,d) results in a relatively high surface-to-volume ra-

tio and the rapid depletion of the focused center stream
by convective-diffusive mixing, causing more of the
lipid molecules to self-assemble into smaller liposomes
(as measured experimentally) within the
convective�diffusive hydrodynamic focusing region.
Further increases in FRR gradually change this mixing
condition until a minimum mixing time is reached.39

Figure 5 shows the simulated concentration pro-
files of a focused IPA stream at a relatively low and
high FRR for a low and high volumetric flow rate. Adja-
cent epifluorescence micrographs qualitatively validate
our numerical simulation results and demonstrate
steady state microfluidic mixing without visible instabil-
ity along the contact interface. Another phenomenon
visible in these micrographs (Figure 5e�h) is an in-
crease in fluorescence intensity at the interface be-
tween the PBS and IPA streams. A likely cause of this
phenomenon is an increase of the fluorescence yield
of Sulforhodamine B (SRB) dye as a result of changes in
microfluidic environmental polarity and viscosity as
PBS mixes with IPA.43 Figure 5 illustrates how Qt modu-
lates the convective�diffusive mixing of IPA with wa-
ter in both the focusing region and the downstream
mixing channel. In the numerical simulations, the con-
tour and surface-to-volume ratio of the focused center
stream change only minimally with Qt, as a result of
slightly different mixing and viscosity profiles. As shown
in Figure 5, an increase in Qt from 25 to 100 �L/min at
a constant FRR of 14 or 49 in the 65 �m mixing chan-
nel device decreases the diffusive mixing between the
focused IPA stream and sheathing water streams in the
focusing region and spatially shifts the diffusive mixing
process downstream. Additionally, at lower Qt and
hence lower Pe, the more viscous focused IPA stream
may become progressively more ensheathed by the
less viscous water stream, although this phenomenon
is more relevant to systems with much larger viscosity
contrasts.42 To the extent that it occurs here, viscous en-
sheathing would increase the surface-to-volume ratio

Figure 4. Numerical simulations of microfluidic device design and hydrodynamic flow focusing. Simulated IPA concentra-
tion distributions of the focused stream in the 10 �m channel geometry at a FRR of 6 (a) and 36 (b) and in the 65 �m wide
channel geometry at a FRR of 12 (c) and 48 (d). The average flow velocity is 0.25 m/s in both microchannel designs and cor-
responds to a volumetric flow rate of Qt � 5.4 �L/min (a, b) and Qt � 117 �L/min (c, d) in the respective channel geom-
etry. The simulation shows an increase in mixing and surface-to-volume ratio of the focused IPA stream in both channel ge-
ometries as the FRR increases. The IPA concentration profiles shown in the figure correspond to the highest and lowest
FRR of Figure 2 of each respective geometry to reveal the substantial change in the IPA concentration distribution profile
and surface-to-volume ratio.
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of the contact interface between the two liquids and re-

sult in faster mixing and smaller liposomes. Conversely,

as Qt and Pe increase, the process of ensheathing of

IPA by water would become reduced or absent, which

would reduce the surface-to-volume ratio of the con-

tact interface between the two liquids and result in

longer mixing times and larger liposomes. For both of

these effects, an increasing fraction of lipid molecules

self-assemble into larger liposomes in the diffusion-

dominated mixing channel while the fraction of small

liposomes formed in the convective-diffusive hydrody-

namic focusing region decreases accordingly. Our ex-

perimental results in Figure 3 show that Qt affects lipo-

some size most significantly at low focusing conditions,

while liposome size becomes independent of Qt at

high focusing conditions. Our corresponding simula-

tions in Figure 5 show that the IPA concentration pro-

file relevant to lipid solubility changes significantly over

a large fraction of the microchannel length at a low

FRR of 14, and as Qt increases by a factor of 4 (Figure

5a,b) the peak liposome radius decreases by approxi-

mately 20 nm (Figure 3a). The IPA concentration above

the solubility limit of lipid molecules changes only sub-

tly at high FRRs (Figure 5c,d), resulting in minor changes

in liposome size (Figure 3d). The effect of ensheathing

would enhance mixing, particularly in the case of low

Qt, while ensheathing would decrease toward higher Qt.

From our liposome synthesis experiments and nu-

merical simulations of microfluidic mixing, we deduce

that hydrodynamic focusing and total flow rate alter the

relative amounts of liposome formation in the

convective�diffusive hydrodynamic focusing region

versus liposome formation in the diffusive mixing chan-
nel. Microfluidic device size and geometry set
solid�liquid boundary conditions of the Navier�Stokes

equations, which determine the hydrodynamic flow fo-

cusing profile and influence the relative amounts of

rapid convective�diffusive mixing in the hydrodynamic

focusing region and slow diffusive mixing in the down-

stream channel through the liquid�liquid interfaces.

Figure 2 shows that as hydrodynamic focusing in-

creases, liposome Rg converges toward a lower limit of

about 22�25 nm for both channel geometries, and any

noticeable reduction of Rg at FRR beyond 49 comes at

the cost of diluting the sample. This lower liposome size

limit at high FRRs and its invariance to Qt suggest that

all lipid molecules have self-assembled into liposomes

within the convective�diffusive focusing region. An in-

crease of Qt at low focusing conditions increases the li-

posome radius, but the effects of Qt diminish with in-

creasing FRR. Modifying the flow focusing profile with

FRR allows coarse-tuning of liposome size. At low focus-

ing conditions Qt provides a method to fine-tune the li-

posome size distribution, while at high focusing condi-

tions, Qt allows for an increase of throughput without

changing liposome size.

Discussion of the Formation of Nanoscale Lipid Vesicles. The

convective�diffusive mixing of alcohol and water,

depletion of the focused alcohol stream through the

fluidic interface, and separation of the vesicle forma-

tion process into different mixing domains provide a

qualitative method to correlate vesicle size distributions

with microfluidic mixing conditions. To interpret this

correlation and connect it to existing theories of lipo-

some assembly, we consider a well-known nonequilib-

rium model of vesicle formation which has been used to

relate and explain a variety of disparate vesicle prepara-

tion systems.44 This model is based on the formation
of disk-like fragments or oblate micelles as an interme-
diate structure in the vesicle formation mechanism,

Figure 5. Numerical simulations of volumetric flow rate and hydrodynamic flow focusing. Simulated IPA concentration pro-
files of the focused stream at a low FRR of 14 (a, b) and high FRR of 49 (c, d) for a volumetric flow rate Qt of 25 (a, c) and 100
�L/min (b, d) in the 65 �m wide channel geometry.
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with final vesicle size depending not on equilibrium
thermodynamics but instead on kinetic aspects of the
formation process.44�46 Within the structure of this
theory, microfluidic mixing conditions producing
smaller or larger liposomes correspond to the forma-
tion, growth, and closure of smaller or larger intermedi-
ate structures, respectively. A simple kinetic interpreta-
tion of our results is that a critical mixing time limits the
growth of these nonequilibrium structures and forces
vesicle closure.

Following this model, we infer several aspects of
the microfluidic formation, growth, and closure of inter-
mediate structures in the vesicle formation process. As
a result of convective�diffusive mixing, lipid molecules
initially dissolved in the focused IPA stream become ex-
posed to an increasingly polar fluidic environment
with decreasing lipid solubility. At a critical polarity,
lipid molecules aggregate and form fragments or ob-
late micelles, and these intermediate structures grow
through coalescence and/or the integration of solubi-
lized lipid molecules.44�46 One result of this growth pro-
cess is a decrease in the diffusion coefficient of a lipid
fragment and an increase in its tendency to advect
along streamlines. As the polarity of the surrounding
microfluidic environment continues to increase, these
disk-like structures close and form vesicles to eliminate
exposure of the lipid hydrocarbon tails.

To correlate the formation, growth, and closure of
these intermediate structures with microfluidic mixing
conditions, we consider the effects of hydrodynamic
flow focusing and total flow rate. At low focusing con-
ditions, only a small fraction of lipid molecules aggre-
gates in the transition region close to the IPA/PBS inter-
face, while a large fraction remains solubilized at higher
IPA concentrations in the interior of the focused center
stream. In the microchannel downstream of the focus-
ing region, relatively slow diffusive mixing results in a
gradual spatial and temporal concentration gradient.
This mixing condition maintains lipid solubility for a
longer duration and leads to a longer intermediate
growth phase and larger liposomes. Since mixing is lim-
ited by diffusion under these conditions, volumetric
flow rate provides a means to manipulate the forma-
tion and growth phase of fragments. As hydrodynamic
focusing is increased, the critical mixing time transitions
from a slower diffusion-limited mixing time to a faster
convective-diffusive mixing time, and at high focusing
conditions the intermediate growth phase is greatly
limited by rapid convective-diffusive mixing. This
abrupt spatial and temporal concentration gradient
forces intermediate structures to rapidly form and close
within the focusing region, resulting in small and nar-
row liposome size distributions.

To further investigate this process, we consider the
advection of a lipid fragment or oblate micelle along
different streamlines and kinetic concentration path-
ways for a given mixing condition. As follows from a

combination of the IPA concentration simulation shown
in Figure 4 and Figure 5 and corresponding fluid veloc-
ity simulations (not shown), an intermediate structure
advecting along an outer streamline of the focused cen-
ter stream experiences a rapid decrease in concentra-
tion caused by fast convective�diffusive mixing, which
results in a shorter growth phase and a smaller lipo-
some upon closure. Conversely, an intermediate struc-
ture closer to the interior of the focused center stream
advects through a more gradual spatial and temporal
concentration gradient with a longer diffusive growth
phase, creating a larger liposome upon closure. These
kinetic pathways are consistent with our correlation of
liposome size to mixing region, as advection along in-
ner and outer streamlines corresponds to diffusion-
limited and convective-diffusive mixing and growth, re-
spectively. These results also indicate a possible source
of dispersity in liposome size distribution with COM-
MAND, which remains the subject of future work.

While our results are in qualitative agreement with
an existing theory of nonequilibrium lipid vesicle forma-
tion, a quantitative elucidation of the liposome self-
assembly process is confounded by a complex inter-
play of molecular and hydrodynamic phenomena,
which is beyond the scope of this manuscript. Rel-
evant phenomena include interactions between free
lipid molecules and intermediate lipid structures in
proximity, as well as the varying kinetic effects of diffu-
sion and advection on these structures. Molecular and
fluid dynamics simulations must be integrated in order
to fully understand this process, which remains the sub-
ject of future work. Another approach which could be
pursued in parallel is the application of a recently re-
ported technique to image transient nanostructures us-
ing a combination of microfluidic mixing and cryo-
genic transmission electron microscopy.47

Another phenomena worth considering in the
vesicle formation process as implemented is mechani-
cal shear stress at the IPA�buffer interface in the focus-
ing region. An increase in Qt results in an increase of
shear stress, and it might be expected that this would
produce smaller liposomes, in a manner similar to the
microfluidic formation of emulsions with immiscible flu-
ids in which dispersed droplet size decreases with in-
creasing shear stress.48 In contradiction to this predic-
tion, our results show that liposome size increases with
Qt and increasing shear forces at the miscible
IPA�buffer interface. Furthermore, shear forces are re-
stricted to the focusing region and cease as the focused
stream enters the diffusive mixing channel. As focus-
ing is decreased, however, an increasing fraction of lipo-
some formation occurs in the mixing channel region
and not the focusing region. Additionally, the shear
forces in the focusing region of the 10 �m channel are
significantly higher than those obtained in the 65 �m
channel device for all total flow rates and flow rate ra-
tios tested herein (results not shown) while similar lipo-
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some size distributions are produced. These findings
provide further evidence that shear forces play only a
minor role in COMMAND and confirm that our ap-
proach is fundamentally different from microfluidic
emulsification.

CONCLUSIONS
COMMAND enables the precise and predictable

microfluidic mixing of miscible liquids under laminar
flow, which provides a method for both on-chip lipo-
some synthesis and the controlled experimental inves-
tigation of the self-assembly process of lipid molecules
into nanoscale lipid vesicles. COMMAND confers the
ability to reproducibly synthesize vesicle distributions
with improved control over mean vesicle size and ho-
mogeneity, when compared to traditional bulk liquid
phase liposome preparation techniques, while the con-
tinuous formation of nanoscale vesicles obviates bulk
laboratory disassembly and assembly processes. In this
manuscript, we studied COMMAND to develop a better
understanding of the microfluidic environment that de-
termines the liposome formation process and to facili-
tate further application of our technique. We found that
microfluidic device design and fluid flow parameters
act in concert to determine fluidic interfaces,
convective-diffusive mixing, and liposome formation.
As implemented, the formation of nanoscale lipid
vesicles is an interfacial phenomenon, as bulk fluid

flow parameters do not sufficiently describe the pro-
cess. Different combinations of device geometry (i.e.,
center inlet width, side channel width, outlet width, and
length) and microfluidic parameters (FRR, Qt) were
used to produce similar liposome size distributions
within the 50�150 nm size range. As such, for future li-
posome synthesis applications, microfluidic device de-
sign should be guided in large part by a desired techno-
logical advantage. To interpret our experimental results,
we used numerical simulations of microfluidic mixing
to develop the concept of a critical
convective�diffusive mixing time which kinetically lim-
its the growth and coalescence of lipid fragments. The
combination of molecular and fluid dynamics simula-
tions will play a critical role in the further elucidation of
this process. We have also commenced preliminary in-
vestigations which indicate that the material properties
of the alcohol�buffer system (i.e., viscous anisotropy,
polarity, ionic strength of the buffer) and the composi-
tion and concentration of the lipid blend also influence
liposome size distribution, and are being investigated
further. Finally, it is important to note that for many
therapeutic applications of liposomes, it is desirable to
remove alcohol residue from the final liposome formu-
lation. This purification can be accomplished with dialy-
sis, gel filtration chromatography, or through the fur-
ther development of on-chip rinsing techniques for
nanoscale vesicles.

MATERIALS AND METHODS
Note: Certain commercial materials and equipment are iden-

tified in order to adequately specify experimental procedures.
In no case does such identification imply recommendation or en-
dorsement by the National Institute of Standards and Technol-
ogy, nor does it imply that the items identified are necessarily the
best available for the purpose.

Device Fabrication. Microchannels were patterned and etched
into the front side of a silicon wafer using standard photolitho-
graphic procedures and deep reactive-ion etching (DRIE).
Aligned access holes were patterned and etched through the
back side of the wafer by DRIE at each channel terminus, and the
microchannels were sealed by anodic bonding of the silicon wa-
fer to a borosilicate glass wafer. Two microchannel intersection
layouts with different characteristic geometries and channel di-
mensions were designed and fabricated. The first design (Figure
1a) consists of a double-cross intersection in which the oblique
side channels intersect with the corresponding end of the cen-
tral channel at an angle of 45°. The channels have a rectangular
cross section with a depth of 120 �m, a center inlet width of
42 �m, a mixing channel width of 65 �m, and a side channel
width of 65 �m. The second design (Figure 1b) consists of two
orthogonally intersecting microchannels with a rectangular cross
section with a depth of 36 �m and a width of 10 �m. Nanoport
fluidic connectors (Upchurch Scientific, Oak Harbor, WA) were
adhered to the back sides of the silicon wafers to interface poly-
etheretherketone (PEEK) capillary tubing with the microchannel
access points. Further details of device fabrication can be found
elsewhere.5

Lipid Mixture and Hydration Buffer Preparation. Dimyristoylphos-
phatidylcholine (DMPC), cholesterol (Avanti Polar Lipids Inc., Ala-
baster, AL), and dihexadecyl phosphate (DCP) (Sigma-Aldrich) in
a molar ratio of 5:4:1 were dissolved in chloroform (Mallinckrodt
Baker Inc., Phillipsburg, NJ). The chloroform solvent was evapo-

rated under a stream of nitrogen at room temperature to form
a dry lipid film on the bottom of a glass scintillation vial, which
was then placed into a vacuum desiccator for at least 24 h to en-
sure complete chloroform removal. The dried lipid blend was dis-
solved in isopropyl alcohol (IPA), a good solvent for cholesterol,
at a 5 mmol/L total lipid concentration. Phosphate buffered
saline (PBS) (Sigma Aldrich) solution (10 mmol/L phosphate,
2.7 mmol/L potassium chloride, 138 mmol/L sodium chloride,
pH � 7.4, 3 mmol/L sodium azide) was used as a hydration
buffer.

Liposome Preparation. Unilamellar liposome samples were syn-
thesized by injecting a lipid mixture dissolved in IPA from the
left center channel of the microfluidic junctions shown in Fig-
ure 1a,b while injecting PBS into the two side channels intersect-
ing with the center channel. Fluidic reagents were introduced
into the center channel using a gastight glass syringe (Hamil-
ton, Reno, NV) and into the side channels with plastic syringes
(BD, Franklin Lakes, NJ) using syringe pumps (model PHD2000,
Harvard Apparatus Inc., Holliston, MA). All fluids were filtered
with 0.2 �m pore sized filters (Anatop, Whatman, NJ) to pre-
vent particulate contamination and clogging of the microfluidic
device. Liposomes were synthesized using the two microfluidic
devices at varying buffer-to-lipid solution flow rate ratios (FRRs)
and a constant average flow velocity (vm) of 0.25 m/s in the mix-
ing channel. The FRR, defined as the ratio of the buffer volumet-
ric flow rate (QB) to the IPA volumetric flow rate (QS), was al-
tered from 12 to 48 and from 6 to 36 in the 65 �m wide and
10 �m wide outlet channels, respectively. Liposome formation
at different total volumetric flow rates (Qt) of 25, 50, and
100 �L/min for differing FRRs of 14, 19, 29, and 49 was investi-
gated in the 65 �m wide microchannel design. The liposome
samples were collected from the outlet of the mixing channel
in opaque centrifugation tubes (Argos, Elgin, IL) for subsequent
analysis.
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Light Scattering and Asymmetric Flow Field-Flow Fractionation (AF4).
High-resolution size-based separation of each liposome popula-
tion was carried out using AF4 with multiangle laser light scatter-
ing (MALLS) characterization (model DAWN EOS, Wyatt Technol-
ogy, Santa Barbara, CA) as described previously.5 PBS solution
was used as a carrier liquid in the separations. A volume of
50 �L (sample volume from the 10 �m device) or 120 �L (sample
volume from the 65 �m device) from the collected liposome
sample was injected, and the radii of the eluted fractions of lipo-
somes were monitored using the MALLS detectors. The MALLS
intensity was measured at 12 angles simultaneously. A coated
sphere model (i.e., a spherical structure with two radial regions
of differing refractive index) and a vesicle bilayer thickness of 4.5
nm were used to fit the light scattering data to estimate the geo-
metric radius (Rg) of the fractionated samples.49,50

Numerical Simulation of Isopropyl Alcohol�Water Mixing Using
Hydrodynamic Focusing. Concentration distributions of an injected
IPA stream sheathed by two adjacent water streams were nu-
merically simulated with a two-dimensional model using COM-
SOL Multiphysics 3.4 (COMSOL, Inc., Burlington, MA). Microfluidic
flow and mixing dynamics are governed by the continuity and
full Navier�Stokes equations for incompressible flow coupled to
the convection�diffusion equation for the more viscous IPA
fluid through a concentration-dependent viscosity. A single-
phase fluid model was used throughout the numerical simula-
tions with continuous shear stress and velocity across the con-
tact interface and microchannel. The following set of equations
were solved iteratively until steady-state was reached,

where � is the dynamic viscosity, ū is the 2-D velocity vector, �
is the density, p is the pressure, D is the mutual diffusivity, and
c is the concentration of IPA. Equations 1�3 are subject to no-
slip and no-penetration boundary conditions as well as zero dif-
fusional flux at the wall,

where xw denotes the location of the wall and n̂ is the wall unit
normal vector. The dynamic viscosity and mutual diffusion coef-
ficient are a function of the IPA concentration and were ex-
pressed by a fourth order polynomial fitting empirical viscosity
data and a second order polynomial fitting mutual diffusion co-
efficients as reported by Pratt et al.32 In our simulations, the mix-
ing of IPA with water was assumed to be homogeneous at the
microscale, thereby neglecting microheterogeneities at the mo-
lecular scale due to alcohol cluster formation.29,30,51 We also as-
sumed a constant single-phase density, neglecting any possible
diffusion-induced convection. Different values of FRR and vm that
correspond to experimental conditions were simulated for the
65 �m wide and 10 �m wide channels. Our simulations follow
a similar approach to that described previously in several reports
in which a two-phase fluid flow system is expressed as a single-
phase system with concentration-dependent diffusion or
viscosity.52�55 While our simulations simplify the complex mix-
ing process between alcohol and water, our aim is to make a
qualitative comparison of different microfluidic mixing
conditions.
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