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Abstract. The study of liquid crystalline assemblies, with an emphasis on biological phenomena, is now accessible using
newly developed microdevices integrated with X-ray analysis capability. Many biological systems can be described in terms of
gradients, mixing, and conﬁnement, all of which can be mimicked with the use of appropriate microﬂuidic designs. The use of
hydrodynamic focusing creates well-deﬁned mixing conditions that vary depending on parameters such as device geometry, and
can be quantiﬁed with ﬁnite element modelling. We describe experiments in which geometry and strain rate induce ﬁnite changes
in liquid crystalline orientation. We also demonstrate the online supramolecular assembly of lipoplexes. The measurement of
lipoplex orientation as a function of ﬂow velocity allows us to record a relaxation process of the lipoplexes, as evidenced by a
remarkable 4-fold azimuthal symmetry. All of these processes are accessible due to the intentional integration of design elements
in the microdevices.
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1. Introduction
The use of microﬂuidic tools has enabled a wealth of new
technologies, ranging from combinatorial chemistry to biological assays [1–4]. New developments arise from the
myriad advantages of ﬂuid ﬂow on the micrometer scale,
namely reduced sample volumes, higher eﬃciencies, and
easily adapted designs. The use of soft lithography, typically involving an elastomer such as polydimethylsiloxane
(PDMS), has signiﬁcantly contributed to these advances
in technology because of its ease of use [5]. Structures
are readily designed to meet a variety of experimental demands. Apart from the obvious engineering advantages
provided by such microﬂuidic tools, however, new access
is gained to the fundamental study of materials in ﬂow
[6]. This includes both the supramolecular interactions of
multiple components, such as enzyme kinetics [2,7], as well
as the study of single molecules, such as the ﬁbrous protein actin. A wide variety of chemical environments are
easily created using a gradient of reactants in some cases,
or by immediate mixing in other cases. Remarkably, nonequilibrium dynamics are accessible in steady-state ﬂow.
Biomaterial investigations in particular beneﬁt from
microﬂuidic technologies [8,9]. This is in part a question
of length scale: many biopolymers such as DNA and actin
have lengths on the order of micrometers. In addition, the
self-assembly of biomaterials is often induced by the presence of enzymes and other proteins, salts, and pH changes.
These environments can be created in a controlled manner using a suitable microﬂuidic device. Several examples
of possible microdevice scenarios mimicking cellular phe∗ e-mail:

nomena are given in Fig. 1. For example, dense intracellular protein networks result in a conﬁning eﬀect on single
embedded protein ﬁbers. In the lab, microchannel dimensions can be tuned in order to mimic this environment.

Fig. 1. Examples of the manner in which cellular phenomena
(encircled) can be mimicked using microﬂuidic techniques (arrow). From top: dense protein matrices conﬁne single ﬁbers;
fast mixing in lysosomes; chemical gradients across the plasma
membrane; chromosomal compaction of DNA

Fast mixing conditions in these devices are also accessible. A biological example of fast mixing reactions is within
lipid vesicles called lysosomes, which are responsible for
the degradation of organelles and play a vital role in the
cycling of materials in and out of the cell. The chemical
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gradients across plasma membranes may also be approximated by utilizing well-deﬁned concentration ascents in
microﬂow conditions. In addition, hierarchical assemblies
of biomaterials, such as the compaction of DNA into chromosomes, can also be recreated within microchannels. The
subsequent dynamic evolution of DNA mesophases is then
experimentally accessible. Investigations of biomaterials
in microchannel devices allow researchers to isolate key
elements of biological processes in a well-deﬁned ambient
environment. Causal relationships and kinetic rates can
be probed, and unanswered questions regarding underlying principles of assembly or biomaterial function can be
examined. With the appropriate knowledge of initial conditions, the concentration and velocity gradients within
microdevices can be predicted using ﬁnite element modeling (FEM). This has already been shown in the case
of collagen, a ubiquitous extracellular protein that forms
ﬁbrils ‘in vitro’ as a function of pH [10].
An additional beneﬁt of studying biomaterials in conﬁning microchannels is the resulting orientation that
occurs. These materials often have liquid crystalline
properties; therefore, oriented samples can impart additional knowledge with respect to the two- or threedimensional liquid crystalline phases they form having
quasi long-range positional or orientational order. Optical microscopy is a powerful tool for the study of single molecules in micro-scale conﬁnement [11]. However,
the use of X-ray diﬀraction has distinct advantages for
investigations probing mesoscale assemblies, because a
two-dimensional X-ray pattern illuminates the details of
molecular order on commensurate length scales. Small
or microfocused X-ray beams are required in order to
properly access ﬁnite assembly or reaction points in microdevices. The technique was demonstrated in groundbreaking studies of protein folding [12,13]. It is now possible to conduct ‘in situ’ measurements using microﬂow
devices [14–16], albeit using new strategies for device fabrication such as those elaborated here. The use of ﬂow
to align materials as well as isolate interactions of reactants is also advantageous in terms of X-ray measurements. Typically, biomaterials are sensitive to the high
energy of X-rays and can rapidly degrade when exposed
to a beam for long periods of time. Measurements in microdevices eradicate this concern, because while the X-ray
beam remains at a ﬁxed position, the materials within the
device continue to ﬂow.
We discuss a new technology using microﬂow devices
together with X-ray microdiﬀraction. We demonstrate the
power of this combination using the liquid crystal 8CB,
which shows distinct orientation and restructuring behavior under ﬂow in specially designed microﬂow devices. We
also report the ‘in situ’ formation of non-viral gene carriers consisting of cationic liposomes. The structural properties of these liposome-DNA assemblies (lipoplexes) have
been correlated with their ability to transfer genes, with
applications to the ﬁeld of gene therapy [17].
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2. Experimental setup
2.1. Materials. The liquid crystal 8CB (4’-n-octyl-4cyanobiphenyl) was used as purchased (Sigma Aldrich).
The chemical structure is given in Table 1. DNA solutions were prepared by hydrating lyophilized highly
polymerized calf thymus DNA (Sigma Aldrich) in
18.2 MΩ Millipore water to a ﬁnal concentration
of 5 mg/mL. The cationic lipid DOTAP (dioleoyltrimethyl-ammoniumpropane) and the neutral lipid
DOPC (dioleoyl-phosphatidylcholine) were mixed 1:1 in
chloroform (Avanti Lipids, shown in Table 1). The resulting mixture was dried under a stream of nitrogen, resuspended in water, and hydrated for 12 hours at 37◦ C. A
25 mg/mL solution of small unilamellar vesicles (diameter
less than 200 nm) were formed using an ultrasonic bath.
Table 1. Chemical structures of compounds

A negative photoresist (SU-8, Micro Resist Technology GmbH) was used in conjunction with standard soft lithography processes reported elsewhere [18].
Poly(dimethysiloxane), PDMS (Sylgard 184, Dow Corning), was mixed with crosslinker in a 10:1 ratio. Kapton
adhesive foils were used as received (Dr. Müller GmbH).
A custom built pumping system was connected to the
microdevices. For the experiments using 8CB, the liquid
crystal was pumped in each of 3 inlets at ﬂow rates 10–100
µm/s. The experiments using DNA and lipids had velocities of vDNA about 100 µm/s and lipid velocities vlipid
described in the text.
FEMLab software (Comsol, Inc.) was used to perform
ﬁnite element modeling simulations of conditions within
the microchannel device. The incompressible NavierStokes equation was solved in two dimensions using about
20.000 elements. Estimates of initial velocity, diﬀusion,
and viscosity are required inputs for the calculations; details of the simulations in Fig. 2 are given in the text.
X-ray measurements conducted using the in-house
setup used a Bruker AXS Nanostar setup equipped with a
2D Hi-Star detector and X-ray absorption scanning capability, operated at 4.05 kW (CuKα radiation, λ = 1.54 Å).
Synchrotron experiments were conducted at beamline
ID10B at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. This beam of 8 keV (λ =
1.55 Å) was focused using compound refractive lenses
(CRL) [19] and images were acquired with a CCD camera
and a ﬂuorescent screen.
Bull. Pol. Ac.: Tech. 55(2) 2007

X-ray microdiﬀraction on ﬂow-controlled biomolecular assemblies

Fig. 2. (a) Positions in the device are described by (x, y) where x is along the interaction channel and y is perpendicular to x.
Diﬀerent time points t can be deﬁned in x along the interaction channel. FEM simulations of velocity v (top) and concentration
of side channel component c1 (bottom) illustrate the eﬀect of (b) laminar mixing in a microchannel, or (c) fast mixing in a
stepped channel. Corresponding line proﬁles of v and c1 at positions 1–3 are plotted below each of the simulation sets

Fig. 3. Production of stainless steel microﬂow devices

2.2. Microﬂuidic principles. Coordinates x, y can be
deﬁned within a microchannel device, where x = y = 0
is deﬁned as the center of two crossed channels (Fig. 2a)
for a typical setup. A spatio-temporal relationship along
the interaction channel enables studies of time-dependent
processes and the isolation of particular time points in
a reaction. Hydrodynamic focusing, which can be used
to introduce an additional conﬁnement within the interaction channel, is achieved using perpendicularly crossed
channels [20]. The details of subsequent mixing between
Bull. Pol. Ac.: Tech. 55(2) 2007

ﬂuids vary greatly depending on the microdevice geometry in the interaction channel.
Two possible mixing scenarios are shown in Fig. 2. One
device results in a diﬀusion limited gradient of the channel
components, and the other creates a rapidly mixed solution. Both devices consist of two perpendicularly crossed
microchannels, but the inclusion of an immediate stepped
decrease in the width of the interaction channel (Fig. 2c)
creates markedly diﬀerent ﬂow conditions than those in a
straight channel having constant width (Fig. 2b).
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Fig. 4. Fabrication of Kapton-PDMS-Kapton microﬂow foils

The device shown in Fig. 2b can be used for studies of
non-equilibrium structure formation, since each observation point contains a diﬀerent concentration of reactants.
In contrast, the device described in Fig. 2c is useful to
quantify the time-evolved properties of a fully mixed ensemble.
The conditions in the two types of microdevices are
calculated using FEM. In each device the initial velocities
and concentrations are identical. The simulations describe
the velocity ﬁeld and mixing of a side channel component
of concentration c1 , which contains small molecules of hydrodynamic radius rwater = 4.5 Å and diﬀusion constant
D = 5 · 10−10 m2 /s. These values are comparable to those
of small biologically relevant molecules such as glucose.
The initial velocities of the aqueous solutions (both having the viscosity of water) from the main and side channels
is ﬁxed as v0 = 700 µm/s. Simulations of the velocity ﬁeld
v (top) and concentration of side channel component c1
(bottom) are shown for each design in Figs. 2b and 2c.
However, the scale of v is 10-fold higher for the device
in Fig. 2c due to the rapid increase in v in the narrow
channel region. In both scenarios, values of c1 range from
c1 = 0 to c1 = 1.0.
Lines crossing the channels quantify the values of v
and c1 at diﬀerent x positions 1, 2, and 3 (plots in Figs.
2b and 2c). The mixing in the device shown in 2b is a
consequence of the laminar ﬂow and diﬀusion within the
channel. A continual increase in c1 at the channel centre
(y = 0) is recorded, and will approach a constant value
at some further point x when the side and main components are completely mixed. Velocity proﬁles of this device approach a steady-state value. On the other hand,
the device shown in Fig. 2c has extremely steep v and
c1 values moving from the center of the channel outward
along the y-axis, when the x position is near the beginning
of the channel step (position 1). The fast mixing induced
by the limited microchannel geometry results in a nearly
constant value of c1 at positions after the conﬁned region
(i.e. position 3).
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The two scenarios in Fig. 2 only serve as examples. Interactions within the microchannel can also be controlled
by variables such as relative ﬂow velocity and further geometric modiﬁcations. Clearly, a wide variety of parameters
are suﬃciently malleable to enable investigations of realtime dynamic interactions. Furthermore, these parameters may be tailored to address speciﬁc experimental systems.
2.3. Microﬂow devices. We report two types of X-ray
compatible microﬂow devices. Each is able to withstand
high ﬂow rates and pressures, and is useful for X-ray applications due to the incorporation of Kapton, a polyimide
that has very low absorption of X-rays and does not scatter X-rays within the accessible range of our experiments.
Stainless steel cross channel device. One design for
an X-ray microﬂow device consists of two perpendicular oriented microchannels. The production is illustrated
in Fig. 3. These channels (100–150 µm wide) are spark
eroded in thin stainless steel plates of depth ranging from
200 to 300 µm. Adhesive Kapton is placed on both sides of
the steel plate, such that the material seals the device and
serves as a window to the microchannel. After punching
holes in one piece of the Kapton, the device is mounted
to a slab of PMMA which supports the steel plate and
assists with connections to the ﬂuid pumping system.
Kapton-PDMS-Kapton. Another type of microﬂow
device has been created using only PDMS and Kapton foils. The fabrication of these devices is shown in
Fig. 4. Microdevice fabrication for the Kapton-PDMSKapton foils begins with a silicon wafer, which is spin
coated with SU-8 negative photoresist (Micro Resist Technology GmbH). The photoresist is subsequently exposed
to a lithography photomask, then crosslinked under UV
light. After a post-exposure bake, the wafer is rinsed
in SU-8 developer and ﬁnally cleaned with isopropanol.
In order to create a microdiﬀraction device, PDMS is
spin coated atop the master and excess PDMS is gently scraped oﬀ manually. The PDMS elastomer is subseBull. Pol. Ac.: Tech. 55(2) 2007
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quently crosslinked for three hours at 65◦ C. In the ﬁnal
step of production, Kapton adhesive foils are used to seal
the device. Connections to a homebuilt pumping system
are easily incorporated by punching holes at the inlet and
attaching modiﬁed press ﬁtting clamps.
The Kapton-PDMS-Kapton microfoils are a sophisticated addition to the ﬁeld of microﬂuidic microdiﬀraction. This design has several advantages: ﬁrstly, the device is made using a silicon/photoresist master that can
be reused multiple times. Secondly, the exclusive use of
soft materials such as Kapton and PDMS creates a ﬂexible yet robust device. The incorporation of geometric conﬁnements, such as zig-zag proﬁles or hyperbolic sections,
is accomplished using the appropriate lithography ﬁlm at
the stage of master production. The dimensional limits
of the Kapton-PDMS-Kapton microfoils are in principle
conferred only by our soft lithography techniques, i.e. 1
to 300 micrometers. In-house experiments have demonstrated the successful use of a microfoil of thickness only
35 micrometers (results not shown). Another advantage
of this design is the rapid production time and the surprisingly strong adhesion between layers. We have successfully pumped ﬂuids having viscosities on the order of
10,000 mPa/s.
2.4. X-Ray microdiﬀraction. The experimental setup
for a typical microdiﬀraction study is schematically drawn
in Fig. 5. An incoming X-ray beam is focused down to a
size commensurate with the microchannel width (for better experimental resolution, ideally the beam is as small as
possible). The principle is the same for both synchrotron
as well as in-house setups. Using synchrotron radiation, a
set of compound refractive lenses is incorporated [19,21].
The use of these lenses results in a ﬁnal beam diameter
of 20 µm. In contrast, the ﬁnal spot size of X-rays using
an in-house anode source is 200 µm due to the incorporation of pinholes. The microﬂow device is placed in the
beam path and connected to an external pumping system
as well as an x − y stage. The microdevice is moved along
coordinates x, y such that the X-ray beam passes through
the desired position in the device. An image is collected
using either a ﬂuorescent screen and CCD camera (synchrotron) or multi-wire camera (in-house).
A typical two-dimensional X-ray image shows rings of
intensity corresponding to features of the liquid crystalline
lattices that are probed. The real spacing d of these features is inversely proportional to the momentum transfer
q = 4π/λ sin θ, where λ is the X-ray wavelength and 2θ
is the angle between incident and scattered radiation. A
plot of intensity versus q is obtained by radially averaging
the image over 360◦ . As an example, Fig. 6a shows a 2dimensional image and the resulting plot of intensity versus q for the liquid crystal 8CB (also discussed in section
3). The q ranges accessed in the experiments described
in this paper range from 0.025–0.35 Å−1 , corresponding
to lattice spacings on the order of 20–250 Å. In the event
that multiple peaks are collected, the relationship between
Bull. Pol. Ac.: Tech. 55(2) 2007

the q positions can help to elucidate the exact lattice (i.e.
lamellae, as seen in Section 4).

Fig. 5. X-ray microdiﬀraction setup. The incoming X-ray beam
is focused using CRLs (synchrotron) or pinhole apertures (inhouse). A ﬁxed position x, y in the microdevice is probed and
a resulting 2D image is collected at the detector. Flow in the
device is controlled with a custom built pumping system

Fig. 6. A demonstration of X-ray diﬀraction principles using
the liquid crystal, 8CB. (a) Radial averaging of the image over
all azimuthal angles (top) results in a plot of intensity versus
scattering vector q. (b) Azimuthal integration of a raw image
(top) about a ﬁxed radial position results in a plot of intensity
versus orientation angle χ

The azimuthal distribution of peak intensity is also a
quantity of interest, particularly because the alignment of
materials occurs in microﬂow. The materials investigated
here are not single crystalline, and their 2-dimensional
scattering images reﬂect a powder average from multiple
orientations. This results in intensity values along a ring
at ﬁxed radial position q. As is demonstrated in Fig. 6b, a
plot of intensity versus the azimuthal angle χ is obtained
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by integrating azimuthally (χ = 0◦ −360◦ ) along a ﬁxed q.
In addition, the orientation parameter ∆χ (deﬁned as the
full width at half maximum of a peak in such a plot) is a
useful value to quantify the extent of material orientation
within the microdevices.

3. Liquid crystal behaviour in conﬁning
geometries
The liquid crystal 8CB is a thermotropic liquid crystal
and forms layers displaying a smectic A liquid crystalline
phase at room temperature [22]. The smectic layers of
8CB have a spacing d = 31.7 Å, which is easily accessible by the X-ray microdiﬀraction setups. This is readily
seen in Fig. 6a, which contains a plot of scattered intensity versus momentum transfer q(q = 2π/d), where
q = 0.198 Å−1 . In addition, the mesoscale assembly of
8CB molecules is strongly inﬂuenced by geometric constraint [23,24]. Therefore, this liquid crystal was chosen
to demonstrate the utility of microﬂow foils.
The experiments with 8CB were conducted using a
Kapton-PDMS-Kapton device that has several unique
features. The channel length has been extended in a
serpentine manner to lengthen the residence time of
molecules. Coincidentally, wide bending regions are introduced. This is seen schematically in Fig. 7, which shows
the entire device as well as a close-up of one bend. The
ﬂuid streamlines are shown with arrows. The orientation
of 8CB layers is induced by the geometry of the curve.
This can be seen in the 2-dimensional scattering images
at positions 1–5 that follow the bend, given in Fig. 7. Additionally, azimuthal χ integrations along the diﬀraction
peaks at position q quantify the process of layer reorientation. The orientations at the initial (1) and ﬁnal (5)
positions are indistinguishable due to the symmetry of the
layers.
The same microﬂow device also incorporates sections
where the channel geometry is hyperbolic and the width
of the channels decreases from 150 µm down to 50 µm.
A FEM simulation of the velocity ﬁeld in one hyperbolic
region of length 2 mm is shown in Fig. 8a, along with
arrows conveying the magnitude of velocity per position.
The geometry has a speciﬁc advantage in terms of the
ﬂuid ﬂow within the device: the velocity increases and decreases along the channel in a linear fashion. This is seen
in Fig. 8d, where the velocity is plotted against position
x along the middle of the channel. The mechanical implications of this linear velocity increase stem from the fact
that the strain rate is described as the gradient of the velocity, ε̇ = ∂v/∂x. It follows that a constant strain rate
exists in the hyperbolic channel, with a change in sign
occurring at the midpoint of the channel, ε̇ = 0 (Fig. 8c).
A higher degree of orientation of 8CB layers is seen in
the hyperbolic region, where the strain rate has a maximum value. This orientation parameter is deﬁned as ∆χ,
the full width at half maximum of the diﬀraction peak q
when integrated azimuthally along χ. A smaller value ∆χ
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therefore corresponds to a narrower distribution of 8CB
layer orientations. A steep decrease in ∆χ occurs at positions approaching the center of the hyperbolic region,
x = 0. Values of ∆χ along the microchannel are shown in
Fig. 8b. The orientation parameter ∆χ recedes to its initial value at further positions x as the hyperbolic channel
once again widens. Additionally, the asymmetry of the ∆χ
values around x = 1 mm provides insights into the behavior of liquid crystalline materials under shear stress. The
8CB layers return to their original value at a slower rate
than the rate at which they ordered, thus suggesting a
relaxation process.

Fig. 7. (a) A long-lifetime Kapton-PDMS-Kapton device consists of many bended regions. The eﬀect of the channel geometry is to reorient 8CB layers, as seen in the raw image data
(b) and corresponding χ plots (c) for positions 1–5 along the
bend

Another feature shown in Fig. 8b is a slight increase
in ∆χ at the two endpoints of the hyperbolic region,
x = 0 and x = 2 mm. This increasing disorder is a consequence of the transition between straight channel edges
and curved edges. The 8CB layers exist in discretely oriented domains on the micrometer length scale [18,25]. The
microdomains, illustrated in Fig. 8e for the channel position x = 2 mm, are forced to adapt to the streamlines
within the microdevice. However, due an averaging eﬀect
Bull. Pol. Ac.: Tech. 55(2) 2007
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Fig. 8. The velocity proﬁle in a hyperbolic region (a) is linear in position x (d) resulting in a constant strain rate ε̇ (c). The
orientation parameter ∆χ of 8CB diﬀraction peaks within the channel has a minimum value at x = 1, indicating the highest
8CB layer orientation at the channel midpoint (b). The smaller synchrotron beam size enables the visualization of tilted 8CB
microdomains (f) at the juncture where the hyperbolic region begins (shown with velocity proﬁle and y axis in e)

of the large in-house X-ray beam diameter of 200 µm, the
gradient of microdomain orientations is not discernible
and results in higher total ∆χ values. In contrast, experiments using synchrotron radiation (beam diameter of 20
µm) are able to isolate the changes in orientation near
the edges of the microdevice. Speciﬁc measurements of χ
from the center of the channel at y = 0 µm to y = 75 µm
(at the edge of the channel) are given in Fig. 8f.
These experiments lay a foundation for future experiments involving biomaterials. The same principles demonstrated with the 8CB system (i.e. alignment in shear ﬁelds
and conﬁning geometries as well as induced rotation) can
be measured with liquid crystalline biological matter. For
example, DNA is a long chain polymer that exhibits a
variety of well-known liquid crystalline phases [26]. The
Bull. Pol. Ac.: Tech. 55(2) 2007

behavior of DNA in ﬂow has already been investigated using straight channel geometries [14], and such studies will
beneﬁt greatly by the incorporation of these new KaptonPDMS-Kapton microﬂow foils.

4. ‘In situ’ formation of non-viral gene
delivery vectors
The promise of gene delivery as a viable method to cure or
treat diseases has not yet been attained, and in fact recent
attempts to deliver therapeutic DNA using viruses resulted in the death of a patient [27]. Alternative non-viral
techniques incorporate materials such as liposomes, in the
hope that they can mimic the behavior of viruses [28]. To
improve their therapeutic eﬃciency, attempts have been
made to correlate the structure of these materials with
223
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Fig. 9. (a) Formation of lipoplexes in microchannels is achieved by hydrodynamically focusing DNA with side channels containing
SUVs (top). SAXS (bottom) reveals two diﬀraction peaks (arrows) conﬁrming the formation of multilamellae. The dashed arrow
corresponds to spacing of intralayer DNA rods. (b) Diﬀraction image for the case in which four maxima in χ are seen (top).
Orientation χ of lipid diﬀraction peak for two velocities vLipid /vDNA (bottom). (c) Proposed mechanism of perpendicular ordering
of lipoplex in ﬂow
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their biological performances. The identiﬁcation of lipidDNA mesophases using X-ray diﬀraction has been shown,
in some cases, to predict their biological success in an ‘in
vitro’ gene delivery system [29,30]. However, high quantities of novel lipids are not usually available. The formation
of lipoplexes in ﬂow on micrometer length scales drastically reduces the amounts of required materials. This is a
compelling argument for adopting the schema described
here for future structural studies of lipoplexes containing
newly designed lipids.
The experimental setup, employing a steel microdevice, is sketched in Fig. 9a (top). The incoming stream
of DNA is hydrodynamically focused by side channels of
cationic small unilamellar vesicles (SUVs), and the selfassembly of the liposomes and DNA is monitored downstream. The spontaneous formation of lipoplexes requires
a physical description. Cationic lipids are incorporated
into liposomes, such that the overall charge is positive.
The complexation of cationic liposomes and negatively
charged DNA is spontaneous and driven by entropy gain
and counterion release [31]. The formation of multilamellar lipoplexes is revealed by scattering features at three
values of q in X-ray images acquired at device position
x = 500 µm (Fig. 9a) [31]. This diﬀraction pattern is
unique to an assembly of both lipid and DNA. This claim
is veriﬁed by X-ray measurements at the device inlet positions, which show no scattering in the same q-range (results not shown). Two peaks q0 and q1 (solid arrows in
Fig. 9a) are related as q1 = 2 · q0 , corresponding to a
multilamellar lattice of spacing d = 2π/q0 = 72 Å. This
distance d is the sum of the lipid bilayer thickness plus
the thickness of water between membranes. Another feature, seen at an intermediate q position (dashed arrow in
Fig. 9a), corresponds to an intralayer DNA-DNA correlation. DNA strands are organized in the water region between lipid membrane layers with a characteristic centerto-center distance of dDNA = 2π/qDNA ∼ 50 Å. The two
length scales are illustrated in the cross-sectional view of
Fig. 9c.
The self-assembly of DNA-lipid complexes is achieved
at two diﬀerent ﬂow ratios vlipid /vDNA . In both cases vDNA
is ﬁxed; therefore the higher ﬂow ratio also corresponds to
higher ﬂow velocities. A small increase in qDNA is observed
when the ﬂow ratio is lower. This change reﬂects a slight
reorganization of DNA rods in the lipoplex over time, from
dDNA = 50 Å to dDNA = 47 Å [15]. Our results indicate
that the rearrangement of SUVs and DNA strands occurs on two time scales: ﬁrstly, the initial reorganization
into a multilamellar-sandwich occurs, and secondly the
DNA strands ﬁnd the most favourable DNA-DNA distance. The experimental setup described here uniquely
enables the visualization of both events. The spacings obtained using our setup agree with bulk capillary measurements reported by Rädler et al. [31]. In our case, however,
we access the real time dynamic complexation and optimization of lipid and DNA lipoplexes.
An interesting eﬀect of ﬂow velocity is highlighted
Bull. Pol. Ac.: Tech. 55(2) 2007

in Fig. 9b. The azimuthal χ integrations are shown for
peaks q0 from Fig. 9a. (Zero values correspond to the
beam stop position and are irrelevant.) As a reminder, the
peak at q0 corresponds to a multilamellae repeat spacing.
We ﬁnd that the majority of scattering from multilamellae along radial position q0 is distributed at azimuthal
angles χ = ±90◦ at both vlipid /vDN A ratios. This orientation is coincident with the ﬂow direction in the microchannel. However, two additional azimuthal intensity
maxima at χ = ±180◦ are recorded at the slower velocity, when vlipid /vDN A = 13 (Fig. 9b, top). These maxima
indicate an orientation that is exactly transverse to the
direction of ﬂow. A similar phenomenon was reported for
nematic liquid crystals, although the nature of the orientation was not clear [32]. In our system, we explain this
transverse orientation in terms of a relaxation process of
the lipoplexes. It is important to note that the 4-fold χ
orientation is seen only at the slower ﬂow velocity. For
both ﬂow speeds, the measurements reported here were
acquired at x = 500 µm in the device (x = 0, as always,
is deﬁned as the center of the cross). In general, we expect that the strain rate ε̇ acts to extend the lipoplexes
along the ﬂow direction (see Fig. 9c). For both ﬂow velocity ratios, the device region of maximum ε̇ occurs at
a point preceding our measurement in the device. However, although the observation position is ﬁxed, it corresponds to diﬀerent time scales for the two velocities. The
subsequent relaxation of lipoplexes is only observable at
vlipid /vDN A suﬃciently slow enough to view the process.
These stretching and relaxation events are illustrated in
Fig. 9c. The lipoplexes adopt a ‘square’ reorganization
that is likely stabilized due to the length scales and physical properties of the lipid membranes and DNA strands
(see Fig. 9c).

5. Concluding remarks
A multitude of possible experimental conditions are attainable using microﬂuidics. These include the creation
of biomimetic setups that emulate biophysical processes
such as DNA compaction and biopolymer conﬁnement.
Moreover, X-ray diﬀraction is a useful tool to quantify the
liquid crystalline assembly of biomaterials. We therefore
develop new strategies to join microﬂuidics with X-ray
diﬀraction. This is achieved with new specially designed
X-ray compatible microdevices. Two types of devices utilize diﬀerent fabrication methods, but both take advantage of X-ray compatible Kapton adhesive foils.
We describe two diﬀerent experiments, both demonstrating the eﬀects of mechanically and geometrically induced stresses on complex ﬂuids in ﬂow. First, the geometrically induced orientation of the liquid crystal 8CB
is followed at diﬀerent points in a Kapton-PDMS-Kapton
microﬂow foil. The narrowest azimuthal distribution of
layer orientations occurs simultaneously with a maximum
in strain rate, which is calculated using FEM simulations. Second, cationic lipid-DNA lipoplexes are formed
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in situ using the steel cross microdevice. A reorganization
of the supramolecular lipoplex assembly is quantiﬁed by
a shift in the intralayer DNA spacing dDNA . In addition,
we ﬁnd a remarkable 4-fold azimuthal symmetry corresponding to a post-strain lipoplex relaxation. These results with lipoplexes show the usefulness of microdiﬀraction in rapidly ascertaining their structure, dimensions,
time scales, and responses to mechanical stress. The measurements also beneﬁt from the extremely low sample volumes and on-line amenability of conditions.
The development of these new X-ray compatibile microﬂow foils now places researchers in an advantageous
position to approach important biophysical questions regarding the self-assembly of biomatter and interactions in
a variety of environments, such as those illustrated in Fig.
1. Fortunately, the devices described here beneﬁt from
facile production methods and robust characteristics. In
addition, these microﬂow foils can incorporate more complex designs, and future experiments will aim to study hierarchical organizations, such as chromosome formation,
with the integration of additional inlet channels.
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