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Highly Packed and Oriented DNA Mesophases Identified Using
in Situ Microfluidic X-ray Microdiffraction
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DNA condensation in vivo usually requires proteins and/or multivalent salts. Here, we explore the in vitro
compaction of DNA by cationic dendrimers having an intermediate size and charge. The dynamic assembly of
DNA—dendrimer mesophases is discernible due to the laminar flow in a specially designed X-ray compatible
microfluidic device. The setup ensures a nonequilibrium ascent of reactant concentration, and the resulting
progression of DNA compaction was detected online using microfocused small-angle X-ray diffraction. The
evolution of a DNA-dendrimer columnar square mesophase as a function of increasing dendrimer content is
described. Additionally, in regions of maximum shear, an unexpected high-level perpendicular ordering of this
phase is recorded. Furthermore, these assemblies are found to be in coexistence with a densely packed DNA-only
mesophase in regions of excess DNA. The latter is reminiscent of dense packing found in bacteriophage and
chromosomes, although surprisingly, it is not stabilized by direct dendrimer contact.

Introduction (on the order of nanometers) and can illuminate multidimen-
sional details of DNA mesophaseparticularly when as-
The in vivo compaction of DNA demonstrates nature’s semblies are alignet}:'®Evans et al. previously reported a rich
sophisticated strategies for packing, protection, and exchangephase diagram of stable GDNA complexes, identified using
of genetic informatiord: 2 Reversible packing mechanisms diffraction!” Similar techniques were used to identify a
enable essential cellular tasks such as replication and transcripeomparable assembly of DNA and starburst (PAMAM) den-
tion. The consecutive hierarchical organization of chromatin and drimers'® However, the use of synchrotron radiation can damage
the formation of DNA assemblies with the DNA-binding protein the sample, and typically, bulk samples are prepared in advance
Dps in bacteria under nutritional stress are two prominent real- and require large amounts of raw material. Perhaps most
life examples of compaction procesgégrom a more funda- importantly, bulk experiments are not amenable to online
mental point of view, DNA compaction is characterized by variations of DNA condensation conditions and measurements
challenging problems of phase transitions, liquid crystal behav- as are those we report here.

ior, and polyelectrolyte interactioris® We describe a microfluidic experiment probing the real-time

In the present work, cationic dendrimers were used to compactdynamic evolution of the supramolecular interactions between
DNA. These molecules act as a model system to mimic the DNA and cationic dendrimers. Microfluidic techniques are
influence of electrostatic interactions on in vivo DNA compac- particularly useful for investigations of biomaterials. The
tion. The fourth generation dendrimers (G4) used here have aminiaturization, integration, and analysis of chemical and
size R = ~1.6 nm) and charge (62 that is conveniently biological processes on the nanoliter scale continues to drive
between that of small multivalent salts and larger proteins such remarkable progress in the fields of biotechnology, protein
as histoned.Recently, DNA-dendrimer assemblies have been crystallization, and combinatorial chemist§23 Aside from
explored as possible non-viral gene vectors in therapeutic advantages such as reduced sample volumes and the possibility
applications®~1! The resulting interest in dendrimers stemming of high throughput and parallel operations, microfluidics is a
from both biology and physics has motivated many studies of powerful tool for fundamental investigations of soft condensed
these molecules either alone or when complexed with matter and biological system$The interesting physics of fluid
DNA.7816-13 The majority of the latter utilizes techniques such flow on the micro- and nanoscale enables controlled manipula-
as optical density measurements, circular dichroism, and neutrontion of even single macromolecul&s.

scattering’.1314 Two-dimensional columnar mesophases of-®NA were
Small-angle X-ray diffraction is a particularly useful tool for  dentified for different charge ratios using microfocused X-ray
studies of DNA compaction since it probes relevant length scales diffraction. In addition, we found a previously unobserved meso-
phase oriented transverse to the flow direction in regions of
* Corresponding author. E-mail: thomas.pfohl@ds.mpg.de. maximum shear. Using the microflow device, we were also able
TMax Planck Institute for Dynamics and Self-Organization. to pinpoint reaction dynamics at low charge ratios below the
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Experimental Procedures (a) ~ 400 um
~ 20 ym
Materials. Polypropyleneimine dendrimers generation 4, G4, (DAB- ."
Am-32, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) were O
solubilized in ultrapure 18.2 K2 cm water (Millipore GmbH, Schwal- Syringe Pumps ﬂ,ﬂ
bach, Germany) to a final concentration of 20 mg/mL. DNA solutions —

were similarly prepared at 10 mg/mL using lyophilized highly polym-
erized calf thymus DNA (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany).

Microflow Devices. The microchannels (width of 150m) were
spark eroded into 30@m thick stainless steel plates and covered with
thin adhesive Kapton foils (Dr. Mier, GmbH, Ahlhorn, Germany).
The channels were connected to custom-made microsyringe pumps via
Teflon tubing (Novodirect GmbH, Kehl, Germany). The flow velocities
were on the order of 100m/s. Specificupna @anduvcs are given in the
figure captions. Steel Plate

Microfocused Small-Angle X-ray Measurements.Two-dimen-
sional scattering patterns were collected using a CCD detector with a
fluorescent screen at Beamline ID10b at the European Synchrotron
Radiation Facility in Grenoble, France. Beryllium compound refractive
lenses (CRL? focused the X-ray beam of 8 keVl & 1.55 A) down
to a diameter of 2&km. The microchannel device was loaded on an
x—y stage, to probe specific positions using the microfocused X-ray
beam. The positional accuracy of absolute coordinates in the microde-
vice (i.e.,x, y = 0) was on the order of the beam size. CCD images
were collected with exposure times of 30 s per position. Plots of X-ray
data in the figures are offset for clarity. Baseline values of intensity
for azimuthal integrations are included in the data plots.

Finite Element Modeling. FEMLab software (Comsol, Inc., Bur-
lington, MA) was used to perform finite element modeling simu-
lations of conditions within the microchannel device. The incompress-
ible Navier-Stokes equation was solved in two dimensions using
about 20 000 elements to obtain a solution for the diffusive mixing of
dendrimers. The velocity field (and corresponding strain rate per
position) and concentration profiles were subsequently calculated,
using material constant®( ») enumerated in the text. Despite the fact
that the liquids were assumed purely Newtonian and that possible
anisotropy due to the DNAdendrimer assemblies have not been
included, the simulations compare favorably with the flow profile seen H,0 + G4
in experiments?

CCD

Figure 1. Experimental setup. (a) Microdevice, made from a steel
plate sealed with kapton foil, was placed in a microfocused X-ray
beam, and a diffraction pattern was acquired. Fluids were injected
using a custom-built syringe setup. (b) Close-up schematics of the

. - - device showing relevant length scales. DNA was injected from the
Microfluidic Tools Are Modified for Small-Angle X-ray left and was focused by two side streams containing dendrimers

Scattering Studies.The work described here takes advantage (representative X-ray images also shown).

of specific flow designs to investigate the nonequilibrium

dynamics of DNA compactiofrat multiple reaction pointsin of aqueous DNA solution was hydrodynamically focused by
a single microfluidic device. This is achieved by creating a well- the influx of aqueous solutions of cationic G4 dendrimers
defined gradient of chemical reactants. The flow in the devices injected into the two side channels (Figure 1b). The concentra-
is laminar (Reynolds number Re 1), meaning that the mixing  tion of the dendrimers in the side channels was determined by
of components is diffusion controllédThe flow velocities are  the co-flow of G4 and water into an upstream T-valve, which
chosen such that a concentration gradient of the reactants extendsallowed online control of G4 concentration. The width of the
along the measurable length of the device. It follows that every focused DNA solution stream can be adjusted by the ratio of
accessible point along the reaction channel reflects a differentflow rates of the main channel and the side channels. Therefore,
extent of DNA compaction. In addition, the mixing of compo- the mixing and the concentration distributions in the outlet
nents in this well-defined manner reduces the likelihood of the channel can be adjusted by changing the width of the focused
creation of kinetically trapped phases. The experimental pa- DNA solution stream as well as the velocities in all channels.
rameters employed here are such that the reaction rate-6f G4 Consequently, the interaction dynamics depending on the
DNA complexation is much faster than our observations; this concentration distribution can be spatially separated in the
statement is supported by Raman spectroscopy measurementsteady-state flow.

Results and Discussion

along single stream lines in a similar seflp. The velocity and concentration profiles in the hydrodynamic
The hydrodynamic focusing device used here was a perpen-focusing device were modeled using finite element method
dicularly crossed microchannel having a depth of gé®and (FEM) simulations to acquire a stationary solution for the

a width of 150um. A lateral scanning of the sample allows for diffusive mixing of dendrimers and DNA. Results for these
spatially resolved small-angle X-ray diffraction experiments calculations are shown in Figure 2, which includes the profile
along the microfluidic channels (Figure 1a). An incoming flow of concentration of G4og4) as well as the velocity profile Withila:DV
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positions is consistent with a columnar mesophase with in-plane
square symmetry. The lattice constahof such a unit cell is
related to the peak positiap using the relatiord = 27/qo. An
increase in the lattice spacind, was obtained at observation
points that were further downstream. This can be understood
by the incorporation of additional G4 molecules within the-G4
DNA assembly.
FEM simulations provide a numerical estimate of the
concentration of G4os4) at the channel midpoint for varying
x values. The concentration is furthermore transferred Nid
units, assuming that the diffusion of DNA from the center stream
outward is much slower than the diffusion of G4 into the center,
owing to the former’s significantly smaller diffusion coefficient
(Dpna ~ 8 x 10712 m?/s andDg4 ~ 1.6 x 10712 m?/s), as was
a previously shown in the case of collag&iThe increase il
(obtained experimentally) is shown in Figure 3c to overlay
remarkably well withN/P values (as calculated from FEM, line

2.5 mm/s

Figure 2. Finite element modeling of conditions within microdevice.
Both the concentration of dendrimer cg4 (top) and velocity v (bottom)
are plotted for one-half of the microchannel device. Scale bar defines
x = 0—1000 um.

a channel (the pattern is symmetric; therefore, only half of
device is given). DNA solutions have been assigned a much
higher viscosity than the dendrimer solutiongya ~ 10%c4;

Nca ~ Nwate) IN the simulations. The calculation og4 (Figure
2, top) is of particular use since it is directly proportional to

the total charge ratio and is used as a defining parameter for

the evolution of G4 DNA assemblies. Additionally, the strain
rate¢ = dv/ax describes the mechanical effects on the material
under flow and requires knowledge of the underlying velocity
field (Figure 2, bottom).

Small-angle X-ray scattering plays a prominent role as a

in Figure 3c) as a function of, the measurement position in
the device. These data are consistent with previously reported
bulk X-ray diffraction measurementégiting a two-dimensional
columnar lattice of G4DNA for N/P values 2< N/P < 6.

The precise diffusive mixing of components in flow uniquely
allows us to visualize an increasedrover the entire range of
columnar mesophases explored here.

Strain Rate ¢ Induces Perpendicular Alignment of Mes-

characterization technique for biomaterials and biological objects Ophases. The mesoscale alignment of macromolecular as-
in microfluidic systems™32 Spatially resolved microfocused —Semblies is not easily achieved using standard sample prepa-
X-ray scattering® in hydrodynamic focusing microdevic¥sn ration methods; however, alignment in flow is comparatively

particular provides new perspectives in studies of the interaction straightforward using the setup reported here. At the confluence
dynamics of DNA, proteins, and protein assemblies under of the microchannels, the main stream was focused, and the

physiological conditions. Moreover, owing to a concurrent fluid elements were accelerated. Owing to this extensional flow,
orientation during the assembly process, the characterization ofPNA molecules as well as the GDNA assemblies experi-
these biomolecular materials, which are difficult to crystallize enced an additional hydrodynamic stress, which led to an
and normally form liquie-crystalline structures, is significantly ~ orientation along the flow direction. Scans of the intensity along
improved3® Representative X-ray diffraction patterns measured the azimuthal angleg, on the ring of the gpeak at different
at different distancesfrom the cross center are shown in Figure channel positions are shown in Figure 3b. Moving outward
1b. It is important to note that all images reveal oriented from x = 0 along the reaction channel, all X-ray scans of the
diffraction rings, a clear advantage of using flow to assemble dendrimer-DNA assemblies showed a strong orientation pref-
G4—DNA complexes. The qualitative differences (i.e., peak erentially along the flow directiony(~ —90 and 90). The
width and azimuthal orientation) between these images areextensional flow led to a favored orientation of the DNA
readily seen, and the following sections detail what is quanti- macromolecules parallel to the applied stress (Figure 3e). The
tatively learned from more rigorous analyses of the X-ray degree of orientation can be quantified as the full width at half-
patterns. maximum of the azimuthal peakay. Figure 3d clearly shows
DNA Mesophase Formation Is Monitored in Real-Time. a minimum value ofAy, corresponding to the highest extent of
Small-angle X-ray diffraction data plotted in terms of the material orientation, at a position= 300 um. Remarkably,
reciprocal vector and obtained via radial integration of the this behavior is quantitatively predicted in the calculation of
raw image data are given in Figure 3a. The compaction of DNA strain ratet = 9»/dx that is provided from the FEM simulations
by G4 dendrimers at different positiorgaty = 0) along the (line, Figure 3d). This indicates that the strain rate can accurately
reaction channel corresponds to different charge ratise, describe the phenomena of supramolecular alignment within
Here, N is the total number of positive amine charges of the microdevices.
dendrimers (for full protonation, 62per molecule) and is The extensive alignment of the GIDNA assemblies in the
the total number of negatively charged phosphate groups of theregion of high strain rate enables the visualization of further
DNA backbone (2 e/base pair). In the first set of experiments,  details regarding the two-dimensional columnar lattice. That is,
the DNA solution in the main channel was injected with a mean we find atx = 300 and 40Q:m two additional local maxima at
velocity of upna = 100um/s, and the dendrimer solutions were y ~ 0 and 180 (arrows, Figure 3b). This additional weak
added to the side channel with a mean velocity®f= 4vpna. orientation perpendicular to the flow direction provides interest-
These conditions resulted in a final charge r&ie@ < 6 at the ing insights into the response of a two-dimensional phase of
furthest measurable point of the devicex 3 mm). long chain DNA to external stress. The majority of GANA
Starting at the confluence center of the microchannels ( microdomains is oriented parallel to the flow direction. In the
y = 0), a single peak afp = 0.2 A1 was identified (lowest region of maximum strain rate, a concomitant orientation of
curve in Figure 3a). Moving the observation position toward some microdomains perpendicular to the flow direction occurs,
largerx, which corresponds to largé¥/P ratios, thedo peak most likely due to the structural restrictions imposed by the long
was shifted toward smallervalues, and a second peakwas DNA strands and square symmetry of the mesophase (schemati-
concurrently acquired. The ratiqy = \/qu of the two peak cally represented in Figure 3e). CDV
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Figure 3. SAXS from varying positions along the microchannel reveals N/P-dependent lattice spacing and strain-dependent preferential orientation
for vona = 100 um/s and vesa = 400 um/s. g scans (radial averaging) for a variety of positions x along the microchannel (a) are consistent with
a two-dimensional square lattice, having a real space distance d plotted in panel ¢, which corresponds well to predicted N/P values (line in c).
x scans (azimuthal integration along peak qo, note baseline intensity on right-hand side) for the same positions x reveal preferred orientation at
x = +90° (see schematic in panel e). Degree of preference Ay (d) is in good agreement with the calculated strain rate (line in panel d). Additional
local maxima (arrows in panel b) occur at highest strain rates and correspond to an additional perpendicular ordering (schematic in panel e).

Coexistence of DNA-Enriched and -Depleted Mesophases. 1(a) (b) [
The initial stages of DNA compaction leading up to the charge
neutral, or isoelectricN/P ~ 1.8) 17 point were conducted by
increasing the velocity of the DNA solution and simultaneously
reducing the velocity of the dendrimer solutions #g, =
3/2vpna. Access to this regime is significant because the
assembly of G4 mesophases varies as a function of overall 5
charge ratio, conforming to a physical description of charge f.

inversion?® >
X-ray scans along the as well as the-direction within the o
microchannel device are shown in Figure 4. At the center of g_

the confluence of the microchannels (Figure 4kn0) corre-
sponding to minute dendrimer concentrations, the X-ray pattern
appears to be a convolution of multiple peaks with the limiting 1
peak positionsj, ~ 0.20 A1 andgg, ~ 0.23 AL Moving to
higher x=0 or yx=o values (Figure 4a,b, respectively), corre- 4
sponding to an increased concentration of dendrimers, the peak
atgoabecomes dominant, and the features araypdisappear.
Additionally, the peak positionp, is slightly shifted to smaller v
g values. Eventually, a second pegk= x/qua (small arrow, i i i q/ A
at Xy=0 = 1000 um andy,=o = 60 um) was recorded, which _
refers again to a mesoscopic columnar phase with a two- F/9Ur€ 4. SAXS at vona = 200 umis and ves = 300 um/s accesses
dimensional in-plane square structure. This is surprising given the early stages of DNA compaction by Ga. g scans for positions

- ’ " along xy=o (a) and yx=0 (b) show the transition from coexistent phases
that all measurement points are below the charge neutral point,is the square mesophase only, as confirmed by the presence of g
where there is an excess of negatively charged DNA relative to at high values of xy—o and yx—o (arrows).
the amount of G4.

The eventual appearance @f at low dendrimer concentra-  negatively charged domains with a depletion of dendrimers. This
tions—and therefore a surplus of DNAcan be explained by a s illustrated in Figure 5 from the side (along channel) and front
coexistence of two types of domains: first, positively charged (channel cross-section). The dendrimer-enriched domains show
domains with an enrichment of dendrimers and, second, a columnar ordering of the DNA molecules with intercalaggv
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is corroborated by a vanishing of the dendrimer-depleted
domains @oa < q < qop) With a concurrent domination of the
square dendrimetDNA mesophases at increasirgo andyy=o
values.

‘.f",i,",@ ""‘@3 5 We have shown that the potent combination of microfluidics
] . with small-angle X-ray microdiffraction allows for detailed
side view insights into the evolution of DNA compaction in the presence
of polypropyleneimine dendrimers. The interactions of den-
drimers and DNA are tunable using our microfluidic hydrody-
namic focusing device, and X-ray patterns are subsequently
acquired at any desired charge rai® using a microfocused
X-ray beam. A two-dimensional columnar phase of dendrimers
and DNA has a lattice spacirdjand degree of orientatiofy
that correspond to the values ®fP and the strain rate,
respectively, both of which are calculated using FEM.

A major advantage of the data shown here is the acquisition
. of multiple N/P data points on a single device while using
front view extremely small amounts of material without concern (due to
the continuous flow of materials) for X-ray radiation damage.
An added benefit of the experimental setup is the resulting

Conclusion

Ddepleted phase Oenriched phase alignment of materials within the device. Aligned samples
provide additional information regarding the liquid crystalline

Figure 5. Two coexistent phases in the low dendrimer regime: order of the material and have improved diffraction statistics.

dendrimer-enriched (circle) and dendrimer-depleted (square). Side Subsequently, detector exposure times were only 30 s per image,

view (top) is along the microchannel, and front view (bottom) is a

i . and all images exhibited an orientation of the materials along
cross-section through the microchannel.

the direction of flow. The G4 DNA system displays a striking
response to the extensional flow that is created within the
dendrimers, having a spacidg, ~ 32 A (i.e., the square phase  mjcrochannel. Namely, the mesophases align transverse to the
described previously). However, the dendrimer-depleted do- flow direction at a point in the microdevice where the strain
mains show an ordering of DNA with a spacing that can be rate is highest, an interpretation of which is illustrated in
calculated from the peak positiogy, ~ 0.23 Al and is Figure 3e.
dependent on the lattice used to describe the mesophase. We We are also able to access, for the first time in a controlled
propose that the diffraction peak at positipgis due to aDNA  manner, very lowN/P ratios where a coexistence of DNA
columnar mesophase with a spacihg- 27 A (determined by ~ DNA and dendrimerDNA interactions appears to occur.
d = 27/q), which indicates very dense DNA packing since it Generally, DNA is considered to condense in biological systems
approaches the 25 A diameter of hydrated DNA molecules A via multivalent salts or proteiris3®400ur results indicate that
similar peak at lowN/P values was reported by Evans et al., in in an undercharged (low/P) regime, it is also possible that
which case its striking resemblance to that of hexagonal smaII DNA condensation occurs without direct contact to such
cation-induced DNA bundles was noted. In this scenario, the materials. This phase may also exist in biological cells, which
lattice vectoray = 471/«/_q 32 A reflects a unit vectorona  are dense and contain a variety of surrounding protein ag-
hexagonal lattice with an interstitial area that is much too small gregates. In addition, the stages of DNA packing and ejection
to accommodate a G4 molecule (without requiring a significant in bacteriophage are a subject of considerable biophysical
molecular deformation). interest and involve dense packing of DNA suggestive of the
Regardless of the specific choice of DNA lattice, in either assembly found here for lol/P values*
case, we suggest that G4 molecules do not directly bridge the Using more elaborate microfluidic designs, the results
DNA strands. We eliminate dendrimer bridging of DNA strands reported here can be extended to study the complexity of
due to steric constraints: the interstitial positions available to hierarchical self-organization and, moreover, to generate in vitro
dendrimers in either a square or a hexagonal DNA lattice are models that mimic the biological process of DNA aggregation.
too small to accommodate G4 molecules. The dendrimers This can be achieved with the incorporation of additional
nevertheless play an important role in the assembly of a one-microfluidic inlets, which would allow the introduction of further
component DNA mesophase, as is confirmed by experimentscompacting agents such as the linker histone H1, as well as
performed on DNA solutions without dendrimers that show through the integration of more sophisticated channel design
qualitatively different X-ray pattern®. The most reasonable elements that impose well-predicted mechanical forces on the
model, by process of elimination, is one including domains rich mesophases. These strategies are facilitated by a new generation
and poor in G4; this is reminiscent of a scenario reported using of elastomeric microflow foils, which allow rapid design
DNA and surfactantd’ The close packing of DNA to length  prototyping’® Furthermore, the creation and conformational
scalesd ~ 27 A known to occur in the presence of multivalent control of new nanostructured materials with biological activity
salts is considered to be a result of a balance of forces acting tois enabled by fine-tuning the physical and chemical parameters
resist (e.g., bending or mixing entropy) or favor (e.g., counterion (e.g., condensation agents and solvent) for a variety of macro-
fluctuations or hydration) condensati&h.In our case, no molecular systems including, but certainly not limited to, protein
additional salts have been explicitly added, but a balance of scaffolds, enzymatic reactions, and polymeric materials for drug
similar forces is likely at play. The two-phase GBNA model release. cDV
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