Structure and Dynamics of Liquid Crystalline Pattern Formation in Drying Droplets of DNA
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We investigate the formation of ringlike deposits in drying drops of DNA. In analogy with the colloidal
*“coffee rings,” DNA is transported to the perimeter by the capillary flow. At the droplet edge, however,
DNA forms a lyotropic liquid crystal (LC) with concentric chain orientations to minimize the LC elastic
energy. During the final stages of drying, the contact line retracts, and the radial stress causes undulations
at the rim that propagate inward through the LC and form a periodic zigzag structure. We examine the
phenomenon in terms of a simple model based on LC elasticity.
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Drying droplets of colloidal suspensions form ““coffee
ring” stains due to the capillary flow caused by contact line
(CL) pinning [1]. This phenomenon has been used for the
assembly of nanoparticles [2,3] and diblock copolymers
[4]. For gene expression profiling, an array of DNA drop-
lets is often dried on a glass surface for hybridization
studies [5]. Since DNA can be stretched by flow [6-9]
and “molecular combing™ [10], single DNA chains usually
align perpendicular to the CL of a drying drop. In this
Letter, we show that, when a concentrated DNA droplet is
dried, a coffee ring stain is also formed, but, contrary to
intuition, the extended DNA chains trace out zigzags along
the CL and form a periodic pattern (Fig. 1). During most of
the drying time, the contact line is pinned, and DNA chains
from the droplet interior are transported to the perimeter.
At the droplet edge, a lyotropic liquid crystal (LC) is
formed, in which DNA chains align along the droplet
edge to minimize LC elastic and surface anchoring ener-
gies. During the final stages of drying, the CL retracts, and
radial dilative stress causes undulations at the rim that
propagate inward through the elastic LC medium, giving
rise to the domain pattern. A simple model based on LC
elasticity explains the observations.

The experiments are conducted using A-DNA (contour
length/, 16.3 um, 48502 bp, persistence length I,
50 nm), obtained from New England BiolLabs, Inc. The
pattern is observed for a broad range of initial DNA con-
centrations C 0.02-5 mg/ml, initial droplet volumes
4 1-50 wl, and for surfaces with different hydrophi-
licity (clean glass plates, SiO, and indium tin oxide coat-
ings, etc.; contact angle 15 a 110 ). The droplet’s
radius R 0.5-12 mm is varied by changing V' and «.
The pattern consists of the herringbonelike domains with a
self-similar periodic structure (Fig. 1). The periodicity L
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dried film of A-DNA (& < 0 because of the conjugated
bonds in base pairs) and even smaller in the lyotropic LC
observed during drying. Droplets of V



modulus. As compared to the small-molecule LCs, the
fundamental difference is that K;,  K,, K3 and that there
is a free energy cost for locally compressing/dilating the
LC composed of long flexible chains, described by the last
term in (1).

We determined that the droplet-air and droplet-substrate
interfaces impose tangential boundary conditions, setting:”
parallel to these interfaces [22]. Satisfying these condi-
tions, the radial structure ofn™ would then require splay
deformations ofx". In the limit of small « and for typical
widths of the LC wedge AR R/10 [23], the associated
elastic energy of the LC wedge at the perimeter is Fygia
107K R. In contrast, the concentric structure with
DNA along the CL involves bend deformations ofn” at
the large length scales R; the elastic energy is Fgnc
7maK;fRIn R/ R AR ARy [23]. For typical R and
AR, one obtains F.,../Faa 10 *K3/K, 1; since
K5 K|, Fon 1S much smaller than F,g,. This explains
the concentrio:” (Figs. 3 and 4) that can persist until the end
of drying and leave a deposit with annular DNA alighment
if the CL does not recede (observed at C > 15 mg/ml for
A-DNA [23] or at even higher C for shorter DNA frag-
ments [24]). The droplets with smaller C form a pattern
that is a periodic distortion of the initial concentrica”.

The contact angle « varies due to evaporative water
losses and slight decrease of surface tension [25]. When
a 2 -4, the CL is depinned and recedes [Figs. 3(a)—
3(f)], similar to drops of other complex fluids [26]. The
imposed stress and reverse (inward) radial flow pull the
extended DNA in the radial direction [10], i.e., normal to:".
At very small C, the shrinking droplet with receding CL
can stretch the single biopolymer molecule in the radial
direction [6,10,27]. In our case of relatively large C' , DNA
molecules are extended along the CL and form an LC

phase before the CL depinning. The minimum of LC
elastic free energy coe/F4 15t44 Tfe4duel



simple model based on the LC nature of the ring at the
drying droplet edge. Similar phenomena are observed for
other semiflexible biopolymers [23,29]. Questions related
to details of the pattern formation remain, such as the
precise mechanism of wavelength selection and the rela-
tive role of the capillary flow in the LC with viscosity
coefficient anisotropy [30], as well as convection [9] and
Marangoni flows [26], which modify the pattern formation
at the late stages of the drying process. Since essentially all
the DNA is concentrated in a narrow ring threaded by a
network of defect walls with almost no DNA in the rest of
the stain, these effects should be accounted for in the
design of microarrays in which DNA droplets are sequen-
tially deposited onto a surface for hybridization studies [5].
Without optimization of the wetting conditions, it is pos-
sible to damage the DNA chains or “miss” all the DNA in
the ring stain of a dried droplet even if perfect center-of-
mass droplet alignment is achieved.
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