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Abstract — We used fluorescence microscopy to investigate the diffusion dynamics of individual
DNA molecules on supported cationic lipid membranes. The mean-squared displacement of DNA
on the membrane surface showed sub-diffusion associated with a slower DNA conformational
relaxation at a short time scale. The evolution of contours of these non-entangled DNA at this
short time scale was retained within a “hypothetical tube” of diameter < 1 pum. Inhomogeneous
DN A-surface interaction along the DNA contour, identified by total internal reflection fluorescence
microscopy, suggested a mechanism for the anomalous dynamics of DNA on the membrane.

Copyright © EPLA, 2015

Dynamics of macromolecules adsorbed on a lipid mem-
brane is a profound subject not only in terms of biological
importance but also for its implications in biotechnolo-
gies [1-8]. When lipid molecules are in the disordered-fluid
phase, the host membrane surface is usually mimicked as
a two-dimensional fluid system [6-8]; the dynamics of a
polymer adsorbed on a membrane is usually compared
with those obtained by theoretical studies of the polymer
on a homogeneous rigid substrate [9-11].

Recent research suggests that the adsorbate on the
membrane surface introduces rearrangements of the
lipids [12-14]. The host membrane is therefore no
longer homogeneous. The diffusion dynamics of adsorbed
polymers on a membrane surface with inhomogeneities
becomes non-trivial. Recently, effects contributed by
different types of surface heterogeneities to near-surface
polymer diffusion have been intensively investigated by
computer simulations [15-21]. One particularly intriguing
finding pertains to the reptation-like surface diffusion of
polymers in the dilute condition when obstacles or pene-
trable sticking points exist on the surface [15,16]. On the
other hand, the molecular dynamics study of the poly-
mer diffusion on surfaces with the atomic-scale corruga-
tion found no reptation in the simulations [20].

(@) These authors contributed equally to this work.
(P)E-mail: wtjuan@phys.sinica.edu.tw (corresponding author)

Although many computational studies have predicted
that inhomogeneous interactions between polymer and
surfaces alter the diffusion dynamics of an adsorbed poly-
mer, to the best of our knowledge, the direct experimen-
tal observation evidencing these predictions is still rare.
In this study, we use DNA as the model polymer and
the supported cationic lipid (CL) membrane as model sur-
faces to study the surface diffusion of polymers. Through
direct visualization of fully spread DNA molecules, we
find an anomalous diffusion associated with a slower con-
formational relaxation of adsorbed DNA at a short time
scale. Evolution of the DNA contour and the coexistence
of longitudinal and sideways movements of DNA segments
within a tube-like region suggest a non-trivial dynamics of
these DNA on the membrane at a short time scale. De-
tails of our result will be presented after introducing the
experiment.

Our supported CL membranes consist of mixtures of
two different lipid molecules, the neutral 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and the cationic 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), at two
different molar fractions of DOTAP, ® porap = 0.10 and
0.05, in this experiment. The fully hydrated membrane,
with an estimated thickness of 4 to 6 bilayers, is stored
in an HEPES buffer solution (10 mM HEPES solution,
30mM NaCl, 0.5mM ascorbic acid) for 8h to equilibrate
before the DNA adsorption. The details of membrane
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Fig. 1: (Colour on-line) Visualization of diffusion dynamics of
DNA molecules on a supported lipid membrane. (a) Schemat-
ics of adsorbed DNA molecules, supported cationic lipid mem-
brane, microscope objective (Obj.), and definition of the
coordinates. Two different light sources are used for the
EFM and TIRFM observations in this experiment. Inset of
(a): Decay of the evanescent wave from the substrate with the
incident angle 6 < (critical angle) in TIRFM. (b) A typical
snapshot of A-DNA molecules adsorbed on membranes with
Pporap = 0.10 by EFM at to. The scale bar is 10 pm. Inset of
(b): Center-of-mass trajectory of an adsorbed DNA molecule
(outlined in (b)) diffused on the membrane for 20s starting
from t¢o.

preparation can be found elsewhere [1]. We then gen-
tly introduce YOYO-I labeled A-DNA (48 kbp), at a stain
ratio of 1 dye per 4bp, into the buffer and allow these
DNA to randomly adsorb on the CL membrane surface
and gradually spread. Before obtaining the data, we wait
for another 2h, which corresponds to a time scale that
is significantly longer than the typical relaxation time of
an individual chain upon adsorption [1,11], until the DNA
has equilibrated with the membrane surface controlled in
the disordered-fluid phase at 25 °C.

Figure 1(a) shows a schematic plot of our experiment.
Dye-labeled A-DNA molecules are adsorbed and spread
on our supported CL membrane substrate mounted on
an inverted microscope. Segments of the adsorbed DNA
are distributed within the focal depth 0z (~1pm) of
our 60x oil immersion objective. We apply two fluores-
cence microscopy techniques in this experiment: Epiflu-
orescence microscopy (EFM) and total internal reflection
fluorescence microscopy (TIRFM), with two different ex-
citation light sources/paths from a mercury lamp and a
488 nm diode-pumped solid-state laser, are employed to
observe the dynamics of adsorbed DNA and to identify
the polymer-surface distance, respectively. The fluores-
cent images of the dye-labeled DNA are recorded by a
cooled EMCCD camera (Andor DUSST).

Figure 1(b) shows a typical snapshot of DNA molecules
adsorbed on membranes with ® po7r4p = 0.10 at a time
to by EFM. Since the entire adsorbed DNA, uniformly
labeled with YOYO-I dye, on the membrane surface
lies in the depth of our focal plane (the upper sur-
face of the glass substrate), the fluorescence intensity of
each pixel of the image fairly reflects the local monomer
density within the imaging area of a pixel (1pixel =
0.264 pm x 0.264 pm).
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Fig. 2: (Colour on-line) The mean-square displacement (MSD)
((ARZ,,(At))) of DNA molecules diffusing on the membrane
with ®porap = 0.10 and 0.05. Below a critical time scale Tysp
(as indicated by the arrow) for each case of ® porap, DNA ex-
hibits sub-diffusion. Thin gray and red lines show the reference
slopes with v = 1 and 0.38, respectively. The inset shows the
linear plot of the main graph. Each data point and the asso-
ciated error bar are calculated by more than 80 independent
events.

The center-of-mass (CM) position of a DNA molecule
at a given time ¢, Ren(t), is calculated by Ren(t) =
JrI(r,t)dr/ [ Idr, where I(r,t) stands for the measured
fluorescent intensity at location r(¢). Therefore, the tra-
jectory of the adsorbed DNA starting from an arbitrary
initial time ¢y for a time period At is obtained. Inset of
fig. 1(b) shows the trajectory of the molecule outlined in
fig. 1(b) with At = 20s. The diffusion dynamics of the
DNA on the membrane can be characterized by analyzing
the trajectories of the adsorbates.

The mean-square displacement (MSD), (AR?(At)) =
([R(to + At) — R(t)]?), is a well-known indicator to de-
scribe the diffusion dynamics of a mobile object with its
position evolution described by R.(t). The power-law de-
pendence of MSD on a different time scale At, which can
be generalized to (AR?(At)) ~ At?, is used to categorize
the diffusion into different types. The anomalous diffusion
in cases with v # 1 is always interesting [22,23]. Tt im-
plies that the non-Brownian diffuser is establishing a time
correlation of its motion in a At regime if v # 1 is found
in the same time regime. The cases with v < 1 (>1) are
usually referring to sub- (super-) diffusion, respectively.

Figure 2 shows the evolution of MSD ((ARZ?,, (At)))
vs. At of DNA adsorbed on membranes with different
®porap. In the linear plot shown in the inset of fig. 2,
the MSD of DNA on the membrane with ® porap = 0.05
is higher than that in the case of ® porap = 0.10 over a
wide At range. This suggests that overall DNA diffusion
is faster on a membrane surface having lower charges. De-
tailed comparisons between cases of two tested ®porap
are shown on the logarithmic MSD in the main panel of
fig. 2. The At dependence of v can be derived from the
evolution of the apparent slope of the MSD curve in a log-
arithmic plot. A straight gray line with v = 1 is plotted as
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the reference for normal diffusion. It is found that diffu-
sions of adsorbed DNA on membranes with two different
charge densities both exhibit normal diffusion at long time
scales (large At). However, trends of their normal dif-
fusions do not extend to short time scale limits. Both
MSD curves show v < 1 (= 0.38) in the small At regime.
There exists characteristic time scales Tysp(®Pporap),
where 7375p(0.10) ~ 8s and 7psp(0.05) ~ 2s, indicat-
ing the transition time scale of sub- to normal diffusion.
The 7apsp(0.10) > 7a9p(0.05) suggests a quicker onset
of normal diffusion on the membrane with lower charges
(Pporap = 0.05). For a DNA chain under random ther-
mal fluctuations, not only the center-of-mass diffusions,
but also the continuous conformational variations of a flex-
ible DNA, are accumulated by the movements of the seg-
ments in a molecular chain.

To characterize the conformational change of DNA, we
establish a measurement to describe the relaxation of an
adsorbed DNA contour over time by an image-matching
method. Our algorithm is similar to an IDL code!.
The conformation-correlation CC(At), which is the au-
tocorrelation of two 32 x 32 pixels images centered at

the DNA CM between to and ty, + At, is calculated
B S L(r—Regm,to+AL) X I(r—Rem,to)]

as CC(At) = W I2(r—Rem,to+At)\ /> I2(r—Reem,to)] |

further consider the factor contributed by the decay of

the fluorescent signal due to photobleaching. Therefore,
we calculate the normalized CC(At) by CChom(At) =
[CC(At) — CCpin]/[CC(0) — CCpin], where CChyip, the
anticipated minimum value of the autocorrelation, is ob-
tained by the ensemble-averaged correlation of two dis-
tinct DNA molecules at a random pickup time.

Figure 3 shows the C'Copm(At) vs. At of the ensemble
of DNA on membranes with ® po7ap = 0.10 and 0.05. In
the log-linear plot of C'Copm (At), we found that the decay
of the measured C'Cl,prm (At) shows two distinctive trends
at short and long time scales. We have fitted these trends
with visual reference guidelines to illustrate the charac-
teristics of these trends within different time scales. It
also helps us to identify the characteristic time scale of
the change in trends. For the case with ® porap = 0.10,
CChrorm(At) decays slower when At < 8s, in comparison
to its long time trends (a relatively steeper slope when
At > 8s). A similar transition for two-stage decay is also
observed for the membrane with ®porap = 0.05. This
suggests that the relaxation of the DNA contour on the
membrane surface is, in general, slower at the short time
scale.

The characteristic time scale 7o (®Pporap), indicating
the crossover time scale of two distinctive trends for each
case, is particularly interesting. A comparison of the char-
acteristic time scales Tarsp(Pporap) and Toc(Pporap)
in terms of the MSD (fig. 2) and CCorm, (fig. 3) reveals
that they share almost identical time scales for the mem-
brane with the same charge density, although the MSD is

We

ISection “Image Manipulation” on http://idlastro.gsfc.nasa.
gov/contents.html.
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Fig. 3: (Colour on-line) Ensemble-averaged conformational
relaxation of adsorbed DNA molecules on membranes with
different ®porap. The linear-log plot is of the conformation-
correlation function C'Chrorm(At). With the straight lines as
visual references, the conformation relaxation of DNA on the
membranes with ®porap = 0.10 and 0.05 both show two dis-
tinct trends separated by a characteristic 7cc(®porap) (as in-
dicated by arrows) at both short and long time scales.

related to the CM diffusion of DNA and the C'C,pp, is Te-
lated to the intramolecular-level DNA contour relaxation
due to the segment rearrangement, relative to its CM. Our
analysis suggests that anomalous DNA diffusion seems to
be relevant to the conformation relaxation. Resolving the
detailed dynamics of the DNA contour on the membrane
surface may shed light on this interesting coincidence at
characteristic time scales.

We therefore try to identify the spatiotemporal evolu-
tion of the contour of a DNA chain. We use the simplified
contour line to describe the shape of the DNA conforma-
tion. The contour line of a DNA is obtained by connecting
the central points of two edges of a DNA contour (see inset
of fig. 4). Figure 4 shows the evolution of a DNA molecule
on the membrane surface with ®porap = 0.10 through
overlaid DNA contour lines over a time interval 18.36s.
At first glance, the contour lines of the adsorbed DNA
molecule seem to be retained within a “hypothetical tube”
of diameter < 1 pm in the short time scale (At = 0-4.86s).
When time evolves, the chain starts de-caging from the
“tube” at about At = 7.56s (= 7c¢(0.10)) and then loses
the memory of its initial conformation at ty. The finite
lifetime of the DNA contour, or the “hypothetical tube”,
reminds us of classical reptation model: Polymer segments
are confined by the surrounding molecules and tend to
move along an imaginary tube in a highly concentrated
polymer solution [24,25]. However, the observed dynam-
ics in fig. 4 is different from the classical reptation model
in two different aspects. First, the de-caging of DNA from
the “hypothetical tube” is not initiated from either one
of the free ends but is more likely from the middle of the
“tube”. Second, the wiggly sideways movement in the
figure indicates less relevance to the worm-like dynamics.

We are curious about the dynamics of the DNA segment
within the time scale during which the chain conforma-
tion is retained. The fluorescence intensity of a DNA im-
age in a localized region barely reflects the corresponding
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Fig. 4: (Colour on-line) Spatiotemporal evolution of the con-
tour line of an adsorbed DNA molecule on a membrane. The
overlaid DNA contour lines over the time interval 18.36s of
the molecule (outlined in fig. 1(b)) show the evolution of its
contour on the membrane surface with ® porap = 0.10. Inset:
the dashed line connecting the central points of two edges of a
DNA contour between two open ends displays the contour line
of the molecule at tg (At = 0). The scale bar is 1 um.

regional population of the DNA segment in this experi-
ment. Tracing the fluorescent signal along the contour line
of a DNA image reveals the spatial variation of segment
density within the DNA contour. We first parameterize
the contour line of a DNA image as s. The two open ends
of the contour line correspond to s = 0 and S, where S is
the accumulated length of the contour line of a particular
snapshot. Figure 5(a) shows the evolution of S from an
adsorbed DNA molecule starting at ty. The fluctuating S
over the observation period illustrates the continuous de-
formation of the DNA contour on the membrane surface
under thermal fluctuations.

We further analyze the evolution of the local fluores-
cence intensity along the contour line I(s, At) and plot
the evolution of I(s, At) in fig. 5(b). At a fixed At, the
non-uniform I(s) along s suggests a non-uniform segment
density distribution over the contour, which may not be a
surprise. However, we observe that features of the inho-
mogeneous I (s, At) along s remain for a considerable time
scale. The brighter bands indicated by the green dashed
lines in fig. 5(b) are good examples. This observation im-
plies that the non-uniform segment density distribution
along the contour is not easily randomized by the ther-
mal motion of polymer segments. The gentle evolution of
the relative distance between adjacent bands, which corre-
sponds to a considerable amount of DNA segments mov-
ing along the contour, indicates that the redistribution of
a segment along a contour line within the time scale of a
few seconds. This observation suggests the existence of the
small-scale longitudinal movement of polymer segments
in the “hypothetical tube”. The local stretching due to
the sideways movement of the contour may be another

Fig. 5: (Colour on-line) Evolution of the fluorescence intensity
of a DNA molecule adsorbed on a membrane surface along its
contour line. The image on the upper-right corner shows the
snapshot of this demo DNA at ¢o, the corresponding contour
line, and the positions of s = 0 and S. The scale bar is 1 um.
(a) Evolution of the accumulated length of contour line S start-
ing from to (At = 0) with the DNA conformation shown by the
image. (b) Evolutions of fluorescence intensity I(s, At) along
the contour line observed by EFM (At < 23s) and TIRFM
(At > 29s). The hand-drawn dashed green lines indicate the
location of the bright bands. ®porap = 0.10 in this case.

reason, that contributes the small variation of the inter-
band distance.

At the end of the EFM observation in fig. 5(b) at
At = 23s, the excitation light source is switched to the
laser for the TIRFM observation (data in At > 29s).
The exponential decay of the evanescent wave away from
the interface in TIRFM offers a better resolution for
resolving the DN A-surface distance, and in turn, their mu-
tual interaction. By TIRFM, the I(s, At > 29s) is not ho-
mogeneous either. Compared to the final I(s, At = 235s)
by EFM, a significantly different distribution of I(s, At =
298) along the contour line is observed at the first TIRFM
image. The inhomogeneous I(s, At) observed by TIRFM
(At > 29s) implies a non-uniform DNA-surface attrac-
tion along s. The gradual variation of I(s) over At by
TIRFM also suggests a non-trivial DNA-surface coupling
over time.

As suggested by the non-uniform I(s) of the TIRFM
data in fig. 5(b), the inhomogeneity of DNA-surface at-
traction, distributed on a length scale shorter than the
DNA contour size, contributes numerous “sticky points”
for a near-surface DNA chain at positions with brighter
I(s, At > 29s). Without a significant perturbation, only
small-scale thermal motions of weakly adsorbed polymer
segments (regions with lower I(s)) are allowed under the
constraint of these strong sticky points. The conforma-
tion of the DNA contour is therefore retained in a tube-
like region for a short period of time. One may anticipate
that the membrane with lower charges is less sticky to the
DNA, and hence the smaller values of 7y/5p and 7c¢ in
the case with ® porap = 0.05.

We now understand that the impression of a “hypothet-
ical tube” in fig. 4 comes from the conformation memory
of a DNA chain trapped by “sticking points” on the
membrane temporarily. The contour of this “tube” simply
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reflects the territory of the DNA diffusion within a short
time scale. Although there seems no physical confinement
from this purely virtual tube-wall, the weakly adsorbed
segments between two strong sticky points on the polymer
chain may still slosh along the contour and exhibit the lon-
gitudinal movement within the “hypothetical tube”. Such
a behavior could be described as a non-classical reptation-
like dynamics in a very localized section of the entire DNA
chain.

It may not be a surprise that the non-uniform interac-
tion between a surface and a chain-like molecule readily
alters the near-surface polymer dynamics. The ratchet-
ing granular polymer under a spatial gradient of excita-
tion [26], the reptation dynamics of polymers on a surface
with sticky points or obstacles [15,16], and the different
scaling of polymer diffusion coefficients on attractive sur-
faces with variable atomic-scale corrugations [20] are good
examples. In this experiment, the non-uniform DNA-
membrane interaction should exhibit more active involve-
ment than mere intermolecular entanglement of DNA.
This provides a mechanism for anomalous DNA diffusion,
the memory of the DNA contour, and the coexistence of
longitudinal and sideways movements of DNA segments
within a “hypothetical tube” on the membrane surface in
the short time scale. While scenarios of polymer surface
diffusion have been widely discussed, the displacement of
DNA segments along the contour line in fig. 5(b) seems to
resemble the non-classical “sticky reptation” scenario pro-
posed in ref. [27]. However, we also want to point out that
the near-surface polymer diffusion may be similar to the
reptation-like dynamics, but for contingent reasons [20].
Resolving the diffusion of individual polymer chains un-
der the non-uniform polymer-surface attraction provides
more detailed insight into this issue. Although we do not
yet comprehensively understand the origin of the “sticky
points”, we speculate that the responsiveness of the lipids
in our multi-bilayer membrane system may partially con-
tribute to this effect?.
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2We have checked the nature of the inhomogeneous DNA-surface
interaction by observing the near-surface dynamics of point-like
probe molecules, the dye-labelled plasmid DNA. Our preliminary
data indicates that these “sticky points” are not stationary. Their
spatial distribution and affinities to plasmids change over time.
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