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Polymer filaments form the foundation of biology from cell scaffolding to DNA. Their study and
fabrication play an important role in a wide range of processes from tissue engineering to molecular
machines. We present a simple method to deposit stretched polymer fibers between micro-pillars. This
occurs when a polymeric drop impacts on and rebounds from an inclined superhydrophobic substrate.
It wets the top of the pillars and pulls out liquid filaments which are stretched and can attach to
adjacent pillars leaving minuscule threads, with the solvent evaporating to leave the exposed polymers.
We use high-speed video at the microscale to characterize the most robust filament-forming
configurations, by varying the impact velocity, substrate structure and inclination angle, as well as the
PEO-polymer concentration. Impacts onto plant leaves or a randomized nano-structured surface leads
to the formation of a branched structure, through filament mergers at the free surface of the drop. SEM
shows the deposition of filament bundles which are thinner than those formed by evaporation or rolling
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drops. Raman spectroscopy identifies the native mode B stretched DNA filaments from aqueous-
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1 Introduction

Methods to produce and collect polymer filaments are of
primary importance in biology, tissue engineering, medicine,
pharmacology and textiles."® Several attempts have been
reported to obtain single molecular-level polymer filaments
like DNA suspended between micro-pillars, using methods like
stamp peeling,”® evaporation of fakir drops®* and drop sliding.”>™"”

Herein, we demonstrate a robust approach to produce and
collect highly ordered arrays of polymer nanostrands with well-
defined length and orientation. This involves impacting a drop
containing polymers on a microfabricated superhydrophobic
pillared surface, where the rebounding pulls out the filaments
and then deposits them onto the pillars. To leave the filaments
intact on the pillars, the droplet must bounce away from the
original impact center, which we accomplish by tilting the
substrate away from the horizontal. We show that both PEO
and DNA filaments can become thinner by drop impact, than
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by the evaporative technique. We use time-resolved 100 000 fps
high-speed video imaging, on the micro-scale, to study the
details of this process. Different filament structures can be
pulled from the drop during the rebounding, depending on
whether the substrate has random roughness or regular pillars,
as shown in Fig. 1. This raises the prospect of targeted pesticide
delivery, especially in dry climates, when molecular structures
on these filaments could embed targeted molecules, protecting
against the arrival of pests. The details of the filament pulling
could also help design optimal spraying techniques to increase
droplet retention on superhydrophobic leaves. Our preliminary
experiments with lemongrass, show filament formation for
repeated bounces of a micro-drop from the leaf surface, as
shown in Fig. 1(c). For biomedical applications, our method, in
conjunction with existing purification techniques, presents a
platform to rapidly attach very thin polymer filaments between
the micro-pillars to probe molecular structure, conformations
or other properties for diagnostics."®

Droplets can bounce at low impact velocities due to the
presence of an unbroken lubricating air film between the
impinging droplet and the surface, as has been studied extensively
using interferometry.'**** Superhydrophobic surfaces with speci-
fic surface structures like various pillar arrangements also enable
drop bouncing® " with reduced contact time.**** Chen et al.** and
Li et al.®® have previously observed these filaments and found them
to delay the drop retraction. However, their 20 pm px " resolution
could not capture the details of the finest filaments observed herein.
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Fig. 1 Polymer filaments pulled from rebounding drops after impact on a
nano-particle-coated surface in (a) and on micro-pillars in (b). In (a) the
glass substrate has four layers of “glaco” nanoparticle coating,'® with
impact conditions D = 1.40 mm, U = 0.36 m s, Re = 463 & We = 2.64,
while in (b) the micro-pillars are coated with FDTS, for D = 1.42 mm,
U=042ms % Re = 552 & We = 3.67. The inset shows an SEM image of
the pillars, which are 50 um tall and spaced by 50 um. For the random-
roughness glaco-surface the filaments become branched, while for the
pillars regularly-spaced linear filaments are pulled out. The scale bars are
150 pum long. For more details, see Supplementary Videos 1 & 2 (ESI¥).
(c) Similar polymer drops leave polymer filaments (arrow) when bouncing
from superhydrophobic leaves of lemon-grass. (d) Video frame of the
configuration in (c). (e) SEM image of filaments left behind on the leave.
Scale bar is 5 um.

2 Experimental section

Fig. 2 shows a schematic of the experimental setup. We use
Phantom V2511 ultra-fast CMOS video cameras at up to 100 000
frame-per-second (fps), with a Leica Z16 APO long-distance
microscope with adjustable magnification of up to 29.2, which
gives pixel resolution up to about 1 um px *. In some experi-
ments we used two synchronized cameras, for different viewing
angles.

The drops are released by gravity from a glass nozzle with
100 pm inner diameter. Liquid was fed using a syringe pump at
slow flow-rate of 2 ul min~' to generate repeatable drops
through static pinch-off.

Micro-pillar fabrication

Silicon wafers (4 inch diameter and 500 um thickness) with a
2.4 um thickness silica layer were used as substrates. The arrays
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of cylindrical pillars (diameter: 20 um, height: 50 um, and
pitch: 50 pm) were fabricated by photolithography and dry
etching. After fabrication, the wafers with features were cleaned
by Piranha solution (H,SO,: H,0,= 3:1 by volume) for 15 min
at 110 °C, and then flushed by de-ionized water and dried in
a Spin Rinse Dryer. To achieve hydrophobicity, these wafers
were then coated with perfluorodecyltrichlorosilane (FDTS) by
molecular vapor deposition (ASMT 100E).

PEO

The polyethylene-oxide (PEO) was purchased from Sigma-
Aldrich (M,, = 4 x 10° g mol ™). It was in powder form, which
was mixed with DI water (Milli-Q Plus system) using a magnetic
mixer for at least 10 hours with low angular speeds before use.

SEM

The PEO polymer filaments stretched between the pillars are
plasma-coated with 2 nm iridium to increase the contrast and
prevent it from breaking from the SEM electric beam, which
was usually kept below 3 kv. 5 kV was used in Fig. 5(c) and a
magnification of 3500. Twice the thickness of the iridium layer
was subtracted from the diameter measurements.

A-DNA

A-DNA was purchased from Thermo Fisher Scientific with
molecular weight of 31.5 x 10° Dalton and concentration of
300 ppm from Thermo Fisher Scientific. The solvent is mostly
water, but contains 10 mM tris-HCI (pH 7.6) and 1 mM EDTA.
The 48.5 kb A-DNA molecule has a B-form contour length of
~16.5 um (with an upper limit of 0.34 nm bp™*).°

Raman spectroscopy

Laser-confocal Raman microscopy (WiTec Apyron) was used to
deploy the Raman measurements. To avoid breaking the PEO
nano-filaments, a low dose (5 mW) 532 nm laser was used as
the excitation source. A 100 objective lens (NA = 0.9) was used
to focus the laser spot on DNA nano-filaments and collect
Raman scattering signal.

3 Results and discussion

The experimental set-up used for drop impacts on inclined
micro-pillared substrates, to collect PEO and DNA filament
bundles, is sketched in Fig. 2 and 3. We first map the bouncing
regimes of a polymer drop impacting on different solid sub-
strates, while keeping the PEO concentration fixed at 100 ppm.
The surfaces are characterized by the effective contact angle f,
listed in the caption of Fig. 3(a). They include flat mica sheet,
flat silica, silica surface treated with plasma, silica surface
coated with FDTS, one & four times Glaco-nanoparticle-coated
surfaces and surface with cylindrical micro-pillar array (height
h =50 pum; diameter d = 20 pum; spacing w =50 um) coated with
FDTS, see also Table S1 (ESIT).

The phase-diagram in Fig. 3(b) sums up the bouncing
behavior of 100 ppm PEO droplets, of diameter D, for normal

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Schematic drawing of the experimental set-up, with high-speed video camera viewing the dynamics of a polymer droplet impacting on a super-
hydrophobic substrate with various inclination angle 0. The high-speed video camera captures the impact dynamics of polymer droplet in the side-view.
In some experiments a second camera views this in a direction perpendicular to the inclined super-hydrophobic substrate. The inset on the top right,
shows a zoomed in view of a polymer droplet impacting on the super-hydrophobic micro-pillars with polymer filaments pulled out of the drop free
surface during the rebounding. These filaments attach to adjacent micro-pillars (see bottom inset) which allows their further study using electron
microscopy. lllustration created by lvan Gromicho. Scientific Illustrator at Research Communication and Publication Services. Office of the Vice President

for Research — King Abdullah University of Science and Technology.

impact on these surfaces at different velocities U, characterized
in terms of the Weber number We = pDU*/c, describing the
ratio between inertial forces and surface tension, where p is
the liquid density and ¢ the surface tension. Starting with the
uncoated micropillar surface (f ~ 0°), a complete deposition is
observed over the whole range of We, because the liquid wets
the whole superhydrophilic substrate immediately following
contact with the pillars. On the other hand, for all of the
smooth flat surfaces (f = 2° — 100°), the drop bounces within
a very similar range starting at Wepi, ~ 0.1 t0 Wepax ~ 4
(dashed red line in Fig. 3(b)), above this value the drop deposits
on the surface. This is true even for the hydrophilic substrate
and agrees well with earlier results,”>*" indicating the 100 ppm
PEO drops are not in direct contact with the solid, with a stable
lubricating air-layer between drop and substrate. This lack of
contact prevents any filament formation.

For the rough or structured superhydrophobic surfaces
(B = 140°) the outcomes are more varied. The most prominent
change, is the repeatable formation of polymer fila-
ments during the rebounding. Furthermore, for the lowest
impact velocities, i.e. the smallest We, direct deposition
occurs. Above this we observe repeatable rebounding which
always generates fiber filaments. For the FDTS-coated micro-
pillars (f = 140°) this rebounding window is narrowest
between We = 2.19-3.74, followed by partial rebounding and
deposition at larger We.

This journal is © The Royal Society of Chemistry 2022

It is therefore clear that in rebounding cases, there must be
penetration through the air-layer and local wetting to pull
liquid filaments from the drop. We conclude that the combined
requirement of rebounding and local contact demands the use
of substrates with surface structure for filament pull-out.
Whether this liquid filament forms into a polymer filament is
shown below to depend on the polymer concentration.

Similar progression of outcomes is observed for the random
roughness of the nano-particle-coated Glaco surfaces. Both one
and four coatings (ff = 152° & 162°) show direct deposition for
the lowest impact velocities. Furthermore, we find a narrow
range of bouncing without filaments, which is followed, start-
ing at We ~ 0.2, by a large range of rebounding with polymer
filaments. This filament-formation regime covers a much wider
range of We than for the regular pillars. Again, for We > 4 one
sees partial rebounding, with prominent liquid blob left behind
(see inset sketch in Fig. 3(a)). We note that the critical We = 4
needed for the bottom of the drop to penetrate the air film is
not changed for textured or flat surfaces, as marked by the
dashed red line in Fig. 3(b). Finally, for even larger We, we see
partial rebounding over a large range of We. Further increase in
We above the region shown in Fig. 3(b) splashing begins from
the rapidly expanding lamellae.*®

These results show that the most regular filaments occur for
impacts on the superhydrophobic micropillar array, which we
now focus on. Fig. 5(a) shows how changing the concentration

Soft Matter, 2022, 18, 5097-5105 | 5099
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Fig. 3 Parameter regimes for the impact of a polymeric water drop: bouncing with filaments (@) and bouncing without filament formation (O). The
other symbols correspond to different impact outcomes: (A) droplet deposition on the solid surface; (<) partial rebounding with liquid blobs left on the
pillars; (- —) singular jet from the drop apex; (V) droplet deposition and then separated due to vibration; (x) droplet slides along the surface, leaving
filaments. The range of impact velocities is presented in terms of the Weber number, We = pDU?/q. (a) Sketch of drop impact onto inclined micro-pillared
substrate. (b) The influence of surface micro-structure and contact angle of the various surfaces, during normal impacts of 100 ppm PEO droplets, with
D ~ 1.5+ 0.1 mm on a horizontal substrate. Each data column corresponds to different surface treatment or micro-structure with the corresponding
values of the contact angle f: cylindrical superhydrophilic micro-pillars: f = 0°; molecularly smooth mica sheet: f = 2.4°; smooth silica treated with
plasma: f = 17.4°; flat silica: f = 36.5°; silica coated with FDTS: 8 = 98°; cylindrical micro-pillars coated with FDTS: f = 140°; one time glaco-coated glass
surface: f = 152°; four times glaco-coated glass surface: ff = 162°.

Drop liquid

pillar

®)
Fig. 4 Filament formation for impact on horizontal substrates. (a) The process of liquid pinning on top of the pillars and pulling out of filaments, as the
rim of liquid body moves to the next pillars during the retraction, marked by the red circles. The impact conditions are the same as in Fig. 1(b).
(b) Branching of filaments during rebound from a random nano-particle coated glass surface, under the same impact conditions as in Fig. 1(a). The
first frames are chosen as time reference and the scale bars are 50 pm long. See also Supplementary Movies 3 & 4 (ESIt). The first arrow indicates the
merging motion of the two filaments. The arrows in the last panel identify the nodal points of the multiply-branched structure.

of PEO affects the impact dynamics on these pillars. We charac- 100, 200, 400, 1000 ppm, ie. from left to right in the figure,
terize this concentration, going from low to high at 0, 10, 50, in terms of the Deborah number,®” which is the ratio of
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Fig. 5 Parameter regimes for the impact of a polymeric water drop: (a) effect of PEO concentration for a drop impacting on a horizontal surface with
cylindrical micro-pillars coated with FDTS. The PEO concentration is characterized by the Deborah number De, going from low to high at 0, 10, 50, 100,
200, 400, 1000 ppm, i.e. from left to right in the figure. (b) Influence of the surface inclination angle 6. Here we use the Weber number based on the
normal component of the impact velocity, Uy = U cos 0. Meaning of the symbols is the same as in Fig. 3.

time-scales De = tg/1gr, Where 15 is the extensional relaxation
time of the polymers, while Rayleigh capillary-inertial timescale

R = \/p(D/2)? /o marks the hydrodynamic reaction time, from
balancing inertia of the drop with the driving force of the
surface tension. Starting with pure water we see a large
rebounding region while deposition occurs for both lower
and higher impact velocities. For low PEO concentrations of
10 & 50 ppm, while similar to water, the rebounding regime
reduces, replaced by partial rebounding for We > 5 and then
above We ~ 10 larger wetting and deposition occurs with
vertically ejected droplets. However, filaments are not observed
during these rebounds, perhaps due to insufficient polymer
concentrations to stabilize the liquid filaments emanating from
the contacts with the pillar surfaces. Drops of both 100 and 200
ppm concentrations show clear We-ranges of rebounds with
filaments. For 200 ppm the region moves to higher We, thereby
requiring larger impact velocities. The pulling of more fila-
ments reduces the rebounding height (see Fig. S2, ESI{) and
partial rebound no longer occurs. The 200 ppm also generates
thicker filaments with more droplets along them, which leads
to a more irregular filament formation. Considering the impor-
tance of the rebounding height, for filament-collection scenar-
ios, we therefore conclude that 100 ppm is the optimal
concentration for our purposes. For even higher concentrations
of PEO, of 400 ppm and 1000 ppm in Fig. 5(a), the rebounding
regime disappears and deposition rules the entire range of We.

In the parameter space of Figure panels 3(b) & 5(a) the
impacts were all perpendicular to the horizontal substrates.
To deposit and study the filaments the drop cannot be allowed
to return straight back down, so we instead incline the

This journal is © The Royal Society of Chemistry 2022

substrate and let the drop bounce downwards to leave the
filaments attached to the pillars, as sketched in Fig. 3(a).
Fig. 5(b) shows the results for the 100 ppm PEO drop impacting
on the pillars, over a large range of inclination angles. Here we
use the normal component of the impact velocity, Uy = Ucos 0,
in the Weber number Wey. The inclined substrates all show
larger regions of filament formation than for first impact on
horizontal pillars, § = 0. For low impact velocities the drops
tend to slide along the pillars before rebounding. For 6 > 10°
this sliding leaves filaments and occurs over a large range of
low impact velocities, reminiscent of the pure sliding tested
by.">"” At slightly higher U, for Wey ~ 1, the rebounding with
filaments starts and persists until Wey ~ 12, above which
partial rebound occurs. While similar dynamics occur for 0
between 15-60°, for consistency we limit the detailed study
below primarily to the 45° angle.

We now study the details of the filament formation using
time-resolved high-speed video at micron-level spatial resolu-
tion, from different viewing angles (see ESIT). Fig. 1 showed
overall snapshots after the drops have risen far above the
surface, with long filaments reaching from drop to substrate.
Fig. 4 and 6 show close-up video frames of this process for
horizontal and inclined surfaces respectively. During the retrac-
tion of the edge of the drop leading to the rebound, in Fig. 4(a),
we see the free surface of the drop attached to the top of a pillar,
being pulled away leaving the filament. We also analyzed the
location and moving velocity of the contact line between the
micro-pillars and droplet in Fig. 4(a) and (b), which shows a
clear stepwise evolution of the pinning dynamics and the
process of filaments generation and stretch, corresponding to

Soft Matter, 2022,18, 5097-5105 | 5101
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the images in Fig. 4(a). The average retraction velocity is around
0.2 m s ' while the velocity jumps to a higher value of
1.24 m s~ ' when the droplet liquid jumps from an outer pillars
onto an inner one. The cylindrical pillars are marked by dashed
white boxes and air is trapped between the pillars and the
droplet. The liquid thread, spanning from the top of the pillar
to the drop surface, is rapidly stretched reducing in diameter
from about 50 pm to ~5 pm in only 60 ps. By assuming the
conservation of liquid volume in the thread, its length must
grow by the inverse square of its diameter, suggesting an
effective stretching rate of the order of 10° s™*, thereby straigh-
tening the polymers.

Fig. 6(a) shows a close-up sideview of filaments being pulled
out of the drop’s free surface, during rebounding from a 30°
inclined substrate. The arrow in the second panel points out
where a filament attaches to the liquid surface. One notices a
small conical region around the filament where the two surface
curvatures adjust. This matching region appears to reduce in
size with time, as the filament thins. The size of the cones is
much smaller than the spacing of the filaments, which corre-
sponds directly to the distance between pillars, just like
observed for the horizontal impacts in Fig. 1(b).

In contrast to the almost fixed-spaced filaments from
impacts on the micro-pillars, the filaments generated by impacts
on the randomly-spaced roughness-peaks of the Glaco-coated
surfaces do not stay separate, as many of them are generated

Pillars

View Article Online
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quite close to each other. The high-speed videos show that
adjacent filaments often merge to form a unique branching
structure, which was shown in Fig. 1(a). When filaments are too
close to each other on the free surface, their conical menisci are
pulled together by the surface tension to minimize surface energy,
akin to the “Cheerios effect”®® experienced by adjacent objects
floating on a liquid surface. This is shown in the sequence of
frames in Fig. 4(b) and Supplemental Video 4 (ESIf). Once the
cones merge, between 2nd and 3rd frame, two filaments meet at a
cuspy corner. This is an unstable configuration, as is well-known
in the evolution of foam, ie., the stable angle between the
filaments (Plateau borders) in a static 2-D configuration must be
120°. The initial angle between the two bottom branches are
smaller than this value and the nodal point is rapidly pulled
downwards to increase this angle. The downward zipping speed of
the nodal point is as high as 3.29 m s, as marked by the arrow in
Fig. 4(b). This merger can occur multiple times in sequence to
form a distinctive branching structure. The last frame in the
sequence points at five levels of nodes leading to the same
filament attaching to the drop surface.

Our goal is to deposit polymer filaments between adjacent
pillars to allow their study using molecular structure charac-
terizations, such as determining chain conformation. Therefore
after being pulled out they must attach to the next pillar and
not be pulled out vertically as in Fig. 1(b) and (c). Fig. 6(b)
shows how this is accomplished for impacts on an inclined

Fig. 6 Close-up video frame of filaments generation attached on the top of two pillars from impinging droplets of aqueous PEO solution on
hydrophobic surfaces for 100 ppm at angle 30°. The impact condition is D = 1.62 mm, U = 0.38 ms%, Fr = 9, We = 3.The bright area in (a) is light reflected
from the drop surface. A small conical region where the filament connects to the free surface is marked by the black arrow. The red arrows in (b) point out
the generated filaments attached on the pillars. The blue arrow in (c) note the drop bouncing direction. The scale bars are 30 um long. Frames from a

video clip taken at 25 kf.p.s. See also Supplementary Movies 5 and 6 (ESIT).
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substrate. The filament (marked by a red arrow) is pulled from
pillar marked 1, but as the free surface is pulled towards pillar 2
it attaches to this pillar and is left behind, free-standing
between these two pillars, while a new filament is pulled from
pillar 2 and so forth. This attachment between adjacent pillars
occurs during the retraction phase of the pancake, but not
during the final rebound of the drop where it moves primarily
up and away from the pillars. Regular deposition of these
filaments between pillars is therefore limited to a sub-region
of the area of the maximum impact footprint. This process is
clearly seen in the Supplementary Video clip 6 (ESIt).

Soon after these impacts the substrates are removed and
subjected to SEM imaging to characterize the size and structure
of the deposited filaments. Fig. 7 shows typical SEM images of
filaments attached between the tops of adjacent pillars. In
panel (b) three tiny nodules indicate remnants of micro-
droplets on the filament before drying. In (a) regular filaments
are aligned towards bottom right between all pillars. This
coincides with the inclination angle of the substrate, i.e. filaments

2 pm
-
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are pulled out in the bouncing direction. Fig. S1 (ESIt) shows even
larger number of regularly deposited filaments. Fig. S2 (ESIf)
shows a more complicated filament structure, resulting from
multiple drop impacts coming from different directions, which
is accomplished by rotating the substrate between impacts. In the
inset in panel (c) we fit the intensity profile across one filament to
determine the Full-Width-Half-Max diameter, giving here a
thickness value of 6 = 22 nm. This thickness measurement was
performed on numerous filaments and the results are shown in
panel 3(d), where we contrast our drop-impact method to earlier
work using drop-evaporation or rolling drops.'"**'**° This also
includes results from drops containing A-DNA. This shows that
our impact method can generate thinner filaments than the other
two approaches, which we verified with evaporating and rolling
drops under the same experimental conditions as the impacts.
The filaments span approximately 30 um distance between
the pillars, which is much longer that the 16 um A-DNA
segments. From Fig. 7(d), we therefore conclude that filaments
are formed from bundles of overlapping A-filaments. Due to the

-
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Fig. 7 SEM images of dry polymer fibrils deposited on the top of micro-pillars after the bouncing impact of the drops on a 45° inclined substrate.
(a) Suspended and stretched PEO fibrils stretched between all pillars. The fibrils are plasma-coated with 2 nm iridium layer. (b) Zoom-in of a PEO fibril
attached between two pillars. The arrows in (a) & (b) point in the rebounding direction of the drops. (c) High-magnification SEM image of DNA filament
(white arrow), with a best fit of the intensity profile in the inset. (d) Variations of PEO and DNA filament thickness with different drop impact condition. The
lowest We is estimated for drop evaporation and the middle data for sliding drops, while the highest We corresponds to the impact results. Each data
point is the average of three measurements from different filaments. Error bars denote the range of the measurements.
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wide range of possible bouncing regimes, the attached location
and thickness of the DNA filaments on the pillars could be
optimized further by controlling the droplet impact condition
and micro-pillar shapes.

Using Raman spectroscopy (see ESIt) we confirmed that the
B-form DNA is the favoured conformation in nano-filaments at
45% humidty. During the drop bouncing, the DNA molecules are
stretched by the hydrodynamic forces, which where described in
the previous report. Below 80% humidity the stable structure is
the B form, as verified in several experiments.'"** OQur impact
technique therefore provides stretched A-DNA in the B-from
conformation, which is closer to the native structure in solution.

In summary, our experimental results present a simple but
robust method to deposit stretched polymer fibers between
micro-pillars, using inpacting drops. This deposition occurs
much more rapidly than for the drop-evaporation technique.
While the entire drop liquid evaporates on top of the pillars,
leaving a heap of polymers at the center, the bouncing drop can
be collected after the rebound, to bounce again on a new
substrate, thereby using much smaller sample volume of liquid.
Furthermore, the stronger stretching during the dynamic impact,
appears to produce thinner filaments than the rolling technique,
which can be beneficial for their detailed electron micro-scope
imaging.
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