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ABSTRACT: Three-dimensional (3D) thermal drawing at
nanoscale as a novel rapid prototyping method was
demonstrated to create multidirectional polymer nanoprobes
for single cell analysis. This 3D drawing enables simple and
rapid fabrication of polymeric nanostructures with high aspect
ratio. The effect of thermal drawing parameters, such as
drawing speeds, dipping depths, and contact duration on the
final geometry of polymer nanostructures was investigated.
Vertically aligned and L-shaped nanoprobes were fabricated
and their insertion into living single cells such as algal cells and
human neural stem cells was demonstrated. This technique can be extended to create more complex 3D structures by controlling
drawing steps and directions on any surface.
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■ INTRODUCTION

Understanding biological events at a subcellular level requires
analytical tools to be brought into the cell interior. Recent efforts
to monitor biological signals at a single cell or smaller resolutions
employed nanowire1−6 or nanoneedle structures7−10 to directly
sense or to interfere molecular interactions. However, these
nanowire-type sensors were limited in detecting biomolecular
interactions on the membrane surface or in the vicinity of target
cells.2,4,5 For accurate understanding of biological phenomena in
cell interior, it is desired to bring probing tools into the cytosol
space.11,12 Although various fabrication technologies for such
cell-probing tools such as nanowires have been developed, it is
still challenging and expensive to fabricate sufficiently small and
tall nanowires for minimally invasive analysis. In this study, we
present a rapid prototyping technique of fabricating polymeric
nanowires as cell-probing nanostructures using thermal drawing
of thermoplastic materials. This technique allows for rapid and
low-cost fabrication of individual and customized-control of
nanowire-type probes suitable for cell probing.
Previously, drawing-based approaches for nanowire fabrica-

tion have been demonstrated using AFM probes or micro-
pipettes. The approach using AFM probe used either dilute or
semidilute polymer solutions for fiber drawing and relied on
solvent evaporation for the final solidification of the drawn
polymer shapes.13,14 However, maintaining uniform viscosity
during drawing processes is extremely difficult due to solvent
evaporation. This hinders controlled and uniform fabrication of
polymer nanostructures in a serial process. On the other hand,
direct writing by micropipette has also been developed for 3D
metal or conducting polymer nanowires. Metallic nanowires
were fabricated by depositing an electrolyte ink through a
nanoscale meniscus under an electric field.15 By taking a similar

approach, we shaped conducting polymer as 3D nanowires based
on meniscus-guided polymerization.16 However, these ap-
proaches require rather a complex setup and are applicable to
limited conditions and materials. For example, such electro-
chemically deposited metallic nanowires can be formed only on a
metallic surface. Meniscus-guided writing of conducting polymer
is possible only withmaterials that can be polymerized by oxygen.
Here, we present “three-dimensional (3D) thermal drawing”

as a versatile rapid prototyping method at nano scale. This
method offers precision fabrication of nanowire structures like
the above techniques. However, the simplicity and reversibility of
this approach gives clear distinction from other alternative
solutions. This 3D thermal drawing can be applied to any
thermoplastic materials giving much broader selection of
materials to use. Use of local heating can easily create and
remove nano features reversibly. Such reversibility of the
approach enables convenient modification, addition, and
removal of the previously fabricated polymer nanostructures.
Using this thermal drawing, high aspect-ratio nanowires were
fabricated to demonstrate their insertion capability into single
cells, which is required as cell-probing structures.

■ EXPERIMENTAL SECTION
Materials. SU-8 2150 was purchased from Microchem and

Rhodamine B (product no. R0050, RB) was purchased from Samchun
Chemical. Tungsten nanopillar (product no. 13570-10) in 600 nm
diameter was purchased from Ted Pella Inc. The green alga
Chlamydomonas reinhardtii (CC-4348, cell wall-less strain, Chlamydo-
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monas Resource Center) was cultured tris−acetate−phosphate (TAP)
medium which was prepared by mixing 2.42 g of Tris base, 25 mL of
TAP salts solution, 1.0 mL of phophate solution, 1.0 mL of Hunter trace
elements, 1.0 mL acetic acid and deionized water to 1 L. Human nueral
stem cells (hNSCs) was prepared with N-2 Supplement (N2) and
penicillin-streptomycin (PS) added Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium. Around 10 μm sized cells were used
in cell insertion experiment.
Thermal Drawing System. A tungsten micropillar was connected

to a micro heater (NEWINS Inc.) that was fixed in a stand.
Thermocouples (catalog no. 5TC-GG-K-3636, Omega Engineering
Inc.) were attached to the micropillar and a polymer substrate. Their
temperatures were separately monitored and controlled using a
temperature controller. A custom-built thermal drawing stage was
manipulated in x and y directions at a micrometer scale. A z-direction
movement was automatically controlled using a step motor.
Nanoprobe Fabrication. SU-8 2150 was spin coated on a glass or

silicon substrate and soft baked for solvent removal. Since Tg of SU-8
2150 is 45 °C, a tungsten micropillar heated at 70 °C and the
temperature of SU-8 substrate was maintained at 40 °C. After the
micropillar and polymer substrate were heated to their desired
temperatures, the polymer substrate was gradually lifted until the
micropillar was dipped to a desired depth. After predetermined contact
duration, the polymer substrate was lowered down at a predetermined

speed until the liquid bridge of the drawn polymer structure broke by
surface tension.

Nanoprobe Insertion into Cells. An array of polymer nanoprobes
with 450 nm tip ends was prepared. TAP medium containing Chlamy
cells (5.291 × 105 cells/ml) and N2, PS added DMEM/F12 medium
containing hNSCs (500 cells/ml) were prepared. Using a micropipette
of our custom-built single cell analysis system, a single cell was captured
and held at the tip of the micropipette by vacuum. The captured single
cell was moved above a target polymer nanoprobe by a 3D
micromanipulator. The cell was gently moved and the nanoprobe was
inserted without any rupture of cell membranes. Afterward, the cell was
released from the micropipette when the insertion was complete.

■ RESULTS AND DISCUSSION

Scheme 1a shows a schematic diagram of the 3D thermal drawing
method. First, a heated metallic micropillar makes a contact on a
target location of a polymer layer and heats locally to give enough
thermal mobility to polymer chains in the vicinity. Then, the
nanoprobe is lifted and starts drawing the polymer to form a
vertical nanowire shape. After forming a neck-shaped liquid
bridge, the drawn polymer is further pulled upward until the neck
breaks off. When we move the pillar in the x direction before the
neck breaks off, the drawn polymer is inclined along the pillar

Scheme 1. (a) Schematic Diagram of Vertically-Aligned Polymer Nanowires Using Thermal Drawing and (b) Fabrication Steps of
Multi-Directional Polymer Nanowires

Figure 1. (a) Schematic diagrams of the effect of drawing speed, dipping duration and dipping depth on the amount of polymer melt. (b) Drawing
parameters of thermally drawn polymer nanostructure.
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from the contact point. If pillar moves further, polymer wire
become more inclined and finally forms an L-shape wire
(Scheme 1b). In particular, there are several parameters that
mainly affect the thermally drawn nanostructures, such as
drawing temperature (substrate and pillar), drawing speed,
dipping depth and duration (Figure 1a).
First, in thermal drawing, temperature is a key parameter that

determines the mobility of polymer chains and the viscosity of
heated polymer. Higher temperature in general increases
polymer mobility and allows for drawing of polymer in thin
fiber forms. However, too high temperature can cause premature
breakup in the drawn polymer before drawing completes. Once
drawing to a desired height is complete, separation of the drawn
polymer from the metal pillar is required to form a tip at the end
of the drawn polymer structure. Fast drawing at low temperature
for tip formation causes the uncontrolled bending or elongation
of polymer structures due to the residual stress after fracture at
the neck. On the other hand, at high pillar temperatures, the
amount of mobile polymer chains increases and it becomes much
easier to form sharp tips after breakup at the neck of drawn
polymer structures. In this study, since the glass transition
temperature (Tg) of unexposed SU-8 2150 is around 50 °C,
substrate temperature was fixed at 40 °C just below Tg to prevent
undesired deformation after drawing and the pillar temperature
was set at 70 °C. During thermal drawing, as a distance between
pillar and substrate increases after drawing, predrawn polymer
structure cools below Tg by ambient air such that it hardens.
To determine the effect of drawing parameters on the

geometry of polymer structures, we defined geometric
parameters such as tip diameter (dtip), tip length (ltip), base
width (wbase), base length (lbase), and shoulder width (wshoulder)
(Figure 1b). The tip/base boundary was defined where the width
became the half of the shoulder width. Effect of drawing
parameters on geometric factors such as tip/base ratio (ltip /lbase),
aspect ratio (ltip /wbase), base width, and tip diameter were
analyzed using the optical silhouettes and SEM images of
polymer nanoprobes.
Drawing speed significantly influences the final shape of

polymer nanoprobes (Figure 2). As a tungsten pillar moves
upward from a polymer substrate, polymer chains that have
mobility high enough to flow begin to move following the travel
path of the pillar. At this moment, gravity, viscosity, inertial force,
and capillary forces caused by surface energy contribute to form
the final shape of the drawn polymer structures.17 Geometric
change of the nanoprobes for different drawing speeds can be
classified into three different modes: Mode I, slow; Mode II,
normal; and Mode III, fast drawing.
As heat moves from a metal pillar to a polymer substrate,

polymer chains in the vicinity of the metal pillar have the highest
temperature and the lowest shear viscosity. For a fixed height of
total drawing, slow drawing leads to longer drawing time and
mobilizes more polymer chains. Such slow drawing in theMode I
results in capillary self-thinning and the diameter of drawn
polymer necks decreases over time. The self-thinning eventually
leads to the premature failure of polymer drawing due to capillary
breakup18 (Figure 2a). In this capillary-thinning mode, increase
of drawing speed delayed the point of breakage and resulted in
the noticeable increase of aspect ratio (A/R), tip/base ratio, and
tip diameter (Figures 2 and 3).
When the drawing became faster (Mode II), normal drawing

was observed without premature failure due to capillary-thinning
(Figure 2b,c). In this normal drawing mode, as the metal pillar
moves away from the polymer substrate at a speed faster than in

the Mode I, polymer chains are less affected by the heated metal
pillar. This reduces the mobility of polymer chains such that the
capillary-thinning becomes less dominant than in Mode I. In this
normal drawing mode, rapid decrease of total drawing time
reduced the amount of mobile polymer chains that were to be
drawn. As a result, the base width and tip diameter significantly
decreased for faster drawing speeds (Figure 3b). This reduced
base width and tip diameter in turn increased both the A/R and
tip/base ratio for faster drawing.
At even faster drawing speeds (Mode III), both the A/R and

tip/base ratios still increased but the increasing trend became
smaller (Figures 2d and 3b). At such fast speeds, the metal pillar
had much shorter contact time with polymer chains in the
polymer substrate. Thus, in the Mode III, the amount of mobile
polymer chains that were heated by the metal pillar became
limited, and there was no further decrease of the base widths of
the drawn polymer structure (the second plot in Figure 3b). This
limited reduction of the base width also resulted in the saturation
of both the A/R and tip/base ratios (the first plot in Figure 3b).
In this fast drawing mode, drawing time was shorter than 0.5 s in
all cases such that initial shoulder width was almost constant for
drawing speeds. On the other hand, it was also observed that
faster drawing lifted more polymer chains due to their large
inertial force and ended up increasing tip diameters (the third
plot in Figure 3b). This is likely due to the drawing of entangled
polymer chains. When polymer chains are pulled at a speed
above a certain threshold value, entangled polymer chains are
pulled all together (contrary to the reputation motion of polymer
chains). Too fast drawing lifts the whole polymer chains
altogether instead of inducing reptation-like movement of
individual polymer chains.19 This entangled pulling causes the
enlargement of the volume of drawn polymer.

Figure 2.Optical images of thermal drawing process at different drawing
speeds of (a) 3.6, (b) 36, (c) 180, (d) 1440 μm/s. Scale bar indicates 100
μm, and yellow lines indicate initial shoulder width in the beginning of
drawing. Because drawing height was fixed to 100 μm in all cases, total
drawing time was dependent on drawing speed. At slow drawing speed
cases, longer process time increased the amount of mobile polymer
chains and widened the initial shoulder width of drawn polymer
structures.
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From this tip diameter−drawing speed study, drawing at a
speed of 180 μm/s produced the smallest tip diameter (Figure

3b). However, drawing at this speed often caused uncontrolled
bending of nanoprobes due to the stretching and subsequent

Figure 3. (a) SEM images of thermally drawn polymer nanostructures at different drawing speeds. Dipping duration, depth, and drawing height were
fixed at 0 s, 36 μm, and 100 μm, respectively. Tungsten pillars with 0.6 μm tip end diameter were used in all experiment. (b) Plot of aspect ratio, tip-to-
base ratio, base width, and tip diameter as a function of drawing speed; × indicates drawing failure. Drawing speed is in log scale.

Figure 4. (a) Optical images of polymer nanoprobes with different dipping durations from 0, 30, and 120 s for drawing heights of 54 μm are shown. For
all cases, a dipping depth of 36 μm was maintained with drawing speed of 1440 μm/s. (b) Plot of aspect ratio, tip-to-base ratio, base width, and tip
diameter as a function of dipping duration.
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breakage at the neck of the drawn polymer structure (data not
shown).20 In our experiment, at 1440 μm/s, more repeatable
drawing without such stretching or bending at the neck breakage
was observed and the drawing speed was used for further
experiments.

Dipping duration of the tungsten pillar in a polymer substrate
also has a significant influence on thermal drawing process. The
dipping duration determines the amount of mobile polymer
chains, which affects the viscosity of drawn polymer. Increase of
dipping duration induces more heat transfer from the pillar to the

Figure 5. (a) SEM images of polymer nanoprobes fabricated with different dipping depth conditions. Dipping depth was varied from 18, 36, 54, to 90
μmwith a drawing speed of 1440 μm/s, drawing height of 54 μm, and instantaneous dipping contact. Scale bar indicates 10 μm. (b) Plot of aspect ratio,
tip-base ratio, base width and tip diameter as a function of dipping depth. “x” indicates drawing failure.

Figure 6. SEM images of (a) an array of thermally drawn nanoprobes with average tip diameter of 450 nm and (b) zoomed-in view of a single nanoprobe
with the smallest tip diameter (350 nm). (c) Schematic diagram of single cell analysis system used for nanoprobe insertion. (d) Optical images of cell
insertion and time-lapse image of cell morphology after nanoprobe insertion. The green circle indicates the inserted cell.
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polymer and more polymer chains become mobile (Figure 1a).
For all cases, the dipping depth was 36 μmwith drawing speed of
1440 μm/s. Drawing height was maintained as 54 μm for all
experiments. Figure 4a shows the optical images of polymer
nanoprobes for the dipping time of 0 (instant contact), 30, and
120 s. As shown in Figure 4b, when the drawing height was
maintained identical for all cases, longer dipping duration tends
to produce polymer nanoprobes with wider shoulders and obtuse
tip ends. Shorter contact produced much sharper and more
slender probe shapes. Thus, in order to fabricate a polymer probe
with high aspect ratio and smaller tip ends, almost instantaneous
contact of the tungsten pillar to the polymer substrate is ideal.

Dipping depth also affects the amount of mobile polymer
chains. Dipping depth is defined as a distance between a pillar
end and the surface of a polymer substrate into which the pillar
was dipped (Figure 1a). When dipping depth increased, more
polymer chains became mobile, and subsequent drawing
produced nanoprobes with larger diameter and wider shoulder.
In our experiments, dipping depth was varied from 18 to 90 μm
with the identical drawing speed of 1440 μm/s, drawing height of
54 μm, and instantaneous dipping contact. As shown in Figure
5a, shallow dipping produced thinner and sharper nanoprobes
that are suitable for intracellular probing. When dipping depth
increased, bottom side of polymer probe becomes thicker with
blunt tips (Figure 5a,b). This indicates that dipping depth needs

Table 1. Dimensions of Fabricated Polymer Nanoprobes

length (μm) width (μm) diameter (nm) ratios

total tip base shoulder tip tip/base aspect

24.378 (±1.294) 16.872 (±0.986) 7.506 (±0.439) 4.186 (±0.506) 452.429 (±24.975) 2.286 (±0.145) 8.839 (±0.898)

*Number of samples =9.

Figure 7. (a) SEM images of vertically aligned, inclined, and L-shaped polymer structure. Optical images of (b) algae cell and (c) human neural stem cell
insertion process and time-lapse images with L-shaped polymer structure.
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to be as shallow as possible to fabricate thin nanoprobes with
high A/R’s by thermal drawing. However, when dipping was
done at too shallow depth, polymer drawing often became
unstable. In our experiments, drawing usually failed when
dipping depth was shallower than 18 μm.
In this drawing process, there were two general types of

drawing failure. When drawing performed at a speed below a
threshold value, long process time and highly mobile polymer
chains resulted in relaxation and early failure during drawing
(Figure 2a). As another type of failure, when drawing depth was
shallower than 18 μm, the amount of mobile polymer chains was
insufficient and drawing above a certain height caused premature
breakage during the drawing process (Figure 5b). The final
height of the resulting polymer nanoprobe was normally far
shorter than a desired height with low success rate of less than
30% under these conditions.
For a cell insertion study, an array of polymer nanoprobes with

the average tip diameter of 452 ± 24.975 nm and average height
of 25 ± 1.294 μm was prepared for cell insertion test (Figure 6a,
Table 1). The thinnest nanoprobe had the diameter of 350 nm as
shown in Figure 6b. The nanoprobes were fabricated with
dipping depth of 25 μm, instant contact and drawing at a drawing
speed of 1440 μm/s. Then, a solution of algal cells,
Chlamydomonas reinhardtii (Chlamy cell), were prepared for
the nanoprobe insertion tests. The algal cell was selected as a
model cell to investigate the feasibility of the polymer
nanoprobes to directly extract photosynthetic electrons from
living algal cells, as reported previously.21 In our custom-built
single cell manipulation system, a single Chlamy cell was held by
vacuum using a glass micropipette for 3D manipulation (Figure
6c), as described in our previous work.22 The cell was moved
above a target nanoprobe, and it was gently lowered down until
the nanoprobe was inserted. The nanoprobe-inserted cell
maintained the original round morphology during 2 h without
significant leakage or cell shrinkage (Figure 6d). To confirm the
stability of cell insertion, torque was applied to the end of cell by a
glass micropipette (Supporting Information, S1). This induced
only cell rotation without any breakaway of the cell from the
nanoprobe and confirmed the insertion of the nanoprobe into
the cell.
In the above fabrication processes, “vertically-aligned”

polymeric nanoprobes were fabricated by one-dimensional
(1D) movement of a drawing pillar. This approach can be
extended to fabricate 3D polymer nanostructures. In particular,
the drawing angle was varied from vertical to horizontal
directions, multidirectional probes like “inclined” or “L-shaped”
nanoprobes were fabricated as a result (Figure 7a). The L-shaped
nanoprobe was inserted into a single Chlamy cell using a glass
micropipette connected to a micromanipulator (Figure 7b,
Supporting Information, S2). The algal cell remained stable after
nanoprobe insertion and there was no indication of leakage or
membrane deformation. Considering that the algal cell was a
mutant strain whose cell wall was removed, it is noteworthy that
the nanoprobe penetration did not disrupt the integrity of the cell
wall-deficient Chlamy cell. To observe the applicability of the
polymer nanoprobe to animal cells, we held a single human
neural stem cell (hNSCs) using a glass micropipette and gently
inserted the L-shaped nanoprobe into the hNSC (Figure 7c).
During insertion, no visible rupture or damage to the cell
membrane was found (Supporting Information, S3). Time-lapse
images also confirmed the long-term stability of the hNSC after
nanoprobe insertion.

This L-shaped polymer probe has a more favorable structure
than the vertical probe for cell insertion process. First, the top
part of the L-shaped probe was easier to observe than the
previous vertical nanoprobe with an optical system. In addition,
due to the difference in focal planes, an algal cell and probe
cannot be clearly focused at the same time in the vertical probing
system. However, the L-shaped probing system does not only
allow the simultaneous monitoring of an algae cell but also
enables clear and focused vision of cell insertion and bending of
polymer probe (Figure 7b,c). Moreover, direction of repulsive
force from the polymer probe which occurs during the
nanoprobe insertion process may cause disengagement of an
algae cell from the holding micropipette in the vertical probing
system (Figure 8a). In contrast, in the L-type probing system,

repulsive force pushes the cell toward the pipet and rather
strengthens the holding between cell and pipet (Figure 8b). In
general, the L-type probing system showed greatly improved
success rate (∼50%) than vertical-type probing system (∼2%).
In this study, thermal drawing generated nanowire-shaped

polymer structures that had the tip diameter in the range between
300 nm and 1 μm. For single cell insertion studies by other
groups,4,5,10 inorganic nanoprobes such as Si or ZnO nanowires
with the tip diameter between 200−700 nm have been used for
their insertion into animal cells. For algal cells and stem cells in
our study, nanoprobes with the diameters of as small as 450 nm
were inserted into single Chlamy cells and neural stem cells
without immediate breakage of the cell morphology. Although
the nanoprobes fabricated by thermal drawing in this study were
larger than the state-of-the-art inorganic nanowires, further size
reduction of thermally drawn nanoprobes is possible by
minimizing the amount of mobile polymer chains. Use of a
smaller metal pillar, instantaneous contact on a polymer
substrate, shallow dipping, and short drawing distance in thermal
drawing processes can generate thinner polymer nanoprobes.
Advantage of thermally drawn nanoprobes over inorganic

nanowires is the convenient change of nanowire lengths and
directions. In this study, we fabricated nanoprobes with the
lengths up to 100 μm within a few seconds. This is much faster
than other fabrication techniques such as VLSI or DRIE. Instant
change of drawing direction can create nanowire structures with
various angles and shapes. This multidirectional nanowire
structures can hardly be achieved with the current state-of-the-
art bottom-up or top-down nanofabrication technologies by
which only slight change of nanowire direction is possible.23,24

■ CONCLUSION
In summary, we have developed a rapid nanoscale prototyping
technique based on 3D thermal drawing to fabricate multidirec-
tional nanoscale probes with high A/R for intracellular probing.
Nanoprobe shape was dependent on the temperatures of a

Figure 8. Brief free-body diagram of the cell insertion process with (a)
vertical and (b) L-shaped polymer probes.
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polymer substrate and metal pillar, drawing speed, contact
duration, and dipping depth. The effects of such parameters were
analyzed and the most optimal parameters to create high A/R
nanoprobes with the smallest tip diameters were determined. To
demonstrate the performance of thermally drawn nanoprobes,
we prepared a model algal cell and neural stem cell, and the
insertion of the nanoprobes into the subcellular compartments of
the cells was conducted using a custom-developed single cell
analysis system. A leak-free insertion was confirmed by time-
lapse monitoring of cell morphology. This nanoscale thermal
drawing also enables simple and reliable construction of 3D
multidirectional nanoscale probes that are more suitable for cell
insertion. As a new way to create nanostructures with high A/R,
this 3D multidirectional thermal drawing can be utilized as a
novel rapid prototyping technique at nanoscale.
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