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Abstract—In recent years, there has been much 
effort towards creating carbon nanopipettes and 
endoscopes to probe single living cells. These 
devices, consisting of a single carbon nanotube 
attached to the end of a pulled glass capillary, 
have been utilized successfully as single cell 
injectors, electrodes, and sensors. In this work, 
we report the fabrication of a carbon nanopipette 
with two independent carbon nanostructures at its 
tip using a template-based chemical vapor 
deposition (TB-CVD) nanomanu-facturing 
process. Here, carbon film was selectively 
deposited on the lumen walls of a pulled theta 
glass capillary to form two independent carbon 
channels throughout the entire capillary; 
subsequent wet-etching of the glass at the tip 
exposed two carbon nanostructures. The resultant 
probe consists of two hollow and conductive 
carbon nanostructures at the tip of the pulled 
capillary, where their shape and dimensions are 
controlled by process parameters. Using standard 
cell physiology equipment, we show the probe is 
capable of fluid transport via dye ejection from the 
tip. The work herein demonstrates how integrative 
nanomanu-facturing processes can be used to 
fabricate probes with multiple independent carbon 
nanostructures within a small footprint for 
potential single cell applications. 
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I. INTRODUCTION 

Cancer and heart related deaths account for 
approximately 50% of all occurring deaths in the 
United States. This fact has held true through several 
years [1]. The impact of this in the United States has 
led to many research focused on the causes and 
aggravation of these diseases [2-8]. These research 
efforts predominantly involve cell physiology – the 
biological studies of different cells, their mechanisms, 
and interactions with their surrounding environment. 
Glass micropipettes are among the most widely used 
tools for cell physiology, with tip diameters ranging 
from hundreds of nanometers to a few micrometers in 
size [9]. Compared to single cells with diameters in 
the tens of micrometers, glass micropipettes are 

relatively large and can cause irreparable damage to 
cells, leading to cell necrosis. The need for functional 
tools that facilitate single cell analysis has resulted in 
the fabrication of minimally invasive nanoscale tools 
for intracellular applications, such as intracellular 
injection and biosensing [10-19]. 

In previous work, we reported the development of 
carbon nanopipettes (CNPs); a single carbon 
nanotube (CNT) integrated into the tip of a pulled 
glass capillary without assembly using template-based 
chemical vapor deposition (TB-CVD) processes [16]. 
Briefly, carbon was deposited in the inner lumen of a 
pulled quartz capillary (micropipette) via chemical 
vapor deposition (CVD) to form a CNT inside the 
micropipette tip. The CNT was then exposed by wet-
etching the quartz at the tip of the micropipette. CNPs 
were hollow and conductive from the tip to the distal 
end, allowing minimally invasive intracellular injection 
and cell electrophysiology [16]. However, these 
probes consisted of a single nanotube at their tip, 
limiting the functions that could be performed while 
inside the cell. 

In this work, we report the fabrication of theta 
carbon nanopipettes (TCNPs), which have two carbon 
nanostructures integrated into the tip of a pulled theta 
glass capillary (Fig. 1). Template-based nanomanu-
facturing processes, modified from those developed 
previously [16], were employed to manufacture 
TCNPs in three steps without assembly: (i) forming 
templates by pulling micropipettes from theta glass 
capillaries; (ii) selectively depositing carbon via CVD 
on the lumen walls of the micropipette; and (iii) 
exposing the two carbon nanostructures formed at the 
micropipette tip with selective wet-etching. Here, 
pulling parameters control the geometry of the 
nanostructure, CVD time and temperature control the 
thickness of the nanostructure wall, and wet etching 
rate controls the length of exposed nanostructure. The 
resultant probe consists of two distinct carbon 
nanostructures within a submicron-diameter tip, each 
independently hollow and conductive from the tip to 
the distal end. 

II. FABRICATION 

As shown in Fig. 1a, TCNPs were manufactured in 
three steps – pipette pulling, carbon deposition and 
etching. The resultant probes consisted of two 
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independent carbon nanostructures integrated into a 
pulled capillary (Fig. 1b); probes with nanoscopic tips 

can be manufactured using this process (Fig. 1c). 

 

Fig. 1: A) Schematic of the TCNP fabrication. B) SEM micrograph of TCNP showing the presence of two carbon tips 

(boxed region). C) SEM micrograph showing two tips terminating at a nanoscale tip. 

 

A. Pipette Pulling 

Quartz capillaries with two independent, separate 
channels were pulled with a pipette puller (P2000F, 
Sutter Instrument). The pipette puller has 5 governing 
pulling parameters – Heat, Filament, Delay, Velocity 
and Pull, which all have to be specified in 
manufacturer-designated arbitrary units (au) to form a 
specific pulling program. These programs eventually 
determine the overall geometry of the pulled pipettes. 

In this work, two pulling studies were designed and 
carried out to determine how the micropipette tip 

diameter and taper length were affected as a function 
of pulling parameters. One study involved varying the 
Heat parameter, while other parameters are 
unchanged (referred to herein as H-programs); the 
other involved varying the Pull parameter, while other 
parameters remain unchanged (referred to herein as 
P-programs). The experimental matrix and sample 
identification for these two studies of H-programs (H1 
to H7) and P-programs (P1 to P5) are reported in 
Table 1. For odd H-programs, the sample size per 
programs, n = 6; For even H-programs and all P-
programs, n = 4. 

Table 1: Pipette Pulling Experiments and Results 
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The diameter of the pulled pipette tip and the 
pulled taper length (distance from the tip to the 
beginning of the taper) as a function of Heat and Pull 
parameters were measured from optical images. The 
average and standard deviations of the taper length 
and tip diameter were then calculated (Table 1). As 
shown in Table 1, pipettes made from theta glass 
could be pulled with a single line program to achieve 
micro- and sub-micrometer outer diameters (0.5 – 1.0 
μm) over a wide range of taper lengths (5.0 – 17.0 
mm). However, two line pulling programs were able to 
achieve the shortest taper lengths (3.1 mm). 

 

Fig. 2: Taper length and tip diameter dependence on A) 

Heat and B) Pull. 

The average and standard deviations of the taper 
length and tip diameter were plotted as a function of 
Heat and Pull parameters (Fig. 2). As shown in Fig. 
2a, taper length increased as Heat increased. 
However, tip diameter decreased as Heat increased. 
For example, pulling a pipette with a short taper length 

of 5.0 mm results in a larger tip diameter of 1.0 µm 
(Sample H1), while pulling a pipette with a long taper 
length of 15 mm results in a pipette with a small tip 
diameter of 0.5 µm (Sample H6). A similar effect 
occurs as a function of Pull, as shown in Fig. 2b. In 
other words, as Pull increased, taper length increased 
but tip diameter decreased. These results highlight the 
general trade-off between taper length and tip 
diameter of a pulled glass micropipette [20]. 

B. Carbon Deposition 

Carbon was deposited on the inner lumens of the 
pulled pipettes via CVD using Methane as the carrier 
gas and Argon as the precursor gas. CVD was carried 
out with an Argon flow rate of 300 sccm and Methane 
flow rate of 200 sccm for various deposition times and 
temperatures. Changes in deposition time and 
temperature resulted in different thicknesses of 
deposited carbon, as described in literature [21]. Fig. 
3 shows a typical SEM image of a fractured pipette, 
where the deposition of carbon on the inner lumen of 
quartz can be visualized. 

 

Fig. 3: SEM micrographs of a broken TCNP showing 

the carbon channels formed within the pulled theta glass 

capillary.  The glass can be seen through the electron-

transparent carbon film (black arrows).  Higher 

magnification micrographs show the thickness of the 

carbon film (boxed region). 
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The effect of varying deposition time was observed 
in the TCNPs, where a longer deposition time resulted 
in a larger carbon film thickness. To this end, the tips 
of TCNPs, manufactured at 950˚C for 1 hr and 2 hrs, 
were fractured to produce cross section outer 
diameters of approximately 17 µm. We measured 
carbon film thicknesses of approximately 380 nm and 
400 nm for TCNPs manufactured for 1 and 2 hours, 
respectively. Thickness also increased as a function 
of deposition temperature. Here, TCNPs were 
manufactured for 30 min and fractured at 11 µm 
diameter. From SEM micrographs, the measured 
carbon thickness was 140 nm and 260 nm at a carbon 
deposition temperature of 920˚C and 930˚C, 
respectively. 

Measurements from SEM micrographs suggest the 
thickness of the carbon film decreases axially, moving 
away from the TCNP tip. Here, TCNPs were 
manufactured at a CVD temperature of 930˚C and 
carbon deposition time of 15 minutes. TCNPs were 
fractured at two different lengths to produce cross 
section outer diameters of approximately 34 µm and 
110 µm. The carbon thickness at the tip and at 34 µm 
and 110 µm outer diameters were 220 nm, 180 nm 
and 150 nm, respectively. This trend is also observed 
in TCNPs manufactured at 930˚C, 30 min and at 
950˚C, 1 hr. 

C. Etching 

The TCNPs were etched in 10:1 buffered 
hydrofluoric acid (BHF) at room temperature for 2, 5, 
8, 10 and 15 minutes, and the exposed carbon tip 
lengths were measured using an optical microscope. 
As seen in Fig. 4, a longer etch time exposes more 
carbon. Also, H1 and TL1 were compared and we 
observed a downward shift in the generated curves 
from H1 to TL1. This shift implies that for the same 
etch time, a shorter carbon length is exposed in TL1 
than H1. This further confirms that the taper geometry 
of TL1 is in fact quite different from that of H1 as 
observed by optical microscopy. 

Since BHF etches TCNPs at the same rate, it 
would remove the same amount of glass, in the same 
time, on both types of pipettes. The difference in 
exposed carbon length is explained in the amount of 
glass present at the tips of the TCNPs. The TL1 
pipettes produced blunter tapers compared with the 
H1 pipettes and thus have more glass at the tip/taper. 
This difference is also observed in the optical images 
of pipettes pulled with these two programs. 

III. FLUID TRANSPORT THROUGH TCNPS 

To facilitate fluid transport through the sub-
micrometer tip of the TCNP, a short taper length is 
desired to reduce friction between the fluid and the 
pipette and ultimately reduce resistance to flow, driven 
by pressure injection [22]. This fact, together with 
earlier results that showed a trade-off between these 
two properties compelled us to try other variations of 
pulling parameters to achieve a desired geometry that 
works for intracellular fluid injection. In an attempt to 

pull a short taper length pipette, and based on the 
general pipette pulling trend discussed above, 
different variations of programs were tried. Results 
found that a 2-line program (Sample TL1; n = 9) 
produced desirable results, as also shown in Table 1. 

 

Fig. 4: Comparison between H and TL programs of 

exposed carbon length as a function of etching time. 

Comparing to pipettes produced with single line 
pulling programs (H1-7, P1-5), pipettes produced with 
two line pulling programs (TL1) consisted of tip 
diameters of approximately 1 µm and the shortest 
taper length (3 mm). Furthermore, an analysis of 
optical images of both H and TL programs show a 
difference in the rate of diameter change per unit 
length as we move away from the tip of the pipette. In 
the H-program pipette, the rate of change was 
observed to remain constant over a length of 
approximately 260 µm, while over the same length, a 
50% increase in rate of change was observed in the 
TL-program. This drastic increase in rate of change of 
diameter per unit length shows that pipettes pulled 
with the TL-program exhibit a wider girth than those 
pulled with the H-program as we move away from the 
pipette tip. This reduces resistance to fluid flow in TL 
pipettes and facilitates fluid transport. 

Fluid transport studies were carried out utilizing a 
commercially available pressure injection system. To 
this end, fluorescent dye (15 µM Dextran, 
tetramethylrhodamine, Invitrogen™) was filtered with 
a 20 nm pore size inorganic membrane filter (Anotop 
10 Plus, Whatman™) and backfilled into the two 
channels of a TCNP (Sample TL1). The TCNP was 
tapped several times to remove any air bubbles within 
the taper length of the probe. The fluid-prepared 
TCNP was then connected to the injection system 
(FemtoJet, Eppendorf™) and lowered into a clear 
bottom dish of de-ionized (DI) water with a 
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commercially available micromanipulator 
(TransferMan NK2, Eppendorf™). All fluid transport 
experiments were conducted under an inverted 
fluorescence microscope (AxioObserver.A1m, Zeiss) 
to observe the ejection of fluorescent dye from the 
TCNP tip. 

 

Fig. 5: A) Optical image of TCNP in DI water. B) 

Chronological occurrence of an injection trial. 

As shown in Fig. 5A, the tip of the TCNP and the 
division between the two channels can be observed in 
brightfield under the optical microscope. Upon 

applying a constant backend pressure of 150 hPa to 
the fluid-filled TCNP, fluorescent dye was ejected from 
the micrometer-sized tip. As shown in Fig. 5B, 
fluorescent dye continued to be ejected as long as the 
pressure was applied, resulting in an increased 
fluorescent intensity at the end of the TCNP tip over 
time. These results demonstrate that it is possible to 
manufacture probes consisting of multiple hollow 
independent carbon nanostructures within a 
micrometer-sized tip. 

IV. CONCLUSION 

In this work, we reported the methodology for 
fabricating a carbon nanopipette with two independent 
carbon nanostructures integrated into its tip using a 
three-step template-based nanomanufacturing 
technique. The shape and dimensions of the 
nanostructures can be controlled by process 
parameters. Using standard cell physiology 
equipment, we showed the probe is capable of fluid 
transport via dye ejection from the tip. The work 
herein demonstrates how integrative nanomanu-
facturing processes can be used to fabricate probes 
with multiple independent carbon nanostructures 
within a small footprint for potential single cell 
applications. 
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