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The carbon nanopipette (CNP) is comprised of a pulled-glass pipette terminating with a 

nanoscale (tens to hundreds of nm) diameter carbon pipe. The entire inner glass surface of the 

CNP is coated with a carbon film, providing an electrically conductive path from the carbon 

tip to the distal, macroscopic end of the pipette. The CNP can double as a nanoelectrode, 

enabling electrical measurements through its carbon lining, and as a nanoinjector, facilitating 

reagent injection through its hollow bore. With the aid of a lock-in amplifier, we measured, in 

real time and with millisecond resolution, variations in impedance as the CNP penetrated into 

the cytoplasm and nucleus of adherent human osteosarcoma (U20S) cells. The capacitance 

change associated with nucleus penetration was, on average, 1.5 times greater than the one 

associated with cell membrane penetration. The experimental data was compared and 

favorably agreed with theoretical predictions based on a simple electrical network model. As 

a proof of concept, the cytoplasm and nucleus were transfected with fluorescent tRNA, 

enabling real-time monitoring of tRNA trafficking across the nuclear membrane. The CNP 

provides a robust and reliable means to detect cell and nucleus penetration, and trigger 

injection, thereby enabling the automation of cell injection. 
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Introduction 

In drug discovery, vaccine development, cellular therapeutics development, basic biology, 

and combinatorial biochemistry, there is a need to controllably inject reagents into a large 

number of cells to assure statistically significant data about cellular responses. Methods like 

electroporation[1,2]  and photoporation[3,4]  are often used for bulk introduction of reagents into 

cells; however, these methods are difficult to optimize, lack single-cell resolution, and cannot 

assure that all the cells in the population are treated uniformly and that the intended 

composition of the reagents is preserved as they diffuse / migrate into the cells. This is 

significant since in many cases, one needs to control the composition of the mixture that is 

injected into a cell. For instance, the use of fluorescent tRNA to monitor translation (FtTM) 

requires high throughput, controlled injection. This recently developed technique[5] enables 

the identification and monitoring of active ribosome sites within live cells with submicron 

resolution, facilitating (i) quantitative comparison of protein synthesis among various cell 

types, (ii) monitoring the effects of antibiotics and stress agents on protein synthesis, and (iii) 

characterization of changes in spatial compartmentalization of protein synthesis upon viral 

infection. Despite the immense potential of FtTM for measuring translation dynamics and 

synthesis patterns in real time in normal and diseased cells under various physiological, 

pathological, and environmental conditions, its widespread adoption has been curtailed by the 

difficulty in introducing predetermined quantities of fl-tRNA or mRNA into large numbers of 

cells in an efficient and reproducible manner. 

Microinjection remains the most robust method for controllably introducing precise 

compositions of reagents into cells. The most prohibitive obstacles to microinjection are the 

relatively low throughput (several hundred cells/hour for most experienced operators), the 

tedious manual manipulation, and the potential damage to cells. Microinjection success rates 

are thus highly dependent on operator skill, and it is difficult to attain statistically significant 
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populations of injected cells.[6,7] The lack of reliable, high throughput, controllable injection 

techniques is the bottleneck in many significant projects.[6]  

There have been many attempts to automate the cell injection process[6-20] through 

positioning of cells at predetermined locations in an array,[11] computer vision,[10,12,13] novel 

microfluidic chips,[16,20] and feedback systems.[8,9,17,18,19] While these systems have made 

significant advancements in microinjection rates and efficiency, they are still limited by lack 

of a robust feedback signal to indicate that the injector has, indeed, penetrated the cell 

membrane. Penetration-force measurement has been successfully used to detect large cell 

penetration,[8,9] but is unlikely to provide the necessary sensitivity for the smaller mammalian 

cells. Instead, researchers have attempted to use electrical signals. 

Electrical measurements have been used with patch electrodes (micropipettes filled with a 

high concentration salt solution in contact with a non-polarizable electrode, often 

Ag/AgCl/Cl-[21-23]) to detect cellular contact and penetration in both manual[21] and 

automated[24] patch-clamping, and for automated single-cell electroporation.[25,26] Lukkari and 

co-workers[17-19] extended this technique to microinjection by placing an electrode in the 

injection solution. The solution in the micropipette was continuously subjected to a 10 Hz 

square wave, and the electric current was monitored. An impedance change was detected 

upon cell contact and penetration as well as upon pipette breaking/clogging. A similar 

technique used a DC ionic current measurement to detect cell penetration during 

electrokinetic injection of cells.[27] The use of the liquid inside the micropipette as the 

electrical conductor imposes, however, limitations on the type (typically, high salt 

concentration) and volume of liquids that can be used in the injection process, adversely 

affects cells’ viability, and limits the time resolution. Hence, it is desirable to decouple the 

electrical measurement indicating cell penetration from the injection liquid. 
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Mirkin et al.[28] detected cell penetration with solid platinum microelectrodes by 

introducing a redox mediator in the extracellular solution, similar to techniques used in 

scanning electrochemical microscopy (SECM).[23,29] The use of a redox mediator may, 

however, adversely impact cell viability and function,[30] and the solid microelectrodes are not 

suitable for introducing fluids into cells.  

Recently, we have developed carbon nanopipettes (CNPs)[31-36] that consist of a pulled-

quartz capillary, terminating with a nanoscale carbon pipe (Figure 1). The diameter of the 

carbon pipe can be adjusted from tens to hundreds of nanometers. The fabrication 

process[31,36] consists of pulling a quartz capillary to desired dimensions and placing it in a 

tube furnace in the presence of carbon precursor gases at elevated temperatures. The 

hydrocarbon decomposes, coating the capillary’s inner surface with a carbon film. The tip of 

the capillary can be chemically etched to expose the carbon. The diameter of the carbon pipe 

is controlled by the pulled glass template. The carbon film’s thickness is controlled by the 

process’ temperature and duration. The length of the exposed carbon tip is controlled by the 

etching time. The result of this fabrication process is a nanoscopic, hollow carbon “tube” 

incorporated and insulated within a quartz handle. The fabrication process does not require 

any assembly, overcoming one of the major challenges of nanotechnology - the interfacing 

between a nanostructure and a macroscopic handle. CNPs are compatible with 

micromanipulators, micropipette fittings, and amplifiers. Since the CNPs can be hollow, they 

can be used as injectors. Since the carbon tips are electrically accessible, the CNPs can also 

double as nano-electrodes. Figure 1 features both schematics and SEM micrographs of CNPs.  

Schrlau et al.[32-35] demonstrated that CNPs can be used for microinjection of dyes and 

secondary messengers into cells without affecting cell viability and function. CNPs are less 

intrusive and more durable than their glass counterparts. Schrlau et al.[35] also used the CNPs 

to measure cell membrane polarization induced by extracellular pharmacological agents. 
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Carbon microelectrodes are not ideal, however, for potentiometry due to their large interfacial 

impedance, resulting in measurement instability, and requiring a high-impedance amplifier 

headstage.[35] 

Here, we use an AC, electrical impedance measurement to detect cell and nucleus 

penetration with carbon nanopipettes. Using an AC signal allows us to transmit relatively 

large non-Faradaic (charging) currents that can be easily measured and processed with Fourier 

methods to yield accurate data. Much of our data is presented in terms of the equivalent 

capacitance, which is highly sensitive to the electrode’s local environment and not dependent 

on Faradaic reactions.[37] Our system has a number of advantages over previously proposed 

methods that utilized the injection liquid in the pipette’s bore as the conductive path to detect 

cell penetration.  In the CNPs, the electrical signal is not dependent on the injection liquid, the 

injection liquid need not be conductive, and one can operate with small volumes of injection 

liquid (as there is no need to bring the injection liquid into contact with an electrode). 

Additionally, the small size of the CNP and the AC method provide much greater temporal 

resolution than is possible with ionic electrodes.  

The manuscript is organized as follows.  We first describe the experimental techniques 

used. Next, we introduce an analog capacitance-based network model to predict the CNPs’ 

response. The model assists us to interpret our experimental observations.  We then report on 

impedance measurements of a liquid-filled CNP as a function of the CNP’s tip position and 

the composition of the injection solution. We examine CNPs operating in both continuous and 

pulse injection modes. To exemplify the relevance of the CNPs to biological research, we 

then describe very briefly the injection of tRNA into the cytoplasm and the nucleus and the 

monitoring of tRNA trafficking between the cytoplasm and nucleus.  

 

Experimental Section 
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Cell Culture and Imaging 

The experiments were carried out with adherent human osteosarcoma cells (U2OS, 

~40 μm diameter). U2OS cells were selected for their availability and ease of culture. The 

cells were cultured in Dulbecco’s Modified Eagle’s Medium (HyClone) with 10% Fetal 

Bovine Serum (HyClone) and 1% Penicillin/Streptomycin antibiotics (HyClone) in a standard 

(Fisher Isotemp) CO2 incubator (37 C, 5% CO2). The cells were then plated on Poly-L-Lysine 

treated glass coverslips (1 mg/mL solution) or directly grown in 35mm tissue culture dishes 

(Corning). The plated coverslips were transferred to petri dishes with cell culture medium for 

experiments.  

The experiments were carried out at room temperature in standard atmosphere without 

any CO2 regulation. During the experiments, the cells were outside the incubator for at most 

two hours. The measured data did not change significantly over this time interval, and cells 

remained viable, as evidenced by continued proliferation several days after the experiments.  

An Olympus IX-71 inverted optical microscope with long-working-distance, phase-

contrast objectives, Hamamatsu CCD camera, and HCImage Software were used to image the 

cells and track the carbon nanopipettes during probing. The entire system was encased in a 

copper-mesh Faraday cage to reduce electromagnetic interference and was located on an air-

damped, vibration-isolation table (TMC MICRO-g). 

CNP Fabrication 

CNPs were fabricated with 1mm outer diameter, 0.7 mm inner diameter, filamented 

quartz capillaries of 7.5 cm length (Sutter Instruments). Pipettes were pulled using a Sutter P-

2000 laser-based pipette puller with the parameters: HEAT 800, FIL 4, VEL 60, DEL 128, 

and PULL 100. Chemical vapor deposition was performed on the pipettes in a Lindberg 

horizontal tube furnace, with a 1” inner diameter quartz furnace tube at 875 C. The flow 

conditions were 200 sccm of methane and 300 sccm of argon (AirGas ultra-high purity) for a 
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Figure 2. A schematic depiction of a CNP penetrating an adherent cell with the 
equivalent circuit model overlaid. HEKA EPC 10 patch clamp amplifier shown. C and 
R denote, respectively, capacitors and resistors. Subscripts o, i, and j designate, 
respectively, extracellular, intracellular, and inner-pipette circuit components. 
Superscripts designate the following: S - Stern layer (capacitance), s- series 
(resistance), d – diffuse layer, n – nuclear membrane, m – cellular membrane, t – 
charge transfer. When modeling cytoplasm probing, the nuclear circuit elements (Ci

n 
and Ri

n) are omitted. (A) Complete circuit model. (B) Extracellular circuit 
approximation, only capacitors are included. (C) Intracellular (cytoplasm) circuit 
approximation, only capacitors are included.  
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Figure 3. (A) The change in the CNP’s capacitance, ΔCeq (red trace, left axis), and the 
change in the CNP’s resistance, ΔRe{Z} (blue trace, right axis), upon penetration into 
and withdrawal from various cells when operating in continuous-flow microinjection 
mode (pressure 10-40 hPa, and 100mM KCl injection solution). (B) The normalized 
change in capacitance ΔCeq/C0 upon cell penetration as a function of the square root of 
the injection solution’s (KCl) ionic strength. C0 is the CNP capacitance when in the 
extracellular solution. The symbols represent the average of N measurements and the 
vertical bars represent one standard deviation. The solid line is a linear best-fit. 
R2=0.80. Each data point corresponds to a distinct CNP. All the data was acquired 
from the same cell culture on the same day, with the exception of the data point to the 
far right, which was obtained with two different CNPs and two different cell petri 
dishes.  
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Figure 4. Concurrent penetration and microinjection detection. Control pressure: 
10hPa. Injection pulse: 125hPa for 0.3s. (A) Micrographs of the cell: CNP in 
extracellular solution (i); CNP’s tip inside the cytoplasm (ii); injection of 150mM KCl 
into the cytoplasm (iii-iv); CNP tip withdrawn from the cell (v). (B) ΔCeq (lower red 
trace) and ΔRe{Z} (upper blue trace) as functions of time during cytoplasmic 
penetration and microinjection events. (C) Micrographs of the CNP tip position 
relative to the cell nucleus: CNP outside (above) the cell (i); CNP’s tip in the nucleus 
(ii); nucleus is injected with 150mM KCl solution (iii-iv); CNP withdrawn from the 
cell (v). (D) ΔCeq (lower red trace) and ΔRe{Z} (upper blue trace) as functions of 
time during the nuclear penetration and injection. The cell (A) and the nucleus (C) are 
outlined with dotted lines for better visibility. 
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Figure 5. Penetration detection and transfection of fl-tRNA with a CNP. The 
brightness and contrast of the various images have been adjusted for better visibility. 
(A-C) Micrographs of a single cell injected with Cy5 fl-tRNA into the cytoplasm. (A) 
Phase contrast image prior to injection. (B) Fluorescence image immediately after 
injection. (C) Fluorescence image about 2 min post injection, no visible change in the 
cell. (D-F) Micrographs of a single cell injected with Cy5 fl-tRNA into the nucleus. 
(D) Phase contrast image prior to injection. (E) Fluorescence image immediately post 
injection. (F) Fluorescence image about 2min after injection, no visible change in the 
cell. (G-I) Micrographs of a single cell injected with Cy5 fl-tRNA into the cytoplasm. 
(G) Phase contrast image prior to injection. (H) Fluorescence image immediately after 
injection. (I) Fluorescence image about 1 min after injection. Witness the tRNA 
migration from the cytoplasm into the nucleus.  

  
 
 
 
 


