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Short Abstract:
An ultra-fast cell membrane cutting mechanism for cargo delivery into mammalian cells is presented. This technology utilizes a titanium thin film coated on the tip of a glass microcapillary to convert laser pulse energy into a localized explosive vapor bubble, which punctures a lightly-contacting cell membrane followed by cargo injection.

Long Abstract: (150 words min, 400 words max)

Microcapillary injection1, 2 has been widely used to transfer proteins, DNA, RNA and inanimate probes, such as quantum dots, surface-enhanced Raman scattering (SERS) particles, and polystyrene beads into live cells. Large and slow-diffusing molecules can be directly injected into the cell by physically penetrating the cell membrane with a sharp needle. However, mechanical trauma from membrane penetration limits the typical pipette tip to 0.5 µm in diameter in order to maintain cell viability3, 4. Cargo larger than the pipette tip cannot be injected due to pipette clogging and cargo shearing. In order to overcome this size limitation and achieve controlled cutting on elastic and mechanically fragile mammalian cell membranes during the microinjection process, we demonstrate a novel photothermal nanoblade. A 100 nm thick titanium thin film is deposited onto a 2 μm wide glass microcapillary tip. The metallic thin film harvests optical pulse energy and triggers localized explosive cavitation bubbles to generate high-speed fluidic flows near the thin film coated tip. The process, from laser pulsing, metallic thin film heating, cavitation bubble expansion and collapse, takes only several hundred nanoseconds. If a cell membrane is in contact with the titanium tip, the ultra-fast and localized flow disrupts the membrane near the contact area with little mechanical perturbation to the rest of the cell. This unique attribute enables forming patterned cutting along the curved surface of the mammalian cell membrane by controlling the laser energy, polarization and micropipette orientation5. During membrane cutting, the micropipette tip is in gentle contact with the membrane, eliminating the need for strong mechanical support underneath the membrane. Also the micropipette never enters the cell so intracellular structural integrity is preserved, which helps foster rapid, reparative membrane resealing. This protocol describes the steps to fabricate titanium coated micropipettes, construct the photothermal nanoblade setup and prepare adherent cell samples for delivery. Using the photothermal nanoblade, we delivered highly concentrated cargo (5×108 live bacteria/ml) with high efficiency (46%) and cell viability (>90%) into HeLa cells6. Additional biologic and inanimate cargo including DNA, RNA, 200 nm polystyrene beads up to micron-sized bacteria have been delivered into multiple mammalian cell types.
Protocol Text: 

1.) Titanium coated microcapillary fabrication

1.1) Pull filamented borosilicate glass microcapillary tubing (WPI, TW100F-4) into a micropipette using a programmable micropipette puller (Sutter Instrument, P-97). We used a pulling recipe of HEAT = 550; PULL = 35; VEL = 20; TIME = 250. The recipe loops through 2 to 3 iterations until the glass tubing is pulled apart in the center, yielding micropipettes with a pipette tip diameter of ~2 μm and a ~5 mm long taper from the shaft to the tip in our experiments. 

1.2) Deposit a titanium thin film on the tip and outer walls of pulled micropipettes using a magnetron sputter deposition system (Denton, Discovery 550). Before loading the micropiettes into the deposition chamber, mount the pipettes in a vacuum compatible holder (we use a 5 mm thick aluminum plate with 1 mm diameter mounting holes) vertically with the sharp end facing upward. Set the appropriate titanium deposition power and time to obtain a film thickness of ~100 nm. 

2.) Photothermal nanoblade delivery system setup

2.1) Figure 1 illustrates the photothermal nanoblade delivery system setup. Anchor an inverted microscope (Zeiss, AxioObserver) on an optical table (Newport, RS series) equipped with vibration damping control. The microscope is used to image the injected cell and the micropipette and provide the light path to channel the pulsed laser beam onto the sample plane. A 40(, 0.6 NA objective lens is used in our photothermal delivery experiments to provide a sufficient object magnification and working distance.

2.2) The laser source in our setup is a Q-switched, frequency-doubled Nd:YAG laser (Continuum, Minilite) with a linearly polarized laser pulse output at 532 nm in wavelength and 6 ns in pulsewidth. To control the laser pulse energy, install a half wave plate (Newport, 10RP12-16) and a polarizing beam splitter (Newport, 05BC15PH.3) in the laser beam path. Block the reflected laser beam after the beam splitter using a beam stop. Attenuate the transmitted pulsed laser beam by rotating the half wave plate with respect to the laser polarization direction. 

2.3) Align the transmitted pulsed laser beam through a flip mirror into the epi-fluorescence port of the microscope. Use a dichroic mirror (Chroma, Z532RDC) to reflect the laser beam into the back aperture of the objective lens and onto the sample plane. Block the back-scattered light by placing a long-pass filter (Chroma, HQ570LP) before the imaging camera. 

2.4) Insert an optical diffuser (Edmund Optics, NT55-848) in the laser beam path to reduce the interference effect and smoothen the laser intensity profile at the sample plane.

2.5) Control the dimensions of the laser spot size at the sample/imaging plane by inserting two convex lenses in the beam path. A wide laser irradiation area is desired to cover most of the field of view. The focal lengths of these two convex lenses, the distance between them and the focal length of the objective lens determines the dimension of the laser spot at the sample plane. In our setup, two convex lenses, f1 = 25 mm and f2 = 60 mm, are spaced 92 mm apart. The second lens is positioned at a distance of 270 mm away from the microscope fluorescence port. The obtained laser spot diameter at the imaging plane is 260 μm.
2.6) A programmable pressure source (Eppendorf, Femtojet) is used to drive liquid and suspended cargo delivery. The Femtojet controls the injection pressure, injection time and the compensation pressure which prevents cell culture media from flowing back into the micropipette barrel. 

2.7) Fix a motorized micromanipulator (Eppendorf, Micromanipulator 5171) adjacent to the microscope stage. The micromanipulator positions the titanium coated micropipette in the center of the field of view and the movement is controlled via a joystick connected to the micromanipulator. 

2.8) Connect the Q-switched laser trigger and the femtojet injection trigger to a DPST (double pole, single throw) switch (Digi-Key, P8101S-ND) to synchronize the laser and the femtojet. This allows one click on this trigger switch to initiate both laser pulsing and pressured-controlled liquid and cargo delivery.

3.) Cell culture

3.1) Seed cells in a coverslip bottom chamber (NUNC, Lab-Tek chambered cover glasses) 1 day before the injection until ~80% confluence is reached.

4.) Optimizing photothermal nanoblade delivery parameters

4.1) Adjust the laser pulse energy so that the final laser energy density or laser fluence at the sample plane is 180 mJ/cm2. This is the optimal laser fluence for our system which has demonstrated 48% efficiency in cell membrane permeabilization and a corresponding 98% cell viability for HeLa and HEK 293T cells. Lower laser fluence cannot open the cell membrane efficiently. On the other hand, increasing laser energy can lead to excessive cell damage and decreased viability as well as degradation of the titanium coating on the micropipette. 

4.2) Dissolve fluorescent dextran-fluorecein (3000 MW, Invitrogen, D-3305) in phosphate buffered saline (PBS) to a final concentration of 200 μg/ml. This membrane impermeable fluorescent dye marks the successfully delivered cells.

4.3) Load ~1 μl of dextran-fluorecein solution into the titanium coated micropipette using a microloader (Eppendorf, Microloader). Avoid any air gaps or bubbles in the capillary. 
4.4) Position the cell chamber containing cells and media on the microscope stage.

4.5) Load the titanium coated micropipette into the capillary holder connected to the Femtojet. Mount the capillary holder on the micromanipulator at ~30 degrees from vertical and position the needle tip in the media. Use the micromanipulator to bring the tip into focus under the microscope.

4.6) Set the compensation pressure on the Femtojet so that a trace amount of the fluorescent dye discharges from the tip. pc~5 hPa is used in our experiments. Set a higher value for the injection pressure, pi. Set the injection time, ti ~0.1 sec.

4.7) Choose a morphologically healthy cell within the field of view. Position the tip of the titanium coated micropipette in light contact with the cell membrane (do not pierce through the membrane).   

4.8) Click on the trigger switch to initiate laser pulsing and liquid ejection. A small rippling motion across the membrane can be seen as an indication of successful fluid delivery into the cell.

4.9) Raise the pipette tip away from the cell. Switch the microscope to fluoresce imaging mode to verify fluorescent dye delivery into the target cell.

4.10) If no fluorescence is observed in the cell, increase the injection pressure or increase laser fluence slightly. If the cell explodes or lyses right after laser pulsing, decrease the injection pressure or lower laser fluence. Repeat steps 4.7 through 4.9 until an optimal setting for successful delivery is achieved for the cell type of interest.

5.) Photothermal nanoblade delivery into adherent cells

5.1) Using the optimized delivery settings, repeat steps 4.7 through 4.9 for each cell targeted. In our experiments, time taken from positioning pipette tip on the cell membrane, laser pulsing to completing liquid delivery takes ~3 sec per cell. 

5.2) Deliver ~50 cells in each chamber slide followed by changing the titanium-coated micropipette. In our experiments, each titanium-coated micropipette operates for at least 50 laser pulsing and liquid delivery cycles. 

5.3) Limit the time of cell culture in open air and room temperature to a maximum of 30 minutes. (Alternatively, outfit the delivery apparatus with a controlled environment box that maintains incubator-level temperature, CO2, and humidity conditions.) Return the manipulated cells to a 37(C, 5% CO2 incubator after the experiment for desired amount of time to allow further culturing or analysis. 

Representative Results: An example of a HEK 293T cell loaded with dextran-fluorescein by photothermal nanoblade delivery is shown in figure 2. We tested photothermal delivery over a wide range of cargo sizes in various cell types (figure 3). Cargo ranging from RNA, DNA, 200 nm polystyrene beads to micron-sized bacteria was successfully delivered using this approach. 
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Figure 1: Schematic of the photothermal nanoblade delivery system. A titanium coated microcapillary pipette is mounted on a micromanipulator and positioned in light contact with the cell membrane. A nanosecond laser pulse heats up the titanium thin film, generating a localized explosive cavitation bubble that punctures the contacting cell membrane near the micropipette tip. Cargo can be delivered into the cell by pressurized injection following the laser pulsing and membrane opening. The micropipette tip is never advanced into the cell interior.
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Figure 2: Before photothermal nanoblade delivery, a titanium-coated micropipette was in light contact with the HEK 293T cell membrane. After laser pulsing and delivery, dextran-fluorescein in the cell was verified by the fluorescent image.
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Figure 3: Wide range of deliverable cargo is enabled by the photothermal nanoblade. GFP-expressing RNA was delivered into lipofectamine-resistant IMR90 primary human lung fibroblasts. DsRed-containing lentivirus coated onto a 100 nm green fluorescent bead was expressed in ROCK7 inhibitor dispersed human embryonic stem cells following transfer. Fluorescent beads of 200 nm in diameter were delivered into HEK 293T cells without clogging. B. thailandensis bacterial transfer into HeLa cells was achieved with high efficiency and high cell viability.

Discussion: The photothermal nanoblade holds promise for delivering currently untransferable large cargo into mammalian cells, such as chromosomes, organelles, and intracellular pathogens that are beyond the size constraints of contemporary microinjection. A 2 μm large pipette bore allows delivery of high concentration cargo, which is critical in achieving high delivery efficiency since the liquid volume injected into a cell is limited to ~1 picoliter. The critical shear stress to achieve membrane cutting is cell density dependent for adherent cells8. By varying the excitation laser energy density, the magnitude of shear stress induced by the cavitation bubbles at the micropipette tip can be controlled. In our experiments, a laser energy density in the range 120-240 mJ/cm2 is suitable for photothermal nanoblade delivery into most adherent cell types. 
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Table of specific reagents and equipment:

	Name of the equipment
	Company
	Catalogue number
	Comments (optional)

	Programmable pipette puller
	Sutter
	P-97
	

	Metal sputter deposition
	Denton
	Discovery 550
	

	Inverted microscope
	Zeiss
	AxioObserver
	

	Optical table
	Newport
	RS series
	

	Nanosecond pulsed laser
	Continuum
	Minilite
	

	Half wave plate
	Newport
	10RP12-16
	

	Polarizing beam splitter
	Newport
	05BC15PH.3
	

	Dichroic mirror
	Chroma
	Z532RDC
	

	Long pass filter
	Chroma
	HQ570LP
	

	Convex lens 1
	Edmund Optics
	f = 25 mm 
	

	Convex lens 2
	Edmund Optics
	f = 60 mm 
	

	Diffuser
	Edmund Optics
	NT55-848
	

	Programmable pressure source
	Eppendorf
	Femtojet
	

	Micromanipulator
	Eppendorf
	Micromanipulator 5171
	

	Electrical switch
	Digi-Key
	P8101S-ND
	


	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	Glass microcapillary
	World Precision Instruments
	TW100F-4
	

	Cell culture dish
	NUNC
	Lab-Tek chambered cover glasses
	

	PBS
	
	
	

	Dextran-fluorescein
	Invitrogen
	D-3305
	

	Micropipette loader
	Eppendorf
	Microloader
	


References:
1.
Zhang, Y. & Yu, L.-C. Microinjection as a tool of mechanical delivery. Curr. Opin. Biotech. 19, 506-510 (2008).

2.
King, R. Gene delivery to mammalian cells by microinjection. Methods in Molecular Biology 245: Gene Delivery to Mammalian Cells 1. (Humana Press Inc., Totowa, NJ; 2004).

3.
Han, S.-W. et al. High-efficiency DNA injection into a single human mesenchymal stem cell using a nanoneedle and atomic force microscopy. Nanomed. Nanotechnol. Biol. Med. 4, 215-225 (2008).

4.
Zhang, Y. Microinjection technique and protocol to single cells. Nature Protocols (http://www.natureprotocols.com/2007/11/02/microinjection_technique_and_p.php).

5.
Wu, T.-H., Teslaa, T., Teitell, M.A. & Chiou, P.-Y. Photothermal nanoblade for patterned cell membrane cutting. Manuscript in preparation.

6.
Wu, T.-H. et al. Photothermal nanoblade for large cargo delivery into mammalian cells. Manuscript in preparation.

7.
Watanabe, K. et al. A ROCK inhibitor permits survival of dissociated human embryonic stem cells. Nat. Biotechnol. 25, 681 - 686 (2007).

8.
Rau, K.R., Quinto-Su, P.A., Hellman, A.N. & Venugopalan, V. Pulsed laser microbeam-induced cell lysis: time-resolved imaging and analysis of hydrodynamic effects. Biophys. J. 91, 317-329 (2006).



