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ABSTRACT OF THE DISSERTATION 

 

Massively Parallel Delivery of Large-sized Cargo into Mammalian Cells 

with Light Pulses 

 

by 

 

Yi-Chien Wu 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2014 

Professor Pei-Yu Chiou, Chair 

 

Enabling technologies that transfer micron-sized objects into mammalian cells are needed to 

advance key applications in cell engineering. High-throughput delivery of organelles, modified 

intracellular pathogens, enzymes, proteins, and other types of cargo is required to obtain reliable 

data in settings of cellular heterogeneity. Delivered objects must also avoid entrapment in cell 

vacuoles or endosomes to retain functionality. Here, we report a massively parallel photothermal 

microfluidic platform for high-throughput delivery of large cargo directly into the cytosol of 

mammalian cells. Micron-sized cargo is reproducibly delivered in up to 100,000 cells on the 

platform in a minute, with parameters for cargo delivery tunable for each cell and cargo type. 

The delivery platform is a compact silicon chip on which hundreds of thousands of micron-sized 

cavitation bubbles expand and collapse within nanoseconds in response to pulsed laser excitation. 

Cavitation bubbles are formed by rapid heat transfer from nearby metallic nanostructures via a 
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photothermal process enhanced by the lightning-rod effect. High speed, localized fluid flows 

near cavitation bubbles puncture contacting cell membranes with precision, resulting in 

micron-sized transient membrane pores. Applied pressure provides an active driving force to 

speed slow diffusing large cargo through these transient pores before membrane repair and 

resealing. We have reproducibly delivered large cargo including micron-sized bacteria, enzymes, 

antibodies, and functional nanoparticles into a variety of cell lines, including three different types 

of primary cells, with high efficiency and high cell viability. Our experiments involving delivery 

of functional enzymes, antibodies and vacuole escape-incompetent bacteria prove that cargo is 

delivered directly into the cell cytosol on this platform, bypassing endocytosis. Massively 

parallel and nearly simultaneous delivery of cargo into cells under the same physiological 

conditions enables reliable statistical measurements of cargo interactions with cells over time. To 

demonstrate its utility, we used this platform to explore the intracellular lifestyle of Francisella 

novicida and discovered that the iglC gene is unexpectedly required for intracellular replication 

even after vacuolar escape into the cell cytosol. Our photothermal platform approach, termed 

BLAST (Biophotonic Laser Assisted Surgery Tool), provides a reliable mechanism for 

high-throughput engineering of cells with micron-sized natural and man-made materials. 
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Chapter 1 

Introduction 

 

Efficient large cargo delivery into living cells is an extremely desirable technique for many fields 

of biological research, especially the cell engineering, intracellular biology and gene therapy. 

However, no matter biological, chemical or physical methodologies for introducing large cargo, 

such as organelles and intracellular pathogens, into mammalian cells do not exist
1
. Biological 

approaches such as viruses can provide high transfer efficiency
2-5

 but are restricted to kb-sized 

nucleic acids. Besides, immunogenicity and cytotoxcity are the major drawbacks of 

virus-mediated transfection. An inflammatory reaction and mutation might be caused when the 

viral vectors randomly integrate with the host genome. Chemical methods, such as non-viral 

gene therapy techniques
6-12

, utilizing lipids
13

, cationic polymers
14

, or insoluble precipitates are 

the most widely used techniques in biological research. These methods frequently show 

undesirable endosome trapping of delivered cargo and their transfection efficiency is dependent 

on cell type. The efficiency can be improved by the help of magnetic force, called 

megnetofection
15

. Delivery vectors are associated with magnetic nanoparticles and concentrated 

on the target cells by an external magnetic field.  

Most physical approaches
16-23

 bypass endocytosis and require two-steps: (1) disruption of 

the plasma membrane to create one or more transient pores and (2) delivery of cargo across pores 
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into the cytosol. To create transient pores, electroporation
24-43

 utilizes electrostatic pressure to 

disrupt the cell membrane; sonoporation
44-47

 generates acoustic waves that induce cavitation 

bubbles with strong fluid flows; optoporation
48-64

 utilizes nonlinear optical absorption triggered 

by short laser pulses to transiently break down the cell membrane at a focal point or induces 

photothermal bubbles to damage cell membrane; nanomechanical needles
65-69

 and tubes
70-74

 

utilize sharp nanoscale tips; and other mechanical forces utilize microchannels
75

 and beads
76, 77

. 

All of these mechanisms are limited to delivery of small cargo since they can only create small 

pores on cell membrane or rely on thermal diffusion for cargo transit across transient membrane 

pores. Slowly diffusing large cargo has little chance to transit pores before membrane resealing. 

Microinjection
78-85

 uses a sharp glass tip to insert target cell for delivery. However, the tip size is 

typically smaller than 500 nm in diameter to penetrate the flexible cell membrane
66

. Otherwise, 

this technique is very labor-intensive and throughput is low even controlled by automatic robot 

system. 

A recent hybrid approach called a photothermal nanoblade utilizes a metal-coated glass 

pipette to harvest laser energy and generate localized cavitation bubble to cut cell membrane
86-89

. 

It opens large 2 – 3 µm membrane pores with providing active pressure to drive slow diffusing 

large cargo into the cytosol. The wide range of deliverable cargo, including DNA, RNA, 200 nm 

plystyrene beads and 2 µm bacteria, was delivered into several mammalian cell types. However, 

this micropipette-based method suffers from low throughput limiting their usefulness for 

applications that require large numbers of cells or for rare, stochastic intracellular events. 

To overcome this field block, we developed a massively parallel photothermal microfluidic 

platform, termed BLAST (Biophotonic Laser Assisted Surgery Tool), to deliver micron-sized 

cargo into ~100,000 cells in 10 seconds, providing a ~10
5
- fold enhanced throughput compared 
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with the photothermal nanoblade
86

. A wide range of cargo including live micron-sized bacteria, 

enzymes, antibodies, and functional nanoparticles have been successfully delivered into a variety 

of cell types, including three types of primary cells [human peripheral blood monocyte-derived 

macrophages (PB-MDMs), primary normal human dermal fibroblasts (NHDFs), and human 

primary renal proximal tubule epithelial cells (RPTECs)] and one cancer cell line (HeLa), at high 

efficiency and high cell viability.  

As a demonstration of the utility of the BLAST platform, we have used it to examine 

whether the iglC gene of Francisella novicida, a gene on the Francisella Pathogenicity Island 

(FPI)
90

 known to be required for vacuolar permeabilization and escape into the cytosol, is also 

required for cytosolic replication of the bacteria following escape. By synchronous and efficient 

cytosolic delivery of these micron-sized bacteria in a way that bypasses the vacuolar stage, we 

were able to demonstrate the surprising finding that iglC is required not just for vacuolar escape 

but also for cytosolic replication.  
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Chapter 2 

BLAST Platform for Large Cargo Delivery 

into Mammalian Cells 

 

A silicon-based device integrated with fluid pumping system, named Biophotonic Laser Assisted 

Surgery Tool (BLAST), was developed for micron-sized cargo delivery into mammalian cells. 

The device mechanism, design, fabrication and operation were described. Three types of primary 

cells, including normal human dermal fibroblasts (NHDFs), human peripheral blood 

monocyte-derived macrophages (PB-MDMs), and human primary renal proximal tubule 

epithelial cells (RPTECs) and one cancer cell line (HeLa) were used to demonstrate the 

outstanding performance (high delivery efficiency and high cell viability) of BLAST platform. 

 

2.1 Device principle and structure 

2.1.1 Principle 

BLAST utilizes laser energy harvested by the metallic titanium thin films in each trans-film 

hole to induce rapid heating and vaporization of adjacent thin water layers to trigger cavitation 

bubbles that cause disruption of a contacting cell membrane
91-95

. Electromagnetic waves to 

excite the oscillation of electrons in the well-deposited titanium nanostructures, whose kinetic 
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energy is converted into lattice heat, which rapidly raises their temperature. This heat propagates 

into the surrounding aqueous media through thermal conduction. When a thin layer of water 

adjacent to the metal hot spots is heated to near its critical temperature, rapidly expanding 

cavitation bubbles are triggered. These small bubbles can cut the cell membrane locally and 

minimize the damages of the cells. After membrane cutting, the external fluidic pumping system 

drives the delivered cargo into cell cytosol before transient membrane pores recovering (Fig. 2.1). 

This active flow can highly improve the delivery efficiency of large samples, especially 

micron-sized cargo, due to their slow diffusion speed.  

 

 

 

2.1.2 Platform structure 

Figure 2.2 illustrates the BLAST platform structure. The platform consists of a silicon chip 

with a 1.5 μm thick porous SiO2 membrane on top providing an array of micron-wide, trans-film 

Figure 2.1 | Mechanism of a photothermal platform for large cargo delivery. 

Rapid pulsed laser shining the titanium-coated region on the chip triggers cavitation 

bubbles in all holes that disrupt contacting cell membranes. Following hole opening, 

an external pressure driven flow to push cargo into the cytosol of cells via transient 

membrane pores. 
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holes. Crescent-shaped titanium films are asymmetrically coated on the sidewalls of these holes 

through a directional electron beam evaporation method to harvest laser pulse energy. Rapid 

pulsed laser scanning of the entire active photothermal region on the chip triggers cavitation 

bubbles in all holes that disrupt contacting cell membranes. Following hole opening, an external 

pressure source is applied to fill the bottom pumping chamber and deform the flexible 

polydimethylsiloxane (PDMS, Dow Corning) storage chamber to push cargo into the cytosol of 

cells via transient membrane pores. A chip with an active area of 1 cm
2
 can provide parallel 

Figure 2.2 | Schematic of a massively parallel photothermal platform for large 

cargo delivery.  
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delivery to 100,000 cells in 1 minute. A green light (λ = 532 nm) nanosecond pulse laser 

(Minilite, Continuum) with a pulse energy at 10 mJ and a repetition rate of 15 Hz in utilized in 

the current setup for laser pulsing the BLAST chip. 

    The size of BLAST chip is a little bit smaller than a quarter (2 cm in diameter). In order to 

handle the chip easier, there is a 5 mm solid silicon ring area outside the fragile delivery region 

(Fig. 2.3). SEM images show a 100 nm thick titanium thin film coated on the inner sidewall of a 

3 μm hole on the SiO2 membrane through a lift-off process using the e-beam evaporation method. 

The two ends of this film are tapered and form sharp tips. 

 

 

 

 

Figure 2.3 | Microscope and SEM images for BLAST chip.  
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2.1.3 Hot spots generated on the titanium thin film 

    To characterize the laser-induced cavitation bubbles on BLAST chip, a 3D finite element 

analysis (FEA) method was used to simulate the distribution of heat generation nearby the 

delivery hole (COMSOL). In Figure 2.4, the structure was drawn based on the real dimension of 

delivery hole shown in Figure 2.3. Three materials, including 100 nm thick titanium coating (nTi 

= 1.86 + 2.56 i)
96

, SiO2 thin film (nglass = 1.46) and surrounding water region (nwater = 1.34), were 

defined in the regions shown in Figure 2.4. The structure is symmetric perfectly. So half of the 

region included for simulation is enough to describe the complete phenomenon and the software 

can be run under finer mesh due to smaller calculated domain. 

 

 

    Plane wave with wavelength of 532 nm propagated in the direction perpendicular to the 

surface of SiO2 thin film. In Figure 2.5, two directions of polarization were used and the 

distributions of heat generation by laser shining were calculated. The hottest spots for both of 

Figure 2.4 | 3D structures and parameters for FEA simulation.  
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polarizing directions were located at two tips of the crescent-shaped titanium film. The rest of 

thin film was heated up quite uniform by the absorption of the laser light. In our case, the shape 

and size of cavitation bubbles are not sensitive for the direction of laser polarization. 

 

 

 

2.1.4 Cavitation bubble dynamics 

    The laser-induced cavitation bubbles on BLAST chip are in the size of a few microns 

depending on the laser energy. These small bubbles expand and collapse within hundreds of 

nanoseconds. The regular camera has no chance to capture this kind of ultra-fast bubble dynamic 

images. The time-resolved imaging system shown in Figure 2.6 was built for observation of 

these cavitation bubbles. The BLAST chip was sandwiched between two cover glasses with 

Figure 2.5 | 3D FEA simulation to get the distribution of heat generation by laser 

shining.  
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water immersed and located on an inverted microscope stage. The pulsed laser beam was split 

into two light paths, one for bubble excitation and another for illumination, by a polarizing beam 

splitter. The laser pulse for bubble excitation was guided into the inverted microscope and went 

through the objective lens (40X or 100X) to focus on the sample plane. The light for illumination 

passed through a fluorescent dye cell and the emission light (λ = 698 nm) was collected into a 

multimode optical fiber (Thorlabs). A nanosecond time delay between the excitation laser 

pulsing and captured bubble image is controlled by the length of the optical fiber. The delay time 

per one meter fiber can be calculated by the light speed in optical fiber. The speed of light in the 

fiber is around 2 × 10
8
 m/sec and we can get 5 nanoseconds delay per one meter fiber length. 

 

 

Figure 2.6 | Experiment setup for time-resolved imaging. A nanosecond time delay 

images for the photothermal induced bubble after laser pulsing were captured by 

controlling the length of the optical fiber. 
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Figure 2.7 shows the time-resolved images capturing rapidly expanding cavitation bubbles 

triggered in a 3 μm hole from 10 to 110 nanoseconds after laser pulsing. At 10-50 nanoseconds, 

two bubbles form and enlarge at the upper and lower poles of the hole; at 55 nanoseconds, the 

bubbles coalesce; and by 110 nanoseconds, the bubbles collapse. Cavitation bubbles initiate at 

the two tips of the crescent shaped titanium film, which is the location of the hottest spots (Ch 

2.1.3). Local electric field enhancement occurs due to the lightning-rod effect, a non-resonant 

(broadband) phenomenon that originates near a sharp metal corner. 

 

 

Cavitation bubbles are initiated at the two tips of the tapered titanium film due to the 

lighting-rod enhancement effect near sharp metal tips. This is a non-resonant broadband effect 

and is also insensitive to light polarization on our platform. Figure 2.8 shows the bubble size is 

dependent on the laser fluence and not related to the polarization. Higher pulse energy generates 

larger sized cavitation bubbles with longer lifetimes. The lifetime of bubbles triggered by 

nanosecond laser pulses typically lasts for a few hundred nanoseconds. 

 

Figure 2.7 | Time-resolved images showing a laser triggered, rapidly expanding 

cavitation bubble in a platform hole. 
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Figure 2.8 | Time-resolved images showing the dynamics of rapidly expanding 

bubbles triggered under different laser fluence and polarization.  
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2.1.5 Cell membrane cut by cavitation bubble 

Figure 2.9 shows a confocal fluorescence image of a pore formed in a plasma membrane. To 

avoid membrane resealing after bubble cutting, HeLa cells cultured on BLAST chip were fixed 

by the 4% paraformaldehyde before laser pulsing. Cell membrane was stained by WGA594 

(Invitrogen) and shown the red fluorescence. A 3 μm opening on the membrane right above the 

BLAST delivery hole was found from the top view and cross-section view of the confocal image. 

It proves that cell membrane cut by BLAST is highly localized and that the part of a cell outside 

the SiO2 holes is not affected. 

 

 

 

Figure 2.9 | Confocal images showing the cell membrane cut by photothermal 

bubbles.  
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2.2 Device fabrication 

2.2.1 BLAST chip fabrication 

As shown in Figure 2.10, the silicon-based device was fabricated on 2” double-sided 

polished silicon wafers of 300 μm thickness as follows. Step 1: A 1.5 μm thick thermal oxide 

layer was grown on both sides of a wafer. Step 2: After surface treatment with 

hexamethyldisilazane (HMDS) for 10 minutes, photoresist AZ4620 (AZ Electronic Materials) 

was spin-coated on one side of the wafer and exposed to UV light through a chrome mask with 

the design of fluid channels. The patterns were developed in 1:4 dilute AZ400K (AZ Electronic 

Materials) solution for 5 minutes.  Step 3: After 100°C baking for 10 minutes, the wafer was 

etched by advanced oxide etching (Surface Technology Systems) to remove the oxide layer and 

by deep reactive ion etching (Unaxis USA) to etch through the silicon substrate. Step 4: Another 

photolithography process was repeated on the opposite side of the wafer to pattern a 3 μm hole 

array and aligned to the channel structures. Step 5: Advanced oxide etching was used again to 

etch through holes on the oxide thin film. There was still a residue photoresist layer on the top 

surface. Step 6&7: A 100 nm thick titanium thin film was deposited at a tilted angle by an 

e-beam evaporator (CHA Industries). Step 8: Finally, the device was immersed in acetone to 

detach the titanium thin film on the photoresist such that only the sidewalls of the small holes 

retained the metal coating. 
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2.2.2 PDMS pump fabrication 

    The fluidic pump for BLAST system was assembled by three PDMS components. The 

fabrication processes are shown in Figure 2.11. Step 1: The molds for soft lithography were 

fabricated by SU-8 (MicroChem) photolithography process on 4” silicon wafers. SU-8 is an idea 

photoresist to fabricate high aspect ratio structures. Step 2: The gel-type polydimethylsiloxane 

(PDMS), mixed Sylgard 184 silicone elastomer and curing agent (Dow Corning) with 10:1 ratio, 

was poured on each SU-8 mold. Step 3: After 2 hours baking at 60°C, the PDMS was cured and 

easy to be removed from the molds. Step 4: Two of the PDMS components need to be cut a 

through chamber by using the blade. 

Figure 2.10 | Fabrication procedure of BLAST chip.  
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    O2 plasma treatment was used to permanent bond PDMS-PDMS or PDMS-Glass interface. 

The assembling process was shown in Figure 2.12. First and second layer PDMS components 

were bonded each other and then bonded to a 1 mm thick glass slide. There is no bonding 

treatment for the top PDMS component. After BLAST chip loaded on the sample storage 

chamber, the top component was aligned and clamped the chip to create a fully sealed chamber. 

 

 

Figure 2.11 | Fabrication procedure of BLAST fluid pumping system.  

Figure 2.12 | Assembling of BLAST fluid pumping system.  
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2.3 Device design 

2.3.1 Design of injection holes 

    To decide the dimension of delivery holes, sample size and cell viability are the most 

important issues. This platform was designed for micron-sized cargo delivery. So the size of 

delivery holes must be larger than 1 µm in diameter to avoid the clogging. Ideally, devices with 

bigger holes should have wider range of cargo delivery. However, keeping high cell viability 

limits the maximum hole opening. Wu et al. shown cells are able to survive by using 

photothermal nanoblade to cut a micron-sized transient pores on membrane
86, 87

. Otherwise, 

Waleed et al. used tightly focused near-infrared femtosecond laser pulse to puncture a hole on 

cell membrane and observed the membrane healed condition by optical microscope
61

. They 

found the optoporated cells with hole opening above 3.5 µm caused permanent damage on 

membrane. Based on our experimental results, the BLAST chips with 4 µm or larger delivery 

holes could lower the cell viability seriously. Hence, 3 µm in diameter was selected as the 

standard size of the delivery holes. 

    To deposit titanium thin film on the inner sidewall of delivery holes, several parameters 

need to be considered during fabrication processes. As shown in Figure 2.13, the thickness of 

spin-coated photoresist after oxide etching (t), the diameter of the delivery hole (d) and the tilt 

angle of e-beam evaporation (θ) will affect the quality of metal coating and then change the 

shape of laser-induced bubbles. The titanium thin film should cover whole 1.5 µm deep sidewall 

to minimize the variations in bubbles generation from each batch of BLAST chips. These 

parameters can be calculated by basic geometry and trigonometric function. 
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2.3.2 Design of delivery channels 

    To design the delivery channels on BLAST chips, the efficient sample transportation from 

storage chamber to target cells is the basic requirement. One advantage of big channel design is 

decreasing the opportunity of sample clogging even in very high sample concentration. These big 

openings on silicon chips are also benefit for the microfabrication process. For the fabrication 

step to etch through silicon wafer, etching rate and uniformity are proportional to the dimension 

of channels due to the property of etching machine. However, the structure with big openings has 

much weak supporting for the SiO2 thin film stood on the top. It is necessary to make a 

compromise between easy fabrication and strong enough supporting structure. 

    Based on the real fabrication tests, 50 µm in diameter is the perfect size for delivery 

channels (Fig. 2.14 (a)). 1.5 µm thick SiO2 thin film can keep flat on this supporting structure 

and there is no problem to etch through 300 µm thick silicon wafers by regular DRIE machine. 

The uniformity for etching process is also acceptable for 1 cm
2
 chip area. Besides, this 

dimension is much bigger than all of the biology samples that we are interested in and there is no 

chance for delivered cargo to clog inside these channels. In Figure 2.14 (b), the SiO2 thin film 

Figure 2.13 | A titanium thin film coated on the inner sidewall of a small hole.  
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was deformed before using and would be broken after liquid pumping when the channels 

enlarged to 100 µm in diameter. 

 

 

 

2.3.3 Design of fluidic pump 

    For high-throughput delivery, applying uniform pumping flow for each cell is the most 

challenging part for the design of BLAST integrated fluid system. The total amount of loading 

volume for each delivery is usually limited, especially some precious biological samples. Besides, 

the platform which is easy to operate for biological researchers is also an important concern. 

    The schematic of fluidic pumping system for BLAST chips is shown in Figure 2.15 (the 

detailed device drawing has been shown in Fig. 2.2). Compared with other microfluidic devices, 

this design is simple and there is no micro-channel, connected tubing and external fluidic pump 

in this system. A hundreds microns thick PDMS membrane integrated with a pressure chamber is 

the key component to trigger the uniform flow. The samples prepared for delivery inside the 

storage chamber are squeezed to another side (cell side) of the BLAST chip when an applied air 

pressure deforms the membrane and the liquid pressure is almost equal to whole delivery area. 

Figure 2.14 | Size effect of the delivery channel. The images show the delivery 

channels with (a) 50 µm and (b) 100 µm in diameter. 
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The delivery volume is controlled by the depth of sample storage chamber (h). The chamber we 

usually use is 50 µm in depth and 9 µL sample solution is quite enough to fill it. Hence, this 

platform has the potential to deliver extremely precious samples because the sample prepared for 

the usage of 100,000 cells is less than 10 µL. Another powerful design is the user-friendly 

operation. A regular pipette can finish the steps of sample loading in a few seconds (the detail 

shown in Ch 2.4). 

 

 

2.3.4 Design of laser scanning system 

    As shown in Figure 2.16, the laser scanning and pressure pumping were controlled by the 

computer software (LabVIEW). The laser pulsing energy was adjusted by a linear polarizer. And 

then the expand laser beam was guided by a 2D scanning mirror (Thorlabs) and the scanning 

trace was defined by the software to fit the delivery area on BLAST chips. The program was set 

to trigger an external pressure source (FemtoJet, Eppendorf) right after whole chip laser scanning. 

The whole process took around 10 seconds to complete. 

Figure 2.15 | Design of PDMS fluidic pumping system.  
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2.4 Device operation 

In order to satisfy the requirements from most of the biologists, easy to operate is the 

guideline for the BLAST platform design. Users handle these chips as they would handle 

microscope cover slips. The procedure for cargo delivery on a BLAST platform is shown in 

Figure 2.17. Step 1: Drop proper amount of sample solution on the center of the storage chamber 

(Fig. 2.17 (a)). Step 2: Load the cell-cultured BLAST chip on the top of the storage chamber (Fig. 

2.17 (b)). Step 3: Assemble a PDMS well on BLAST chip to fully seal the pumping system (Fig. 

2.17 (c)). Step 4: Add cell culture medium into the well to avoid cell dried during delivery (Fig. 

2.17 (d)). Step 5: Put a glass slide on the top of PDMS well to block any possible contamination 

from outside environment (Fig. 2.17 (e)). And then the BLAST platform is ready for cargo 

delivery. 

Figure 2.16 | Control of laser scanning and fluid pumping.  
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2.5 Device characterization 

2.5.1 Hole density and laser energy 

    Delivery efficiency and cell viability are highly dependent upon hole density of BLAST 

chip and laser pulse energy. The number of pores opened on each cell is critical for cell viability 

and it depends on cell type and chip design. For example, Figure 2.18 shows that HeLa cells can 

cover 6.22, 3.78, 2.11, 1.26 and 0.68 holes/cell on average when the hole densities on a chip are 

1.15, 0.51, 0.29, 0.18 and 0.12 holes/10µm
2
, respectively. Different cell lines may require 

individualized designs for platform delivery holes and patterns to achieve optimized delivery 

efficiency and cell viability. In our fabrication process, only one photolithography step needs to 

be customized for specific delivery hole design. 

Figure 2.17 | Operation procedure of BLAST platform.  
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    Laser energy is another parameter to affect the cell viability. Figure 2.19 shows the 

laser-induced cavitation bubbles captured at 60 ns after different laser energy pulsing. Higher 

laser energy can generate bigger size cavitation bubble and create a bigger pore on cell 

membrane. It would be helpful for large cargo delivery. However, cutting a big opening on the 

membrane might exceed the tolerance of cell re-sealing ability and cause the cell to die. 

Figure 2.18 | Hole density on chips and distribution of number of holes covered 

by a cell. The bars in each plot represent the percentage of cells covering certain 

number of holes. Their hole density are (a) 1,154,700 (b) 513,200 (c) 288,700 (d) 

184,800 (e) 128,300 holes/cm
2
. 
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    To characterize the effect of hole density and laser energy, five sets of tests were designed 

and results are shown in Figure 2.20. Pore opening efficiency was calibrated by testing calcein 

(Invitrogen) uptake after pulsing HeLa cells. Cell viability was measured by propidium iodide 

(PI, Invitrogen) exclusion 90 minutes after laser pulsing. The images from one set of calibration 

tests are shown in Figure 2.21. The hole densities in Figure 2.20 are arranged in the same 

sequence of Figure 2.18 for easier to do a comparison.  

Figure 2.19 | Cavitation bubbles triggered by different laser energy. (a) 0, (b) 35, 

(c) 50, (d) 70 and (e) 90 mJ/cm
2
 laser were pulsed on BLAST chip without cells on 

top. 
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In Figure 2.20 (a), each cell contacted 6.22 holes on BLAST chip and it was difficult to 

keep cells alive even at low laser energy condition. In contrast, the chip with very low hole 

density (0.12 holes/10µm
2
) can maintain very high cell viability (> 90%) for whole range of laser 

energy. However, its highest delivery efficiency was below 60% because around 40% cells 

cultured on the chip did not contact any delivery hole (Fig. 2.18 (e)). The optimized delivery 

condition for HeLa cells is the BLAST chip with 0.29 or 0.18 holes per 10 µm
2
 area at 55 

mJ/cm
2
 laser pulse energy (Fig. 2.20 (c) and (d)). The efficiency and cell viability approach to 

94.7% and 95.9% for 0.29 holes/10µm
2
; 92.2% and 97.2% for 0.18 holes/10µm

2
. To summarize 

Figure 2.20 | Membrane pore opening efficiency and cell viability. The hole 

density on the silicon chip varies from (a) 1,154,700 (b) 513,200 (c) 288,700 (d) 

184,800 (e) 128,300 holes/cm
2
. Both laser pulse energy and density of holes are 

critical parameters to control to obtain optimal delivery conditions. 
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these experimental results from Figure 2.18 and 2.20, we can conclude that the best condition for 

BLAST delivery is opening 1 – 2 holes on each cell. 

 

 

 

2.5.2 Pumping delay time 

Cell membrane resealing starts immediately after transient pores are generated
97

. Large 

cargo delivery is challenging since these transient pores shrink very quickly, impeding the 

diffusion of large sized cargo through the pores, a relatively slow process. Therefore active, not 

diffusion based, cargo delivery is timed to occur before the cell membrane reseals. To measure 

Figure 2.21 | Images showing membrane pore opening efficiency and cell 

viability. Different laser energies (a) 35, (b) 45, (c) 55 and (d) 70 mJ/cm
2
 were pulsed 

on BLAST chip with 288,700 holes/cm
2
. Cells: HeLa, calcein delivery (green) and PI 

viability test (red). 
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the transient opening timeframe for large cargo delivery, we delivered a micron-sized bacterium, 

green fluorescence protein (GFP)-expressing Francisella novicida, into HeLa cells at various 

delay time intervals between laser pulsing and active fluid pumping (Fig. 2.22). These HeLa cells 

were incubated for 12 hours at 37
o
C after delivery to allow the GFP-expressing bacteria to 

replicate extensively in the cytosol such that infected cells were completely filled with green 

fluorescent bacteria. As expected, delivery efficiency decreased with increasing delay time. With 

no delay, the average delivery efficiency across the entire chip is ~58%, whereas with a 10 

second delay, the efficiency drops to ~20% (Fig. 2.22).  

 

 

The delivery of small cargo can tolerate a longer delay time. For example, high efficiency 

delivery can be maintained for up to several minutes for membrane impermeable calcein dye 

Figure 2.22 | Characterization of the transient window for large cargo delivery. 

Live bacteria, F. novicida, expressing green fluorescent protein (GFP) were delivered 

into HeLa cells at a delay time of 0, 2.5, 5, 7.5 and 10 seconds between laser pulsing 

and fluid pumping. A 58% delivery efficiency is achieved at 0 delay time. If the delay 

time is longer than 10 seconds, the delivery efficiency drops to less than 20%. 
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(Fig. 2.23), suggesting that a micron-sized pore opened by a cavitation bubble quickly shrinks to 

exclude the delivery of large cargo but remains permeable to small molecules. Complete 

membrane resealing takes longer than 10 minutes. Of note, the 40% average efficiency for 

delivering intracellular bacteria is partially due to the low repetition rate pulse laser used in this 

study. In our current setup, it takes about 10 seconds to scan the entire 1 cm
2
 chip. Many cells in 

the initially scanned regions have shrunk their pores by the time the pressured delivery is applied, 

reducing bacterial delivery efficiency. 

 

 

2.5.3 Different cell types 

BLAST delivery also works well for different cell types, including primary mammalian 

cells. As shown in Figure 2.24, 40 kDa FITC-dextran (Invitrogen) was delivered into normal 

Figure 2.23 | Characterization of the transient window for nanoscale dye delivery. 

All HeLa cells were stained by WGA 594 (red). Calcein, a polyanionic green 

fluorescent membrane integrity probe (622 Da), is delivered at different time delays. 

The cell membrane pores opened by laser induced cavitation bubbles remain 

permeable for longer than 10 minutes for small molecule delivery before they 

completely reseal. 
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human dermal fibroblasts (NHDFs), peripheral blood monocyte-derived macrophages 

(PB-MDMs) and renal proximal tubule epithelial cells (RPTECs), and these cells were incubated 

on the platform for 3 days to check their viability and proliferation. 

 

 

Figure 2.24 | 40kDa FITC-dextran delivered into HeLa and 3 types of primary 

human cells (3 days after delivery). Bright-field microscopy images of (a) HeLa 

cells, (b) normal human dermal fibroblasts (NHDFs), (c) peripheral blood monocyte 

derived macrophages (PB-MDMs), and (d) renal proximal tubule epithelial cells 

(RPTECs). 40kDa FITC-dextran (green) was delivered into (e) HeLa cells, (f) 

NHDFs, (g) PB-MDMs, and (h) RPTECs and incubated on chips for 3 days after 

delivery. Cells were stained by CellTracker™ Blue CMAC (blue, top row); PI (red) 

was used to identify the dead cells (bottom row). 
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All three primary cell lines retained high cell viability (97.7% for NHDFs, 90.7% for 

PB-MDMs, 95.5% for RPTEC) 3 days after delivery (Fig. 2.25). The delivery efficiencies for 

NHDFs and RPTECs were 96.6% and 92.1%, respectively. PB-MDMs only approached 60% 

efficiency, probably because of their smaller size and contact area on the platform compared with 

NHDF and RPTEC cells (Fig. 2.24).  

 

 

We quantified the proliferation of primary cells after cargo delivery by cell density 

determinations for cells with and without (control, no laser pulsing and fluid pumping) 

FITC-dextran delivery and found that BLAST delivery did not affect cell growth (Fig. 2.26). 

PB-MDMs, which are terminally differentiated cells that do not divide, maintained their original 

cell density. 

Figure 2.25 | Delivery efficiency and cell viability for 3 different primary cells. 

FITC-dextran (40 kDa) delivery efficiency and 3-day cell viability for 3 different 

kinds of primary mammalian cells. 
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2.6 Monitoring of photothermal porated cells 

Except the dye diffusion method to estimate the resealing time of photothermal porated cell 

membrane, an electrical way to monitor the dynamics of membrane-resealing was developed. 

2.6.1 Principle 

Figure 2.27 illustrates the working principle of the metal microdisk-integrated electrical 

impedance sensor. A pair of transparent ITO electrodes is used to monitor the response of a target  

cell. By pulsed laser shining the microdisks on the top of ITO electrodes, micron-sized cavitation 

bubbles are generated to cut the cell membrane locally. When the pore size is repairable, cell 

membrane will be resealed over time and the cell remains viable; however, when a cell 

membrane is severely damaged by large cavitation bubbles, it dies immediately. Schematics of 

Figure 2.26 | Cell proliferation after BLAST delivery. On-chip 3 day cell densities 

are compared with their original cell densities (black). FITC-dextran (40 kDa) was 

delivered into primary cells and cultured on chips for 3 days (blue). Control cells were 

seeded on chips at the same time and incubated for 3 days without laser pulsing and 

fluid pumping (red). 
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equivalent circuit models of before and after bubble cutting are shown in Figure 2.27 (b) and 

Figure 2.27 (c), respectively. Before laser pulsing, the electrical impedance near the microdisk is 

dominated by the capacitance term because an intact plasma membrane is not electrically 

conductive and can be considered as a capacitor (Fig. 2.27 (b)). Oppositely, it is dominated by 

the resistance term after laser pulsing (Fig. 2.27 (c)). Therefore, the electrical impedance can be 

used to monitor the dynamics of the cell membrane opening and resealing processes. 

 

 

 

Figure 2.27 | Metallic microdisk-integrated impedance sensor. a, Cells were cultured on the 

electrode area and contacted both sides of electrodes. Cavitation bubbles were triggered by laser 

pulse and cut the cell membrane. b-c, Simplified equivalent circuit of the target cell (b) before and 

(c) after bubble cutting. Equivalent circuit: (1) membrane and medium, (2) membrane, (3) cell 

interior and (4) medium. 
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2.6.2 Device design and fabrication 

The cross-section view and top view of an impedance sensor are shown in Figure. 2.28. 

Wires were connected to LCR meter for measuring. The image shows the top view of sensing 

area with 5 pairs of Ti-coated microdisks located on the top of ITO electrodes. 

 

 

Fabrication processes for this device are shown in Figure 2.29. It started from a commercial 

ITO glass substrate. Step 1: A 30 nm thick ITO film on glass was patterned by photolithography 

and etched by advanced oxide etching. Step 2: A 400 nm thick SiO2 film was deposited on the 

entire sensing area by plasma-enhanced chemical vapor deposition (PECVD). Step 3: The SiO2 

layer on the area for wire connection was removed by advanced oxide etching. Step 4&5: A 200 

Figure 2.28 | Structure of the microdisk-integrated impedance sensor. Cross 

section view of the impedance sensor is not drawn to scale. 
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nm thick titanium (Ti) film was coated and patterned on top of the SiO2 layer to create metallic 

microdisks with a diameter of 2 μm by lift-off process. Step 6: These Ti disks were also used as 

deep reactive-ion etching (DRIE) masks to selectively remove the SiO2 and expose the ITO 

electrodes for impedance sensing. Step 7&8: Another SiO2 layer with 200 nm thick was 

deposited by e-beam evaporation and patterned by a lift-off approach to provide electrical 

isolation in the area outside the monitored regions to minimize the electrical noise from 

background. Step 9: A PDMS well with a height of 2 cm and an area of 3 cm
2
 was put on the 

device to build a reservoir for holding cell culture media. Metal wires connected to LCR meter 

for impedance measuring were soldered on the large contact pads located outside the PDMS 

reservoir. 

 

 

 

Figure 2.29 | Fabrication procedure of microdisk-integrated impedance sensor.  
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2.6.3 Resealing time of transient pores 

Figure 2.30 shows the measured dynamic impedance of cells severely damaged by a large 

cavitation bubble excited by a high-energy laser pulsing. The impedance magnitude shifted 

around 1.26% of the average impedance, which is 10 times larger than the case without cells on 

electrodes. The impedance angle also changed around 0.0017° after laser pulsing. As shown in 

the right-hand side of Figure 2.30, these cells were permanently damaged after photothermal 

poration, and their impedance did not recover 90 min after pulsing due to the uptake of PI 

fluorescent dye. 

 

 

Figure 2.31 plots the impedance responses of cells remaining viable after photothermal 

poration. The magnitude and the angle of the impedance were changed immediately following 

laser pulsing. The impedance signal recovered in approximately 2 minutes back to the initial 

state. The cell images before and after laser pulsing including bright field and fluorescence 

modes are shown in the right-hand side of Figure 2.31. Before laser pulsing, the culture medium 

used in this experiment was mixed with 100 µg/mL calcein, a membrane-impermeable green 

fluorescent dye, to indicate successful pore opening on cell membranes. Cells with transient 

Figure 2.30 | Impedance responses of a cell damaged severely by laser pulsing.  
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pores showed green fluorescence because the nanoscale dye diffused across the pores into the 

cell cytosol before membrane resealing. After laser pulsing, calcein was washed away and 

replaced with fresh medium. The images show that cells remained viable and retained the calcein 

dye for longer than 90 minutes after laser pulsing. This indicates that the cell recovered 

completely from photothermal poration and the small molecules such as calcein cannot pass 

through the intact cell membrane. If the cells are not fully resealing, the calcein dye will leak out 

to the culture medium and no green fluorescent signal can be detected. 

 

 

 

 

 

 

 

 

 

 

Figure 2.31 | Impedance responses of a living cell irradiated by laser pulsing.  
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Chapter 3 

BLAST Platform for Biological Applications 

 

BLAST platform can deliver broad range of cargo sizes into mammalian cells. Many kinds of 

samples, such as bacteria, enzymes, antibodies, plasmids, gold particles, magnetic beads and 

quantum dots, were delivered by BLAST platform and kept functional in the cell cytoplasm. 

Several interesting phenomena were observed due to this unique technique. 

 

3.1 Bacteria delivery 

3.1.1 Listeria monocytogenes delivery 

We have confirmed that the BLAST platform delivers biologically viable and undamaged 

cargo directly into the cytosol by studying an escape-incompetent strain of Listeria 

monocytogenes (L. monocytogenes) deficient in listeriolysin O and phospholipase C
98

. When the 

barrier to escape is bypassed by delivering the strain directly into the host cell cytosol, the 

cytosolic L. moncytogenes nucleate actin and form actin comet tails (Fig. 3.1). 

L. monocytogenes hly plcB, strain 10403S, with in-frame deletions of genes encoding the 

listeriolysin O and the broad-range phospholipase C, was delivered by BLAST platform with 

laser pulsing into the cytosol of HeLa cells (Fig. 3.1 (a) – (c)) or, as a sham control, in the 

absence of laser pulsing (Fig. 3.1 (d) – (f)). The cells were washed, incubated at 37
o
C for 6 hours 
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in DMEM with 10% FBS and 5 g/ml gentamicin (which kills any residual extracellular 

bacteria), and fixed in 4% paraformaldehyde in PBS (detailed protocol shown in Appendix A). 

DNA of host cells and bacteria (Fig. 3.1 (a) and (d) arrows) were stained with DAPI (Invitrogen). 

F-Actin was stained with AlexaFluor 488-phalloidin (Molecular Probes) to demonstrate 

nucleation of actin by cytosolic Listeria (Fig. 3.1 (b)).  L. monocytogenes hly plcB that 

nucleate actin to form actin comet tails are observed after BLAST with laser pulsing (Fig. 3.1 (a) 

– (c)), but not in the absence of laser pulsing (Fig. 3.1 (d) – (e)), confirming that these bacteria, 

which are unable to escape from host cell vacuoles, were delivered successfully into the cytosol 

by BLAST.  

 

 

We also delivered L. monocytogenes into one type of primary cells, NHDFs (Fig. 3.2). L. 

monocytogenes-GFP hly plcB (green), strain 10403S, with in-frame deletions of genes 

Figure 3.1 | Escape-incompetent Listeria monocytogenes, deficient in listeriolysin 

O and broad range phospholipase C, nucleate actin after BLAST delivery 

directly into the cytosol of HeLa cells. 
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encoding the listeriolysin O and the broad-range phospholipase C, was delivered by BLAST with 

laser pulsing into the cytosol of NHDFs (Fig. 3.2 (a)) or, as a sham control, in the absence of 

laser pulsing (Fig. 3.2 (b)). The delivered cells were washed, incubated at 37
o
C for 6 hours in 

DMEM with 10% FBS and 5 g/ml gentamicin and fixed in 4% paraformaldehyde in PBS 

(detailed protocol shown in Appendix B). F-Actin was stained with phalloidin-rhodamine (red) 

to demonstrate nucleation of actin by cytosolic Listeria. L. monocytogenes-GFP hly plcB that 

nucleate actin to form actin comet tails were observed after BLAST with laser pulsing, but not in 

the absence of laser pulsing. 

 

 

Figure 3.2 | Escape-incompetent Listeria monocytogenes, deficient in listeriolysin 

O and broad range phospholipase C, nucleate actin after BLAST delivery 

directly into the cytosol of NHDFs. 
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3.1.2 Francisella novicida delivery 

To demonstrate an enabling application of the photothermal platform, we examined the 

function of iglC, a gene within the Francisella Pathogenicity Island (FPI), in intracellular 

replication of Francisella. The high efficiency and nearly simultaneous delivery of bacteria into a 

population of cells under uniform physiological conditions allows reliable measurements of 

bacterial intracellular trafficking and growth over time, which is not feasible with current 

lower-throughput, size-limited methodologies. 

Francisella is a non-motile, highly virulent Gram-negative facultative intracellular 

bacterium that causes a potentially fatal zoonotic disease, tularemia. Francisella subverts host 

cell trafficking by preventing phagolysosomal fusion and escapes into the host cell cytosol, 

where it replicates
99

. Essential to its virulence and its capacity to escape into the cytosol and 

replicate intracellularly is a cluster of 17 genes, the FPI, thought to encode a Type 6 Secretion 

System (T6SS)
90, 100, 101

. Disruption of almost any of the FPI genes prevents phagosome escape 

and intracellular replication
102

. Because vacuolar escape precedes and appears to be required for 

intracellular bacterial replication of Francisella, it has been impossible to determine whether the 

FPI is required only for vacuolar permeabilization and bacterial escape into the cytosol or is 

additionally required for intracytosolic activities such as replication following escape. 

HeLa cells are non-phagocytic and inefficiently internalize F. novicida. Under the 

conditions of our assay, less than 0.5% of HeLa cells internalize F. novicida in the absence of 

laser pulsing. However, BLAST delivers a high percentage of F. novicida into HeLa cells (Fig. 

3.3). 
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3.1.3 Francisella novicida mutant strains 

F. novicida Utah 112 was grown in trypticase soy broth supplemented with 0.2% cysteine or 

on chocolate agar. When needed, kanamycin and hygromycin were included in the F. novicida 

cultures at 20 µg/mL or 200 µg/mL, respectively. F. novicida was chemically transformed with 

the suicide plasmid pMP590-FniglC-ExC to generate an unmarked in-frame deletion mutant of 

iglC by allelic exchange. The resulting kanamycin resistant clones with plasmid integration were 

counter-selected on chocolate agar containing 5% sucrose for loss of the integrated plasmid. The 

clones that were resistant to sucrose and sensitive to kanamycin were screened for deletion of the 

iglC gene by PCR and Western immunoblotting analyses. GFP expressing F. novicida strains 

were generated by introducing pMP633 carrying a codon optimized superfolder gfp (sfGFP; Dr. 

Francis Nano, University of Victoria) driven by the bacterioferritin (FTL_0617) promoter. For 

complementation of iglC, pMP633BC-iglC-sfGFP was introduced into F. novicida iglC for 

Figure 3.3 | Micron-sized GFP-F. novicida (green) were delivered into HeLa cells. 

The cell nuclei and membranes were stained by DAPI (blue) and WGA 594 (red), 

respectively. 
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bi-cistronic expression of iglC and sfGFP. 

Bacterial lysates from 1.5 × 10
7
 GFP expressing F. novicida wild type (Fig. 3.4 lane 1), 

FPI (Fig. 3.4 lane 2), iglC (Fig. 3.4 lane 3), and iglC complemented (Fig. 3.4 lane 4) strains 

were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose 

membrane for probing with monoclonal antibody to IglB (1:1,000; BEI Resources) or polyclonal 

antibody to IglC (1:1,000), bacterioferritin (Bfr, 1:1,000), or GFP (1:2,000; Assay Designs), as 

indicated to the right of the Figure 3.4. IglC expression is absent from F. novicida FPI and 

iglC strains (Fig. 3.4 lanes 2 and 3) and restored in the iglC complemented strain (Fig. 3.4 lane 

4). 

 

 

Figure 3.4 | Immunoblot analysis confirms the lack of IglC expression in the F. 

novicida mutant strains. Bacterial lysates from 1.5×10
7
 GFP expressing F. novicida 

wild type (lane 1), FPI (lane 2), iglC (lane 3), and iglC complemented with iglC 

on a plasmid (lane 4) strains were separated by SDS-polyacrylamide gel 

electrophoresis. 
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We also confirm that the complementation restores the ability of F. novicida iglC mutant 

to multiply intracellularly (Fig. 3.5). Human monocytic THP-1 cells (1 × 10
5
/well) were 

differentiated with phorbol ester and infected with F. novicida expressing sfGFP (1×10
6
/well) for 

1.5, 6, or 24 hours, as indicated. Human monocytic cell line THP-1 (ATCC TIB202) was 

maintained in RPMI-1640 supplemented with 10% FBS and penicillin (100 IU)/streptomycin 

(100 µg/mL). Prior to infection, THP-1 cells were differentiated with 100 nM phorbol 

12-myristate 13-acetate for 3 days. Bacteria were pre-opsonized by incubation in 10% AB serum 

in HBSS at 37°C for 10 minutes, spun onto THP-1 macrophages at 800 g for 30 minutes at 4°C, 

and incubated at 37°C for 30 minutes to allow uptake. The infected monolayers were treated with 

10 µg/ml gentamicin in DMEM containing 10% FBS for 30 minutes, washed and incubated in 

DMEM containing 10% FBS and 0.1 µg/ml of gentamicin. At specified time points, the infected 

monolayers were lysed with 1% saponin in PBS for 5 min, and the serial diluted lysates were 

plated on chocolate agar for bacterial CFU enumeration.Three F. novicida strains were studied: F. 

novicida wild-type, F. novicida iglC, and iglC complemented F. novicida iglC. The infected 

monolayers were then fixed with 4% formaldehyde, and the nuclei stained with DAPI. High 

resolution images of the infected monolayers were acquired by ImageXpress (Molecular Probes) 

and analyzed by MetaXpress High Content Image Analysis Software. From 1.5 to 24 hours, the 

number of green fluorescent bacteria per nucleus increased about 10-fold for the F. novicida 

wild-type and complemented F. novicida iglC strains; in contrast, the number of F. novicida 

iglC per nucleus decreased by 3-fold. 
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3.1.4 The iglC gene is required for F. novicida intracellular growth 

Three strains of F. novicida – the wild-type, a iglC mutant in which the iglC gene has been 

deleted, and a iglC mutant complemented with the iglC gene - were delivered into HeLa cells 

(Fig. 3.6 (a) – (c)). HeLa cells are non-phagocytic and inefficiently internalize F. novicida, but 

using BLAST, F. novicida were delivered directly into the cell cytosol. After the HeLa cells 

recovered, they were harvested from the BLAST platform for study of bacterial intracellular 

trafficking and multiplication over time (detailed protocol shown in Appendix C). We used a 

modification of the differential digitonin permeabilization assay
103

 to identify cytosolic versus 

vacuolar bacteria, confirming extensive cytosolic localization of the bacteria (Fig. 3.6 (d)), and 

we assayed bacterial intracellular growth by counting the number of bacteria in HeLa cells over 

Figure 3.5 | Complementation restores the ability of F. novicida iglC mutant to 

multiply intracellularly. From 1.5 to 24 hours, the number of green fluorescent 

bacteria per nucleus increased about 10-fold for the F. novicida wild-type and 

complemented F. novicida iglC strains; in contrast, the number of F. novicida iglC 

per nucleus decreased by 3-fold. 
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time (Fig. 3.6 (e)). 

 

 

    About the differential digitonin permeabilization assay (Fig. 3.7), vacuolar versus cytosolic 

localization of bacteria was assessed by a modification of the differential digitonin 

permeabilization method of Chercoun et al.
103

, which permeabilizes plasma membranes but not 

bacterial vacuoles. After BLAST delivery of bacteria into HeLa cells, the monolayers were 

allowed to recover for 30 minutes; stained for 10 minutes with Alexa-Fluor 647 WGA; washed 

with HBSS; fixed for exactly 1 minute with 4% paraformaldehyde in HBSS; permeabilized for 

exactly 1 minute with 0.05 mg/mL digitonin in 110 mM potassium acetate, 20 mM HEPES, 2 

Figure 3.6 | The iglC gene is required for F. novicida intracellular growth even 

after cytosolic delivery. GFP-expressing F. novicida wild-type (a), iglC mutant (b), 

and iglC mutant complemented with iglC (c) in the cytosol of HeLa cells at 22 hours 

after delivery. (d) The percentage of these three types of F. novicida delivered on the 

platform were found in the cytosol and not trapped in vacuoles. (e) Growth of F. 

novicida wild-type, iglC mutant and complemented iglC mutant in HeLa cells after 

cytosolic delivery. 
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mM MgCl2, and 15% sucrose (KHM with 15% sucrose); washed twice with KHM containing 

15% sucrose; incubated with chicken anti-F. novicida antibody (1:1000 dilution, a gift from Dr. 

Denise Monack, Stanford University) in KHM buffer containing 15% sucrose and 0.1% BSA; 

washed three times with KHM containing 15% sucrose; fixed for 30 minutes in 4% 

paraformaldehyde in 75 mM sodium phosphate, pH 7.4; permeabilized thoroughly with 0.1% 

saponin in PBS; washed with PBS; and incubated with Texas Red-X conjugated goat 

anti-chicken antibody (Invitrogen) for 90 minutes at room temperature. Monolayers were 

incubated with DAPI (1 g/mL), washed with PBS, and viewed by fluorescence microscopy. 

Green fluorescent bacteria within the WGA-stained host cell borders that stained by the red 

antibody probe were scored as being cytosolic and those that were not stained by the red 

fluorescent antibody probe were scored as being membrane bound (vacuolar). 

 

 

Figure 3.7 | Differential digitonin permeabilization assay for F. novicida delivered 

into HeLa cells. HeLa cells were stained by (a) DAPI (blue) and (b) WGA 647 

(infrared). (c) GFP-expressing F. novicida (green). (d) Texas Red-X conjugated 

goat anti-chicken antibody (secondary antibody, red). (e) Merged image. 
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Indeed, growth curves over time (Fig. 3.6 (e)) reveal that ΔiglC mutant bacteria die inside 

the HeLa cell cytosol, suggesting that host defense mechanisms of the HeLa cells are able to kill 

the FPI mutant bacteria. In contrast, wild-type bacteria, which replicate intracellularly, appear 

immune to these host defenses. The BLAST platform delivers objects directly into the cytosol 

and as many as 50% of the bacteria are found in cell vacuoles (Fig. 3.6 (d)) within these 

non-phagocytic cells, suggesting that reuptake of the bacteria into vacuoles by an autophagic 

process occurs, as shown recently by Chong et al. for F. tularensis mutants that are escape 

competent but impaired in cytosolic replication
104

. However, autophagy does not explain the 

absence of growth for the ~50% of FPI mutants that remain cytosolic. Indeed, Chong et al. 

demonstrated that autophagy played only a minor role in killing of F. tularensis that are escape 

competent but defective in cytosolic replication
104

 and Chiu et al. showed that an inducer of 

autophagy was effective in killing F. novicida at times when the bacteria are vacuolar but not 

when they are cytosolic
105

. Additional host defenses such as reactive nitrogen, superoxide, and 

nutritional restrictions may be responsible for the failure to grow and death of the ΔiglC mutants 

within the HeLa cell cytosol. We have obtained similar results using a strain in which the entire 

FPI has been deleted (Fig. 3.8).  
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Previously, IglC has been known to be critically important in phagosome permeabilization, 

but our data indicate that IglC is also required for Francisella cytosolic replication even after 

phagosome escape. We hypothesize that the FPI-encoded secretion apparatus secretes effectors 

that are essential both for phagosome permeabilization and for counteracting host defenses 

against cytosolic bacteria. Moreover, our data indicate that the host cell cytosol is not a 

permissive environment, but instead requires specialized adaptations to permit cytosolic 

replication of a pathogen. The development of the BLAST tool with its capacity for massively 

parallel cytosolic delivery of bacterium sized cargo promises to greatly facilitate the 

Figure 3.8 | Francisella Pathogenicity Island is required for cytosolic replication. 

GFP-expressing F. novicida (a) FPI mutant and (b) wild-type in the cytosol of HeLa 

cells at 22 hours after delivery. (c) The FPI strain is not able to multiply either in 

macrophages (THP-1), in which it is unable to escape from the phagosome, or in HeLa 

cells, even when delivered directly into the cytosol. 
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identification of the bacterial genes and pathogenic mechanisms that permit cytosolic pathogens 

to overcome host defenses and to replicate in the hostile cytosolic environment. 

 

3.2 Enzyme delivery 

To confirm that BLAST delivers biologically active and undamaged cargo directly into the 

cell cytosol, we delivered the bacterial enzyme β-lactamase (29 kDa, Sigma) by BLAST into 

NHDFs, and evaluated its delivery and functional activity by incubating the cells with the 

esterified β-lactamase substrate, CCF4-AM
106

 (detailed protocol shown in Appendix D). 

When CCF4-AM enters the cytosol, endogenous esterases convert it to CCF4, which can be 

detected by fluorescence resonance energy transfer (FRET). Excitation of CCF4 at 408 nm 

wavelength leads to efficient FRET and emission of green fluorescence at 530 nm wavelength. 

Bacterial β-lactamase that has been delivered by BLAST into the cell cytosol cleaves CCF4 into 

two separate fluorophores and the FRET effect is lost, with the emission fluorescence changing 

from green to blue at 460 nm wavelength.  

Fig. 3.9 presents fluorescence images of CCF4-loaded cells at 5 hours after β-lactamase 

delivery. β-lactamase at 50 Units/mL and 1 Unit/mL in PBS were delivered into NHDFs using 

BLAST under the condition of fluid pumping with or without laser pulsing. NHDFs into which 

more enzyme was delivered show a higher blue-to-green fluorescence intensity ratio. This result 

shows that the enzyme remains functional after BLAST delivery. 
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3.3 Antibody delivery 

Delivering antibody into cells has lots of biological applications due to its property of 

specific binding. For instance, Lane et al. injected anti-Plk1 antibodies into HeLa cells by 

microinjection and found that protein Plk1 is required for progression through mitosis
107

. 

However, labor-intensive microinjection is the most efficient method to delivery antibody due to 

its big size. 

    The antibody, Mouse anti-α tubulin with Alexa Fluor 488 (Invitrogen), was delivered into 

NHDFs by BLAST platform (Fig. 3.10). Mouse anti-α tubulin was prepared to 100 μg/mL in 

PBS and bonded on the cytoskeleton after delivery into cells. In order to get high quality images, 

Figure 3.9 | BLAST delivered β-lactamase enzyme is functional inside NHDFs. 

β-lactamase at 50 Units/mL (a, c) or 1 Unit/mL (b, d) in PBS were delivered into 

NHDFs using BLAST under the condition of fluid pumping but with (a, b) or without 

(c, d) laser pulsing. (e) Blue and green fluorescent intensities for all 4 groups were 

measured 5 hours after β-lactamase delivery. A higher blue-to-green fluorescence ratio 

means more β-lactamase was delivered into cells and remained functional, and thus 

able to cleave CCF4 molecules. 
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unbonded fluorescent antibodies need to be washed away. After 5 hours incubation, delivered 

cells were fixed by 4% paraformaldehye in PBS for 15 minutes at room temperature and 

permeabilized by 0.1% Saponin in PBS for 15 minutes at room temperature. And then cell 

samples were rinsed by PBS three times to remove background fluorescence. The clear 

cytoskeleton structure of NHDFs is shown in Figure 3.10. 

 

 

    Another antibody, anti-FLAG, was delivered into THP-1 cells to determine whether 

anti-FLAG antibody inhibits intracellular replication of F. novicida that express FLAG-VgrG (F. 

novicida-FLAG-VgrG). There are two control experiments designed for this test, one is 

delivering IgG (control antibody) by BLAST platform (Fig. 3.11 (b) and (e)) and another is 

delivering anti-FLAG without laser pulsing (Fig. 3.11 (c) and (f)). After antibody delivery, F. 

novicida-FLAG-VgrG was incubated with BLAST delivered THP-1 cells for 90 minutes to 

become infected. The conditions at two time points, 1 hour and 22 hours after antibody delivery, 

were observed to check the effect of anti-FLAG. Moreover, no antibody signal (red fluorescence) 

Figure 3.10 | Antibody delivered into cells by BLAST platform. Mouse 

anti-α-tubulin monoclonal antibody with Alexa 488 conjugate was delivered into 

NHDFs, labeling the cytoskeleton (green). After 5 hours incubation, cells were fixed 

and permeabilized to remove background fluorescence. 
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shown in Figure 3.11 (c) and (f) means that bubble cutting is critical for antibody delivery. 

 

 

    Statistic analysis of intracellular growth for each group is shown in Figure 3.12. At 

beginning (1 hour after delivery), the percentage of heavily infected cells for each group is no 

obviously different. At 22 hours after delivery, the heavily infected cells for both of control 

groups, IgG delivery and no laser delivery, jump to around 40-50%. In contrast, the anti-FLAG 

delivered THP-1 cells have less than 20% for heavily infected by F. novicida-FLAG-VgrG. 

Hence, we can conclude that the delivered anti-FLAG antibody can block the function of VgrG 

proteins and successfully inhibit the intracellular replication of F. novicida-FLAG-VgrG in 

THP-1 cells. 

Figure 3.11 | Antibody delivered into THP-1 to inhibit intracellular replication of 

F. novicida. Images show (a-c) 1 hour and (d-e) 22 hours after delivering (a, d) 

anti-FLAG, (b, e) IgG and (c, f) anti-FLAG without laser pulsing (control) into 

THP-1. Green: F. novicida, Red: antibody, Blue: DAPI (nuclei). 
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3.4 Functional particles delivery 

The BLAST platform is also powerful to deliver a wide range of man-made functional 

particles, such as polystyrene beads, magnetic beads, gold particles and quantum dots, into cell 

cytosol. 

    Micron-sized polystyrene beads can be used as carriers for plasmids, proteins or other 

bio-molecules and are widely used in many different kinds of biological applications. Waleed et 

al. delivered plasmid-coated polystyrene beads into MCF-7 cancer cells by the combination of 

femtosecond laser and optical tweezers
61

. In this research, 1 μm polystyrene beads were 

delivered successfully and the green fluorescent protein was detected after 72 hours. For our 

BLAST platform, 2 μm green fluorescent polystyrene beads (FluoSpheres) modified by 

carboxylate were concentrated to 10
10

 beads/mL in PBS and delivered into HeLa cells. Fig. 3.13 

shows the fluorescent beads inside the cells around 2 hours after delivery. 

Figure 3.12 | Anti-FLAG antibody inhibits the intracellular growth of 

FLAG-VgrG expressing F. novicida.  
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    For the long-term observation, delivered cells were released from BLAST chip and cultured 

in a petri dish at 37°C. More than 30 hours after delivery, these cells were still healthy based on 

their morphology and continued to grow (Fig. 3.14). It proves that BLAST platform can deliver 

at least 2 μm size cargo into cell cytosol without effecting the cell proliferation. 

Figure 3.13 | 2 μm polystyrene beads delivered into HeLa cells by BLAST 

platform. 2 μm green fluorescent polystyrene beads were delivered into HeLa cells. 

Cell membranes were stained by WGA 350 (blue) and propidium iodide (red) was 

used to identify dead cells. 
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Magnetic nanoparticles have several applications in medical diagnosis and therapy such as 

magnetic resonance imaging contrast enhancement, magnetic field assisted radionuclide therapy 

or as colloidal mediators for cancer magnetic hyperthermia
108

. 200 nm red fluorescent magnetic 

beads (Chemicell) modified by streptavidin were diluted to 2×10
10

 beads/mL in PBS and 

delivered into HeLa cells by BLAST. At 2 hours after beads delivery, cells were released from 

the BLAST chip and replated on a micro-magnet patterned chip
109

 for 6 hours incubation at 37°C. 

The magnetic beads inside cells were attracted by the nearby magnetized ferromagnetic element 

when an external magnetic field was applied (Fig. 3.15). 

Figure 3.14 | 30 hours after 2 μm polystyrene beads delivered into HeLa cells. 2 

μm polystyrene beads delivered HeLa cells were released from BLAST chip and 

replated in a petri dish for long-term observation. At 30 hours after delivery, cells were 

still healthy and kept growing. 
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BLAST is also a promising delivery platform for gold particles, which have become an 

attractive material for various biomedical applications such as live cell monitoring and drug 

delivery
110

 because of their tunable surface plasmon resonance peaks. 100 nm gold particles 

(nanoComposix) with PEG-coating were prepared at 5×10
9
 particles/mL in PBS and delivered 

into HeLa cells on BLAST chip. To see the nano-sized particles, delivered cells were observed 

under a dark-field microscope (Fig. 3.16).  

 

Figure 3.15 | 200 nm magnetic beads delivered into HeLa cells by BLAST 

platform. 200 nm magnetic beads (red) were delivered into HeLa cells and attracted 

by a nearby micromagnet. 
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Modified quantum dots (QDs) could be utilized as probes to label intracellular structures 

and have the potential for applications such as high-resolution cellular imaging, long-term 

observation of cell trafficking, cancer cell targeting, and diagnostics
89, 111

. Derfus et al. found that 

QDs delivered by liposome complexes and electroporation have serious aggregation issue and 

only microinjection can keep the delivered QDs as monodisperse nanoparticles
112

. However, the 

throughput is very low for microinjection. BLAST platform is a great solution for efficient QDs 

delivery. As shown in Figure 3.17, CdSe(core)/ZnS(shell) QDs (Ocean NanoTech) with 

PEG-coating were delivered into HeLa cells at a concentration of 8 μM. 

Figure 3.16 | 100 nm gold particles delivered into HeLa cells by BLAST platform. 

100 nm gold particles were delivered into HeLa cells and observed under a dark-field 

microscope. The dark-field image was painted in yellow and merged with the cell 

membrane image (stained by WGA 350, blue). 
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3.5 Plasmids delivery 

    Delivering plasmids into cells, called cell transfection, is an important technique to study 

the function of genes and develop the gene therapy. The size of plasmids is around tens of 

nanometer and it is definitely in the delivery range of BLAST platform. Green fluorescent 

protein (GFP)-expressing plasmids, pmax GFP (3,486 bp), at a concentration of 50 μg/mL were 

prepared for delivery. Figure 3.18 shows the HeLa cells had GFP expression at 24 hours after 

plasmids delivered by BLAST platform. It means the delivered plasmids still kept their function 

and integrated with target cell DNA to produce green fluorescent proteins. However, the delivery 

efficiency for plasmids with GFP expression is less than 5%. Wang et al. also faced the same 

issue for cell transfection using bare plasmid DNAs by their technique
69

. The possible reason for 

low efficiency is that the delivered plasmids degraded fast in cell cytoplasm and most of them 

had no chance to get inside cell nuclei. Lipid-based membrane can protect DNA from 

Figure 3.17 | Quantum dots delivered into HeLa cells by BLAST platform. CdSe 

(core)/ZnS (shell) quantum dots (green) were delivered into HeLa cells. The cell 

membranes appeared blue due to the WGA 350 staining. 
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degradation in cell cytosol. Hence, preparing plasmids packaged by liposomes for BLAST 

delivery should effectively improve the transfection efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 | GFP-expressing plasmids delivered into HeLa cells and expressed 

green fluorescence. 
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Chapter 4 

Other Types of Delivery Platform 

 

BLAST platform is efficient to delivery micron-sized cargo into adherent cells. In order to adapt 

this technique for more applications, other types of delivery platform were developed for 

suspension cells and sensitive cell types. Besides, a new design for mass production of BLAST 

chips was described.  

 

4.1 Bare silicon wafer 

    For nanoscale molecules delivery, one simple method which is also using photothermal 

effect was developed. There is no microfabrication for this method. As shown in Figure 4.1, 

suspension cells or suspended adherent cells were mixed with the sample prepared for delivery. 

This cell solution was poured on a bare silicon wafer and waited around 10 minutes for cells 

settled down on the surface. Laser pulses were shined on the silicon substrate underneath the 

target cells. The silicon substrate was heated up by absorbing laser energy and generated 

cavitation bubbles which were randomly distributed over the laser-pulsed area. These cavitation 

bubbles could hit nearby cells and create some pores on cell membrane. The small molecules 

mixed with target cells would diffuse into cell cytoplasm before the transient pores resealed.  
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    To proof this concept, Ramos cells, a kind of suspension cell, were mixed with 100 µg/mL 

calcein and dropped on the surface of a bare silicon wafer. After 10 minutes, different laser 

pulsing energy were applied to different groups of target cells and these treated cells were 

collected by pipette suction. Collected cell samples were washed several times to remove 

background calcein and PI was added in each sample for viability test. The results are shown in 

Figure 4.2.  

 

 

The delivery efficiency jumps up around 100-150 mJ/cm
2
 as the threshold energy to induce 

Figure 4.1 | Procedure of cell delivery on a bare silicon wafer by laser pulsing. 

Figure 4.2 | Dye delivery efficiency and cell viability for bare silicon platform. (a) 

270, (b) 180, (c) 100 and (d) 0 mJ/cm2 laser pulses were shined on cell-loaded bare 

silicon wafer. Cells: Ramos, calcein delivery (green) and PI viability test (red). 
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cavitation bubbles on the silicon substrate. Multiple laser pulsing would be helpful to improve 

the molecule uptake efficiency. But it is not easy to approach high cell viability because the 

bubbles are not controlled very well. The advantage of this method is easy to use and low cost. 

However, there is no active flow to drive cargo into cells. This diffusion-based platform cannot 

be used for large cargo delivery. 

 

4.2 Cell-on-substrate BLAST platform 

    For some specific applications or extremely sensitive cell types, it is not convenient to 

culture cells on BLAST chips shown in Figure 4.3 (a). Hence, another type of BLAST platform, 

called cell-on-substrate type, shown in Figure 4.3 (b) was developed. In this platform, cells can 

be cultured on any kind of transparent substrate, such as cover glasses, petri dishes, etc. And then 

the cell-cultured substrate is flipped over and located on the top of BLAST chip. These target 

cells would gently contact the delivery holes on BLAST chip by controlling the thickness of 

spacing structure. Compared with regular BLAST platform, the mechanisms of membrane 

opening and cargo driving are totally the same. 

 

 

Figure 4.3 | Two types of BLAST platform. Two designs of (a) cell-on-chip and (b) 

cell-on-substrate were tested for cargo delivery. 
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    The experimental results for cell-on-substrate BLAST platform are shown in Figure 4.4. 

HeLa cells were cultured on a 24 × 40 mm cover glass. For the delivering sample preparation, 

200 nm polystyrene beads with the concentration of 2.3 × 10
12

 beads/mL were loaded in sample 

storage camber and covered by a non-cell-cultured BLAST chip. Three conditions, laser pulsing 

with fluid pumping, pumping only and laser pulsing only, were tested and shown in Figure 4.4. 

There was almost no beads uptake for the cases of pumping only and laser pulsing only. It shows 

again the importance of membrane cutting with active flow driving for large cargo delivery.  

 

 

    Compared with cell-on-chip BLAST, the total amount of delivered cargo in each cell by 

cell-on-substrate method is much less under the same condition. The possible reason is the 

driving flow issue explained in Figure 4.5. The regular BLAST (cell-on-chip) has no problem for 

Figure 4.4 | 200 μm polystyrene beads delivered into HeLa cells by 

cell-on-substrate BLAST platform. The green fluorescent beads were delivered with 

(a) laser pulsing and fluid pumping, (b) fluid pumping only and (c) laser pulsing only. 

PI for viability test (red). 
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fluid pumping because the cells are free to expand when the flow driven into cell cytoplasm (Fig. 

4.5 (a)). In contrast, the cells delivered by cell-on-substrate BLAST are confined in a small gap 

and the space for cell expansion is limited. The liquid is incompressible and has no way to leak 

out because these cells are sandwiched between two large area substrates. Hence, pumping issue 

is a critical limitation for cell-on-substrate BLAST platform. 

 

 

 

4.3 BLAST platform for non-adherent cells  

    The regular BLAST platform does not work well for suspension cells which cannot adhere 

on the surface of BLAST chip. A new platform for non-adherent cells delivery was developed to 

serve all kinds of cell types (Fig. 4.6). As shown in Figure 4.6 (a) and (b), a Transwell membrane 

(Corning), which is a 10 µm thick porous polymer thin film with 1 µm pores randomly 

Figure 4.5 | Pumping issue for cell-on-substrate BLAST platform. Schematic 

pumping flows for (a) cell-on-chip and (b) cell-on-substrate delivery platform are 

analyzed. 
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distributed, was used to trap the suspension cells on the chip. To avoid cells smashed by the 

stress, a well structure worked as a spacer and aligned cells with delivery holes was fabricated on 

the regular BLAST chip by photolithography process (Fig. 4.6 (c)). AZ 5214 (AZ Electronic 

Materials), a photoresist, was used as the material of the well structure and its thickness was 

controlled by the spin-coating process (Fig. 4.6 (e)). To demonstrate the function of new platform, 

Ramos cells were loaded on BLAST chip with well structure. As shown in Figure 4.6 (d), the 

size of well structure was designed to accommodate one cell in each location. The delivery hole 

was located in the center of the well and contacted the target cell with automatic alignment. 

 

 

Figure 4.6 | BLAST platform for non-adherent cells. (a, b) Porous membrane for 

cell trapping was covered on BLAST chip. (c) Well structure on the chip. (d) Ramos 

cells loaded in well structure. (e) Dimensions for on-chip well structure. 



66 
 

    The test results for non-adherent cells delivery are shown in Figure 4.7. Ramos cells were 

stained by Calcein-AM (Invitrogen) before loading into well structure. 10 µL PI solution with the 

concentration of 5 µg/mL was added in sample storage chamber and assembled with 

well-structure BLAST chip. Loaded cells would be pushed down to contact the delivery holes 

when covered by the porous membrane. Membrane with 1 µm pores was selected because the 

liquid would be passed through but cells would be trapped. As shown in Figure 4.7 (b), some of 

the Ramos cells labelled by solid circles had PI uptake (color turned to red) when a laser pulsed 

in whole field of view. The low delivery efficiency may be caused by nonuniform trapping for 

large area. Better trapping mechanism can improve the cells contact with the delivery holes and 

increase the chance of cargo delivery. 

 

 

 

4.4 SOI BLAST chips for mass production 

    Regular BLAST chips need to be fabricated one by one due to some critical designs for 

optimized performance. A new type of BLAST chips fabricated on silicon on insulator (SOI) 

Figure 4.7 | Dye delivered into non-adherent cells. The images show (a) before and 

(b) after PI (red) delivered into Ramos cells. Cells were stained by Calcein-AM 

(green) before test. Delivered cells are labelled by solid circles. 
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wafers was designed to satisfy the requirement of mass production. The most critical challenge 

for mass production is the uniformity for large area etching, especially the step of DRIE process. 

DRIE process was used to etch the through-chip channels (300 μm in depth) and any slight 

variation of etching rate in different locations would cause serious structure collapse because of 

long-time etching. To improve etching quality for large area, enlarging the etch opening for each 

single channel is the easiest way. However, the 1.5 μm thick SiO2 thin film stood on channel 

structure would be fragile when channel size becomes too large (discussed in Ch 2.3.2). Hence, 

the thin film was replaced by 10 μm thick silicon layer to strengthen the chip structure shown in 

Figure 4.8. The SOI wafer with 10 μm device layer was used for new chip fabrication. Besides, 

the design of honeycomb pattern can further strengthen the supporting structure and maximize 

the delivery area. 

 

 

    The improvement in uniformity for large area etching allowed us to fabricate more BLAST 

chips on each single wafer. As shown in Figure 4.9 (a), a 4-inches SOI wafer can accommodate 9 

BLAST chips. Most of the fabrication steps are followed the regular BLAST procedure described 

Figure 4.8 | Design of BLAST chips fabricated by SOI wafers. 
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in Chapter 2.2.1. The finished SOI BLAST chip is shown in Figure 4.9 (b) and (c). Mass 

production can not only save fabrication time but also cut down the cost. The cost of SOI 

BLAST chip is only 10% regular BLAST one. The only drawback for this design is the potential 

clogging issue due to the 7 times longer delivery holes (from 1.5 μm to 10 μm in length). 

 

 

 

 

 

 

 

 

Figure 4.9 | Images for SOI BLAST chips. (a) 9 BLAST chips on a 4” SOI wafer. 

(b) A SOI BLAST chip. (c) Zoom in the top surface of SOI chip. 
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Chapter 5 

Discussions and Conclusions 

 

The challenge of delivering large cargo into mammalian cells derives from the slow diffusion of 

large cargo coupled with the fast resealing time of transient membrane pores. BLAST is the first 

platform that can deliver a wide variety of cargo types, ranging in size up to micron-sized cargo, 

into mammalian cells with high delivery efficiency, high cell viability, and high throughput. 

BLAST provides a physical approach for reliably puncturing mammalian cell membranes in 

contact with metallic nanostructured thin films using short laser pulse illumination. Our data 

show that a small pulse energy, 55 mJ/cm
2
,
 
efficiently opens pores in the plasma membranes of a 

variety of mammalian cells, including primary cells such as NHDFs, PB-MDMs, and RPTECs, 

and the HeLa cancer cell line. This cell-type independent membrane opening capability coupled 

with cargo-type independent, pressure flow driven delivery technology renders BLAST a 

powerful and versatile platform for delivering a variety of cargo up to a few micrometers in size 

into a wide spectrum of mammalian cell types. 

Furthermore, BLAST delivers all cargo directly into the cell cytosol, avoiding cargo 

entrapment in endosomes, and BLAST maintains cargo functionalities. This was demonstrated 

for β-lactamase substrate cleavage in NHDFs and by showing that escape-incompetent L. 

monocytogenes delivered into NHDFs form comet tail-shaped actin bundles in the cytosol.  
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Both experiments provide direct evidence that cargo is delivered intact, directly into the cytosol. 

Massively parallel and nearly simultaneous delivery of cargo into cells under the same 

physiological conditions using BLAST allows statistically reliable analysis of delivered cargo 

and the interactions of the cargo with cells over time. Transient membrane pore resealing time 

studies shown in Figure 2.22 and 2.23 takes advantage of this unique capability. A laser beam 

programmed to scan across the entire chip to open cell membranes sequentially with known 

delay time is followed by uniform pressured delivery across the entire chip. The delivery 

efficiencies in different zones on the chip show the effect of delay time between laser pulsing and 

fluid pumping under the same delivery conditions, such as cargo concentration, pulse energy, 

fluid pressure, and incubation time. A single experiment using a single chip can produce 

sufficient data for statistical analysis. 

The study of the intracellular lifestyle of bacteria in live cells shown in Chapter 3.1 was 

made possible with BLAST. That bacteria can be delivered into 100,000 host cells at one time 

allows separation of the infected cells into multiple subgroups for study of various subsequent 

phenomena over time after delivery, such as bacterial localization and intracellular multiplication 

performed in this study. Although the bacterial delivery experiment was intended only for 

demonstrating the utility of BLAST, this study unexpectedly discovered that IglC is not only 

important for phagosome permeabilization, but also required for cytosolic replication after 

phagosome escape. Such a study is nearly impossible using conventional pipette-based delivery 

approaches since they do not provide the throughput required for reliable statistical analysis and 

the cells are not infected simultaneously, making it difficult to perform studies over time for fast 

occurring events, such as the re-packaging of bacteria into vacuoles after delivery. 

Compared with existing techniques, the BLAST mechanism has several important 
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advantages. As a physical method to disrupt membranes, cargo is delivered into the cytosol 

directly without any exogenous materials, chemical carriers, or involvement by endocytotic 

pathways. In contrast to electroporation, electrical fields, which may damage target material or 

cause cytotoxicity, are not required. The use of sharp glass tips to penetrate cell membranes with 

conventional microinjection has a deleterious effect on cell viability, especially when using 

micron-sized pipet tips. With BLAST, laser induced cavitation bubbles generate ultrafast and 

localized flow to puncture the membrane near the titanium-coated area. This rapid motion should 

cause less mechanical perturbation to the rest of the cell membrane and results in negligible cell 

death due to the membrane cutting and cargo delivery processes. 

Because of the dimensions of the cargo storage chamber, BLAST delivery to 100,000 cells 

requires only 10 μL of sample and a cargo concentration in the range of 10
9
 to 10

10
 particles/mL 

that may be adjusted depending on the desired cargo per cell ratio. The small amount of sample 

required is particularly advantageous for applications involving precious biological samples or 

man-made micro-devices. The design of the ultra-thin membrane (1.5 μm in thickness) supported 

by thicker large channel structures (50 μm in diameter) circumvents clogging issues that often 

plague sharp tip pipet-based injection tools. 

Different cell lines may require individualized designs for platform delivery holes and 

patterns, including experimentally determined size and distribution density, to achieve optimized 

delivery efficiency and cell viability. In our fabrication process, only one photolithography step 

needs to be customized for specific platform delivery hole designs. Therefore, the BLAST 

platform is readily adaptable to a variety of cell lines due to the flexible design of the most 

critical parameters. 

The fabrication of BLAST utilizes standard microfabrication processes. Typical 
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research-focused universities and similarly focused industrial entities could manufacture the 

platform chips and enable their usage. Individuals and entities versed in the general art of 

microfluidic platform generation would not find these platforms challenging to replicate. As for 

operating the platform, this is equally enabled by simple steps used in almost all biologically 

focused research or industrial labs worldwide. 

The BLAST platform has potential to be a powerful research tool due to its ability to deliver 

a wide range of cargo sizes and types. Quantum dots, plasmids, gold particles, magnetic beads, 

and bacteria have all been delivered successfully into the cytosol (Chapter 3). Modified quantum 

dots could be utilized as probes to label intracellular structures and have the potential for 

applications such as high-resolution cellular imaging, long-term observation of cell trafficking, 

cancer cell targeting, and diagnostics
111

. Gene therapy based on the technique of DNA 

transfection into target cells is under continuous development for clinical use
113

. BLAST is also a 

promising delivery platform for gold particles, which have become an attractive material for 

various biomedical applications such as live cell monitoring and drug delivery
110

 because of their 

tunable surface plasmon resonance peaks. Magnetic nanoparticles have several applications in 

medical diagnosis and therapy such as magnetic resonance imaging contrast enhancement, 

magnetic field assisted radionuclide therapy or as colloidal mediators for cancer magnetic 

hyperthermia
108

. The ability to deliver live bacteria directly into the host cell cytosol, bypassing 

the phagocytic and vacuolar processes, allows studies to determine whether genes required for 

uptake or vacuolar escape are or are not required for subsequent steps, such as cytosolic 

replication or cell-to-cell spread, thus providing a valuable tool for dissecting the virulence 

mechanisms of intracellular pathogens
88

. 

Finally, the BLAST platform is a versatile tool with the potential to yield new discoveries in 
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the fields of cell biology and cell engineering. Its applications are not limited to the delivery of 

large biological molecules or organelles. Man-made, micron-sized intracellular devices are being 

developed for future research in cell engineering and intracellular delivery of such devices could 

prove problematic without a high throughput large cargo cell transfer mechanism
114-119

. BLAST 

is currently the only potential approach for delivering these micromachines into live cells 

without vacuole trapping. 
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Appendix A 

 

Materials  

1. L. monocytogenes Δhly ΔplcB and Δhly Δmpl will be grown overnight in BHI at 30
 o
C. 

2. HeLa cells to be plated onto 4 good chips and 4 not-so-good chips so that the cells will be 

ready for BLAST on Tuesday, Feb. 18, 2014. 

3. DMEM with 10% HI-FBS 

4. HBSS  

5. 4% paraformaldehye in 0.1M PIPES with 6% sucrose  

6. 0.1% saponin in PBS,  

7. 1 μg/ml DAPI in PBS  

8. Glycerol:PBS (90:10 vol/vol)  

9. Rabbit anti-Listeria monocytogenes [use at 1:1000] 

10. Goat anti-Rabbit Oregon Green 

11. Phalloidin-Rhodamine 

12. 4 good chips  

13. 4 not-so-good chips 
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General Design:  

 

 

Methods: 

1. Inoculate Listeria strains in 10 ml BHI x 2 (two tubes of 10 ml each per strain) the day prior 

to infection and grow overnight at 30
o
C. 

2. Seed HeLa cells onto BLAST Chips (4 good BLAST chips and 4 not-as-good-BLAST chip 

[for non-laser treated controls]) one day prior to BLAST infection to an OD of ~1.2. 

3. Following day pellet the bacteria at 14,000 g at RT for 1 min in benchtop microfuge, and 

resuspend in 1 ml HBSS to an OD of 1.0. Wash once and resuspend to OD 1.0 in HBSS. 

4. Transfer supernate to a new tube. Determine optical density at 540 nm to ensure OD ~ 1.0 for 

the Listeria mutant strains. 

5. Infect the HeLa cells by Parallel BLAST in HBSS (4 good chips for laser blasting and 4 

not-so-good chips as non-laser pulsed controls).  
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6. Allow cells to recover for 10 min. 

7. Wash the cells 4 x with HBSS. Change media to DMEM with 10% HI-FBS. 

8. At 60 min after BLAST, change media of the chips to 5 g/ml gentamicin in DMEM with 

10% FBS. 

9. At 2 hours (chips 1, 3, 5, 7) or 6 hours (chips 2, 4, 6, 8), replace the medium with freshly 

prepared pre-warmed (37
o
C) 4% paraformaldehyde in PBS. 

10. Fix for 30 min at room temperature. 

11. Wash cells x 2 with PBS. 

12. Permeabilize with 0.1% Saponin, 10 mM Lysine in PBS for 30 minutes. 

13. Stain with rabbit-anti-Listeria monocytogenes (1:1000) for 1 hour. 

14. Wash x 3 with PBS. 

15. Stain with Texas Red-conjugated Goat-anti-Rabbit IgG for 1 hour. 

16. Wash x 2 with PBS. 

17. Stain cells with Phalloidin-FITC (5 ul of methanolic stock per 0.2 ml of PBS). Stain for 15 

minutes at room temperature. 

18. Wash once with PBS. 

19. Stain for 10 minutes with 1 µg/ml DAPI in PBS. 

20. Wash x 3 with PBS. 

21. Mount with glycerol:PBS (90:10 vol/vol) for viewing. 

22. View and take pictures by fluorescence microscope and, if necessary, by Confocal 

fluorescence microscope. 
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Appendix B 

 

Materials  

1. L. monocytogenes Δhly ΔplcB (both GFP-expressing and not GFP-expressing) will be grown 

overnight in BHI at 30
o
C.  These will be used both for BLAST chips and for macrophage 

infection by regular phagocytosis. 

2. L. monocytogenes (both GFP-expressing and not GFP expressing) will be grown overnight 

in BHI at 30
o
C. These will be used only for the THP-1 macrophage infection by regular 

phagocytosis. 

3. Primary cells, NHDFs, will be plated onto 2 good chips and 2 not-so-good chips so that the 

cells will be ready for BLAST. 

4. DMEM with 10% HI-FBS with and without 5 µg/ml gentamicin 

5. HBSS  

6. 4% paraformaldehye in PBS  

7. 0.1% saponin in PBS  

8. 1 μg/ml DAPI in PBS  

9. Glycerol:PBS (90:10 vol/vol)  

10. Phalloidin-Rhodamine 

11. 2 good chips  

12. 2 not-so-good chips 
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General Design:  

 

 

Methods: 

23. Inoculate Listeria strains in 10 ml BHI x 2 (two tubes of 10 ml each per strain) the day prior 

to infection and grow overnight at 30
o
C to an OD of ~1.2. 

24. Seed primary cells, NHDFs, onto BLAST Chips (2 good BLAST chips and 2 

not-as-good-BLAST chip [for non-laser treated controls]) one day prior to BLAST infection. 

25. Following day pellet the bacteria at 14,000 g at RT for 1 min in benchtop microfuge, and 

resuspend in 1 ml HBSS. Wash once and resuspend to OD at 540 nm of 2.5 in HBSS. 

26. Infect the NHDFs by Parallel BLAST in HBSS (2 good chips for laser blasting and 2 

not-so-good chips as non-laser pulsed controls).  

27. Allow cells to recover for 10 min. 

28. Wash the cells 4 x with HBSS. Change media to DMEM with 10% HI-FBS. 

29. At 60 min after BLAST, change media of the chips to 5 g/ml gentamicin in DMEM with 

10% FBS. 
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30. At 6 hours (all chips), replace the medium with freshly prepared pre-warmed (37
o
C) 4% 

paraformaldehyde in PBS. 

31. Fix for 30 min at room temperature. 

32. Wash cells x 2 with PBS. 

33. Permeabilize with 0.1% Saponin, 10 mM Lysine in PBS for 30 minutes. 

34. Wash x 2 with PBS. 

35. Stain cells with Phalloidin-Rhodamine (5 μl of methanolic stock per 0.2 ml of PBS). Stain for 

15 minutes at room temperature. 

36. Wash once with PBS. 

37. Stain for 10 minutes with 1 µg/ml DAPI in PBS. 

38. Wash x 3 with PBS. 

39. Mount with glycerol:PBS (90:10 vol/vol) for viewing. 

40. View and take pictures by fluorescence microscope and, if necessary, by Confocal 

fluorescence microscope. 

 

Methods for THP-1 cells in 24-well plates: 

1. Infect at OD 0.0005 in DMEM + HI-FBS.  Spin plates at 800 g x 30 min at 4
o
C. 

2. Incubate for 30 min at 37
o
C.  

3. Wash plates twice with HBSS and replace with fresh medium with DMEM + HI-FBS. 

4. After 30 min at 37
o
C, replace medium with DMEM+HI-FBS with 5 μg/ml Gent. 

5. After 6 hours at 37
o
C, fix in pre-warmed 4% paraformaldehyde in PBS fixative. 

6. Wash x 2 with PBS. 

7. Permeabilize with 0.1% saponin with 10 mM lysine in PBS. 

8. Stain with phalloidin-rhodamine (5 μl in 200 μl of PBS)  

9. Wash with PBS x 2, 0.5 ml per wash. 

10. Stain with DAPI, wash with PBS, mount with Molecular Probes Prolong Gold Anti-Fade. 
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Appendix C 

 

Materials  

1. sfGFP-Fn ΔiglC (Fn ΔiglC/pMP633-PbfrSD-sfGFP; Location R2-422). Inoculated in 50 ml 

TSBC, OD = 10 = “1” = Mutant 

2. sfGFP-Fn (Fn/pMP633-PbfrSD-sfGFP; Location L4-233); Inoculated in 50 ml TSBC, OD = 

10 = “2” = Parent 

3. iglC complemented sfGFP-Fn ΔiglC (Fn ΔiglC/pMP633BC-PbfrSD-iglC_Pomp-sfGFP 

version 1; Location R2-422); Inoculated in 50 ml TSBC, OD = 10 = “3” = Complemented 

4. Parental strain on HeLa no Laser = Control = “4” 

5. DAPI in 0.9% NaCl with 20 mM HEPES, pH 7.4 

6. WGA AlexaFluor-647 (5 mg/ml stock solution in PBS, dilute 500-fold to get 10 µg/ml 

working concentration) 

7. HBSS with 1 mM CaCl2 and 0.5 mM MgCl2 [50 ml] 

8. Accutase [2 ml] to lift HeLa cells from the BLAST chips  

9. Chicken anti-Fn 

10. Goat anti-IgY-Texas Red 

11. DMEM-10% HI-FBS with 10 µg/ml and 0.1 µg/ml gentamicin [50 ml each] 

12. HBSS for washing 

13. PLL treated 8-well chambered coverglass 

14. Digitonin (use at 0.05 mg/ml. Soluble in DMSO at 20 mg/ml = 400x, i.e. final DMSO = 

0.25%) 
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15. KHM buffer with 15% sucrose (7.5 g Sucrose, 10 ml 5x KHM, 35 ml of H2O) 

16. Paraformaldehyde 

17. KHM buffer with 15% sucrose and 0.1% BSA 

18. THP-1 cells for comparison to verify that Digitonin assay is working properly. 

19. 6 good chips (two for each of the 3 strains) 

20. 2 not-so-good chips (for use as non-laser controls for the parental strain, one will be at the 

30 minute time point and one will be accutase treated to make the 6 hour and 24 hour control 

time points). 
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General Design:  

 

 

Methods: 

1. Coat wells of chambered coverslip with PLL. 

2. Inoculate bacteria in 50 ml TSBC with hygromycin. 

3. Seed HeLa cells onto BLAST Chips (6 good BLAST chips and 2 not-as-good-BLAST chips 

[for non-laser treated controls]). 

4. Following day pellet the bacteria at 7000xg, 4°C for 15 min, wash once, and resuspend in 1 

ml HBSS. 
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5. Determine optical density at 540 nm to ensure OD ≥ 10.0. 

6. Infect the HeLa cells by Parallel BLAST in HBSS (2 good chips with each of the 3 strains 

and the 2 not-so-good chips with the parental sfGFP-Fn strain as non-laser blasted controls).  

For each strain, one good chip will be used for a 30 minute time point and another chip will 

be accutase treated and used for 6 hour and 24 hour time points on chambered coverglass. 

For the not-so-good chip, one will be used for the early time point (cells fixed on the chip) 

and the other chip will be accutase treated and used for 6 and 24 hour time points of the 

parental strain. 

7. Allow cells to recover for 10 min. 

8. Change media of the chips to 10 µg/ml Gentamicin in DMEM with 10% FBS. 

9. Incubate at 37
o
C for 30 min. 

10. Wash the Chips twice with HBSS containing 1 mM CaCl2 and 0.5 mM MgCl2. Change 

media of the 6 - 24 hour chips to 0.1 µg/ml Gentamicin in DMEM with 10% FBS. 

 

Procedure for WGA staining and antibody staining for the early time point: 

1. After washing the cells twice with HBSS containing 1 mM CaCl2 and 0.5 mM MgCl2 (step 

#10 above) add WGA-AlexaFluor 647 (10 µg/ml) in HBSS containing 1 mM CaCl2 and 0.5 

mM MgCl2. Incubate for 5 min at 37
o
C. 

2. Wash the cells twice with HBSS containing 1 mM CaCl2 and 0.5 mM MgCl2. 

3. Fix the HeLa cells for 30 minutes in 0.1 M PIPES, pH 7.4, 6% Sucrose, 4% 

paraformaldehyde.  

4. Wash the cells three times with 0.1 M PIPES, pH 7.4, 6% Sucrose. 

5. Incubate cells with 1:250 chicken anti-Fn for 45 min at RT in 0.1 M PIPES, pH 7.4, 6% 
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Sucrose, with 0.1% BSA. 

6. Wash three times with 0.1 M PIPES, pH 7.4, 6% Sucrose. 

7. Stain with Goat anti-IgY Texas Red at 1:99 dilution in 0.1 M PIPES, pH 7.4, 6% Sucrose 

-0.1% BSA for 45 min at room temperature. 

8. Wash three times with 0.1 M PIPES, pH 7.4, 6% Sucrose. 

9. Stain with DAPI (1 µg/ml) in PBS for 5 min. 

10. Wash x 2 with PBS. Mount with glycerol:PBS (90:10 vol/vol) for viewing. 

11. View and take pictures by fluorescence microscope and, if necessary, by Confocal 

fluorescence microscope. 

 

Processing for the 6 - 24 hours chips: 

11. 60 min after BLAST, add 0.3 ml of Accutase to each chip.  

12. Incubate the chips with the Accutase at room temperature for 5 - 10 minutes to detach the 

HeLa cells. 

13. Wash cells off the chip with 0.5 ml of DMEM with 10% FBS (total volume will be about 0.8 

ml, i.e. 0.3 ml of Accutase and 0.5 ml of DMEM-FBS). 

14. Transfer the HeLa cells from each chip to one well of each of 2 8-well chambered LabTek 

coverslip slides (each chip into 2 wells total, one well per slide) about 0.4 ml/well.  The 

wells will be PLL coated prior to use. 

15. After 60 min, replace medium with 0.1 µg/ml Gentamicin in DMEM with 10% FBS. 

16. Follow above protocol with staining, fixation, and antibody staining etc. after 6 hours and at 

24 hours post-BLAST. 

17. View by fluorescence microscopy and for each time point and condition, count number of 
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intracellular bacteria (i.e. within contours of WGA staining and staining green but not red) at 

each time point and for each condition.  

18. THP-1 cells on coverslips will be processed the same at 6 and 24 hour time points after 

conventional infection of opsonized bacteria. Same three strains in duplicate in each of two 

24-well plates, i.e. 6 cover slips/24 wp x 2. 
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Appendix D 

 

Materials  

1. β-Lactamase substrate solution A, CCF4-AM 0.2 mg in 182 μl of DMSO = 1 mM. Rack 8, 

box B2, -20
o
C. 

2. β-Lactamase enzyme (One unit of β-lactamase hydrolyzes 1.0 μmole of benzylpenicillin per 

minute at pH 7.0 at 25 °C.) 

3. HBSS 

4. Culture medium without Penicillin (or any other β-lactam antibiotic) 

5. 3 good and 3 not as good BLAST chips 

 

Methods: 

1. Seed cells onto BLAST chips (3 good ones and 3 not as good ones)  

2. Dissolve 50 Units β-lactamase in 1 ml of HBSS. Also, do serial dilutions to prepare 10 U/ml 

and 1 U/ml β-lactamase in HBSS. 

3. BLAST into the Chips as described in the table below: 

CHIP Condition β-lactamase Concentration Laser pulsing 

A Good 50 U/ml YES 

B Good 10 U/ml YES 

C Good 1 U/ml YES 

D Not as good 50 U/ml NO 

E Not as good 10 U/ml NO 

F Not as good 1 U/ml NO 
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4. Allow cell membranes to seal and cells to recover for 10 minutes. 

5. Wash with HBSS 4-times to wash away non-internalized β-lactamase. 

6. Replace last wash with fresh culture medium. Allow cells to recover for 1 - 2 hours. Then 

add substrate solution. 

7. Prepare β-lactamase substrate solution: 

a. Thaw CCF4-AM solution (1 mM). 

b. Add 6 μl of solution A to 60 ul of Solution B (0.1 mM). Vortex. 

c. Add 934 μl of Solution C to the combined A+B solutions (6.6 μM). Vortex = “6X loading 

solution.” 

d. Add 200 μl of “6X-loading solution” to 1 ml of culture medium 1X-loading solution = 1.1 

μM 

8. Replace cell culture medium with 1X-loading solution. 

9. Incubate the cells for 4 - 5 hours at room temp in the dark. 

10. View BLAST chips by confocal fluorescence using live imaging. Excite at 410 nm. Detect 

the non-hydrolyzed fluorescein (via FRET) at 520 nm and detect the hydrolyzed coumarin at 

~450 nm. 
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