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ABSTRACT OF THE DISSERTATION 

 

Photothermal Intracellular Delivery Platforms 

 

by 

 

Tianxing Man 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2020 

Professor Pei-Yu Chiou, Chair 

 

Intracellular delivery of diverse biomolecules, such as protein, nucleic acids, nano-devices, has 

been of great importance and interest in biomedical fields like cancer therapy, gene editing and 

intracellular environment probing. Although tremendous effort has been expended, it remains 

challenging for existing transfer platforms to meet the emerging requirements of the cutting-edge 

research. In this thesis, I focused on three major hurdles in the current intracellular delivery, which 

are suspension cell delivery, complexity of incorporating nanotechnology, and large cargo delivery.  

Photothermal mechanism is the underlying physics throughout all the work to be introduced 

here. It utilizes the light energy and transforms it into thermal energy and then into mechanical 

energy, serving for different functions in delivery. Nanosecond laser was chosen as the original 

power tool due to its high energy density, remote operation capability, and selective absorption. 
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The combination of laser and micro/nano structure has been extensively explored to develop 

various delivery capabilities. 

The first problem tackled in this thesis is to deliver materials into suspension cells with high 

efficiency, viability, and throughput. Suspension cells, especially lymphocytes, which represent 

25-30% of immune cells, are of great interest in cancer immunotherapies and known as hard-to-

transfect cells. To achieve effective delivery, the microwell structure with metallic sharp tips were 

designed to provide both cell anchoring and controllable membrane disruption on each cell. 

Suspension cells self- position by gravity within each microwell in direct contact with eight sharp 

tips, where laser-induced cavitation bubbles generate transient pores in the cell membrane to 

facilitate intracellular delivery of extracellular cargo. A range of cargo sizes were tested on this 

platform using Ramos suspension B cells with an efficiency of >84% for Calcein green (0.6 kDa) 

and >45% for FITC-dextran (2000 kDa), with retained viability of >96% and a throughput of >100 

000 cells delivered per minute. The bacterial enzyme β-lactamase (29 kDa) was delivered into 

Ramos B cells and retained its biological activity, whereas a green fluorescence protein expression 

plasmid was delivered into Ramos B cells with a transfection efficiency of >58%, and a viability 

of >89% achieved. 

The second problem raised from the notice of the huge potential of nanostructures, especially 

combined with photothermal mechanism, in contrast with their current limited applications in this 

field. Nanostructures, such as nanoneedle array, have been adopted in the intracellular delivery 

field due to its unique scale advantages, including minimal damage of the cell membrane and large 

cargo loading capacity from high surface-to-volume ratio. However, nanotechnologies have 

suffered from its complexity of high-precision fabrication and are limited to small area. Thus, we 

demonstrate the fabrication of large-area plasmonic gold (Au) nanodisk arrays that enable 
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photothermal intracellular delivery of biomolecular cargo at high efficiency. The Au nanodisks 

(350 nm in diameter) were fabricated using chemical lift-off lithography (CLL), a high-throughput 

and low-cost for nanoscale chemical patterning. This technique is applied to produce Au 

nanostructures on a variety of substrates (e.g., silicon, glass, and plastic), which facilitate in situ 

intracellular delivery in laboratory cell culture environments, enabling integration with existing 

medical devices. Nanosecond laser pulses were used to excite the plasmonic nanostructures, 

thereby generating transient pores at the outer membranes of targeted cells that enable the delivery 

of biomolecules via diffusion. We studied nanodisks of various sizes and found that an increase in 

delivery efficiency correlated with decreasing disk radius, which we attribute to higher density of 

pores per cell. Delivery efficiencies of >98% were achieved with 1-µm Au plasmonic disk arrays, 

using the cell impermeable dye Calcein (0.6 kDa) as a model payload, while maintaining cell 

viabilities at >98%. The highly efficient intracellular delivery approach demonstrated in this work 

will facilitate translational studies targeting molecular screening and drug testing that bridge 

laboratory and clinical investigations. 

Despite that major problems were nicely solved in the prior two projects, an apparent drawback 

appears, as the delivery efficiency drops significantly when cargo size increases. Photothermal 

energy was adopted, in both projects, to generate bubble explosion near the adjacent cell membrane 

so as to disrupt the membrane. Cargoes had to passively diffuse into the membrane, which posed 

the hardship to large cargoes. Thus, in the third project, the integration of membrane disruption 

and active pumping was studied to facilitate large cargo delivery with precise control and large-

area uniformity. We utilized the high initial pressure of the laser-induced bubbles as the pump 

source for high-speed fluidic jet, which cuts the cell membrane and delivers cargos into the cytosol 

and nucleus. The fabrication processes of the devices are designed to be conventional and simple 
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with large-area uniformity. The penetration was demonstrated by injecting 140 nm polystyrene 

beads into Agarose hydrogel which was prepared to have similar Young’s Modulus as cells. With 

delicate device designs, we achieved penetration depths from tens of microns to a hundred microns, 

indicating the capability of three-dimensional tissue delivery and epidermal in vivo delivery, 

besides intracellular delivery into single layer of cells. 
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Chapter 1  

Introduction 

1.1 Intracellular delivery 

Intracellular delivery of diverse biomolecules such as proteins[1], nanoparticles[2], and nucleic 

acid, is a powerful tool for gene editing, cellular therapy and regenerative medicine. They can help 

investigate cell status, modify intracellular environment, conduct transfection and knock down 

unwanted gene expression. Intracellular delivery field has developed for decades as effective, safe 

and universal delivery methods are always in high demand. Intracellular delivery is challenging as 

cargos will have to enter plasma membrane and release to target without degradation. Cell 

membrane is semi-permeable membrane which protects the intracellular environment from 

extracellular attacks. Passive delivery has to utilize endocytosis to enter cytoplasm. During 

endocytosis, membrane will fold inward to surround outside substances and separate from the 

inside membrane to be a vesicle. Vesicles will be collected by endosomes on inside membrane and 

sorted to either recycling back or degradation by enzyme in lysosomes. Therefore, there are mainly 

three barriers to achieve successful delivery: access into cell, free from degradation, accurate target 

release. 

There are several criteria for developing a delivery system. First is efficiency. Efficiency 

calculates the ratio of affected samples to all processed samples. Low efficient delivery methods 

may not meet the required dosage and also may waste precious samples. Second is viability. 

Viability of cells after delivery represents how safe is the method, which is as important as 

efficiency. Third is the compatibility to different cells and different target materials. Other factors, 

such as cost, scalability, complexity, are also important in delivery system design as they may limit 
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mass production and clinical operation. Ideal delivery system should have the capability of 

realizing criteria above with universal cell and cargo types.  

1.2 Existing delivery methods 

Current delivery methods mainly fall into two categories: biochemical method and physical 

method.  

1.2.1 Biochemical methods 

Biochemical methods utilize either bio-inspired carriers such as viral vector[3] and bacteria, or 

synthetic carriers[4] such as carbon nanotube[5] and lipid[6] to transfer cargos into cells. Viral 

vectors enter cell membrane through viral infection and have achieved high delivery efficiency. 

For example, lentiviral vectors are used to deliver the genome-scale CRISPR-Cas9 knockout 

(GeCKO) library which enables RNA directed gene editing[7]. However, viral vectors may cause 

immune response and toxicity. Synthetic nanoparticles can serve as carriers to transport drug into 

cells. Carriers are modified to enter endocytic pathway or even fuse into cell membrane. Peptides 

have been exploited to deliver proteins, DNA, imaging agents, liposomes into cell[8]. Carbon 

nanotubes have been functionalized to be biocompatible and cross cell membrane with diverse 

delivery materials[5]. Though passive pathway can simplify operation and give out high 

throughput, it will sacrifice delivery efficiency and perturb intracellular environment. 

1.2.2 Physical methods 

Conventional physical methods, including electroporation[9], magnetoporation[10], and 

sonoporation[11], deliver cargos by generating randomly distributed pores on cell membrane. 

Physical methods can bypass endocytosis by directly sending materials into cytoplasm or even 

nucleus, which can enhance delivery efficiency.  
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1.2.2.1 Electroporation 

Electroporation is one of the most effective and widely studied delivery methods. It can delivery 

diverse cargos into different cells in one time. Cell membrane will polarize under intense electric 

field and build up electric potential difference across the membrane[12]. Though the specific 

mechanism of electrically induced pores is not fully understood, it is believed that hydrophilic 

pores are formed due to polarization, which assist molecules transport[12]. In conventional 

electroporation, cells go through strong electric field, where pores are formed in a random way. 

During this process, large electric field is required and cells may undergo irreversible electric 

shock, which decreases the viability. Therefore, nanochannel electroporation has been developed 

to give more precise perturbation and dosage[13]. Precision and viability are increased at the cost 

of nanoscale fabrication, low throughput and limitation to adherent cells. To boost throughput, 3D 

nanochannels are designed to operate 40000 cells per chip compared with 100 cells per chip in 2D 

mode[14]. Though with even more precise nanoscale fabrication, throughput of 3D nanochannel 

electroporation is largely increased. Other cell trapping techniques were incorporated onto this 

chip to handle suspension cells[15, 16]. 

1.2.2.2 Magnetoporation 

Magnetic field is also exploited to assist drug delivery. Drugs are attached with magnetic 

component as well as functional groups necessary for targeting. External magnetic field directs 

drugs to target location and induce release of drugs[10]. Magnetic field is relatively non-invasive 

compared with electrical field, as a result of which, magnetoporation generally has higher viability 

than electroporation. To increase delivery efficiency, thermally sensitive magnetic nanoparticles 

are discovered to bring in local heat to enhance transport of materials[17]. Magnetic field, as a 
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remote control of all carriers at the same time, may cause off-target loss and carrier clog, which 

will affect its performance. 

1.2.2.3 Microinjection 

As the most straightforward way, drugs can be directly injected into cells via micro- or 

nanoscale needles. Needles penetrate membrane via mechanical disruption. Microinjection can 

provide precise position, dose control and direct nuclear delivery. However, microinjection system 

usually requires high-precision fabrication and experienced operation[18]. This working procedure 

also yields low throughput.  

1.2.2.4 Sonoporation 

Sonoporation refers to techniques utilizing ultrasound for intracellular delivery. Ultrasound 

waves can perturb molecules and change the permeability of membrane. Furthermore, 

microbubbles are generated in ultrasound environment, which also help porate membrane and 

release drugs[19]. At the same time, if the bubble size is stable, a circulating flow, called 

microstreaming flow, will be generated[20]. On one hand, streaming flow, serving as a pump, can 

push cargos into one direction. On the other hand, streaming flow will bring in shear stress to 

further rupture cargos to release[21]. Combining these effects together, sonoporation can 

potentially yield high efficiency and high viability. However, pores opened via ultrasound are 

randomly distributed, which will kill the cell if not well controlled.  

1.3 Photothermal Delivery 

Photothermal delivery are emerging these days as a precise, efficient and scalable delivery 

mechanism. It utilizes metallic nanostructures to absorb short pulse light energy and heat up 

aqueous medium to generate explosive cavitation bubble. Cavitation bubble induced shear stress 
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will open transient and localized pores on cell membrane to send delivery materials into membrane 

and minimize damage.  

Photothermal delivery has its unique advantages compared with other techniques. First, light 

absorbing structures provide spatial precision of cavitation bubbles, while light control gives 

temporal precision[22]. High precision leads to better efficiency and viability. Second, cavitation 

bubble size is tunable by laser pulse duration and energy, so that it is easy to adjust for different 

cell types and cargo sizes[23]. Third, making use of modern microfabrication processes, most 

photothermal devices can easily expand into large scale[24]. With laser scan technology, it only 

takes seconds to scan over thousands of cells. Fourth, compatible with other physical energy, more 

functions can be induced to promote delivery performance[25]. 

Large scale metallic pyramids array has been demonstrated with a throughput over 50000 cells 

per minute[24]. PDMS substrates were demolded from silicon cavity etched by KOH. A thin layer 

of gold was deposited onto PDMS pyramid array as hot spots. Adherent cells were cultured and 

adhered onto metallic pyramids. When light scanned across the whole chip, hot spots would heat 

up surrounding aqueous medium and induce cavitation bubbles to tear pores on membrane surface 

and let cargos diffuse into cytoplasm. This method enabled high throughput, large scale, easy 

fabrication and simple operation. However, it is still restricted to adherent cells and small cargos. 

To facilitate large cargo delivery, a micropipette, with fluid pump, was integrated with thin 

metal film coating as light absorbing material[25]. Fluid pump was synchronized with short light 

pulse to push cargos into cell when transient pores were opened by cavitation bubbles. In this way, 

without sacrificing viability, large molecules and bacteria could penetrate membrane before 

resealing. With manual control, nanoblade micropipette can directly deliver into nucleus by 
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pushing pipette tip against nucleus envelop. Nanoblade has high efficiency and wide application 

yet with relatively low throughput as compared with other large scale photothermal methods. 

In intention of increasing throughput, a 3D nanoblade chip, biophotonic laser-assisted surgery 

tool (BLAST), has been developed[23]. Microchannels were through wafer vias with a very thin 

layer of metal at the very tip and fluid pump from the back side. Laser scan system was also applied 

to increase throughput and simplify synchronization. Fluid pump was synchronized with laser 

pulse to rapidly open pores and push cargos. Taking all advantages from micropipette nanoblade, 

this method adds massively parallel delivery to overcome the key weakness of nanblade. For High-

precision fabrication is required and cell type is still limited to adherent cells. 

Photothermal cavitation was also integrated with nanostraws for high throughput, controlled 

dose delivery[22]. Nanostraw tips were coated with thin layer of metal. Cells were cultured on top 

of nanostraw array and would be permeated by cavitation bubble generated at the tip of nanostraws, 

while backside pump could control delivery dose.  
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Chapter 2  

Photothermal Delivery for Suspension Cells Using Sharp Tips 

in Microwells 

2.1 Introduction 

 High-efficiency intracellular delivery of biomolecules, including nucleic acids, proteins, 

and intracellular probes, is required for gene correction, immunotherapy, cellular diagnostics, and 

other utilities.[1-7] Suspension cells, especially lymphocytes that represent 25-30% of immune cells, 

are of great interest in cancer immunotherapies, such as CAR-T cell therapy and cancer vaccines.[8-

10] However, it remains challenging to transfer cargo into suspension cells efficiently using 

currently available delivery methods.[11-18] Viral vectors work for delivering genetic materials 

into suspension cells but may induce immune responses and genotoxicity.[19-23] Non-viral vectors, 

including cationic polymer and lipid mixtures, show relatively low delivery efficiencies for most 

suspension cell types.[24-28] Physical delivery methods, such as nano-needles, show versatility for 

different cell types, but are limited by scalability due to a high-precision fabrication 

requirement.[29-34] A carbon nanosyringe array has also shown capability for delivering bioactive 

cargo into hard-to-transfect cells under an applied centrifugal g-force.[35, 36] While cell squeezing 

technique could deliver cargo into suspension cells with high throughput by mechanically 

deforming cells, the delivery efficiency and viability are dependent on cell size.[37-39] 

Electroporation, which can transfect suspension cells at high throughput, induces significant cell 

death from an applied electrical field, such as 40% cell death in suspended drop electroporation, 

which may not be suitable for situations with limited cell numbers.[40-45]  



	

	 12	

Recent studies deploying the photothermal effect for intracellular delivery have shown 

promising results.[46-55] Laser irradiation induces electron oscillations within metallic 

nanostructures by absorption of incident photon energy, resulting in a substantial increase in the 

temperature of the metal.[56, 57] Heat generated by this process is rapidly transferred to a 

surrounding thin layer of aqueous medium where explosive cavitation bubbles nucleate.[58] The 

rapid expansion and collapse of cavitation bubbles exerts a large fluid shear stress on an adjacent 

cell membrane, which generates transient and localized pores.[59] Membrane pores generated by 

photothermal phenomena can be used to transport extracellular cargo into cells. The size and the 

number of transient pores generated in the cell membrane are critical parameters that regulate cargo 

delivery efficiency and cell viability. The size of cavitation bubbles can be adjusted with different 

laser fluences,[60] whereas the number of pores is determined by juxtaposed metallic nanostructure 

configurations. Gold nanoparticles have been used to create local hot spots that generate cavitation 

bubbles, but the number and the location of pores on each cell is not easily controlled since the 

nanoparticles distribute randomly in solution or on substrates.[47, 48, 51, 54, 61-65] It has been 

observed that high delivery efficiencies achieved by increasing nanoparticle concentration typically 

results in compromised cell viability in such systems.[66] To control both the size and number of 

transient membrane delivery pores, we investigated multiple metallic nanostructure design 

configurations. In our prior work, a high-precision photothermal nanoblade for large cargo delivery 

was developed by integrating a glass needle micropipette with a sputtered metallic tip connected to 

a fluid pump.[53] The cavitation bubble pattern was well controlled by the metallic structure, laser 

pulse strength, and pulse duration to achieve precise membrane pore opening. A massively parallel 

version that we termed “BLAST” was developed next to perform up to 2 µm large cargo delivery 

into 100,000 cells per minute with a high efficiency of 60% and cell viability of over 90%.[50]  
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Our current nanoblade and BLAST photothermal delivery strategies, however, face significant 

challenges when dealing with cells that grow in suspension. To achieve efficient membrane pore 

opening, direct contact between a cell and the metallic nanostructure is necessary. In contrast to 

adherent cells that naturally anchor on many substrate material surfaces, suspension cells are only 

in loose contact with substrate surfaces, including metallic nanostructures, and easily detach with 

slight environmental perturbations, preventing efficient biomolecule delivery. Therefore, existing 

flat-planar photothermal platforms are not well configured for efficient cargo delivery into 

suspension cells without additional adhesive materials that interfere with delivery. 

Here, we demonstrate a high-efficiency photothermal delivery platform for suspension cells 

(Figure 2.1). Pore formation for cargo delivery into each cell is controlled by laser fluence and cell 

trapping in microwells with membrane contact to sharp, evenly spaced metallic tips. This design 

provides precise control over the number, location and size of poration on suspension cells to 

achieve high efficiency as well as high viability. A straightforward, economical, large-area 

microfabrication approach generates an array of microwells with 3D nanoscale sharp tip structures. 

The compatibility with commercial semiconductor fabrication processes ensures the scaling 

capability of this platform. The sharp tips are uniformly coated with heat-conducting metal to serve 

as integrated local hot spots. During cell seeding, suspension cells self-position within the 

microwells and near sharp tip structures by gravity. Microwells of tunable dimensions physically 

anchor cells and ensure direct contact between cells and tips. Cavitation bubbles formed upon laser 

irradiation at the tips exert disruption forces on the cell membrane to generate transient pores at 

contact points to facilitate extracellular cargo diffusion into cells. The number of pores on each cell 

is predefined by 8 sharp tips that surround each microwell. Pore size is determined by laser fluence, 

which was optimized here based on delivery results for FITC-dextran (4 kDa) into Ramos cells, a 
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mature human B lymphocyte cell line. A range of cargo sizes was studied, with delivery efficiencies 

of up to 85% for Calcein green (0.6 kDa) and 45% for FITC-dextran (2,000 kDa), viabilities over 

98%, and throughput of greater than 100,000 cells per minute. The bacterial enzyme 𝛽-lactamase 

was delivered into Ramos B cells and maintained its function inside cells. A plasmid encoding 

green fluorescence protein (GFP) yielded a high transfection efficiency >58% and cell viability >89% 

with expression of the encoded fluorescent protein in proof-of-principle studies. 

 

Figure 2.1. Photothermal delivery into suspension cells with self-aligned cell positioning. (a) 

Suspension cells are self-aligned within microwells by gravitational settling. Bordering metallic 

sharp tips at the edges of each microwell serve as local hot spots under laser irradiation to generate 

cavitation bubbles that open pores in adjacent, contacting cell membranes. Cargo in the surrounding 

medium diffuses into the cytosol of each cell through open pores on the plasma membrane. (b) Side 

view schematic of one cell in a microwell.  

 

 

2.2 Results and Discussion 

2.2.1 Platform design and operating principles 
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The platform substrate consists of 106 microwells on a 1 cm × 1 cm silicon chip with four pairs 

of metallic sharp tips spaced 90° from each other surrounding each microwell (Figure 2.1). 

Ramos B cells added onto the chip settle by gravity for 20 min, with self-alignment and positioning 

of most cells into the microwells over that time.[67] The diameter of each microwell is pre-designed 

to fit the average cell size of interest, which is a tunable fabrication feature for different cell sizes. 

To ensure tip contact with a cell, the microwells are slightly smaller than the average cell size, so 

that size variations between cells can be mitigated. A laser beam with a 3-mm diameter scans the 

chip surface by manually moving a X-Y stage in steps of 1 mm, and the laser pulse was manually 

triggered after each step to provide one shot irradiation for every movement. To cover the entire 

sample, 100 pulses were fired, and the entire process requires less than 2 min by manually moving 

the platform. With an automatic 2D scanning mirror integrated, it takes 10 s to cover the entire 

sample with a 10 Hz repetition rate pulse laser used in this experiment. Metallic 3D sharp tips 

harvest incident laser energy and superheat the adjacent liquid to produce explosive cavitation 

bubbles that disrupt the membranes of cells in contact with the tips. Transient pores are generated 

on the cell membrane to facilitate extracellular cargo diffusion into each opened cell’s cytosol 

before membrane repair and resealing. 

A high-throughput, large-area, self-aligned fabrication process was developed to produce the 

microwell platform with high uniformity and scalability (Figure 2.2a).  Because each cell settles 

into an individual station, the stoichiometry of tips to cells is fixed for each cell, unlike previous 

nanoparticle-cell mixtures. A silicon wafer with 1.2-µm-thick thermally grown SiO2 layer was 

patterned and etched by reactive ion etching (RIE). The SF6 vapor with plasma was used to undercut 

the silicon isotropically, creating a hemispherical structure for each microwell. Once two adjacent 

hemispheres expanded and merged with each other, two 3D sharp tips automatically and 
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reproducibly form. Each microwell merges with four adjacent microwells resulting in eight sharp 

tips generated for each microwell. The top layer of SiO2 was then removed by hydrofluoric acid, 

followed by sputter deposition of 50-nm-thick SiO2 and a 100-nm-thick titanium coating layer. The 

sputter-deposited SiO2 layer serves as thermal isolation between the top metal layer and the bottom 

silicon substrate. Titanium was chosen for its high melting temperature (1941 K), compared with 

other commonly used heat-conducting metals, such as gold (1337 K), and excellent substrate 

adhesion, which enables repeated cycles of cargo delivery on the same microwell platform. The 

device fabrication process requires a single photolithography step free of alignment and utilizes 

standard foundry-compatible lithography, material etching, and metal deposition processes, which 

is promising for mass production at low cost in future applications. By adjusting the silicon etching 

time, microwells of different sizes can be fabricated to fit different types of cells.[68] 

Scanning electron microscopy (SEM) images show the shape, size, and sharp Ti-coated 

nanoscale tip structure for each microwell (Figure 2.2b, 2.2c). Ramos B cells have an average 

diameter of 10 µm, and the diameter of the microwell for these cells was therefore fabricated to be 

8 µm. The shape of the tips can be tuned by adjusting the pitch of the SiO2 opening of each 

microwell. A three-dimensional (3D) finite element simulation was performed to display the local 

heating effect under laser irradiation of the metallic tips (Figure 2.2d, 2.2e). Cavitation bubbles 

form when the temperature of the surrounding aqueous medium rapidly rises to 80-90% of its 

critical temperature, which is 640-650 K for water at 1 atm.[69-73] Simulations show local heating 

at 1000 K, which is beyond the bubble nucleation temperature. 
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Figure 2.2. Fabrication, structure, and finite element simulation of microwells and sharp tips. (a) 

Fabrication process of microwell array and sharp tips: SiO2 layer patterning by reactive ion etching 

(RIE), isotropic etching using SF6 vapor, removal of SiO2 by hydrogen fluoride, sputter deposition 

of 50 nm SiO2 and 200 nm titanium. (b) Scanning electron microscope (SEM) image of a fabricated 

substrate. (c) High-magnification SEM image of the black square region in (b). (d,e) Finite element 

method simulation (COMSOL Multiphysics 5.3) shows the hot spots at the sharp tips. Scale bars, 

(b) 5 µm, (c) 1 µm. 

 

2.2.2 Gravity-assisted cell positioning into microwells 

Cell positioning is critical for cargo delivery because the delivery process relies on contact 

between the metallic sharp tips facing each microwell and the cell membrane. Suspension cells 

added onto the chip and incubated for 20 min self-align with the microwells by gravity. The chip 

was then gently rinsed with 1× phosphate-buffered saline (PBS), pH 7.4, to remove excess cells 

outside of the microwells, whereas cells inside microwells remained anchored. Cells were stained 

with Calcein AM dye for imaging using fluorescence microscopy. A cell seeding density of 
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2,500 cells/mm2 was achieved over a large area. The gravity-assisted self-alignment of cells within 

microwells was shown by overlaying the bright field image of the microwells (Figure 2.3a) with 

the fluorescence image of Ramos B cells (Figure 2.3b) over the same area of the chip (Figure 2.3c). 

The four corner images of bright squares surrounding each microwell are the metallic sharp tips 

and central bright spots that show the bottom of each microwell (Figure 2.3d, 2.3e). To obtain a 

more precise image of suspension cells in the microwells, we fixed cells directly on the chip with 

4% parafolmadehyde in 1× PBS, pH 7.4, after cell self-alignment and gentle washing, followed by 

standard cell dehydration for SEM imaging. The SEM image confirms Ramos B cells inside the 

microwells and sharp metallic tip to cell membrane direct contacts (Figure 2.3f). 

 

Figure 2.3. Self-aligned cell seeding results. (a) Bright field image of a substrate. (b) Fluorescent 

image of cells with Calcein AM dye stain. (c) Overlay of (a) and (b) shows alignment of cells and 

microwells. (d) Schematic of a cell in a microwell, (e) fluorescent image, and (f) SEM image of a 

paraformaldehyde fixed cell inside a microwell. Scale bars: (a-c) 50 µm, (e,f) 3 µm. 
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2.2.3 Characterization of delivery efficiency and cell viability with different laser fluences and 

cargo sizes 

Following cell seeding into microwells, the culture medium was replaced by a solution 

containing the cargo for delivery. A petri dish with the cell-positioned chip was placed on a 

translational X-Y stage. A Nd:YAG 6 ns pulsed laser with wavelength of 532 nm and 3 mm 

diameter beam spot was set to fire at a repetition rate of 10 Hz. The laser beam was then scanned 

across the entire chip in 10 s by a 2D scanning mirror system. After the laser scan, the medium was 

changed back to regular cell culture medium for incubation. 

Delivery efficiency and viability results using fluorescent molecule detection were performed 

90 min after laser scanning. To count the total number of cells with fluorescence microscopy, we 

stained the nuclei of all cells on the chip with Hoechst 33342, a cell-permeable nucleus fluorescence 

dye with an emission wavelength of 497 nm. We first tested the membrane-impermeable 

FITC-dextran cargo with a molecular weight of 4 kDa. Control experiments were conducted by 

seeding cells on the microwell platform in cargo delivery solution without laser firing and scanning. 

No green fluorescence was detected without laser activation and scanning. After laser irradiation at 

21 mJ/cm2 and whole chip scanning, over 80% of Ramos B cells showed green fluorescence 

staining, indicating FITC-dextran uptake. The fluorescence images of Hoechst 33342 nucleus 

staining (Figure 2.4a) and FITC-dextran delivery (Figure 2.4b) were overlaid to show the parallel 

and uniform cargo delivery across a large area of the microwell platform (Figure 2.4c). 

Co-localization of the nucleus stain and delivered FITC-dextran molecules was confirmed by 

overlaying high magnification fluorescence images to show delivery results at the single cell level 

(Figure 2.4d-2.4f). Cell viability was evaluated using propidium iodide (PI), a red fluorescence dye 

that is permeable to dead cells and intercalates within the DNA in the nucleus. Images of PI staining 
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results were obtained and overlaid with Hoechst 33342 nucleus staining and FITC-dextran green 

fluorescence images. 

A range of laser fluences was tested to optimize delivery efficiency and viability. The 

dependence of efficiency and viability on laser fluence is shown in Figure 2.4g, where over 6,600 

cells were counted; error bars represent the standard deviation. Without laser irradiation, control 

experiments showed no FITC-dextran cargo delivered and 98±1% cells viable. After irradiation and 

chip scanning at 7 mJ/cm2 laser fluence, only 7±6% of cells contained 4 kDa FITC-dextran and 

98±3% cells were viable. We attribute the low delivery efficiency at this fluence to suboptimal 

temperature increases at the sharp metallic tips, which leads to low numbers of cavitation bubbles 

and low numbers of pores opened on each cell membrane. When the laser fluence was increased to 

14 mJ/cm2, significantly more cavitation bubbles formed and the delivery efficiency rose to 68±7%. 

An optimum laser fluence was determined to be 21 mJ/cm2, where a delivery efficiency of 81±4% 

and viability of 99±1% was achieved. Cell death increased after the laser fluence was raised beyond 

21 mJ/cm2. At fluences of 28 mJ/cm2 and 35 mJ/cm2, cell viability dropped to 87±3% and 85±1% 

respectively, as it is likely difficult for cells to recover fully from severe membrane disruption 

induced by excessive laser irradiation. At high fluences, delivery efficiency also falls notably, 

presumably because of excessive cell membrane damage and dead cells fail to retain fluorescent 

FITC-dextran molecules. Further, reduced photothermal effects due to damage to the metal layers 

of the sharp tips at high laser fluences may also account for decreases in delivery efficiencies.  

Fluorescent molecules with sizes ranging from 0.6 to 2,000 kDa, yielding hydrodynamic radii 

from <1 nm to 27 nm,[74] were tested to determine the accessible size delivery range of this 

photothermal platform configuration. Cargo solutions were prepared at the same concentration 

(1 mg/mL) for all types of cargo. The laser fluence was set to 21 mJ/cm2 for the range of cargo 
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sizes. Since cargo with higher molecular weight has a slower diffusion rate than smaller cargo, 

delivery efficiency drops with increasing cargo size. Quantitative experimental result is shown in 

Figure 2.4h, where 480 cells, 3,800 cells, 3,900 cells and 3,100 cells were counted for 0.6 kDa 

Calcein, 4 kDa FITC-dextran, 40 kDa FITC-dextran, 2,000 kDa FITC-dextran, respectively; error 

bars represent standard deviations. Membrane-impermeable Calcein green of 0.6 kDa size were 

delivered with an efficiency of 84±3%, whereas the delivery efficiency dropped to 58±2% for 

40 kDa FITC-dextran. For large cargo, a delivery efficiency of 46±1% was achieved using 

2,000 kDa FITC-dextran molecules, indicating the capability of large cargo delivery using this 

platform. High cell viability was maintained (> 96%) for different cargo sizes.  
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Figure 2.4. Quantification of delivery efficiency and cell viability under different laser fluences 

and cargo sizes. Large-area delivery results: (a) fluorescence image of nucleus stain 

(Hoechst 33342), (b) delivery of 4 kDa FITC-dextran (green), (c) overlaid image of (a) and (b) 

shows co-localization. (d-f) High-magnification images of fluorescence (a-c), respectively. (g) 

Delivery efficiency and cell viability at different laser fluences. Error bars, s.d. (n = 6,608 cells for 

all tests). (h) Delivery efficiency and cell viability of cargo with sizes ranging from 0.6 to 2,000 kDa 

(laser fluence 21 mJ/cm2). Error bars, s.d. (n = 486, 3863, 3986 and 3176 for 0.6 kDa Calcein, 
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4 kDa FITC-dextran, 40 kDa FITC-dextran, 2,000 kDa FITC-dextran, respectively). Scale bars: 

(a-c) 200 µm, (d-f) 40 µm.  

 

2.2.4 Delivery of a functional enzyme and expression plasmid into suspension cells 

The bacterial enzyme 𝛽-lactamase (29 kDa) was delivered into Ramos cells to demonstrate the 

biological activity of delivered cargo. The delivery and functionality of 𝛽-lactamase were evaluated 

with esterified 𝛽-lactamase substrate CCF4-AM. Upon entering the cell, CCF4-AM is converted to 

CCF4 by endogenous cytoplasmic esterases. CCF4 is a fluorescence resonance energy transfer 

(FRET) substrate, which emits green fluorescence at 520 nm with excitation at 409 nm. Once 

𝛽-lactamase was delivered into cells, it cleaved CCF4 into two separate fluorophores and disrupted 

the FRET effect, changing the emission wavelength from 520 nm to 447 nm. Delivered enzyme 

function results are shown in Figure 2.5 with a 39±1% substrate cleaving efficiency. 
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Figure 2.5. Bacterial enzyme 𝛽-lactamase functionality evaluated with CCF4-AM substrate. 

(a,d) Fluorescence images of CCF4-AM with or without laser irradiation. (b,e) 𝛽-lactamase 

cleaving results with or without laser irradiation. (c,f) Overlaid images of (a) and (b), (d) and (e), 

respectively. (g) Mechanism of CCF4-AM substrate functionality in characterizing 𝛽-lactamase. 

Scale bars: (a-f) 100 µm. 

 

(a) (b) (c)

(d) (e) (f)

(g)
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A plasmid encoding GFP was delivered into Ramos cells using the platform. The plasmid was 

encapsulated with Lipofectamine 3000 and the platform-activated transfection efficiency was 

compared to delivery with Lipofectamine only. We stained the nuclei of all cells with 

Hoechst 33342 to count the total number of cells. The fluorescence images of nuclei staining 

(Figure 2.6a) and GFP expression (Figure 2.6b) were overlaid to show colocalization (Figure 

2.6c). A transfection efficiency of 58±8% was achieved 48 h post-delivery using the sharp tip 

platform, compared to 24±4% delivery efficiency using Lipofectamine only (Figure 2.6d-f), and 

high cell viability of 89±3% was maintained (Figure 2.6g). 

 

Figure 2.6. Green fluorescence protein (GFP) encoding plasmid transfection. Transfection 

results with Lipofectamine 3000 using sharp tip device: (a) fluorescence image of nucleus stain 

(Hoechst 33342), (b) GFP expression in Ramos cells (green), (c) overlaid image of (a) and (b) 

shows co-localization. Transfection results with Lipofectamine 3000 only: (d) fluorescence 

image of nucleus stain, (e) GFP expression in Ramos cells, (f) overlaid image of (d) and (e) 

shows co-localization. (g) Quantitative comparison of transfection efficiency and viability 

between delivery using photothermal sharp tip platform and delivery using Lipofectamine 3000 

only. Scale bars: (a-f) 100 µm.  
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2.3 Conclusions  

 Suspension cells play essential roles in biomedicine and biomedical research, especially in 

areas related to the immune system. High-efficiency and high-viability suspension cell delivery 

approaches will enable improved applications in related fields. Here, we demonstrated a 

photothermal delivery platform for suspension cells with self-aligned cell positioning and 

controllable cell membrane delivery pores on each cell. A large-area, economical, safe, and high-

throughput self-aligned device fabrication process was developed with only one etching step to 

create a microwell array platform with nanoscale sharp tip structures facing each microwell cavity. 

With cell-size designed microwells, suspension cells self-align with the microwells and tips by 

gravity. Metal-coated sharp tips harvest incident laser energy to generate cavitation bubbles in the 

surrounding medium that disrupt contacting cell membranes to create transient membrane pores for 

cell-impermeable cargo to diffuse into cells. The size of the cavitation bubbles, and therefore the 

force generated on the cell membrane and resulting pore opening size, was controlled by laser 

fluence and the number of pores per cell was determined by fabricating a fixed number of tips 

around each cell. Delivery efficiencies >84% for small molecules (0.6 kDa Calcein dye) and 45% 

for large molecules (FITC-dextran 2,000 kDa) were achieved and cell viability >96% always 

maintained. Bacterial 𝛽-lactamase was delivered and retained biological activity inside cells. A 

GFP-encoded plasmid was also delivered with high transfection efficiency of 58% and viability of 

89%. The reproducible delivery of fluorescent molecules, an enzyme, and GFP-encoded plasmids 

shows the potential for photothermal delivery in biomedical applications for suspension cells.  

Self-aligned cell seeding and anchoring by gravity enables highly efficient delivery of cargo into 

a large number of suspension cells nearly simultaneously. Adjusting the diameter and pitch of the 

platform microwells adds versatility to this platform for a wide variety of suspension cells of 
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different sizes. The cell diameters in Figure 2.4b varied from 8 µm to 17 µm, showing the cell-

to-cell size variation tolerance of the current 8-µm pitch microwell design. For biological samples 

that absorb visible light, the current 532-nm pulsed laser could be replaced by a near infrared pulsed 

laser. Combined with the wafer-scale self-aligned fabrication process, this approach can be 

expanded and applied for high-efficiency, high-viability, safe, and high-throughput suspension cell 

intracellular delivery, which creates numerous opportunities in biomedicine.  

2.4 Methods and Experimental 

2.4.1 Experimental setup 

The laser source is a Q-switched Nd:YAG laser (Minilite I, Continuum, San Jose, CA, USA), 

with a wavelength of 532 nm, a beam diameter of 3 mm, and a pulse duration of 6 ns. A half-wave 

polarizer and polarizing beam splitter designed for the 532 nm laser are used to adjust the power 

splitting ratio of two beams. The laser energy was checked before every experiment using a laser 

energy meter (Nova II, Ophir, North Logan, UT, USA). An X-Y translation stage (Thorlabs, 

Newton, NJ, USA) and a 2D scanning mirror (Thorlabs, Newton, NJ, USA) were applied to expose 

the entire 1 cm2 area to the laser beam sequentially.  

2.4.2 Temperature simulation 

We used a finite-element method (COMSOL, Multiphysics 5.3) to simulate temperature 

distribution pattern. The simulation geometry was constructed according to real device dimensions 

in a water medium. Scattered field formulation was used to apply plane waves 

(wavelength = 532 nm, fluence = 21 mJ/cm2) in the z direction. Resistive loss from electromagnetic 

interaction was calculated and used as the heat source for transient heat transfer. Perfectly matched 

layers were applied to surround the entire domain to mimic infinitely extending space. 
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2.4.3 Cell seeding and retrieval 

Ramos Homo sapiens Burkitt’s lymphoma B cells were obtained from ATCC (Manassas, VA, 

USA) and maintained in RPMI-1640 (Corning, Manassas, VA, USA) supplemented with 10% fetal 

bovine serum (Omega Scientific, Tarzana, CA, USA), 1% penicillin/streptomycin (Corning, 

Manassas, VA, USA), 1% sodium pyruvate (Corning, Manassas, VA, USA), and 1% non-essential 

amino acids (Life Technologies Corporation, Carlsbad, CA, USA). Cells were incubated at 37 ºC 

and 5% CO2 and were checked regularly for mycoplasma contamination using Lonza (Walkersville, 

MD, USA) Mycoalert Mycoplasma Detection Kit. Cells were passaged every other day and were 

maintained at 5×105-2×106 cells/mL. The chip was put into a 35-mm petri dish. Ramos cells were 

loaded into the petri dish and kept in incubator for 20 min to settle down when cells self-aligned 

with microwells and sharp tips. After incubation for 20 min, the chip was taken out and rinsed with 

PBS to wash away excessive cells outside microwells, while cells inside microwells remained static 

due to the anchoring feature of the structure. Stable seeding of 2.5´105 cells per chip (1 cm´1 cm) 

was reproducibly achieved. It takes 2 minutes to scan through the chip by manual control, which 

yields the throughput of 1.25´105 cells/min. Using a 2D scanning mirror system, the scanning time 

reduces to 10 seconds. Cell-permeable dye, Calcein AM (Life Technologies Corporation), was 

added to stain the whole cell so as to visualize individual cells in fluorescent microscope. Bright 

field images of the same area of the chip were also obtained to compare the seeding status at the 

single-cell level. After laser scanning, cells were retrieved by tilting the chip at 45°, gently washing 

out cells with culture medium and collecting them in the petri dish. Over 2´105 cells out of the 

2.5´105 cells originally seeded in one single chip were collected. The experimental results of 

enzymatic function and plasmid transfection were analyzed after the cells were retrieved from the 

chips. 
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2.4.4 Delivery material 

Fluorescent molecules ranging from 0.6 to 2000 kDa were applied to characterize the platform. 

Cell-impermeable Calcein green molecules (0.6 kDa, Life Technologies Corporation, Carlsbad, CA, 

USA) were prepared as 500 µM in PBS. FITC-dextran molecules (4 kDa, 40 kDa, 2000 kDa, 

Sigma-Aldrich, St. Louis, MO, USA) were prepared as 1 mg/mL in PBS. The PBS solution 

containing fluorescent molecules was added into petri dish immediately before experiments and 

removed by rinsing the chip three times with fresh PBS after the laser scan. The 𝛽-lactamase 

enzyme (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in Hanks’ Balanced Salt Solution 

(HBSS) at 50 units/mL. MSCV-GFP plasmid (4.5 µg) was diluted in Opti-MEM (200 µL, Life 

Technologies Corporation, Carlsbad, CA, USA) and P3000 Enhancer Reagent (9 µL, Life 

Technologies Corporation, Carlsbad, CA, USA), mixed with Lipofectamine 3000 (12 µL, Life 

Technologies Corporation, Carlsbad, CA, USA) in Opti-MEM (200 µL), and incubated at room 

temperature for 15 min. 

2.4.5 Delivery efficiency and viability 

Cells were stained with Hoechst 33342 (5 µg/mL, Life Technologies Corporation, Carlsbad, CA, 

USA), a nucleus stain, to facilitate the counting of total cell number. Cells with designated cargo 

inside were counted as successfully delivered cells. Delivery efficiency was calculated as the 

number of delivered cells divided by the total number of cells. Propidium iodide (5 µg/mL, Life 

Technologies Corporation) was used to mark the nuclei of dead cells. Cell viability was calculated 

as the number of live cells (with no PI) divided by the total number of cells.  

2.4.6 Cell counting and reproducibility information 
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We used an automated cell-counting program in Fiji image processing software to count cells 

from fluorescence images. Manual checks were also performed to minimize counting errors. Each 

data point in Figure 2.4g represents the mean value of at least three randomly selected fields of 

view with over 100 cells counted; error bars represent standard deviations. Each data point in 

Figure 2.4h represents the mean value of at least three randomly selected fields of view with over 

400 cells counted; error bars represent standard deviation. Each data point in Figure 2.6g represents 

the mean value of at least three randomly selected fields of view in three independent experiments 

with over 800 cells counted; error bars represent standard deviations. 

2.4.7 Cell fixation 

Cells were fixed with 4% paraformaldehyde in PBS. After seeded on chip, cells were carefully 

rinsed with PBS three times and immersed in paraformaldehyde for 20 min at room temperature. 

Paraformaldehyde solution was fully removed with PBS rinse three times. The sample was 

dehydrated by soaking in ethanol of graded concentrations, which were 50% for 5 min, 70% for 

5 min, 90% for 5 min, and 100% four times for 5 min each. Finally, the sample was immersed in 

hexamethyldisilazane (HMDS) three times for 7 min each and air dried at room temperature. 

2.4.8 Imaging 

Fluorescence images were taken with an upright fluorescence microscope (Axio Scope.A1, Carl 

Zeiss, Jena, Germany) with 10× objective lens. Scanning electron microscope images were obtained 

with a field emission scanning electron microscope (Hitachi S4700, Tokyo, Japan).  
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Chapter 3  

Photothermal Intracellular Delivery Using Gold Nanodisk 

Arrays 

3.1 Introduction 

Intracellular delivery of exogenous cargo, such as nucleic acids,[1-5] proteins,[6-10] and 

membrane impermeable drugs,[9, 11, 12] is of great importance across a spectrum of biomedical 

and therapeutic applications, including precision gene modification,[13-15] immunotherapy,[16-

18] intracellular imaging/sensing,[12, 19-22] drug delivery,[9, 11, 23-25] and regenerative 

medicine.[26, 27] To date, efforts towards intracellular delivery have been advanced by carrier-

based and membrane-disruption-based approaches.[28, 29] Viral-vector-based methods remain the 

most clinically advanced carrier-based strategies, achieving nucleic acid delivery with high 

efficiencies and specificities.[30-32] However, challenges associated with their potential 

immunogenicity, safety concerns from off-target effects, complexity, and high costs have limited 

their broader application.[30] Moreover, viral-based carrier systems suffer from intrinsic 

limitations in their cargo-carrying capacity, which preclude effective complex biomolecules or 

mixtures of components. Membrane-disruption-based approaches,[29] where transient pores are 

created in cell membranes via mechanical,[33-35] electrical,[36-39] or photothermal methods,[40-

48] are less dependent on cargo and cell type. Electroporation-based methods yield appropriate 

efficiencies but suffer from low viability and require specialized equipment and reagents that are 

difficult to scale. Strategies using nanostructures, such as nanowires,[49-51] nanostraws,[34, 52] 

and nanoneedles[52-55] to create pores in cell membranes, have also been shown to have suitable 
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efficiencies and viabilities for intracellular delivery, but are limited by poor reproducibility, slow 

processing throughputs, and complicated fabrication processes.  

Photothermal strategies that utilize the generation of cavitation bubbles induced by laser 

radiation of noble metal nanoparticles or metal plasmonic structures represent another promising 

membrane-disruption method. Previous studies have demonstrated that noble metal nanoparticles, 

such as Au nanoparticles, are well-suited to serve as high-efficiency delivery agents.[40-48] 

However, the cytotoxicity of Au nanoparticles is still under investigation, and this method also 

suffers from limitations in reproducibility. Alternatively, substrate-supported plasmonic structures, 

fabricated using micro- and nanolithography techniques, serve as promising platforms for high-

efficiency and high-viability intracellular delivery.[9, 11, 24, 56, 57] Current methods to produce 

plasmonic architectures for photothermal delivery applications are limited by time consuming and 

costly fabrication processes used to pattern metal layers, which hinder the scalability of these 

techniques and represent a critical barrier to advancing toward applying these technologies to 

clinical targets. Alternatively, nanofabrication approaches that yield repeatable, scalable, and low-

cost processing of plasmonic nanostructures will facilitate wide scale clinical applications.  

Soft lithography uses soft polymeric stamps to fabricate a range of micro- and nanoscale 

features in a high-throughput, large-scale, and cost-effective manner.[58-61] Microcontact 

printing (µCP), as a representative soft lithography method, transfers molecular inks, such as 

alkanethiols, from stamp to target surfaces.[61, 62] A complementary, subtractive soft lithography 

process chemical lift-off lithography (CLL), uses oxygen plasma-activated polydimethylsiloxane 

(PDMS) stamps to remove self-assembled monolayer (SAM) molecules selectively from contacted 

areas on a surface to create patterns over large areas, and may be used to achieve high-fidelity 
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chemical patterns with line widths approaching 5 nm (corresponding to patterns ~10 molecules 

across).[63-70] The remaining SAM molecules in the non-lifted-off regions can act as resists to 

enable selective etching of exposed Au to produce Au nanostructures, such as Au nanolines, 

nanocircles, and nanosquares.[65, 70-72] 

In this work, we apply CLL to achieve fabrication of Au plasmonic nanostructures over large 

areas for photothermal intracellular delivery. Large-area two-dimensional (2D) Au nanodisk arrays 

are fabricated across cm length scales on a variety of substrates, such as silicon wafers, glass slices, 

and plastic petri dishes, which provides a significant advantage for versatile intracellular delivery 

environments and creates opportunities for integration with medical devices. The low-barrier and 

low-cost of this CLL technique is ideal for universities laboratories. Nanodisk arrays of different 

sizes have been fabricated in this study to measure delivery efficiencies and cell viabilities as a 

function of nanostructure surface density per cell. Upon excitation of the nanodisks with a 

nanosecond laser, delivery efficiencies of >98% and cell viabilities of >98% were achieved using 

0.6 kDa cell membrane-impermeable Calcein as a model cargo molecule, which is comparable 

with current photothermal intracellular delivery platforms. This work demonstrates a promising 

low cost and reproducible intracellular delivery approach, with widespread applicability for drug 

delivery, nanoparticle delivery, and regenerative medicine. 
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3.2 Results and Discussion 

3.2.1 Working principle 

We exploit the plasmonic properties of the gold nanodisks whereby exposure to nanosecond 

laser pulses generate cavitation bubbles with energies sufficient to puncture cellular membranes, 

forming pores that facilitate intracellular delivery of desired cargo (Figure 3.1). HeLa cells, used 

as a model cell line, were cultured onto CLL-patterned nanodisk substrates and placed in a growth 

medium containing Calcein. By scanning the laser across the wafer-scale Au plasmonic substrate, 

plasmonic hotspots formed upon illumination. Cavitation bubbles generated at these local regions 

in contacting the plasma membranes of the target HeLa cells serve as projectiles that render the 

cells transiently permeable. Cargo molecules within the surrounding medium are able to enter the 

cytoplasm via diffusion.[9] Precision control of the pulsed-laser spot position across the substrate 

is maintained with a pair of X-Y scanning mirrors. It takes 10s to scan across the entire 25-mm2 

chip, with over 104 cells per chip. 

 

Figure 3.1. Illustration of photothermal intracellular delivery enabled by localized surface 

plasmon resonance (LSPR) of gold nanodisks excited by a nanosecond laser. After cell seeding, 

the laser was rastered over cells seeded onto the nanostructures and cultured in a medium 

containing membrane impermeable biomolecules. Upon irradiation, the gold plasmonic structures 
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heat up rapidly and generate cavitation bubbles, which facilitate the delivery of the biomolecular 

cargo into targeted cells by creating transient pores along nearby their outer membranes. 

 
3.2.1 Structure design and soft lithography fabrication  

The fabrication of periodic metal nanostructures with micron-scale features can be achieved 

readily via conventional photolithography, while producing sub-micron features often requires 

specialized tools such as electron beam lithography (EBL) and focused ion beam lithography (FIB). 

However, these serial writing processes systems are time-consuming and costly to operate, leading 

to extremely limited production yields and output. Transfer printing techniques, such as 

nanotransfer printing, provide an alternative solution for nanofabrication over large areas while 

achieving higher processing throughputs. Existing nanoscale printing approaches are limited to 

certain substrates based on surface energy constraints that are critical for successful and 

reproducible pattern transfer. In this study, we extend the applications CLL for biomedical 

applications. Double-patterning CLL has been recently reported as a means of fabricating Au 

plasmonic nanodisk arrays (Figure 3.2a).[72] Polydimethylsiloxane stamps, textured with lines of 

different widths and pitches are activated by exposure to oxygen plasma to generate hydrophilic 

silanol groups at the stamp surface. Substrates for CLL (e.g., silicon wafers) are coated with a thin 

layer of Au (30 nm) that is functionalized with an –OH terminated alkanethiol 

(11-mercapto-1-undecanol) SAM. Conformal contact between the stamp and the substrate leads 

to condensation reactions between OH-groups of SAM and the silanol groups of activated PDMS, 

leading to the formation of covalent bonds (Si–O–SAM). Lifting the stamp from the substrate 

results in selective removal of the SAM corresponding to the stamp’s pattern, leaving SAM 

molecules within the non-contacted regions that establish a series of nanoscale lines. A second 
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CLL step was then carried out using the ‘re-activated’ stamp that is rotated 90° and registered to 

the initial pattern. After the second patterning step, arrays comprised of SAM nanosquares are 

produced, which serve as molecular resists during the subsequent wet etching to generate 2D Au 

nanodisk substrates.  

A representative image of a Au nanodisk array on a silicon wafer is shown in Figure 3.2b, 

where the central area contains uniformly patterned plasmonic nanostructures over cm scales. We 

extend the capabilities of this technique by demonstrating fabrication on multiple materials (e.g., 

plastic petri dishes) that are easily coated with Au thin films and then modified via CLL patterning 

(Figure 3.2c). The ease of integration with commercially available cell culture products 

demonstrates the potential of our platform to add new functionality to existing medical devices, 

enabling opportunities for controlled in situ drug delivery and molecular screening. Stamps with 

periodic lines of different feature sizes were used in this study, with widths ranging from 350 nm 

to 10 µm and pitches ranging from 700 nm to 20 µm. To create sub-micron features, we used 

commercial optical storage products, such as DVDs (~ $1 each), as masters that contain large-area, 

periodic gratings with 350 nm wide at 700 nm pitch to circumvent the need for expensive and slow 

lithographic techniques such as EBL. Atomic force microscope (AFM) images show the 

morphology of the fabricated Au nanodisks, with widths of 350 nm (Figure 3.2d), 1 µm 

(Figure 3.2e), and 2 µm (Figure 3.2f). The nanostructures maintain uniform shape with sharp 

edges as seen in the AFM images. Corresponding optical microscope images that demonstrate the 

capability to tune the microscale widths of the patterned structures at 1 µm, 2 µm, and 10 µm are 

shown in Figures 3.2g-i. 
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Figure 3.2. Gold plasmonic disk arrays fabricated by double-patterning chemical lift-off 

lithography (CLL). (a) Schematic of the patterning process. Substrates were coated with gold (Au) 

before being functionalized with self-assembled monolayers (SAMs). Polydimethylsiloxane 

(PDMS) stamps with line patterns were “activated” by exposure to an oxygen plasma to generate 

hydrophilic silanol groups on their surfaces. The stamps were then placed in conformal contact 

with the substrate. Molecules were selectively removed in the contact region upon lifting the 

stamp. A second patterning step was then performed by rotating the stamp 90° to generate two 

dimensional (2D) nanosquare chemical patterns. Exposed metal was removed via wet etching to 
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generate Au 2D nanodisk arrays. Representative images of large-area 350-nm-wide Au nanodisk 

arrays on a plastic petri dish (b,c). Atomic force microscope images of Au nanodisk arrays 

comprised of (d) 350-nm wide, (e) 1-µm wide, and (f) 2-µm wide features. Optical microscope 

images of gold nanodisk arrays with feature widths (g) 1-µm, (h) 2-µm, and (i) 10-µm. Scale bars: 

10 µm. 

 
3.2.2 Cell seeding and photothermal simulation 

Plasmonic nanodisk array fabricated in this manner are promising candidates for surface 

plasmonic resonance (SPR). Therefore, we hypothesized that these plasmonic structures could be 

applied for photothermal delivery, where sharp edges concentrate laser energy to generate 

cavitation bubbles in the cell culture medium. Explosive boiling of water will occur when the 

temperature reaches 80–90% of its critical temperature that enables the bubbles formed in close 

proximity to a cell to puncture its outer membrane discretely.[9, 11] Finite element analysis 

simulations (COMSOL, Multiphysics 4.4) were conducted that estimate that the aqueous cell 

culture medium reaches above 640 K (~360 ℃) at laser irradiances of 11 mJ/cm2 (Figure 3.3e,f), 

which is sufficient to initiate cavitation bubble formation. Calcein AM (AM = acetoxymethyl), a 

cell membrane permeable variant of calcein, was used for short-term labeling of HeLA cells as 

shown in Figure 3.3a prior to fixation. A scanning electron microscope (SEM) image of same 

region after cell fixation (Figure 3.3b) illustrates that cells are able to adhere to the Au nanodisk 

arrays substrates. An overlay of the optical and SEM images, within the green box (Figure 3.3b), 

is presented in Figure 3.3c with matching cell distribution and morphology. Single cell 

morphology was shown in Figure 3.3d with diameters of around 20 µm.  
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Figure 3.3. Cell seeding and numerical simulation. (a) Fluorescence microscope images of Hela 

cells on 2-µm-wide gold (Au) nanodisk arrays labeled with a cell membrane impermeable dye 

(Calcein AM). (b) Scanning electron microscope (SEM) images of fixed cells on a substrate. (c) 

Overlay of the green box-designated region seen in (b) with (a). (d) Scanning electron microscope 

image of single Hela cell on 2-µm-wide Au nanodisk array substrate. (e–f) Simulation results of 

surface temperature at the gold nanodisk array interface in water. Scale bars: (a-c) 50 µm, (d) 20 

µm. 

 
3.2.3 Characterization of delivery efficiency and cell viability with different laser fluences 

and cargo sizes 

We next demonstrated delivery of Calcein green (0.6 kDa membrane impermeable cargo) with 

high-efficiency and high-viability. Calcein delivery using Au nanodisks (1 µm radius, 2 µm pitch, 

30 nm thick) under 11 mJ/cm2 laser irradiation can be seen in Figure 3.4a. Hoechst 33342, a cell 
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permeable nucleus fluorescence dye that emits at 497 nm, was used to label cell nuclei to quantify 

the total number of cells (Figure 3.4b). Propidium iodide (PI), which is not permeable to live cells, 

was used to detect dead cells (Figure 3.4c). Overlaid images of Calcein green fluorescence, 

Hoechst 33342 nucleus staining, and PI staining were taken 90 min after laser pulsing and are 

shown in Figure 3.4d. Efficiency was determined to be 98 ± 1%, with a viability of 99 ± 1% under 

the condition described above. Control experiments were performed on uniformly flat gold films 

(30 nm thick) under the same conditions show negligible delivery efficiency, which verifies the 

critical role of the Au nanostructure in the intracellular delivery of Calcein green under laser 

irradiation. 

 

Figure 3.4. Delivery efficiency and cell viability testing. (a-d) Delivery of Calcein to HeLa cells 

using gold nanodisk arrays (1 µm wide, 2 µm pitch, 30 nm thickness) under laser irradiation of 

11 mJ/cm2 fluence. (a) Representative image of delivery of Calcein (green) to targeted cells. (b) 

Cell nuclei are stained with Hoechst 33342 to label both live and dead cells (blue). (c) Propidium 

iodide (PI) assay to identify dead cells (red). (d) Overlaid image of Calcein, Hoechst 33342, and 

PI dyes. Efficiency was found to be 98 ± 1%, and viability is 99 ± 1%. (e–h) Control experiment 
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using flat gold thin film under the same laser irradiation of 11 mJ/cm2 fluence, where (e) 

corresponds to the Calcein channel, (f) is the Hoechst dye, (g) is the PI dye, and (h) is the overlaid 

image of (e–g). Scale bars: 100 µm. 

 Different laser fluences, ranging from 7 to 21 mJ/cm2, were studied to optimize delivery 

performance (Figure 3.5a and 3.5b). We observed that the number of cells receiving the Calcein 

cargo (green) decreased and while cytotoxicity (red) increased with increasing laser fluence. 

Additional experiments studying the effect of different laser fluences were performed with results 

plotted in Figure 3.5e. Over 2,500 cells were counted for each sample tested. Delivery efficiencies 

increased when the laser fluence was increased from the minimum laser intensity up to 11 mJ/cm2, 

reaching 98 ± 1% efficiency. At higher laser fluences both cell viability and efficiency decreased 

significantly (with viability decreasing to 16 ± 2% and 6 ± 1% efficiency at 21 mJ/cm2). We 

attribute this cytotoxicity to irrecoverable membrane disruption occurring at the higher laser 

intensities.[9, 11, 24, 56] The drop in delivery efficiency drops with cell viability is expected as 

Calcein will only remain in live cells with intact plasma membranes.  

We also studied the effect of width and pitch of the periodic nanodisk arrays on delivery 

performance. Fewer green cells were observed as the sizes of Au nanodisks were increased from 

2 µm to 10 µm (Figure 3.5c, d) while number of dead cells (red) remained the same relative to the 

total number of cells (blue). This phenomenon can be explained by the density of cavitation 

bubbles induced by the gold plasmonic structures per cell.[9] Results from our simulations of 

photothermal response (Figure 3.3f) indicate that hotspots occur at the corner of each nanodisk 

where the pitch of nanodisk array is twice the width of an individual disk. Disk arrays with larger 

disk widths have fewer hotspots and thus form fewer cavitation bubbles. Delivery efficiency is 
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therefore decreased on these substrates owing to the smaller number of cavitation bubbles. Our 

data indicate that the delivery efficiency is maximized for disks with widths smaller than 2 µm. 

Delivery efficiency and cell viability results on nanodisk arrays with different feature widths are 

shown in Figure 3.5f. Cargoes with different sizes were also studied, including 0.6 kDa Calcein, 

4 kDa Calcein, and a 150 kDa Dextran (Figure 3.5g). Delivery efficiencies of 98 ± 1% and 94 ± 

1% were achieved for 0.6 kDa and 4 kDa Calcein, respectively. A decreased efficiency of 36 ± 5% 

was observed for the Dextran, which we suspect is related to its lower diffusion coefficient. Note 

that the gold nanodisk substrates have the added benefit of being reusable as we did not notice any 

drop off in performance after five experiments. 

 

Figure 3.5. Delivery efficiency and cell viability at different laser fluences and gold disk sizes 

are shown in overlaid images (a-d) of 0.6 kDa Calcein delivery (green), Hoechst dye (blue), and 

PI dye (red). Delivery results under different laser fluence at (a) 7 mJ/cm2, and (b) 21.2 mJ/cm2, 

respectively. Delivery results using different sizes of gold nanodisk arrays of (c) 2 µm and (f) 

10 µm widths, respectively. (e) Delivery efficiencies and viabilities after 90 min as a function of 

laser fluence. Error bars represented standard error mean (s.e.m.) (n = ~2,500 cells for all tests).  

(f) Delivery efficiencies and viabilities with different sizes of gold nanodisk arrays at 7 mJ/cm2. 
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Error bars, s.e.m. (n = ~1,900 cells for all tests). (g) Delivery efficiencies and viabilities with 

different cargoes at 11 mJ/cm2. Error bars, s.e.m. (n = ~2,000 cells for all tests). Scale bars: 100 

µm. 

 

3.3 Conclusions 

In summary, effective and safe delivery of biomolecular cargos intracellularly was achieved by 

exposing large-area gold plasmonic substrates fabricated using double-patterning CLL to 

nanosecond-laser pulses. Gold surfaces patterned with 2D SAM nanosquare arrays were used to 

create sub-micron nanostructures. Illuminating  the gold nanostructures with nanosecond-laser 

pulses induced cavitation bubbles at the plasmonic hotspots through a photothermal effect. Cells 

seeded on the nanostructures were rendered transiently porous upon contact with the bubbles, 

enabling delivery of exogenous biomolecular cargo. Laser fluences and nanodisk sizes were 

optimized to achieve delivery efficiencies of over 98% for 0.6 kDa Calcein with cell viability 

maintained at over 98%. 

Desirable features of this CLL-based strategy include: (1) cost-effective and high-throughput 

fabrication of uniform nanostructures over large (cm) areas, (2) versatile substrate selection, (3) 

scalability and reproducibility, and (4) inexpensive setup that does not require specialized 

instrumentation. Efficient delivery of membrane impermeant small molecules to HeLa cells with 

minimal cell death was achieved, which opens new opportunities for testing and manipulating in 

disease-relevant cellular targets and potential integration with medical devices. Both the PDMS 

stamps and the fabricated plasmonic substrates are reusable, enabling scale up to larger formats. 

Compared with expensive femtosecond lasers used in this field, the nanosecond pulsed laser used 
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in this study, is economical and straightforward to operate. Therefore, this study demonstrates a 

promising method for high-efficiency intracellular delivery for numerous cellular therapeutic and 

drug discovery applications.  
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Chapter 4 

Laser-Assisted Supercritical Injector 

4.1 Introduction 

The intracellular delivery of nuclei acids, proteins and nano-devices are of great importance in 

the biomedical application, such as gene editing, cell-based therapies, and stem cell 

programming.[1] Cargoes of interest range from small molecules of around 1 nm to large cellular 

or subcellular components of several microns.[2] Delivery of large cargoes, such as organelle, 

subcellular components, and synthetic devices, is enabling the systematic research work in the 

fields of, but not limited to, metabolic study, gene therapy, and intracellular environment 

probing.[3-6] Recent advances in CRISPR (clustered regularly interspaced short palindromic 

repeats) associated protein Cas9, for example, have achieved precise and targeted gene editing, 

while the delivery methods capable of transferring large chromosomes for insertion and correction 

are now in high demand.[7, 8] 

Currently available methods mainly fall into two categories, with one utilizing various carriers 

to transport cargoes into cytosol through endosomal escape or membrane fusion, the other actively 

disrupting cell membrane for cargoes to migrate inside. Two major carriers in the first category 

are viral vectors and chemical vectors. Viral vectors, which take viral infection pathway to enter 

the cytosol, have been widely applied and proven effective in a variety of cargoes, while the 

packing capacity and potential immunogenicity issues remain a major concern.[9-12] Chemically 

synthetic carriers, such as cationic lipid, polymers, and inorganic nanomaterials, are utilized to 
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package cargoes inside and protect them from internalization process, which may result in delayed 

drug release and low efficiency for hard-to-transfect cells.[13-15] 

Physical delivery methods, unlike carrier-based strategies, transfer cargoes into cytosol by 

disrupting the membrane and increasing the membrane permeability, allowing more flexibility in 

cargo types. Physical delivery process mainly undergoes three phases: membrane disruption, cargo 

transport, and membrane recovery. The time window between membrane disruption and recovery 

is known to be only several seconds, limiting the time for cargoes to migrate into the cell.[1, 16] 

For a large portion of physical delivery platforms, cargoes rely on the diffusion according to its 

concentration gradient between the two sides of the cell membrane, which results in significantly 

slow migration speed and low delivery efficiency of large-sized cargoes.[17-19] Thus, active cargo 

transport is widely applied in platforms aiming for large cargo delivery.[5, 20-24] 

Microinjection has been dominating large cargo delivery for ages, with its capability to pierce 

through membrane and inject cargoes directly into cytosol, while the operation is known to be low 

throughput.[5, 25, 26] Ballistic injection directly delivers cargoes, precipitated on metallic micro 

and nanoparticles, into the cell cytoplasm or nucleus as a projectile out of a highly pressurized 

ballistic device, while the macroscale bombardment results in random distribution and excessive 

material introduced. [23, 24, 27-29] 

Photothermal effect has been extensively applied in intracellular delivery field over the years 

with specially designed metallic nanoparticles or nanostructures.[17, 20, 21, 30-34] When laser 

irradiation heats up the light-absorbed material to the critical temperature of the surrounding 

aqueous medium, cavitation bubbles are generated at the interface between the light-absorbing 

material and the aqueous medium.[35, 36] According to the phase diagram of water, as an example, 



	

	 	68	

the initial pressure of the cavitation bubbles could be as high as 20 MPa, which results in explosive 

bubble expansion. The high-pressure bubbles have been utilized to open transient pores on the 

adjacent cell membrane, serving as the transfer channel for external cargoes.[17, 19, 32] Our group 

has developed a high-throughput delivery platform using cavitation bubbles to create openings on 

adjacent cell membrane, followed by fluidic pumping to actively push cargoes through the 

opening.[20] It achieved high-throughput delivery of micron-sized bacteria and mitochondria 

while maintaining high cell viability.  

Here, we demonstrate a large cargo delivery system with direct fluidic injection powered by the 

large pumping energy from the bubble explosion at supercritical point. Three different device 

designs are reported to accommodate different application scenarios while sharing the same 

delivery mechanism (Figure 4.1). Instead of using the explosion of bubbles to disrupt cell 

membrane, we utilize the high-pressure bubble as a pumping source to push out liquid inside a 

micron-sized cavity or hole structure. Upon laser irradiation, opaque material absorbs the light 

energy, raises the temperature and heats up surrounding medium to its critical point in just 

nanoseconds. As thermal expansion of aqueous medium occurs with no fluidic movement to 

respond within such a short time, high pressure is built up inside the liquid. As a result, the thin 

layer of aqueous medium near the heat source turns into supercritical fluid with huge energy stored, 

which serves as a pumping source for the high-speed fluidic jet to cut the cell membrane and 

deliver cargos into the cytosol and nucleus. Our high-speed jet injectors integrate the membrane 

disruption and active cargo transport into one step for large cargo delivery, free of any excessive 

needles, particles or pumping system. The fabrication processes of the devices are designed to be 

conventional and simple with large-area uniformity. The penetration depth of fluidic jet can be 
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tuned by simply adjusting the etching time in the fabrication to create different sizes of structures 

without changing the geometry design. The penetration was demonstrated by injecting 140 nm 

polystyrene beads into Agarose hydrogel which was prepared to have similar Young’s Modulus 

as cells. With all the device designs, we achieved penetration depths from tens of microns to a 

hundred microns, indicating the capability of three-dimensional tissue delivery and epidermal in 

vivo delivery, besides intracellular delivery into single layer of cells. 

 

Figure 4.1. Schematics of three versions of Laser Actuated Supercritical Injector (LASI). (a) 

Hemispheric heavily doped silicon micro-cavity with 532 nm laser. (b) Silicon micro-cavity with 

titanium as heating material with 1064 nm laser. (c) Silicon micro-hole array with 1064 nm laser. 

 

4.2 Results and Discussion 

4.2.1 Laser induced supercritical injector with heavily doped silicon micro-cavity 

Our first LASI platform consists of 10,000 micro-cavities in a 1 cm2 heavily doped silicon chip 

with a 1-µm thick silicon dioxide, in which an opening of 3 µm in diameter for each micro-cavity 

serves as the nozzle for injection (Figure 4.1a). Cargoes solution is loaded inside the micro-cavity 

and samples to be processed are put on top of the device surface. Upon laser irradiation, heavily 

doped silicon absorbs laser energy and raises its temperature in nanoseconds, which heats the 



	

	 	70	

surrounding cargo medium to its critical point and creates cavitation bubbles at the inner surface 

of the micro-cavity. The rapid expansion of bubbles shoots out the cargo solution through the 3-

µm opening into the samples on top. The amount of cargo solution delivered can be tuned by 

adjusting the micro-cavity size, which would determine the volume of liquid pumped out. 

To fabricate the micro-cavity array out of a heavily doped silicon wafer, a 1-µm silicon dioxide 

was first grown by thermal oxidation, followed by the patterning of the opening array including 

photolithography and reactive ion etching of silicon dioxide (Figure 4.2a,b). Cavity structure was 

created by etching silicon to wells with diameter of 80 µm using isotropic vapor etching method 

(Figure 4.2c). The fabricated device was treated with oxygen plasma to improve the wettability of 

the surface for cargo loading. To prove the filling of cargoes inside micro-cavities, the device was 

put into a vacuum chamber for a short period after immersed into the cargo solution.  

 

Figure 4.2. Fabrication process of laser induced supercritical injector with heavily doped silicon 

micro-cavity. (a) A layer of 1-µm silicon dioxide (SiO2) was thermally grown. (b) The SiO2 was 

patterned and etched using reactive ion etching. (c) Silicon was etched using SF6 isotropic 

etching to create micro-cavities. 

An optical setup was built up to direct the 532-nm nanosecond pulsed laser to the sample located 

on a translational X-Y stage, which was programmed and controlled by the software, so that the 

laser beam could scan across the entire chip automatically in 2 min. The programmable stage also 
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enables the arbitrary activation of the delivery platform for potential applications such as drug 

screening and cell tracking. The laser beam diameter is 3 mm and the laser fluence is 200 mJ/cm2. 

To demonstrate the fluidic jet profile, we tested the device by injecting 140 nm polystyrene 

fluorescent beads into agarose hydrogel. The agarose was prepared at 0.6% w/w to approximate 

the Young’s Modulus of mammalian cells.[37, 38] After solidification, the hydrogel was cut into 

1 cm2 blocks and put on top of the device preloaded with cargoes. The chip and the hydrogel were 

then transferred to the X-Y stage for laser activation. As cavitation bubbles pushed out the fluidic 

jet into the hydrogel, fluorescent beads got injected into the hydrogel and remained inside. The 

hydrogel was then inspected with confocal microscope, as shown in Figure 4.3a-c. Two different 

sizes of micro-cavities were tested, showing similar injection uniformity in top views (Figure 

4.3d,e,g,h), indicating its capability of large-area and highly uniform delivery of cargoes. The 

penetration depths, as expected, were different, as 80-µm wide micro-cavities yielded 95 µm 

(Figure 4.3f) while 60-µm wide ones yielded 50 µm (Figure 4.3i).  
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Figure 4.3. Penetration depth characterized with Agarose hydrogel. (a) Green fluorescent beads 

loaded into the micro-cavities covered by Agarose hydrogel (0.6% w/w). (b) Nanosecond pulsed 

laser automatically scanned across the entire chip. (c) Hydrogel with beads injected was 

inspected using confocal microscope to measure the penetration depth. Penetration depth injected 

by 80-µm wide micro-cavities: (d) top view of fluorescent beads inside the hydrogel, (e) three-

dimensional image of injected beads, (f) single trace of fluorescent beads. Penetration depth 

injected by 60-µm wide micro-cavities: (g) top view of fluorescent beads inside the hydrogel, (h) 

three-dimensional image of injected beads, (i) single trace of fluorescent beads. Scale bars: (d) 

100 µm, (g) 100 µm. 

 

4.2.2 In-situ laser induced supercritical injector with metal disk embedded 

Despite the promising jet injection capability, our first design would mainly work for thin and 

transparent biological samples, as the laser light has to travel through the sample before reaching 

to the silicon surface and may be absorbed. Moreover, it may not be feasible to prepare all the 

biological samples into a single piece for the laser to fire from one side to the other, restricting the 

platform from potential in-situ delivery application, such as in-vivo epidermal injection. Thus, we 

developed the second version of LASI device based on the existing design (Figure 4.1b).  

With the similar structure as our prior device, the second device is enabled with the in-situ 

delivery capability by designing the laser to fire from the backside of the device instead of from 

the top side, which frees all the prior requirements imposed on the biological samples. The 532-

nm wavelength laser was replaced by a 1064-nm one for less silicon absorption of laser energy. 

For the same reason, regularly doped silicon wafer was adopted in replacement of the heavily 
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doped silicon. To enhance the optical energy absorption at the cavity surface, a thin layer of 

titanium was deposited into the cavity and served as the local hot spot to heat up the surrounding 

aqueous medium. 

The fabrication process is similar to the prior one, except for the extra step of titanium 

deposition (Figure 4.4). Thermally grown silicon dioxide was patterned and etched to create the 

3-µm wide nozzle, followed by isotropic etching of silicon to microwells of 80 µm in diameter. A 

layer of 100 nm titanium was then deposited by e-beam deposition and titanium on top of the 

silicon dioxide was lifted off by removing the photoresist in first step. 

 

Figure 4.4. Fabrication process of in-situ laser induced supercritical injector with metal disk 

embedded. (a) Thermally grown silicon dioxide (SiO2) was patterned by photo resist (PR) and 

etched by reactive ion etching. (b) 200-nm titanium (Ti) was deposited by electron beam (e-

beam) evaporation. (c) Silicon was etched by xenon difluoride (XeF2) isotropic etching. (d) 

Titanium was lifted off by stripping photo resist in Aleg-380. 

 

Similarly, we tested the device by injecting 140-nm fluorescent beads into the Agarose hydrogel 

and imaged it with the confocal microscope. The device, preloaded with cargo solution, was 
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flipped over and put onto the hydrogel, followed by the scanning of a 1064-nm laser at 7.6×10( 

mJ/cm2. After injection, the device was lifted off and the hydrogel was inspected under confocal 

microscope. As compared with the beads distribution achieved in prior design, the uniformity was 

not as good from Figure 4.5, as beads at some point of the array were missing. The penetration 

depth of 28 µm was also shallower. This could be resulted from the largely shrunk area for light 

absorbing, which is titanium disk of 3 µm in diameter compared with the whole inner 

hemispherical surface of 80 µm in diameter. 

 

Figure 4.5. The penetration depth test by injecting green fluorescent polystyrene beads into the 

Agarose gel using the in-situ laser induced supercritical injector with metal disk embedded. (a) 

Top view of injected fluorescent beads inside the hydrogel. (b) Three-dimensional z-stack confocal 

image of the injected beads trace inside the hydrogel. (c) Side view of the confocal image showing 

the vertical penetration depth. Scale bar: (a) 100 µm. 

 

4.2.3 In-situ laser induced supercritical injector with silicon deep hole array 

As confirmed by the previous LASI design, cavities with larger diameter yielded deeper 

penetration into the hydrogel. However, based on the microwell structure, larger cavity size comes 

with the price of sparser nozzles, as the spacing between two nozzles has to be at least as large as 

the cavity size. In order to decouple the nozzle density with the cavity volume, we explored a new 
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structure design, taking more advantage of the vertical space under the nozzle, rather than 

expanding horizontally for larger cavities (Figure 4.6). Inherited from the second version of LASI 

device, the new design kept the in-situ delivery capability by still firing laser from the backside of 

the device and heat up the topside for cavitation bubble generation. As a relatively poor penetration 

performance was found in the second design using a small 3-µm titanium disk as the light 

absorbing material, we utilized the silicon itself as a bulk heating component to ensure the 

sufficient heating surface for large bubble generation. 

 

Figure 4.6. Laser-assisted supercritical injector (LASI). (a) Cargoes are loaded and filled inside 

the wells. (b) LASI substrate is flipped onto hydrogel, followed by automatic laser scanning. (c) 

The thin aqueous layer at the surface of deep holes is heated up to its critical point. (d) 

Photothermal bubbles, induced by the superitical heating, generate high speed fluid jet to 

penentrate the hydrogel and cell membrane. 

 

The fabrication process of this design replaces the isotropic etching by directional etching to 

create high aspect ratio holes (Figure 4.7a). Thermally grown silicon dioxide was patterned and 

etched to create 3-µm opening array, followed by deep reactive ion etching. Two different depths 

of micro-holes were fabricated, one was 5-µm opening array etched down to 36-µm depth and the 
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other one was 3-µm opening array with 28-µm depth. The scanning electron microscope (SEM) 

images were taken to provide a thorough view of them (Figure 4.7b-e). 

  

Figure 4.7. Fabrication process and structure of in-situ laser induced supercritical injector (LASI) 

with silicon deep hole array. (a) Fabrication process of the LASI with silicon deep hole array: 

thermal oxidation of silicon, silicon dioxide (SiO2) patterning by reactive ion etching (RIE), deep 

reactive ion etching (DRIE) of silicon. Scanning electron microscope (SEM) images of 5-µm 

opening, 36-µm deep hole array (b,c). SEM images of 3-µm opening, 28-µm deep hole array (d,e). 

Scale bars: (b-e)10 µm. 

 

For fair comparison, the new design was tested by injecting the same cargo, 140-nm fluorescent 

beads, into the same gel using the 1064-nm laser at 7.6×10( mJ/cm2 as the testing done with the 

second design. The device was flipped over and put onto the hydrogel, followed by laser scanning. 

After laser activation, device was taken off and the hydrogel was inspected using confocal 

microscope. Compared with the injection results from second design, the uniformity got 
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significantly improved, with large area of clearer and denser beads array injected (Figure 

4.8a,b,e,f). A penetration depth of 21.8 µm was achieved with an array of 5-µm openings and 36-

µm deep holes (Figure 4.8c,d), and 15.6 µm was achieved with an array of 3-µm openings and 

28-µm deep holes (Figure 4.8g,h).  

 

Figure 4.8. Penetration depth characterized with Agarose hydrogel using in-situ laser induced 

supercritical injector with silicon deep hole array. Penetration depth injected by microhole-array 

with 5-µm wide opening and 36-µm depth: (a) large field of view of beads lateral distribution 

inside the hydrogel, (b) enlarged view of (a), (c) three-dimensional (3D) view of beads inside the 

hydrogel, (d) penetration depth determined by the side view of (c). Penetration depth injected by 

microhole-array with 3-µm wide opening and 28-µm depth: (e) large field of view of beads lateral 

distribution inside the hydrogel, (f) enlarged view of (e), (g) 3D view of beads inside the hydrogel, 

(h) penetration depth determined by the side view of (g). Scale bars: (a,e) 100 µm, (b,f) 40 µm. 
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4.3 Conclusions 

Large cargo delivery is of great interest in emerging research fields, such as gene editing, 

metabolic study and intracellular environment probing, due to its capability of delivering cargoes 

as large as whole chromosomes, organelles, and nano devices. Despite the great potential of large 

cargo delivery in revolutionizing the biomedical research, the delivery methods are still limited. 

Here, we demonstrated a highly efficient delivery method utilizing the initial supercritical pressure 

of laser-induced cavitation bubbles to inject cargoes into cells without any physical contact with 

needles or metallic particles, which reduced the potential of inflammation and uncertainty of drug 

release, while largely promoting the throughput and accuracy of treatment. We proposed three 

different versions of designs based on the LASI concept, as one of them works for transparent 

specimen and the rest two work for in-situ delivery. Injection tests were done with Agarose gel, 

prepared at the similar Young’s Modulus as cells. A penetration as deep as 95 µm was achieved 

with highly uniform injection over large area on our first design. We further modified the design 

for in-situ delivery by replacing the laser by 1064-nm laser and the material by regularly doped 

silicon so as to fire laser from the backside of the device. To decouple the penetration depth with 

the density of nozzles, we improved the design to take advantage of the vertical space rather than 

expanding the lateral area. By adopting the third version of design, we managed to inject dense 

array, with pitch as close as 10 µm, of 140-nm beads into the gel over a large area.  

Our prior work conducted large cargo delivery using cavitation bubbles to disrupt cell 

membrane, followed by mechanical fluidic pumping to transport cargoes, which works for a 

variety of adherent cells and large cargoes. In this work, we integrated the two processes, 

membrane disruption and cargo transport into single-step fluidic jet injection at super high speed, 
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which reduced the system complexity and expanded the application scope. The fabrication process 

was designed to be simple and standard so as to well fit into the commercially available processing 

tools to ensure high yield and uniformity, making it available for people with minimal fabrication 

experience. The in-situ delivery capability enables not only a large variety of cells regardless of 

their adhesion properties, but also cutting-edge biomedical applications like drug screening and 

epidermal delivery. 
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Chapter 5 

Conclusion 

Efficient intracellular delivery of biomolecules, such as proteins, nucleic acids, and intracellular 

probes, is required for biomedical fields including gene editing, immunotherapy, and cell 

diagnostics. Considerable pioneer works have been accomplished to overcome some existing 

barriers and meet the emerging requirements. However, it remains challenging to efficiently (1) 

deliver into suspension cells, (2) incorporate large-area nanostructures, and (3) transfer large 

cargoes. In this thesis, these problems were tackled by utilizing photothermal mechanism to 

transform optical energy to mechanical energy and combining laser with delicate 

micro/nanostructures created through simple and repeatable fabrication processes. 

In chapter 2, a microwell array with sharp tips was designed to accommodate suspension cells 

delivery. Laser-induced cavitation bubbles were generated at the sharp tips to create transient pores 

on cell membrane for cargoes to diffuse into the cytosol, while cells remained anchored inside the 

microwell throughout the process. Enzyme and plasmid were delivered into Ramos B cell, a B 

lymphocyte, and performed their functionalities, indicating its potential in suspension cell 

treatment. The structure was easy to fabricate with high yield and high uniformity as it consisted 

of self-aligned patterning and conventional processes. 

In chapter 3, a large-area gold nanodisk array was incorporated with the photothermal 

mechanism and achieved efficient delivery results. Metallic nanostructures are of great interest, 

especially in photothermal field, as they create a high contrast in terms of light absorption, so that 

the local hotspots under laser irradiation could be arbitrarily predefined. The fabrication process 
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included a novel nanolithography technique called chemical lift-off lithography, creating the large-

area, uniform and repeatable nano-patterns free from diffraction limit. Fluorescent molecules, 

Calcein and FITC-dextran, of different sizes were delivered into HeLa cells to characterize its 

delivery capability. 

In chapter 4, the photothermal cavitation bubbles were further explored to serve as pumping 

source to create high speed jet to inject large cargoes directly. As the importance of active cargo 

transport was noticed, we integrated the membrane disruption and cargo transport into one step. 

Cavity structure filled with cargo solutions was adopted to generate bubbles inside the inner 

surface upon laser irradiation. The high initial pressure of the photothermal bubble pushed the 

liquid and created high-speed fluidic jet. The injection performance was tested by injecting 140 

nm fluorescent beads into Agarose hydrogel and penetration depth as high as 95 µm was achieved 

with large area and high uniformity across the nozzles. 

Optical-MEMS/NEMS (Microelectromechanical systems/Nanoelectromechanical systems) has 

been playing a very important and unique role in biomedical fields. MEMS/NEMS techniques 

inspire us to start from the intuitive physics to versatile structure design enabled by 

micro/nanofabrication for high uniformity over large area. While optics, on the other hand, 

embraces features of high-throughput operation, remote actuation and transient extremely high 

power. The interdisciplinary research of these two fields has been pushing forward the 

development of biomedicine and would provide a lot more innovative engineering solutions to 

current biomedical problems. 

 

 




