
 
 

 

 

 

 

Controlled Cellular Perforation by Photoabsorber-Mediated Laser 

Irradiation: From Targeted Delivery to Selective Ablation 

(光吸収体媒介レーザ照射による調整型細胞穿孔：標的デリバリから

選択的除去まで) 

 

 

July, 2025 

 

 

 

Doctor of Philosophy (Engineering) 

 

 

Aniket Mishra 

アニケット ミシュラ 

 

 

Toyohashi University of Technology 

 



 

Department of Mechanical 

Engineering 

 

Student ID 

 

D205109 

 

 

Supervisor 

 

 

Moeto Nagai 

Takayuki Shibata 

 

Applicant’s name       Aniket Mishra    

 

Abstract 

Controlled laser irradiation methods have emerged as a powerful tool in the field of modern 

biomedical engineering, offering precise administration of foreign molecules such as genetic material, drugs, 

and functional proteins in the intracellular microenvironment, changing the phenotype of cells, and enabling 

selective ablation of cancer cells to offer site-specific cancer therapy. Traditional methods cannot, however, 

target cells precisely at a site-specific location with high throughput. Photoabsorber-assisted laser irradiation 

methods overcome these drawbacks by uniquely combining the application of light-absorbing materials for 

converting light energy from laser to heat to create both temporary and permanent pores on the cell membrane 

to facilitate intracellular delivery and cell necrosis. This thesis discusses the development of site-specific cell 

perforation methods for creation of transient and permanent pores on the cell membrane for the application 

in the field of intracellular delivery, photothermal therapy, and cell patterning. 

Chapter 2 presents the development of a micropattern-assisted method to perform controlled 

intracellular delivery of Fluorescein Isothiocyanate (FITC) Dextran into cells. The system utilizes motorized 

stages to locate the target site of irradiation. The findings in the chapter highlight the importance of the size 

of the micropatterns and cell-specific properties in the determination of cellular response to laser-induced 

shockwave upon irradiation on a microstructure surface. This approach presents a robust distance-dependent 

method to systematically optimize the shockwave-mediated intracellular delivery, which balances delivery 

efficiency and cell viability. 

Chapter 3 introduces a new approach to parallelize the method introduced in Chapter 2. We used a 

micropattern on the top setup, which facilitates the intracellular delivery of Fluorescein Isothiocyanate (FITC) 

Dextran in a massively parallel fashion. The shockwave induced from laser irradiation of the micropattern 

surface causes bio-effects on cells by creating transient and permanent pores, which results in intracellular 



 

delivery, cell peeling, and cell necrosis. Each of which contributes to either intracellular delivery or cell 

ablation. We have investigated the effect of varying laser fluence and micropattern pitch on the shockwave 

response of HeLa cells. This approach highlights the importance of processing parameters for desired 

outcomes on cells. 

Chapter 4 shifts the focus of photoabsorber-assisted laser irradiation methods into the field of 

photothermal therapy. This chapter explores the combination of visible laser irradiation to plasmonic gold 

nanoparticles, which facilitates the formation of vapor nanobubbles at the interface of nanoparticle and cell 

medium, whose collapse results in the formation of permanent pores on the cell membrane, resulting in cell 

death. The chapter further explores the applicability of the system for spot laser irradiation and scanning laser 

irradiation at specific sites to kill cells. Further, we explored the effect of varying concentrations of gold 

nanostars on the cell killing efficiency and applicability of the system for three cell types of HeLa, HEK, and 

SAOS-2.  

Chapter 5 explores the applicability of Prussian blue nanoparticle clusters (PBNCCs) for application 

into intracellular delivery and photothermal ablation for patterning cells. First, we explored the effect of 

varying process parameters such as PBNCCs concentration and laser fluence for intracellular delivery of 

Fluorescein Isothiocyanate (FITC) Dextran into HeLa cells. Moreover, we check the applicability of the same 

setup for site-specific ablation of HeLa cells, which assists in the formation of precise cell patterns. We 

optimized similar process parameters for cell patterning. We further formed cell micropatterns of target size 

at the optimized parameters and analyzed the accuracy and precision of pattern formation. This chapter 

highlights that a similar photoabsorber setup can be used for creating both transient and permanent pores in 

cell membrane.  

In summary, this thesis presents four different approaches for creating site-specific cell perforation in 

cell monolayers. The experiments conducted in this thesis highlight that careful selection of photoabsorber 

material and laser parameters facilitates obtaining a deterministic outcome of cell perforation in the form of 

transient pores to help in intracellular delivery and permanent pores for killing cells to apply for the 

application of photothermal therapy and cell patterning. 
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Chapter 1: Introduction  

 

1.1 Cell Therapy and Regenerative Medicine: Current Challenges 

In cell therapy, approximately 10⁶ T cells (immune cells that originate in the thymus and help 

detect and destroy infected or abnormal cells through targeted immune responses) from the patient’s 

immune system are collected and genetically modified to express a Chimeric Antigen Receptor (CAR), 

transforming them into CAR-T cells capable of recognizing and attacking cancer cells (Figure 1.1). 

These engineered cells are then expanded in large numbers and reintroduced into the patient's body to 

target tumor-specific antigens. However, for such therapy to be safe and effective, it is critical to ensure 

that only properly modified and functional CAR-T cells are reintroduced, while eliminating any cells 

with unintended functions that could cause off-target effects or immune complications. Therefore, high 

safety standards demand that the presence of non-functional or misdirected cells be minimized—

ideally reduced to zero. Achieving this level of precision requires not only robust selection and 

purification methods but also highly efficient and reliable gene delivery technologies. The success of 

CAR-T cell therapy thus heavily depends on the development and optimization of safe, efficient, and 

scalable techniques for introducing CAR genes into patient-derived T cells [1–7]. 

Next-generation medical treatment, such as regenerative medical treatment, is being realized 

(Figure 1.1). However, the popularization is difficult because it requires several months and tens of 

millions of yen for the treatment based on the present functional modification and selection technology 

of the cell. In regenerative medicine, the patient's skin cells are extracted, converted into Induced 

Pluripotent Stem Cells (iPS) cells by gene transfer, and processed and cultured into a sheet composed 

of 104 ~ 105 retinal cells for transplantation. Hence, intracellular delivery of foreign molecules into 

cells to produce either sheet of iPSc cells is of paramount importance [8–12]. 
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Figure 1.1 Process flow in cell therapy and regenerative medicine. 

 

Delivery of foreign molecules, however, into the cell cytosol presents various complex 

challenges due to biological, translational, and clinical constraints surrounding the intracellular 

delivery process. Usually arising due to the variable nature of foreign molecules required to be 

delivered, the heterogeneity among the target cell types, and variability in the delivery outcomes, etc. 

The variability and biological intricacy of cargo materials such as genetic materials (DNA and 

RNA molecules), protein molecules, and gene-editing tools (Cas9 enzymes, etc.) are often very large 

in size and require gentle delivery into cells due to their fragile nature. It is of utmost importance in 

methods like cell therapy, where the change in cell function directly depends on the precise activity of 

certain biomolecules within the cell. 

Cell heterogeneity adds to the challenge of intracellular delivery because target cells in various 

modern biomedical technologies, such as cell therapy and regenerative medicines, include variety of 

cell types, such as immune cells, stem cells of cells derived from specific patients, which possess 
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different physiological properties. Each cell has different endocytic activity, whereas differences in 

membrane composition render variable responses to applied external stress. Furthermore, among the 

cells themselves, heterogeneity exists, requiring targeted uniform processing of cells considering the 

variation in properties of each cell. Hence, these reasons pose a challenge to the generalization of the 

developed intracellular delivery methods. 

Another important aspect is the viability of cells post-intracellular delivery treatment. For 

example, in the autologous therapy methods, since the supply of cells is limited, it is of utmost 

importance to preserve the cell viability with stable cell function and genetic expression. Any 

disturbance in the above-mentioned properties hinders the efficacy of the therapeutic effort and hence 

poses the challenges of efficient intracellular delivery, introducing a foreign molecule into the cells 

without change in any physiological behaviors of cells and alterations of cell behavior, such as 

unwanted differentiation. 

Moreover, the intracellular environment also poses difficulty in efficient delivery, as once the 

cargo material is inside the cells, the molecules need to navigate in the complicated intracellular 

compartments to reach their target site of action, such as the nucleus or a specific cell organelle. 

However, the crowded intracellular environment is tightly regulated and responds to any external 

disturbance caused by to entry of cargo material into the intracellular environment. The response in 

the cell microenvironment can cause the rerouting of the target molecule and might result in off-target 

outcomes, which can result in a drastic reduction in the efficacy of the applied theranostic strategy 

even if the delivery of the intracellular molecule was successfully achieved. 

Furthermore, the clinical translation further complicates the intracellular delivery process 

because the therapies must be produced in a standardized, scalable, and highly reproducible manner 

with strict regulatory requirements. Hence, variability in delivery outcomes arises due to patient-

specific factors, inconsistencies in the batches, and environmental conditions. Reproducibility across 
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a large-scale population, patient-specific, consistent outcomes are paramount for gaining regulatory 

approval and ensuring the safety of therapeutic outcomes. 

Finally, in the physiological context in which the cells are planned to be replanted upon 

intracellular delivery also plays a great role in determining the success of the development of 

intracellular delivery methods. The nature of the environment where cells are introduced is often 

complex, such as aging tissues, inflammatory sites, and biomedically engineered scaffolds, which can 

play a role in influencing cell behavior, the uptake dynamics, and overall efficacy of the treatment. 

Hence, a lot of effort is required to be put into ensuring that delivered cells maintain their consistent 

desired function, get used to the new physiological environment, and contribute effectively to the given 

task. 

In sum, intracellular delivery in the context of cell therapy and regenerative medicine is 

challenged by a combination of factors encompassing biological fragility, cell population heterogeneity, 

barriers inside the cell, and demands of clinical scalability. These challenges must be holistically 

addressed to realize the full potential of the modern intracellular delivery strategies. 

1.2 Evolution of Phototherapy Techniques: From Conventional to 

Advanced Approaches 

The concept of phototherapy dates to ancient times when sunlight was used for restorative 

effects on various skin conditions and ailments, known as Heliotherapy. However, around the 20th 

century, phototherapy emerged as one of the clinical treatment modalities with the discovery of the 

ultraviolet light's response on biological tissues [13]. Earlier, rickets were treated with UV lamps, and 

neonatal jaundice was treated with blue light [14], where application of light enabled the breakdown 

of bilirubin in the infants. This success in the application of light energy for biomedical applications 

laid the foundation for the use of light as more refined, evidence-based techniques for treatment 

applications. 
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Conventional phototherapy methods included the utilization of broad-spectrum or narrow-band 

UV radiation to manage disorders such as psoriasis, vitiligo, and atopic dermatosis. Treatments like 

broadband UVB and Narrowband UVB (NB-UVB) were not invasive, relatively cost-effective, and 

had easy accessibility [15]. PUVA therapy, combined with psoralen (a photosensitizing drug) with 

UVA light, became one of the prominent methods for treating skin conditions [16]. Even though these 

techniques were popular, they brought with them the risk of skin cancer and immune suppression. 

Additionally, these methods lack the precision and accuracy required to treat areas specifically, hence 

affecting healthy tissues alongside the target site of treatment. 

The next benchmark in the advancement of phototherapy was the advent of laser introduction 

in the medical field. With a laser being a monochromatic coherence source of light with the capability 

of focusing, it became easier for medical professionals to focus the laser on the target tissue locations, 

hence increasing the precision of the overall process. Pulsed dye lasers (PDLs), Nd: YAG lasers, and 

CO₂ lasers became essential tools in dermatology, ophthalmology, and surgery [17]. Their ability to 

coagulate blood vessels, resurface skin, and ablate tissue with minimal thermal damage improved both 

therapeutic outcomes and patient recovery times. In oncology, laser-induced interstitial thermotherapy 

(LITT) emerged as a method to thermally ablate tumours under image guidance, offering a minimally 

invasive alternative to traditional surgery [18].   

Moving forward, phototherapy was advanced by integrating the photosensitizers, which, once 

activated by a specific wavelength of light, these photosensitizers produce reactive oxygen species 

(ROS) that induce cell death in the targeted tissues, such as tumours or various infections. This method 

was called Photodynamic therapy (PDT) [19–22]. Now it has become a well-known treatment for 

certain kinds of cancers, such as esophageal, lung, and skin cancers. It offers selective toxicity and 

repeatable results without the development of any resistance. It is a very versatile method often used 

for treating acne, bacterial infections, and muscular degeneration. Even though it is a versatile method, 
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challenges remain in optimizing the penetration of laser light in deep tissues and minimizing the 

photosensitivity side effects.   

 The advancement of nanotechnology opened new avenues for the advancement of a new class 

of phototherapy called photothermal therapy (PTT) [23–30]. In Photothermal Therapy, a 

photoabsorber molecule is used, such as gold nanoparticles (nanospheres, nanoshells, nanorods, 

nanostars), Prussian blue nanoparticles (nanocubes), or carbon nanoparticles (nanotubes). When 

irradiated with a laser beam, these particles absorb the energy of the laser and convert it into thermal 

energy in the form of heat, thus destroying the target tissue by ablation without harming the off-target 

tissues. PTT holds promise in treating tumors that are hard to treat with surgery. Furthermore, the 

nanoparticles offer properties such as tunability of nanoparticle wavelength, permitting the control of 

laser absorption, biodegradability, and targeting efficiency, making it a highly customizable method 

for treating cancers with photothermal methods.   

1.3 Cell Patterning Methods and Their Importance in Modern Biomedical 

Engineering Applications 

Cell patterning refers to the precise control of cells over cell arrangements on the cell culture 

substrates and is a foundational requirement in modern biomedical and bioengineering applications. 

The ability to organize the cells in a predefined architecture enables a broad range of applications, such 

as the fabrication of tissue-engineered constructs [31], development of organ-on-a-chip models [32] 

and investigation of cell-cell, cell-matrix interactions [33] (Figure 1.2). 

In tissue engineering applications, cell patterning can be used to mimic structural and 

functional tissue units by guiding the organization of various cell types that recreate the natural tissue 

structure. For example, spatially patterned cardiac cells, neural, and hepatic cells have been utilized to 

construct the engineered tissue patches capable of integrating with the host tissue and restoring the 

function of the host tissue. In regenerative medicine, organizing the stem cells in defined zones in 
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scaffolds can promote direct differentiation and contribute to the enhancement of the tissue 

regeneration process. 

Cell patterning plays a pivotal role in the advancement of organ-on-a-chip platforms, where an 

engineered system integrates patterned cells with microfluidic structures to mimic organ-level function. 

These kinds of models allow for real-time monitoring of the biological response of cells and are 

increasingly getting popular in the field of drug testing and disease modelling.  

In addition to this, a patterned arrangement of cells is necessary for studying cell interaction, 

communication, and cell signalling. The spatial context of cells affects the response of cells to external 

stimulations, neighbouring cell interaction, and organization into physical networks. By controlling 

the relative position of the cell types, we were able to study the contribution of the spatial context of 

cells to various processes such as differentiation, proliferation, and immune response 

Furthermore, in drug discovery and screening, patterning of cells allows for high-content, high-

throughput experimental layouts that are highly reproducible and quantifiable. It also allows for 

uniform exposure of cells to test compounds and support automation in various assay platforms, 

increasing efficiency and consistency across experiments. 

In summary, cell patterning is a pivotal technique that underpins many of the most modern 

biomedical engineering techniques. By enabling the spatial organization of cells, cell patterning 

enables physiologically relevant models and contributes to precise functional studies for further 

therapeutic developments. Its incorporation into the next generation of biomedical technologies 

continues to expand the frontier of modern biomedical technologies, such as tissue engineering and 

precision diagnostics. 
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Figure 1.2 Applications of cell patterning. 

 

1.4 Photoabsorber Mediated Cell Perforation by Laser Irradiation 

Intracellular delivery, photothermal therapy, and cell patterning methods are unified by the 

fundamental requirement of highly precise spatial manipulation of cells to achieve desired therapeutic 

or engineering outcomes by creating highly controlled pores on the cell membranes of either transient 

or permanent nature. This precise perforation capability is essential for regulating the transport of 

biomolecules, controlling cellular responses, and enabling spatially selective therapeutic interventions. 

In intracellular delivery, transient nanoscale pores allow functional molecules such as nucleic acids, 

proteins, or drugs to enter cells without compromising their viability or physiological behavior, which 

is critical for applications like CAR-T engineering and regenerative medicine. In photothermal therapy, 

localized and often permanent disruption of cell membranes facilitates selective ablation of diseased 

or malignant cells while sparing surrounding healthy tissue, thereby improving treatment specificity 

and safety. In cell patterning, controlled perforation enables spatially defined molecular uptake and 

modulation of cell adhesion or signalling pathways, allowing cells to be organized into pre-determined 

architectures for tissue engineering, organ-on-a-chip systems, and high-throughput drug screening 

platforms. The shared challenge across these domains lies in achieving uniform, site-specific, and 
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minimally invasive pore formation despite biological heterogeneity, varying cell membrane properties, 

and the need for scalability. 

In recent years, the demand for high-precision, minimally invasive techniques for the above-

mentioned research fields has driven the exploration of photonic techniques for cellular manipulation.  

Photoabsorber-assisted laser irradiation has emerged as a promising platform for achieving site-

specific cell membrane perforation outcomes in the form of a permanent or transient change in the 

integrity of the cell membrane. The unique spatial precision offered by the combination of 

photoabsorbers and laser irradiation promises the possibility of utilization in applications ranging from 

intracellular delivery to targeted cell ablation and dynamic cell patterning.  

The principle underpinning this approach involves the use of photoabsorbers—materials capable 

of absorbing incident laser energy and converting it into localized thermal energy. These 

photoabsorbers, which may be in the form of nanoparticles (NPs) suspended in the culture medium or 

structured micropatterns fabricated on a substrate, are introduced in proximity to biological cells. 

When irradiated with a laser of appropriate wavelength and fluence, the absorbed energy results in 

localized phenomena such as photothermal heating or photoacoustic shockwave generation. These 

effects transiently or permanently disrupt the integrity of the cell membrane, thereby enabling 

controlled molecular delivery or inducing cell death. This technique offers a significant advantage over 

conventional biochemical or mechanical delivery systems, which often suffer from issues such as poor 

targeting specificity, low transfection efficiency, and systemic toxicity. In intracellular delivery, for 

instance, traditional methods rely heavily on chemical carriers such as liposomes or polymers, which 

frequently lead to off-target effects and cytotoxicity. In contrast, laser-based optoporation using 

photoabsorbers enables spatially precise membrane permeation, allowing for the selective introduction 

of functional molecules—such as nucleic acids, proteins, or drugs—into targeted cells without harming 

surrounding populations. Similarly, in cancer therapy, conventional treatment modalities such as 

chemotherapy and radiation are limited by poor selectivity and the inability to penetrate hypoxic tumor 
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cores. Photoabsorber-mediated photothermal therapy (PTT) circumvents these challenges by inducing 

localized heating within malignant cells, leading to precise ablation with minimal damage to adjacent 

healthy tissue. Beyond delivery and therapy, photoabsorber-assisted laser techniques also facilitate 

dynamic cell patterning, a critical tool in tissue engineering and regenerative medicine. Unlike 

traditional patterning methods, which require complex lithographic fabrication and lack real-time 

adaptability, laser-based patterning enables contactless, in situ manipulation of cell arrangements, thus 

offering unprecedented control over cellular microenvironments. Cells, when combined with 

photoabsorbers in the form of nanoparticles or structured micropatterns, are irradiated with a pulsed 

laser. This results in membrane permeation, which can be tuned to be either transient (allowing 

molecular delivery) or permanent (inducing cell death), depending on the application, as represented 

in Figure 1.3.  

 

Figure 1.3 Photoabsorber-assisted laser irradiation for cell perforation. 

 

Analysis of conventional biomedical methods and photoabsorber-assisted strategies highlights 

the latter’s superiority in terms of spatial precision, therapeutic specificity, and real-time adaptability. 

Taken together, these attributes make photoabsorber-assisted laser irradiation a versatile and powerful 

tool in modern biomedical science. The current thesis is motivated by the need to explore and optimize 

this technique for a wide range of cellular applications, from therapeutic delivery to localized cancer 

ablation and live cell patterning. By systematically evaluating the physical interactions between laser 
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light, photoabsorbers, and cells, this study aims to establish a robust framework for the development 

of next-generation photonic bio-intervention platforms. In the next section 1.5, we will first discuss 

the drawbacks of conventional methods of the above-mentioned biomedical fields, and in section 1.6, 

we will discuss how photoabsorber-assisted cell perforation methods can collectively overcome the 

drawbacks in the fields.  

1.5 Limitations of Contemporary Methods for Intracellular Delivery, 

Photothermal Therapy, and Cell Patterning 

A wide array of intracellular delivery techniques exists, including carrier-based methods such 

as chemical transfection, viral vectors [34,35] and physical energy-based methods such as 

electroporation [36–39], sonoporation [40–42], microinjection [43] and mechanoporation [44]. Even 

though they are useful in certain applications, these methods suffer shortcomings in terms of 

throughput, cell viability, spatial precision, and adaptability for certain applications (Figure 1.4). These 

shortcomings have motivated the emergence of optoporation as a next-generation strategy that 

uniquely addresses many of the constraints associated with traditional approaches. 

Even though viral methods do not create pores on the cell membrane, they are the most 

popularly used state of method for intracellular delivery of foreign molecules into the cells. They are 

found to be achieving high efficiency in achieving long-term gene expression. However, they are often 

reported to be inducing concerns related to immunogenesis, mutagenesis, and limitations in terms of 

cargo size. Moreover, the production of viral vectors is a highly costly and labour-intensive process 

that should be performed in strictly regulated environments. Furthermore, the integration of viral DNA 

into the host genome can result in unpredictable gene expression or oncogenesis. 

Chemical transfection methods, on the other hand, include molecules such as liposomes and 

cationic polymers and mainly depend on cellular uptake pathways such as endocytosis. These methods 

often suffer from endosomal entrapment and are very inefficient for non-dividing cells, and suffer from 

degradation of cargo material. Their efficiency is highly variable across different cell types and can 



 

12 

 

trigger unwanted cytotoxicity or immunogenicity due to the chemical nature of the transfection agents. 

Moreover, these methods are often not suitable for the delivery of large molecules such as plasmids or 

protein complexes.  

Electroporation is one of the most prominently used state-of-the-art methods for introducing 

foreign molecules into the cell cytosol. However, this method indiscriminately exposes all the cells to 

a similar stimulus, regardless of their size or membrane composition. Hence, leading to a significant 

loss in cell viability of the population of cells. Moreover, this method heavily lacks spatial selectivity; 

hence, it is usually unable to process a subpopulation of cells within a larger population of cells. The 

heavy loss of cell viability often renders this method inappropriate for specific types of cells, such as 

neurons, stem cells, or immune cells, which are delicate and often irreversibly rupture the cell 

membrane, causing cell death. 

Microinjection is another method for creating pores in the cell membrane. The method achieves 

high precision and accuracy, but even with its high spatial accuracy, it fails to process cells in parallel 

and thus is unsuitable for high-throughput applications. The technique requires very sophisticated 

micromanipulation of cells and takes a very long time to process even a small number of cells. 

Automation of this process is highly challenging, and thus, it becomes impractical for clinical 

translation with automated workflows. 

Sonoporation relies on ultrasound waves to create microbubble cavitation and suffers from very 

inconsistent formation of pores in the cell membrane. Furthermore, the mechanical force involved can 

damage the surrounding tissue or alter gene expression. Due to the highly random nature of produced 

cavitation bubbles, the results are often poorly reproducible. 
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Figure 1.4 Perforation methods for intracellular delivery. 

 

Furthermore, in the context of Photothermal therapy, A wide array of cancer treatment 

modalities exists, ranging from traditional methods like chemotherapy [45], radiotherapy [46], and 

surgery [47] to emerging techniques such as immunotherapy [48], gene therapy [49], and 

photodynamic therapy (PDT) [19, 20]. While each method offers specific benefits in certain clinical 

contexts, they suffer from notable limitations in terms of precision, off-target effects, systemic toxicity, 

and effectiveness against certain tumor types (Figure 1.5). These limitations have prompted the 

development of next-generation treatment strategies, with photothermal therapy (PTT) emerging as a 

particularly promising modality that leverages the unique advantages of nanotechnology and light-

based interventions to overcome the drawbacks of conventional therapies. 

Chemotherapy, although widely used, is plagued by non-specific toxicity. Chemotherapeutic 

agents indiscriminately affect both healthy and cancerous cells, often leading to severe side effects 

such as immunosuppression, nausea, and organ damage. Moreover, the development of multidrug 

resistance in tumors limits the long-term efficacy of these agents. Additionally, repeated dosing is 

required to maintain therapeutic concentrations, which can burden the patient and reduce quality of 

life. 
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Radiotherapy, another frontline treatment, also suffers from collateral damage to healthy tissues 

due to its limited spatial selectivity. The generation of ionizing radiation can cause DNA damage not 

only in cancer cells but also in surrounding normal cells, resulting in long-term complications such as 

fibrosis, secondary malignancies, or impaired organ function. Moreover, tumors located near critical 

structures such as the brain or spinal cord pose challenges in dose delivery without harming adjacent 

tissues. 

Surgical resection remains a mainstay in solid tumor management; however, it is inherently 

invasive and may not be feasible for deep-seated or highly vascularized tumors. Complete tumor 

excision is often challenging due to irregular tumor margins, and residual microscopic disease can lead 

to recurrence. The postoperative recovery and associated complications further limit the application of 

surgery, especially in frail or elderly patients. 

Photodynamic therapy (PDT), a minimally invasive approach that relies on light-activated 

photosensitizers to generate cytotoxic reactive oxygen species (ROS), offers better spatial control than 

chemotherapy or radiotherapy. However, PDT is oxygen-dependent, making it less effective in hypoxic 

tumor environments—a common characteristic of many aggressive tumors. Additionally, the limited 

tissue penetration of the activating light (typically in the visible range) restricts its utility to surface or 

near-surface tumors. The ROS generated can also cause inflammation and unintended damage to 

adjacent tissues. 

In contrast, photothermal therapy (PTT) utilizes near-infrared (NIR) laser light in combination 

with photoabsorbing agents such as gold nanorods, Prussian blue nanoparticles, or carbon 

nanomaterials. These agents convert absorbed light into localized heat, inducing rapid hyperthermia 

that selectively ablates tumor tissues while minimizing collateral damage. One of the key strengths of 

PTT lies in its spatial precision—the laser can be finely focused to target only the tumor area, and heat 

generation occurs only where the nanoparticles are present, sparing healthy tissues. 
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Moreover, PTT is oxygen-independent, making it highly suitable for hypoxic tumor cores 

where PDT fails. The wavelength of NIR light (typically 700–900 nm) allows deeper tissue penetration, 

enabling treatment of tumors located several centimeters beneath the skin. Unlike chemotherapy, PTT 

does not rely on systemic toxicity and can be used repeatedly with minimal side effects. Furthermore, 

many photothermal agents are engineered for biodegradability, surface functionalization for tumor 

targeting, and tunable optical properties, offering flexibility across a range of cancer types and patient-

specific needs. 

While PTT still faces challenges in clinical translation, such as efficient delivery of 

nanoparticles to tumors, control of overheating distribution, and potential thermal damage to sensitive 

tissues, its customizability, non-invasive nature, and ability to synergize with other therapies (e.g., 

immunotherapy or drug delivery) position it as a highly promising alternative. Continued advances in 

nanotechnology, real-time imaging, and treatment planning are expected to further enhance the 

precision and safety of photothermal approaches, making them a key component of next-generation 

cancer therapy platforms. 

 

Figure 1.5 Strategies for cancer treatment. 
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Applicability of cell perforation methods extends beyond intracellular delivery and 

photothermal therapy. One of the interesting but challenging applications of the photoabsorber-assisted 

cell perforation method can be realized by patterning cells by selectively ablating and killing cells at 

specific sites. Cell patterning is an important field of biomedical and bioengineering and plays a crucial 

role in various fields such as tissue engineering, organ-on-a-chip development, and studying high-

throughput cell heterogeneity. Despite its importance, current cell patterning methods face significant 

technical and pragmatic challenges in the realization of cell patterning methods with high scalability, 

precision, and application in clinical settings (Figure 1.6). 

Microcontact printing is one of the prominent approaches of cell patterning and utilizes stamps 

made up of PDMS to transfer certain protein molecules and various cell adhesives to cell culture 

substrates in pre-designed micropatterns to enable site-specific growth of cells [50]. This method is 

simple and effective, but faces several challenges due to physical contact between the stamp and 

substrate, leading to deformation, variability in transferred microstructures eventually affecting the 

consistency of cell pattering. Moreover, the method is static, and the modification of patterns upon 

patterning is very challenging. Furthermore, this method suffers from a lack of ability to automate the 

process of cell patterning. 

One more strategy to pattern cells is photolithography, a technique derived from the fabrication 

of semiconductor wafers, which utilizes selective exposure of photoresist on the cell culture substrate 

with UV light and prepares a substrate capable of culturing cells at specific sites [51, 52]. The spatial 

precision provided by this technique is excellent, but it requires cleanroom facilities, complicated 

fabrication protocols, and is limited to only a few types of substrates, such as glass or silicon wafers. 

Furthermore, the harsh chemicals applied during the fabrication process might remain on the cell 

culture substrate and cause cell toxicity. 
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Stencil and Physical confinement methods, such as microfluidic channels, use physical barriers 

to guide the spatial arrangement of cells. [53]. These methods also require a complicated fabrication 

process and cannot pattern cells in their natural cell culture petri dishes. Furthermore, the removal of 

the stencil can often result in disruption of the patterned cells. Inability to dynamically adjust cell 

position can also affect the utility of these methods in time-dependent studies such as cell migration 

and differentiation assays.  

Dielectrophoresis-assisted cell patterning [54] and magnetic cell patterning [55] Offer label-

free, contactless manipulation of cells based on their dielectric or magnetic properties. However, these 

methods require specialized equipment, precise control of external fields, and often introduce 

heterogeneity in cell responses due to variations in cellular properties. Additionally, concerns regarding 

potential damage from prolonged exposure to electric or magnetic fields raise questions about long-

term biocompatibility. 

Amongst these techniques for cell patterning, the major challenge is of scalability and low 

throughput of the process. Most of the methods are confined to small-scale experiments and are ill-

suited for large area patterning and parallel processing of thousands of cells in parallel.  

Finally, all the existing methods are mostly static; once the formation of a pattern is completed, 

it is highly challenging to alter the structure of the micropatterns, hence limiting the applicability of 

these micropatterns in the dynamic environments that mimic the real cell architecture rather closely.  

Furthermore, it limits the ability to conduct the experiments that require spatiotemporal control over 

the position of cells. Furthermore, the lack of automation and feedback integration precludes real-time 

pattern adjustment based on live-cell imaging or analysis. 

These limitations highlight the need for innovative, dynamic, and scalable cell patterning 

technologies that can provide high spatial resolution, minimal invasiveness, real-time adaptability, and 

compatibility with live-cell environments. In this context, laser-assisted photothermal cell patterning, 
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particularly when combined with photoabsorbers like Prussian Blue nanoparticles, presents a 

compelling alternative that remains largely unexplored and warrants further investigation. 

 

Figure 1.6 Cell patterning strategies and their drawbacks. 

 

1.6 Objectives and Significance of Photoabsorber-Assisted Laser 

Technique for Intracellular Delivery, Photothermal Therapy, and Cell 

Patterning 

 Photoabsorber-assisted laser techniques, such as laser-induced shockwaves and photothermal 

therapy (PTT), have emerged as transformative tools in biomedical applications due to their unique 

combination of spatial precision, minimal invasiveness, and tunability. These approaches harness the 

rapid absorption of laser energy by photoabsorber materials to generate localized effects, such as 

shockwaves or heat, which can be directed with high specificity to biological targets.  

1.6.1 Optoporation for Intracellular Delivery 

One key application is optoporation, where laser-induced shockwaves are used to transiently 

permeabilize cell membranes for the intracellular delivery of therapeutic molecules. Unlike 

conventional methods such as electroporation or microinjection, optoporation offers site-specific 
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delivery, eliminating off-target effects and physical damage to surrounding tissues. The underlying 

mechanism involves the localized photothermal or photomechanical generation of vapor nanobubbles, 

which collapse and form shockwaves that create transient pores in the membrane, allowing passive 

diffusion of molecules into the cytosol. This method avoids complications related to carrier molecules, 

endosomal escape, or chemical toxicity and is particularly useful for delicate cargos like mRNA or 

CRISPR/Cas complexes. Moreover, optoporation is highly tunable—laser parameters such as 

wavelength, energy, and pulse duration can be adjusted to match specific photoabsorbers or tissue 

types. When combined with motorized stages and Galvano mirrors, this technique scales efficiently to 

high-throughput platforms that can process thousands of cells per minute. These advancements bridge 

the gap between single-cell precision and bulk-processing needs in areas like drug screening, cell 

reprogramming, and gene editing. Automation through machine vision and feedback-based laser 

control further allows integration with high-content analysis systems, enabling adaptive targeting and 

closed-loop experimentation for personalized therapy and large-scale studies. 

1.6.2 Photothermal Therapy 

In parallel, Photothermal Therapy (PTT) represents another powerful application of 

photoabsorber-assisted laser techniques. PTT utilizes targeted heat generation from photoabsorbers 

under laser irradiation to ablate cancerous tissues with high spatial precision. Compared to 

Photodynamic Therapy (PDT), which relies on oxygen to generate reactive oxygen species, PTT is 

effective even in hypoxic tumor environments, commonly seen in late-stage cancers. Furthermore, the 

ability to precisely control the thermal dose enables selective destruction of tumors while preserving 

adjacent healthy tissues. PTT also demonstrates advantages in terms of speed and versatility: the 

thermal effect leads to instantaneous and irreversible cell death through membrane disruption and 

protein denaturation, making it suitable for real-time or intraoperative applications. In contrast, PDT 

often requires multiple sessions to achieve similar outcomes. Additionally, photoabsorbers used in PTT 

can be co-functionalized with imaging agents and drugs, supporting theranostic approaches that 
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combine treatment and monitoring within a single platform. PDT’s reliance on photosensitizers with 

narrow excitation windows and limited tunability makes it less adaptable in this regard.  

1.6.3 Cell Patterning Application 

In addition to therapeutic delivery and ablation, cell patterning via photothermal effects 

represents a promising yet underexplored application of photoabsorber-assisted laser techniques. 

Traditional cell patterning methods, such as soft lithography, microcontact printing, or stencil-based 

techniques, are limited by their complexity, poor scalability, and often static nature. In contrast, laser 

irradiation of cell monolayers incubated with photoabsorbers such as Prussian Blue or gold 

nanoparticles enable dynamic, non-contact, and high-throughput patterning through localized 

photothermal effects. Upon laser exposure, rapid heat generation leads to selective cell detachment, 

membrane perforation, or necrosis in predefined regions, effectively creating spatially controlled 

patterns of live and dead cells. This approach allows for precise manipulation of cell distributions on 

culture substrates without physical templates, offering significant flexibility in design and real-time 

adaptability. Moreover, by integrating laser scanning systems with automated stages and computer-

controlled imaging feedback, it is possible to develop programmable, large-area cell patterning 

platforms suitable for tissue engineering, regenerative medicine, and in vitro model systems.  

In conclusion, photoabsorber-assisted laser techniques such as optoporation and PTT address 

key limitations of traditional biomedical interventions—lack of spatial specificity, inability to scale, 

and limited tunability. By offering a highly adaptable, high-throughput, and precise platform for 

therapeutic delivery and tissue ablation, these technologies are well-suited for modern biomedical 

challenges, ranging from targeted drug delivery to personalized cancer therapy. Additionally, despite 

its clear potential, cell patterning via photothermal irradiation remains relatively unexplored, 

presenting a novel opportunity to leverage the scalability, precision, and speed of PTT-based systems 
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beyond therapeutic contexts. Table 1.1 concisely explains the significance of photoabsorber-assisted 

methods over conventional methods.  

Table 1.1 Need and advantage of photoabsorber-assisted methods for biomedical applications. 

Biomedical challenge Traditional approach 

limitations 
Photoabsorber-assisted 

solution 
Key advantages 

Intracellular delivery 
Off-target effects, carrier 

toxicity, and low 

throughput 

Site-specific 

optoporation 
Spatial precision, carrier-

free, scalable 

Cancer therapy 
Systemic toxicity, 

hypoxia limitations 
Localized PTT Precise thermal control 

Cell patterning 
Static patterns, complex 

fabrication 
Dynamic laser patterning 

Real-time adaptability, 

contactless 

 

1.7 Thesis Organization 

In the quest for the development of next-generation biological engineering therapeutic methods, 

to develop highly precise, minimally invasive, and spatially controlled cellular manipulation 

techniques, this thesis explores the photoabsorber-assisted laser irradiation for creating cell perforation 

at the center of the study as a versatile and tunable approach that allows disruption of the cell membrane 

through localized effects. 

This thesis follows a strategically coherent framework characterized by materials 

diversification with application expansion, systematically exploring the versatility of photoabsorber-

assisted laser techniques across a range of material platforms as depicted in Table 1.2. Rather than 

adhering to a purely sequential or purely parallel structure, the thesis adopts a hybrid exploration model. 

Each chapter investigates different photoabsorber materials—such as Pigment Red-254, Gold 

nanostars, and Prussian blue nanoparticles—applied to the core concept of site-specific laser-mediated 

cell perforation for creating either transient or permanent pores, while simultaneously expanding the 

scope of applications from intracellular delivery to photothermal therapy and spatial cell patterning. 

This progression reflects a parallel technological exploration aligned with a progressive application 

development strategy, moving from complex and costly methods toward simpler, more cost-effective 

solutions. Overall, the research demonstrates the broad adaptability and practical relevance of 
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photoabsorber-mediated laser irradiation for cell membrane pore creation, emphasizing its potential 

across multiple biomedical domains.  

Table 1.2 Structure of thesis. 

  

The first chapter of the thesis introduces the field of biomedical engineering, highlighting 

critical challenges in cell therapy, regenerative medicine, photothermal therapy, and cell patterning, 

where precise and efficient cellular manipulation is essential. It discusses the limitations of 

conventional intracellular delivery and therapeutic techniques, establishing the necessity for advanced 

approaches. The chapter then presents photoabsorber-assisted laser cell perforation as a unified, 

minimally invasive method capable of addressing these challenges by enabling controlled, site-specific 

transient or permanent membrane perforation. We first explored transient cell perforation with 

Cell 

perforation 

type explored 

Chapter 

number 

Technical 

approach 

Primary 

application 

Key 

photoabsorber 

materials 

Distinctive features & 

innovations 

Transient 2 Micropattern 

technology 

Intracellular 

delivery 
 

PR-254/SU-8 

microdisks 

Distance-dependent 

spatial analysis, size 

comparison, and cell-

type-specific responses 

Transient and 

permanent 

3 Enhanced 

micropattern 

technology 

Intracellular 

delivery and 

photothermal 

therapy 

PR-254/SU-8 

micropatterns 

"Micropattern-on-top" 

configuration, high-
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micropattern-based substrate design functioning both as a photoabsorber and cell culture substrate to 

overcome the lack of spatial selectivity in conventional optoporation methods. The micropatterned 

substrate aids in monitoring the target area during the optoporation process (Figure 1.7). Upon laser 

irradiation, these defined patterns enabled parallel optoporation (Figure 1.7), effectively overcoming 

the limitations of conventional optoporation techniques that typically allow only single-cell treatment 

per laser pulse. Delivery of foreign molecules was successfully achieved with this technique, hence 

showing the Potential for application expansion. 

 

Figure 1.7 Micropattern-assisted site-specific optoporation for targeted intracellular delivery. 

 

To expand the method described in Chapter 2, in Chapter 3, we introduce a novel micropattern-

assisted, contactless cell perforation method as a technical enhancement. This setup eliminates the 

need for cells to be cultured directly on the micropatterned substrate. Instead, nanosecond laser 

scanning across the patterned chip enables site-specific, high-throughput cell processing (Figure 1.8). 

This advancement significantly increases the number of cells that can be processed in parallel, 

overcoming a key limitation of the traditional micropattern substrate-based approach. In this approach, 

we examine the response of HeLa cells to shockwaves generated by laser irradiation on a 

micropatterned surface. The cellular response is evaluated in terms of cell perforation, cell death, and 
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cell peeling—each of which contributes to the overall process of transient cell perforation and 

permanent cell perforation. Our “micropattern-on-top” strategy, combined with detailed parametric 

evaluation, provides a robust framework are optimizing biomedical applications in optoporation and 

photothermal therapy, balancing high delivery efficiency, spatial precision, and cellular viability to 

achieve desired therapeutic outcomes. 

 

Figure 1.8 Optoporation with pr-254 micropatterns. (a) Laser Irradiation. (b) Micropattern laser 

interaction. (c) Shockwave generation. (d) Cell response. 

 

Micropattern-assisted methods perform well for high-throughput applications requiring mass 

production of treated cells. However, creating micropatterns near each cell remains challenging. 

Therefore, in the next chapter, we focus on investigating a more localized approach, particularly aimed 

at achieving permanent cell perforation for photothermal therapy, where highly precise and targeted 

effects on cancer cells are essential. Hence, in Chapter 4, we investigate the potential of gold nanostars 

combined with visible laser irradiation. Most of the reports with gold nanostars used NIR lasers for 

photothermal therapy, and the usage of visible pulsed lasers in this application remains unexplored. It 

further explores the applicability of this system across different cell lines. The effectiveness of single-

pulse spot irradiation and multiple-pulse laser scanning irradiation in inducing cell death was assessed 
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(Figure 1.9). Since the site of cell killing can be accurately chosen with a nanosecond pulse laser, this 

technique helps in minimizing damage to the cells around the target cells. 

  

Figure 1.9 Site-specific cell killing with gold nanostars and laser irradiation. 

 

 Chapter 5 examines the feasibility of transient cell perforation and permanent cell perforation 

using Prussian blue nanoparticles. This study introduced Prussian Blue Nanocube Clusters (PBNCCs) 

as a cost-effective and biocompatible alternative to conventional gold nanoparticles and micropattern-

based platforms for laser-assisted intracellular delivery and cell patterning (Figure 1.10). While 

existing approaches offer precision and efficiency, they face limitations due to high costs, fabrication 

complexity, and translational challenges. PBNCCs address these barriers with simple, scalable 

synthesis, adequate photothermal responsiveness, and low toxicity, enabling effective delivery of 

molecules like FITC-dextran into cells and site-specific cell ablation under nanosecond pulsed laser 

irradiation for cell patterning applications. 
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       Figure 1.10 Intracellular delivery and cell patterning with Prussian blue nanoparticles. 

 

Taken together, these four technologies represent a multi-dimensional expansion of the 

photoabsorber-assisted laser platform for creating pores on the cell membranes, each addressing key 

challenges in intracellular delivery, photothermal therapy, and cell patterning. Rather than functioning 

in isolation, these technologies can be integrated into a modular, adaptable system that leverages 

specific photoabsorber materials and geometries for tailored biomedical outcomes. Cells are interfaced 

with photoabsorbers—whether as nanoparticles, or spatial micropatterns—and then irradiated with 

nanosecond laser pulses. The interaction generates either transient or permanent membrane disruptions, 

facilitating controlled delivery or selective cell killing as depicted in Figure 1.11. 

By systematically evaluating different photoabsorbers (micropatterned substrates, gold 

nanostars, and Prussian Blue nanocube clusters) under consistent laser conditions (532 nm wavelength, 

5 ns pulse width), the outcome of the cell perforation can be mapped as represented in Figure 1.11. 

This unified model demonstrates how each platform occupies a distinct yet overlapping region within 

a continuous spectrum of bioeffects. For instance, micropattern-based methods generate smaller, 
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transient pores ideal for high-throughput molecular delivery and require larger laser fluence due to the 

non-metallic nature of the absorber, whereas gold nanostars produce larger, permanent disruptions 

suited for targeted cancer cell killing at lower laser fluences. Prussian Blue nanocube clusters offer a 

tunable intermediate behavior, enabling both delivery and controlled cell patterning. Indicating that by 

tuning the laser fluence desired outcome for cell membrane permeation can be achieved. 

 

                Figure 1.11 Unified framework for photoabsorber-mediated optoporation techniques. 

 

This thesis is dedicated to the systematic development, integration, and optimization of emerging 

platforms for photoabsorber-assisted cell perforation technologies. By analyzing the interplay of laser 

parameters, photoabsorber properties, and biological responses, we aim to establish a generalized 

framework for next-generation photonic intervention technologies. These findings not only advance 

the fundamental understanding of light–material–cell interactions but also open new avenues for 

applications in targeted drug delivery, photothermal therapy, and cell patterning. 
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Chapter 2: Micropattern-Assisted Cell Perforation:  

Distance-Dependent Spatial Analysis of Micropattern-

Generated Shockwave for Cell-Type Specific Intracellular 

Delivery 

2.1 Introduction  

Cellular function deteriorates with age, injury, and disease, necessitating the delivery of 

therapeutic agents like drugs and nucleic acids into cells for treatment. However, the cell membrane's 

semipermeable nature poses a major challenge to this delivery process. Two primary approaches have 

emerged to overcome this barrier: carrier-mediated delivery using biochemical compounds [1–4],  and 

membrane-permeating delivery employing physical methods [5–13]. While carrier-mediated 

approaches utilize vehicles such as liposomes [4], dendrimers [14], microspheres [3], and solid lipid 

nanoparticles [1]. These carriers can potentially induce cellular toxicity. 

To reduce carrier-based toxicity, physical methods such as electroporation [5,15], 

microinjection [7], sonoporation [8], mechanoporation [16], hydroporation [17–19], and optoporation 

[11–13, 20–23] have emerged as alternatives to carrier-based delivery systems while achieving 

membrane-penetrating intracellular delivery. Electroporation requires careful optimization of 

parameters, including field duration, field strength, and pulse number, to maintain cell viability. 

Excessive field strength or prolonged duration can prevent proper resealing of membrane pores, 

leading to cell death through electrolyte imbalance [24, 25]. During sonoporation, ultrasonic acoustic 

pressure waves generate cavitation bubbles, whose random nature and transient characteristics can 

lead to cell death [26]. Additionally, microinjection techniques suffer from low throughput due to 

difficulties in parallelization [7]. Mechanoporation utilizes viscoelastic shear flow to create non-

contact pores in cells. Hydroporation, in the context of intracellular delivery, incorporates high-

pressure hydrodynamic shear to achieve pores. Both techniques are dependent on flow within 

microfluidic devices. While effective for high-throughput applications, these flow-based techniques 
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encounter difficulties in targeting specific sub-populations of cells. This inherently limits precise 

temporal and spatial control, making site-specific intracellular delivery problematic. 

Laser-based optoporation enables high-throughput, non-invasive delivery of cargo materials 

into cells through light-induced transient pore formation in cell membranes [22, 27]. This technique 

comprises two main approaches: direct laser optoporation and photosensitized optoporation. While 

direct laser optoporation can create membrane pores by controlling laser parameters such as 

wavelength, intensity, and irradiation duration [28]. Its application is limited by low throughput and 

operational complexity due to the requirement for precise laser focusing on individual cell membranes. 

Traditional photosensitized optoporation relies on photoabsorber-laser interactions to generate 

pores in cell membranes. When laser light irradiates the photoabsorber material, vapor nanobubbles 

form at cell culture medium-photoabsorber interface [29]. The growth and collapse of these bubbles 

create transient membrane pores. Conventional approaches typically employ gold or carbon 

nanoparticles attached to cell membranes through electrostatic attraction or antibody conjugation [30–

35]. While this nanoparticle-based approach effectively generates vapor nanobubbles, it presents two 

major challenges: difficulty in targeting specific cell populations and potential toxicity from the 

nanoparticles themselves [36]. Although researchers have attempted to address these limitations using 

modified photothermal substrates with different TiO2 nanostructures, such as nanoflowers and 

nanotubes [37, 38]. These substrate-based methods still fail to provide adequate spatial access for site-

specific intracellular delivery. 

Photolithographically patterned photo-absorbing micropatterns generate vapor nanobubbles 

upon pulsed laser irradiation through localized heating. Compared to traditional gold nanoparticle-

based and modified substrate-based optoporation methods, micropattern-assisted optoporation 

provides precise targeting of specific sites with improved spatial control [20, 39]. The versatility of 

micropatterns allows customization to specific shapes, offering advantages for heterogeneous cell 
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populations [40, 41]. While micropatterned devices have demonstrated high throughput optoporation 

of adherent cell lines [20, 39], previous approaches using titanium micropatterns as photoabsorbers 

faced significant limitations [42]. The titanium-based method required complex vacuum deposition 

and time-consuming fabrication processes. Moreover, these devices needed to be inverted over cell 

monolayers during optoporation and subsequently removed after the procedure. This process 

compromised spatial information and hindered the tracking of specific target cells. Although delivery 

efficiency could be measured through flow cytometry or averaged image intensities, these methods 

inadequately captured the spatial dynamics of laser-micropattern interactions, leaving the distance-

dependent effects of laser-induced cell perforation poorly characterized. 

In this study, we explored the transient pore creation on the cell membrane by irradiating a 

pulsed laser on a micropattern-based cell culture substrate. We developed an analytical method using 

pigmented SU-8 microdisks to investigate how laser-micropattern interactions affect cell membrane 

perforation at varying distances (Figure 2.1). This approach enables systematic characterization of 

spatial effects using different microdisk sizes and reveals cell type-specific responses to shockwave 

exposure. The simplified fabrication process combining spin-coating and photolithography allows 

direct cell culture adjacent to the patterns, facilitating precise spatial analysis of single-pulse 

shockwave effects on cell membranes.  

 

Figure 2.1 Representation of laser irradiated micropattern induced bio effects. 
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2.2 Experimental methods 

2.2.1 Cell Perforation by Micropattern Irradiation 

Upon laser irradiation of the microdisk pattern, the laser energy is rapidly absorbed by the 

microstructure. This absorption leads to swift heating of the microdisk, resulting in the generation of 

laser-induced shockwaves (Figure 2.2(a) and 2.2(b)). The strength of this laser shockwave significantly 

affects the structural integrity of the cell membrane (Figure 2.2(c)). The imaging data was 

quantitatively analyzed based on the above model, where the magnitude of the shockwave due to laser 

irradiation of the micropattern was expected to be higher closer to the micropattern, decreasing radially 

as the shockwave progressed in cell culture medium. The model implies that a higher shockwave will 

result in higher delivery efficiency. However, if the shockwave on the cells exceeds their tolerance, 

cell death occurs due to irreparable damage, and an even greater magnitude of shockwave peels off 

cells from the substrate. Hence, the process in the cell concerning shockwave magnitude occurs in the 

order of cell peeling from the substrate, cell necrosis on the substrate, cell delivery, and no effect, 

respectively. All these processes collectively contribute to the evaluation of delivery efficiency and 

cell viability. 

 

Figure 2.2 Schematic representation of the distance-dependent analysis method for micropattern-

assisted optoporation. (a) Laser irradiation on the pigmented SU-8 microdisk. (b) Generation of 

shockwave upon bubble collapse in cell medium. (c) Intracellular delivery at varying radial distances 

from the irradiation point. 
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2.2.2 Calculation of Shockwave-Induced Pressure 

The pressure exerted by the laser-induced shock wave is estimated by analyzing the 

displacement of microsphere particles (Figure 2.3). The motion of these microspheres can be divided 

into two phases: an acceleration phase and a deceleration phase.  

In the acceleration phase, the particle is accelerated during the shock wave duration (∆t). 

Applying the principle of momentum conservation yields: 

 𝑃 ·  𝑆 ·  ∆𝑡 =  𝑚𝑣₀ …(2.1) 

where P is shock wave pressure, S is the sphere's cross-sectional area, m is the mass of the sphere 

and v₀ is the initial velocity of the sphere. 

In the deceleration phase, the sphere decelerates due to Stokes' drag in the water, described by:  

 𝑚(𝑑𝑣/𝑑𝑡)  =  −6𝜋𝜂𝑟𝑣 …(2.2) 

where η is the dynamic viscosity of water. Solving this equation gives: 

 𝑣(𝑡) =  𝑣0𝑒−ᵝᵗ, 𝛽 =  6𝜋𝜂𝑟/𝑚 =  9𝜂/(2𝑟²𝜌) …(2.3) 

Integrating the velocity equation yields the displacement:  

 𝑥(𝑡)  =  (𝑣₀/𝛽)(1 −  𝑒⁻ᵝᵗ) …(2.4) 

The final displacement can be calculated as:  

 𝑥𝑓𝑖𝑛𝑎𝑙  =  𝑣₀/𝛽 …(2.5) 

The shock wave pressure can then be determined by: 

 𝑃 =  (𝑚𝑣₀) / (𝑆𝛥𝑡)  =  (𝑚𝑣₀) / (𝜋𝑟²𝛥𝑡) …(2.6) 

 

𝑇he known values,  m = (4/3)πr³ρ, v₀ = 𝑥𝑓𝑖𝑛𝑎𝑙· β and β = 9η/(2r²ρ) are substituted into Eq. (2.6), we 

obtain 
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 𝑃 =  6𝜌 ·  𝑥𝑓𝑖𝑛𝑎𝑙 ·  𝜂 / 𝛥𝑡 …(2.7) 

In the absence of a high-speed camera, the shockwave duration can be estimated to be 

approximately 50 nanoseconds for a 5-nanosecond pulsed laser, based on previous studies[43, 44]. The 

pressure at specific radial distances can be determined by measuring xfinal from experimental data: P25 

(pressure at 25 μm) for the 50 μm diameter microdisk and P10 (pressure at 10 μm) for the 20 μm 

diameter microdisk. Following the inverse-square law for pressure wave decay with distance [45, 46]. 

We can calculate pressures at radial distances of 40 μm (P40), 80 μm (P80), and 120 μm (P120) using 

the known values of P10 and P25. This approach enables mapping of the pressure distribution at various 

radial distances from the laser irradiation point, providing insights into the spatial characteristics of 

the laser-induced shockwave. 

 

Figure 2.3 Schematic representation of particle propulsion on laser irradiation of micropattern. 

 

2.2.3 Fabrication of Pigmented Microdisks 

0.45 g of red pigment, PR-254 (P1676, Tokyo Kasei, Japan), was mixed with 15 mL of 

cyclopentanone in a centrifuge tube. This mixture was then mixed with 15 mL of SU-8 3005 

(KAYAKU Advanced Materials, USA) to obtain 1.5 w/v% of PR-254. The SU-8-PR-254 mixture was 

stirred for 20 min on a vortexer (TRIO HM-2F, AZ-ONE, Japan) and then subjected to an ultrasonic 

cleaner (SonoCleaner 100D, KAIJO, Japan) for 5 min.   

The prepared mixture was spin-coated on a 4-inch glass wafer, and circular patterns with 20 

and 50 µm diameters were formed by photolithography to obtain photo-absorbing disks (Figure 2.4(a)-
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(d)). A 4-inch glass wafer was washed with acetone and rinsed with isopropanol (IPA), then dried with 

nitrogen gas. The substrate was plasma-treated using a plasma ashing system (JPA-300, J-Science Labs, 

Japan) at 150 W for 60 s to improve hydrophilicity. Hexamethyldisiloxane (HMDS) was spin-coated 

on the plasma-treated glass substrate with the following spin-coating steps: a gradual increase in speed 

for 5 s, 1000 rpm for 10 s, a gradual decrease in speed for 5 s, 5000 rpm for 30 s, a gradual decrease 

in speed for 10 s, and then baked. The suspension of SU-8-PR-254 was spin-coated on the HMDS 

layer at a slope for 5 s, 500 rpm for 20 s; slope for 5 s; 3000 rpm for 60 s; slope for 10 s. The wafer 

was baked again and exposed with a light integral of 600 mJ/cm2 using a mask aligner (PEM-800, 

Union Optical) through a mask. The mask contained one 10 × 10 array of 50‑µm‑diameter microdisks 

at 1 mm pitch and twelve 10 × 10 arrays of 20‑µm‑diameter microdisks at 300 µm pitch. The wafer 

was baked again after exposure and developed in 2-methoxy-1-methylethyl acetate. The wafer was 

diced into small chips before cell culture, and a silicone wall structure was attached with bioadhesive 

glue to avoid the slipping of cells from the device.  

2.2.4  Analysis of Laser Pulse and Micropattern Interaction 

Micropattern chips with pattern diameters of 50 μm and 20 μm were filled with 200 μL of 

deionized (DI) water. To characterize bubble formation, a series of laser fluences (36, 43, 49, 51, 58, 

126, 164, 200, and 514 mJ/cm²) was tested on 50 μm diameter microdisks. For each fluence level, 20 

different microdisks were irradiated, and bubble formation was recorded as a binary outcome 

(formed/not formed) using a CMOS camera (ZWO, ASL1600MC-Cool, Suzhou, China) with multi-

dimensional acquisition in Micro-Manager 1.3 software. The probability of bubble formation was 

calculated as the percentage of successful formations out of 20 attempts. 

For fluences that demonstrated 100% bubble formation probability (126–514 mJ/cm²), bubble 

size measurements were conducted. Images were acquired before and immediately after laser 

irradiation, and five independent measurements (n=5) were performed for each fluence level on both 
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20 μm and 50 μm microdisk patterns. The acquired images were analyzed using ImageJ software to 

calculate the diameters of the resulting bubbles, and the mean diameter and standard deviation were 

determined from the five measurements. 

2.2.5 Measurement of Pressure on Microspheres 

 Polystyrene microparticles (Sigma Aldrich, 15 μm diameter, density = 1.05 g/cm³) were used 

to measure the shockwave pressure. The microparticles were placed immediately next to the edge of 

the microdisk pattern, and the laser was irradiated onto the micropattern. The particle displacement 

images were acquired after laser irradiation using the same method as described for bubble image 

acquisition. The displacement was measured, and pressure values were calculated at various radial 

distances from the center of the microdisk using the method described in section 2.2.4. 

2.2.6 Cell Culture on Microdisks 

A microdisk chip was sterilized with ethanol, acetone, and deionized (DI) water before cell 

culture. HeLa cells were cultured in minimum essential medium (MEM, Gibco, 11095072, Thermo 

Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, CCP-FBS-

BR-500, Cosmo Bio, Tokyo, Japan) and 1% penicillin-streptomycin (streptomycin 10,000 U/mL, 

Thermo Fisher Scientific, Waltham, MA, USA). HEK293 and SAOS-2 cells were cultured in DMEM 

(FUJIFILM Wako Pure Chemical Co., Ltd., Tokyo, Japan) with 10% FBS and 1% penicillin–

streptomycin (PS). The cells were grown in a polystyrene petri dish at 37 °C in a 5% CO2 humidified 

atmosphere. The adherent cultured cells were detached from the petri dish using trypsin-EDTA. After 

replacement with fresh cell medium, the cells were seeded on the microchip at 37 °C with 5% CO2 in 

the air. Cells were then cultured to 80-90% confluency on the disk substrate and washed with PBS 

before laser irradiation.  
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2.2.7 Optoporation and Observation Setup 

We built a custom-made setup for laser-based optoporation (Figure 2.4(e)). A nanosecond pulse 

laser (532 nm, Cobolt, TorTM XS, Hubner Photonics, Solna, Sweden) was connected to a function 

generator. A dichroic mirror (Thorlabs, DMLP550R, Newton, NJ, USA) was placed to reflect a 532-

nm light beam. A convex lens with a focal length of 50 mm focused the laser beam on the sample with 

a spot diameter of around 140 µm. The sample was observed using an objective lens and a CMOS 

camera (ZWO, ASL1600MC-Cool, Suzhou, China).  

 
Figure 2.4 Schematic of microdisk fabrication and laser irradiation setup for the distance-dependent 

analysis method. (a)-(d) Steps in the fabrication of the pigmented SU-8 microdisk pattern. (e) 

Irradiation setup for optoporation, enabling precise control over shockwave magnitude and 

observation of cellular responses at different radial distances. 
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2.2.8 Optoporation Experiment, Image Acquisition, and Analysis 

A pigmented SU-8 chip was placed on the sample stage, and cell-impermeable FITC dextran 

(1 mM, Mw 4000 Da, Sigma Aldrich, USA) was added over the chip before laser irradiation. A single 

pulse with a duration of 5 ns was utilized for irradiating the microdisks. After laser irradiation, the cells 

were immediately washed three times with PBS and incubated in 4 µM PI for the viability assay.  

The micropattern substrate was placed on the stage of an inverted microscope (ECLIPSE Ti-

2E, Nikon, Japan). The microscope was equipped with a camera (DS-Ri2, Nikon, Japan) and 

fluorescence cubes (B2-A and G-2A Nikon, Japan). Exposure time was optimized for each sample 

while maintaining consistent exposure conditions within the experimental group. Three images were 

obtained from each experiment, and 5 experiments were performed. All reported delivery efficiency 

and cell viability data were obtained from the 15 images obtained from experiments. Area divisions of 

three concentric circles with radii of 40 µm, 80 µm, and 120 µm were drawn using a Python script. 

Then obtained images were processed with background correction with a rolling ball radius of 2 in 

ImageJ and the cells were manually counted using the multipoint tool of ImageJ software in all three 

regions (25–40 µm, 40–80 µm, and 80–120 µm) for 50 µm microdisk and (10–40 µm, 40–80 µm, and 

80–120 µm) for 20 µm were counted to evaluate delivery efficiency, cell viability and delivery yield 

after treatment with the laser irradiation on micropattern. 

The delivery efficiency ηD, cell viability ηV, and delivery yield ηY, were calculated from the 

total number of cells from brightfield images NT, the number of dye-positive cells NP, and the number 

of dead cells, ND. They were determined by the following Eq. 2.8, 2.9, and 2.10: 

𝜂𝐷 =
𝑁𝑃

𝑁𝑇
  …(2.8) 
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𝜂𝑉 =
(𝑁𝑇 − 𝑁𝐷)

𝑁𝑇
  …(2.9) 

𝜂𝑌 = 𝜂𝑃𝜂𝑉 …(2.10) 

 Fluorescence appeared in the micropattern structure upon laser irradiation. It was observed 

with/without cells. This fluorescence was excluded from cell counting and not further investigated.  

2.2.9  Statistical Analysis 

The delivery efficiency (ηD), cell viability (ηV), and delivery yield (ηY) were analysed using JASP 

0.19.0.0 software. First, the Shapiro-Wilk test was performed to assess data normality. Since some 

variables showed non-normal distributions, non-parametric tests were employed for all analyses. The 

Kruskal-Wallis test was conducted to evaluate differences between groups. When the Kruskal-Wallis 

test indicated significant differences (p < 0.05), Dunn's post-hoc test with Bonferroni correction for 

multiple comparisons was performed. Statistical significance was set at pbonf < 0.05. 

2.3 Experimental Results 

2.3.1 Fabrication of Optical Absorber Disks 

SU-8 microdisks containing PR-254 were formed on a glass wafer by photolithography.  

Micro-optical energy absorbers were patterned, and chips were obtained (Figure 2.5(a)). For the 20 

µm design diameter (D.D.) diameter, and the approximate fabricated diameter (F.D.) of the disks was 

24±1.5 µm (N=25) (Figure 2.5(b)) and 12 chips were obtained from one wafer with a pattern yield of 

91.4±8.60% (mean ± standard deviation, number of measured wafers: N = 6)(Figure 2.5(c)). The 

microdisks with D.D. of 50 µm had an average F.D. of 57.5±1.0 µm (N=25) (Figure 2.5(b)) and were 

obtained with an average yield of 95.5±2.5% (number of measured wafers: N=6) (Figure 2.5(c)). 

Fabricated microdisks were found to be larger than the design value. With increasing D.D. size, the 
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error increased. This difference in diameter was probably because the resolution of the film mask used 

in this experiment was limited, and the corners of the pattern were not fully transferred. 

 

Figure 2.5 Fabricated pigmented microdisks. (a) Microscope image showing microdisks with 20 µm 

design diameters. (b) Fabricated diameters. (c) Fabrication yields for 20 µm and 50 µm microdisk 

patterns.  

 

2.3.2 Characterization of Laser-Induced Bubble Formation 

We evaluated the probability of bubble formation at laser fluences of 36 mJ/cm2, 43 mJ/cm2, 

49 mJ/cm2, 51 mJ/cm2, 58 mJ/cm2, 126 mJ/cm2, 164 mJ/cm2, 200 mJ/cm2, and 514 mJ/cm2 on the 

micropattern disks of 50 µm diameter. We measured the probability of bubble generation, which is 
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indicated in Figure 2.6(a) (n=20 microdisks). Only laser fluences with 100% bubble formation 

probability were considered for further experiments measuring bubble size. 

Figure 2.6(b)–(i) shows the generation of larger bubble sizes with diameters of 50 µm and 

increasing laser fluences from 126 mJ/cm², 164 mJ/cm², 200 mJ/cm², to 514 mJ/cm². The 50 µm 

micropattern exhibited larger bubble sizes under the same energy conditions, with measurements of 

approximately 12.0±1.0 µm, 19.2±1.5 µm, 23.2±1.7 µm, and 42.2±1.0 µm (n=5) (Figure 2.6(j)). In 

contrast, for the 20 µm micropattern, the bubble sizes recorded were approximately 4.4±0.4 µm, 

7.0±1.3 µm, 10.7±0.6 µm, and 20.9±1.4 µm (n=5) as the energy increased from 126 mJ/cm² to 514  

mJ/cm² (Figure 2.6(k)). 

 Larger energy was absorbed in the 50-µm pattern, and allowed for greater accumulation of gas 

and subsequent bubble growth. The increase in energy input results in more vigorous gas generation 

and larger bubbles for both patterns, but the effect is more pronounced in the larger micropattern due 

to its enhanced capacity to sustain larger bubbles.  

Notably, at 514 mJ/cm2 laser fluence, we observed complete removal of the micropattern disc 

during some irradiation events. However, this removal was not consistent across all microdisks. The 

observed phenomenon is likely due to localized overheating or rapid gas expansion within the pattern, 

which occasionally disrupts the physical structure.   

Overall, this analysis suggests that micropattern size plays a critical role in determining bubble 

dynamics during laser-induced processes and eventually contributes to the generation of perforation 

effects on the cell membrane. 
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Figure 2.6 Bubble formation characteristics of microdisks. (a) Probability of bubble generation at 

various fluences for a 50 µm microdisk. Images of 50 µm microdisk. (b)–(e) Before pulse laser 

irradiation. (f)–(i) After laser pulse irradiation with 126 mJ/cm2, 164 mJ/cm2, 200 mJ/cm2, 514 

mJ/cm2. Scale bar is 50 µm. (j) Bubble diameter measurement with 50-µm microdisk. (k) Bubble 

diameter measurement with 20 µm microdisk. 

2.3.3 Shockwave-Induced Pressure Measurement 

Figures 2.7(a) to 2.7(h) represent the propulsion of polystyrene microparticles upon irradiation 

of a 50-μm  microdisk with various laser fluences. The study of laser-induced shock waves on 

micropatterns with diameters of 50 μm and 20 μm provides a detailed understanding of how shock 

wave pressure and particle displacement behave under varying conditions. At the chosen radial 

distances, the displacement of microsphere particles increased with higher laser energy levels, resulting 

in increased shock wave pressure for each micropattern size (Figure 2.7(i) and 2.7(k)).  

Figures 2.7(j) and 2.7(l) describe the measurement of shockwave pressure from the 50-μm and 

20-μm micropatterns, P25 ranged from approximately  6.8±0.9 MPa at an energy level of 126 mJ/cm² 
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to about 16.2±0.6 MPa at 514 mJ/cm². While the P10 for the smaller 20 μm microdisk ranged in the 

range of 5.2±0.4 MPa at 126 mJ/cm2 to 13.2±1.4 MPa at the laser fluence of 514 mJ/cm2. This 

uniformity likely results from similar initial forces exerted by the shockwave on both micropatterns 

due to uniform energy distribution at the impact point. 

However, as the radial distance increases, the resultant pressure magnitude differs significantly 

between the two micropattern sizes due to the decay of the shock wave. At a radial distance of 40 μm, 

for instance, P40 for the 50-μm pattern ranged from 2.6±0.3 MPa to 6.3±0.6 MPa across energy levels 

from 126 mJ/cm² to 514 mJ/cm², while for the 20-μm pattern, it ranged from only 0.3±0.02 MPa to 

0.7±0.08 MPa. This trend continued at greater distances; at 80 μm, pressures P80 for the larger pattern 

ranged from 0.6±0.08 MPa to 1.4±0.1 MPa compared to just 0.07±0.0 MPa to 0.19 ± 0.02 MPa for the 

smaller pattern. At 120 μm, P120 further decreased to between 0.2±0.03 MPa and 0.6±0.07 MPa for the 

larger pattern and between 0.03±0.0 MPa and 0.09±0.0 MPa for the smaller micropattern. These results 

highlight how shock wave pressure diminishes more rapidly with distance in smaller patterns due to 

their reduced capacity to sustain wave propagation over longer distances, emphasizing the importance 

of micropattern size in applications requiring precise control over shock wave effects. 
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Figure 2.7 Propulsion of polystyrene microbead upon laser irradiation. Microscope images with a 50-

µm microdisk at various laser fluence. (a-b) 126 mJ/cm². (c-d) 164 mJ/cm². (e-f) 200 mJ/cm². (g-h) 

514 mJ/cm². Scale bar is 50 µm. (i) Measured displacement of particles using a 50-µm microdisk. (j) 

Pressure measurements as a function of radial distance from a 50-µm microdisk. (k) Measured 

displacement of particles using a 20-µm microdisk. (l) Pressure measurements as a function of radial 

distance from the 20-µm microdisk.  

 



 

48 

 

2.3.4 Optoporation of HeLa Cells with 50 µm Disk 

Figures 2.8 and 2.9 show the effect of pattern size on micropattern-assisted optoporation with 

PR254 microdisks with diameters of 50 µm at laser fluences of 126 mJ/cm2, 164 mJ/cm2, 200 mJ/cm2, 

and 514 mJ/cm2. Figure 2.8 (a)–(l) display fluorescence images of optoporated cells using 50 µm 

diameter disks. The laser irradiation of the 50 µm pattern resulted in intracellular delivery of FITC 

dextran 4 kDa into cells (Figure 2.8(b), (e), (h), (k)). Upon laser irradiation on the micropattern, cell 

viability was compromised in Figure 2.8((c), (f), (i), (l)), indicating the influence of cell peeling or cell 

necrosis on the evaluated ηD, ηV, and ηY. No dead or optoporated cells were observed in the absence of 

laser irradiation of cells cultured on a micropatterned substrate, and in the absence of micropatterns 

with laser irradiation on a cell monolayer on a glass substrate. 

Figures 2.8(m)–(o) show ηD, ηV, and ηY with a 50-µm microdisk at various radial distances and 

laser fluences. Intuitively, ηD should be higher closer to the area of laser irradiation, but the calculation 

of delivery is affected by cells either peeling off or undergoing necrosis, affecting ηY at a given fluence 

and radial distance. The cell response of HeLa cells to micropattern laser irradiation at 126 mJ/cm² and 

to 514 mJ/cm² visually demonstrates the difference in cell response at varying laser parameters.  

The analysis of delivery yield (ηY) across different distances revealed complex relationships 

between delivery efficiency and laser fluence. In the 25–40 μm region, while the delivery efficiency 

at 514 mJ/cm² (51.3±12.0%, average NT =5 cells) was significantly higher than at 126 mJ/cm² 

(36.0±13.2%, average NT =7 cells, pbonf =0.04), the final delivery yields remained statistically 

equivalent (32.0±15.1% at 514 mJ/cm² versus 27.1±11.3% at 126 mJ/cm², pbonf =1). At greater 

distances with 514 mJ/cm², despite reduced cell viability, substantial delivery yields were maintained, 

reaching 34.7±6.5% in the 40–80 μm region (delivery efficiency 48.4±7.9%, average NT =22 cells) 

and 39.07±14.4% in the 80–120 μm region (delivery efficiency 45.5±16.4%, average NT =35 cells). 

These results demonstrate that while higher laser fluence initially produces greater delivery efficiency, 

the final yield remains consistent across distances due to the counterbalancing effects of cell viability. 
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Analysis of delivery at the same energy and different ranges shows an inverse relationship 

between distance from the laser irradiation point and cellular response: as distance increased, delivery 

efficiency (ηD) decreased while cell viability (ηV) increased. Using the 50 μm pattern at high laser 

fluence (514 mJ/cm²), uniform shockwave effects were observed throughout the 25–120 μm region, 

resulting in a non-significant difference in yields from 25–40 μm to 40–80 μm (pbonf =1), and from 40–

80 μm to 80–120 μm (pbonf =0.62). 

At 200 mJ/cm², a clear trade-off emerged between delivery efficiency and cell viability in 

different regions. The 40–80 μm region exhibited higher delivery efficiency (28.1±9.7%) despite lower 

cell viability (73.6±9.5%), while the 80–120 μm region showed reduced delivery efficiency 

(21.4±6.8%) but enhanced cell viability (86.7±5.7%). These counterbalancing effects resulted in non-

significant delivery yields (pbonf =1) between regions. Lower laser fluences (164 mJ/cm² and 126 

mJ/cm²) displayed similar patterns, with the 40–80 μm region achieving higher delivery efficiency but 

reduced viability compared to the 80–120 μm region.  

Analysis of delivery at the same energy and different ranges reveals a key trade-off: as distance 

from the laser irradiation point increases, intracellular delivery efficiency decreases, while cell viability 

correspondingly increases. Consequently, regions closer to the irradiation site achieve higher delivery 

efficiency at the expense of lower cell viability, while regions farther away exhibit improved viability 

but lower efficiency. Despite these opposing trends, the final delivery yield remains comparable due 

to counterbalancing effects. From these observations, the 25–80 μm range emerges as the optimal zone, 

providing the most favorable balance between delivery and cell health. This finding highlights the 

critical need for spatial targeting to optimize optoporation performance. 
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Figure 2.8 Laser fluence affects optoporation efficiency and cell viability in HeLa cells using a 50 

µm diameter microdisk. (a–l) Representative images showing brightfield (left column), FITC-

positive cells indicating successful delivery (green, middle column), and dead cells (red, right 

column) at different laser fluences. (a–c) 126 mJ/cm². (d–f) 164 mJ/cm². (g–i) 200 mJ/cm². and (j–l) 

514 mJ/cm². Scale bar is 80 µm. (m) Delivery efficiency. (n) Cell viability. (o) Delivery yield as a 

function of laser fluence and distance from the irradiation point. 
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2.3.5 Optoporation of HeLa Cells with 20 µm Disk 

The study revealed distinct differences in cellular responses between 20 μm and 50 μm 

microdisk patterns, with the smaller disk generating lower magnitude shockwaves across all measured 

distances (40 μm, 80 μm, and 120 μm). Fluorescence imaging demonstrated successful intracellular 

molecule delivery near the laser spot when using the 20 μm disk, achieving delivery patterns similar 

to those observed with the 50 μm pattern (Figure 2.9(b), 2.9(e), 2.9(h), 2.9(k)). Green fluorescence 

was observed near the laser spot on the disk.  

 Analysis of the 20-µm microdisk revealed distinct delivery characteristics compared to the 50-

µm microdisk. Figures 2.9(m), 2.9(n), and 2.9(o) show ηD, ηV, and ηY, respectively, for the 20-µm 

microdisk pattern. Unlike the case with the 50-µm microdisk, ηD showed less impact from cell necrosis 

and peeling while maintaining higher cell viability. As suggested by the microbubble size patterns 

observed in the previous section, ηD increased proportionally with laser fluence. 

In the range of 10–40 µm, the highest ηY was obtained at a laser fluence of 514 mJ/cm2 (Figure 

2.9(o)), significantly exceeding the yield at 126 mJ/cm2 in the 10–40 µm region. This superior 

performance extended to the 40–80 µm region, where 514 mJ/cm2 demonstrated significantly higher 

yields compared to both 126 mJ/cm2 and 164 mJ/cm2, with similar results in the 80–120 µm range. A 

delivery yield of 32.6±13.2% (average NT = 6 cells) was obtained in the 10–40 µm range. The ηY 

exhibited a distance-dependent decline, reaching 29.2±8.3% at 40–80 µm (average NT = 20 cells) and 

18.5±5.3% at 80–120 µm (average NT = 34 cells) at 514 mJ/cm2.  

Statistical analysis of delivery at the same energy at different radial distances revealed that at 

the same energy, delivery efficiency for laser fluences of 514 mJ/cm2 and 200 mJ/cm2 showed 

significant differences only between the 40–80 µm and 80–120 µm ranges (pbonf = 0.008 for both 

fluences). At 164 mJ/cm2, significant differences were observed across all regions. At 126 mJ/cm2, 
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only the regions between 40–80 µm and 80–120 µm showed highly significant differences (pbonf = 

0.002), likely due to minimal shockwave effects in the 80–120 µm regions.  

Overall, the results from irradiation at the same energy indicate that the spatial extent and 

uniformity of laser-induced cellular effects are strongly influenced by laser fluence. At higher fluences, 

such as 514 mJ/cm² and 200 mJ/cm², shockwave effects extend farther from the irradiation point, 

resulting in significant differences in delivery efficiency primarily between mid-range (40–80 µm) and 

far-range (80–120 µm) regions. In contrast, at lower fluences, these effects become more spatially 

restricted, with significant differences observed across all regions at 164 mJ/cm², and highly localized 

effects at 126 mJ/cm², where only the 40–80 µm and 80–120 µm regions differ significantly. These 

results indicate that higher laser fluence enhances the effective range of optoporation, enabling delivery 

to cells located farther from the micropattern, whereas lower fluence limits delivery to cells in closer 

proximity. Therefore, adjusting laser energy is crucial for controlling the spatial reach and uniformity 

of cellular response in optoporation applications. 

A comparison between the 50-µm and 20-µm microdisk patterns revealed distinct impacts on 

cell response during optoporation, with each pattern showing unique distance-dependent 

characteristics. While the 50-µm microdisk pattern exhibited more aggressive effects through 

significant cell detachment and necrosis that impacted the overall delivery process, the 20-µm 

microdisk pattern demonstrated more controlled effects with proportionally increasing delivery 

efficiency at higher laser fluence while maintaining better cell viability. For cells within 40 µm of the 

irradiation site, the 20-µm microdisk achieved comparable delivery efficiencies with enhanced 

viability, whereas the 50-µm pattern proved more effective for targeting HeLa cells at distances beyond 

40 µm, suggesting that pattern size selection should be optimized based on the specific application 

requirements, considering both target distance and the desired balance between delivery efficiency and 

cell viability. 
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Figure 2.9 Optoporation of HeLa cells using a 20-µm-diameter microdisk at various laser fluences. 

(a-c) 126 mJ/cm². (d-f) 164 mJ/cm². (g-i) 200 mJ/cm². and (j-l) 514 mJ/cm². For each fluence, the left 

column shows brightfield images, the middle column shows FITC-positive cells (green, indicating 

successful delivery), and the right column shows dead cells (red). Scale bar is 80 µm. (m) Delivery 

efficiency. (n) Cell viability. (o) Delivery yield measured as a function of laser fluence and distance 

from the irradiation point. 

 

2.3.6 Optoporation of HEK-293 and SAOS-2 Cells with 20 µm Disk 

The versatility of micropattern optoporation was investigated using 20-µm diameter disks to 

deliver FITC-dextran into different cell lines, comparing weakly adhering HEK-293 cells (Figure 2.10) 
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and SAOS-2 cells (Figure 2.11) with HeLa cells as a reference. Due to their semi-adherent nature, 

HEK-293 cells demonstrated distinct responses in delivery efficiency (ηD), cell viability (ηV), and 

delivery yield (ηY) when exposed to laser pulses at various fluences. Cellular responses to 20 µm 

microdisk pattern irradiation at 514 mJ/cm2 laser fluence revealed variations among cell types, with 

HEK-293 cells showing extensive cell peeling and necrosis, while SAOS-2 cells exhibited reduced 

delivery effects compared to HeLa cells. 

The delivery efficiency measurements, displayed in Figure 2.10(m), demonstrated that laser 

and micropattern parameters affected cells differently based on their adhesion strength. HEK-293 cells 

exhibited increased susceptibility to necrosis and peeling at greater distances due to their physical 

properties, showing more pronounced effects compared to HeLa cells. As evidenced in Figures 2.10(a), 

2.10(d), 2.10(g), and 2.10(j), HEK-293 cells primarily experienced cell peeling and cell necrosis, 

attributable to their lower adhesion strength. The delivery efficiency consistently decreased with 

increasing radial distance, confirming the spatial extent of laser-induced effects. 

The delivery yield analysis revealed distinct patterns at different radial distances from the 

irradiation point. At the highest laser fluence of 514 mJ/cm², extensive cell necrosis and peeling made 

evaluation impossible in the proximal 10-40 μm region, as evidenced in Figures 2.10(j) and 2.10(k). 

Among lower fluences in this region, statistical analysis showed no significant differences in delivery 

yield (pbonf = 1 for 200 mJ/cm² vs 164 mJ/cm², pbonf = 0.2 for 200 mJ/cm² vs 126 mJ/cm², and pbonf = 

0.3 for 126 mJ/cm² vs 164 mJ/cm²). Notably, at greater distances from the irradiation point, 514 mJ/cm² 

achieved the highest delivery yields despite compromised cell viability, reaching 60.3±8.8% (NT = 31 

cells) in the 40-80 μm region and 31.7±12.1% (NT = 60 cells) in the 80–120 μm region. 
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Figure 2.10 Optoporation of HEK-293 cells using a 20-µm diameter microdisk. (a–c) 126 mJ/cm². 

(d–f) 164 mJ/cm². (g–i) 200 mJ/cm². and (j–l) 514 mJ/cm². For each fluence: the left column shows 

brightfield images, the middle column shows FITC-positive cells (green, indicating successful 

delivery), and the right column shows dead cells (red). Scale bar is 80 µm. (m) Delivery efficiency. 

(n) Cell viability. (o) Delivery yield measured as a function of laser fluence and distance from the 

irradiation point.  
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Statistical analysis at same energy at different radial distance revealed significant differences 

for lower fluences (126 and 164 mJ/cm²) between the regions of 10–40 µm and 40–80 µm (pbonf = 0.04 

for both fluences) and between the 40–80 µm and 80–120 µm regions (pbonf = 0.002 for both fluences). 

For higher energies of 200 mJ/cm2 and 514 mJ/cm2, significant differences were only observed 

between 40–80 µm and 80–120 µm regions (pbonf < 0.001 for both fluences). These findings 

demonstrate that while lower laser fluences produced similar effects at shorter distances, higher 

fluences showed comparable effects at greater distances from the irradiation point, suggesting a 

distance-dependent relationship between laser fluence and delivery effectiveness. 

Compared to HeLa cells, HEK-293 cells showed greater sensitivity to laser-induced effects at 

shorter distances. Significant delivery differences were observed even between proximal regions under 

low fluence, indicating that delivery in HEK-293 cells is more spatially localized and dependent on 

distance from the irradiation point. In contrast, HeLa cells exhibited broader effective delivery zones 

and higher tolerance to shockwave-induced stress, resulting in more uniform delivery across wider 

regions. These differences likely stem from variations in membrane composition, adhesion strength, 

and mechanical properties. 

Fluorescence imaging of SAOS-2 cells during micropattern optoporation (Figure 2.11) 

revealed their unique resistance to perforation, reflected in both delivery efficiency and cell viability 

measurements. These cells demonstrated remarkable resilience, with neither cell necrosis nor 

detachment observed across all tested laser fluences, while maintaining 100% cell viability (ηV) 

throughout all laser irradiation conditions. While no delivery was detected at 126 mJ/cm2, the delivery 

efficiency showed a consistent pattern: decreasing with increasing radial distance while increasing 

within the same radial distance as laser fluence increased. 

The optimal delivery yield (ηY) was achieved at maximum laser fluences across all distances, 

with both delivery efficiency (ηD) and delivery yield reaching their peak values. The measurements 
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showed 41.0±10.8% (average NT = 4 cells) in the 10–40 µm range, declining to 28.7±9.8% (average 

NT = 14 cells) at 40–80 µm, and further decreasing to 18.6±9.5% (average NT = 22 cells) at 80–120 

µm (Figure 2.11l). These values were significantly higher than those observed at other laser fluences, 

demonstrating the effectiveness of higher laser fluences for delivery. 

Statistical analysis at the same energy at different radial distances revealed significant 

differences in delivery yield between the 40–80 μm and 80–120 μm regions (pbonf = 0.009 at 164 

mJ/cm² and pbonf = 0.001 at 200 mJ/cm²). The delivery yield showed a consistent decrease with 

increasing radial distance at any given energy level. At the highest laser fluence, significant differences 

emerged between the 10–40 μm and 40–80 μm regions (pbonf = 0.04). These findings demonstrate that 

while lower laser fluences produced similar effects at shorter distances, higher fluences showed 

comparable effects at greater distances from the irradiation point, suggesting a distance-dependent 

relationship between laser fluence and delivery effectiveness. 

Like the other cell types tested, delivery efficiency in SAOS-2 cells decreased with increasing 

radial distance from the laser. However, unlike those cells, SAOS-2 cells maintained high viability 

across all conditions. Statistical analysis confirmed that significant spatial differences in delivery yield 

still occurred, especially at higher fluences. Despite these differences, the consistently high viability 

makes SAOS-2 uniquely suited for high-intensity optoporation. This resilience distinguishes SAOS-2 

from HeLa cells, which exhibit moderate tolerance and broader delivery zones, and HEK cells, which 

show greater sensitivity to short-range effects, highlighting cell-type-specific variations in shockwave 

response and membrane robustness. 
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Figure 2.11 Optoporation of SAOS-2 cells using a 20-µm diameter microdisk. (a–c) 164 mJ/cm². (d–

f) 200 mJ/cm². (g–i) 514 mJ/cm². For each fluence, the left column shows brightfield images, the 

middle column shows FITC-positive cells (green, indicating successful delivery), and the right 

column shows dead cells (red). Scale bar is 80 µm. (j) Delivery efficiency. (k) Cell viability. (l) 

Delivery yield measured as a function of laser fluence and distance from the irradiation point. 

 

2.4 Discussion 

2.4.1  Novelty of Methodology and Setup 

This study introduces a novel approach for investigating laser-irradiated micropattern-induced 

bioeffects on cell monolayers using modified substrates. The methodology enables the identification 

of multiple sites and facilitates long-term cell monitoring, overcoming significant challenges related 



 

59 

 

to site-specific response faced in previous studies [46, 47] where the laser was randomly irradiated on 

the substrate, making the task of identifying the irradiation sites highly time-consuming and tedious. 

While laser irradiation has been extensively studied to optimize parameters for minimizing cell 

damage [48, 49], previous experiments without photoabsorbers faced difficulties in characterizing 

radial effects on cell monolayers. The identification of multiple sites and long-term cell monitoring 

posed challenges. [44, 47].  Our approach using modified substrates with micropatterns addresses these 

challenges by enabling precise identification of multiple irradiation sites and facilitating sustained 

observation of cellular responses. 

2.4.2 Cell-Type Specific Responses 

The cellular response to micropattern-generated bio-effects demonstrated significant variation 

across different cell types, with pattern size playing a crucial role in delivery outcomes. When using 

the 50-μm microdisk pattern, HeLa cells exhibited compromised delivery efficiency due to extensive 

cell detachment and necrosis throughout the 0–120 μm range. However, the 20-μm microdisk pattern 

generated smaller shockwaves that maintained delivery efficiency while minimizing cellular damage. 

The investigation of multiple cell lines revealed that cellular adhesion strength significantly 

influenced the response to shockwave exposure. SAOS-2 cells demonstrated remarkable resilience 

when exposed to 20-μm microdisk-generated shockwaves, maintaining cellular integrity without 

experiencing necrosis or detachment. In stark contrast, HEK-293 cells, characterized by weaker 

adhesion properties, exhibited heightened sensitivity to the shockwaves, resulting in reduced delivery 

efficiency and diminished cell viability across an extended range. These findings highlight the 

importance of considering cell-specific characteristics when optimizing micropattern-assisted 

optoporation parameters. 
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2.4.3 Mechanism Analysis 

Upon irradiation of a laser pulse on the micropattern, although visible plasma light emission 

(sparks) was not directly observed, laser-induced breakdown or localized plasma production below our 

detection threshold could still occur. Indeed, the main sources of laser-irradiated micropattern-induced 

bioeffects in this system are probably laser-induced breakdown and plasma generation on the 

microdisk. The PR-254/SU-8 surface is rapidly heated by the 532-nm, 5-ns laser pulse, which causes 

a small layer of water at the interface to evaporate and then explode into bubbles. Although we cannot 

define a precise breakdown threshold, the onset of bubble formation could be considered a practical 

threshold for significant material modification. The mechanism likely involves rapid heating of the 

micropattern surface, vaporization of a thin water layer, and subsequent bubble nucleation and growth, 

which would contribute to the observed bioeffects.  

Our nanosecond pulsed laser study revealed that micropattern size and laser fluence 

significantly influence cellular responses through three primary mechanisms affecting membrane 

integrity. Larger micropatterns contributed to increased cell necrosis and detachment over greater 

distances, impacting delivery efficiency in a cell type-specific manner. The analysis of these 

mechanisms is crucial for understanding the observed changes in cell membrane integrity: a) 

Expansion and collapse of a cavitation bubble, b) Laser-induced shockwave upon micropattern 

irradiation, and c) Heat transfer between the micropattern and cells. 

The first mechanism involves rapid photothermal absorption upon laser irradiation of 

micropatterned surfaces, leading to cavitation bubble formation through optical breakdown and 

vaporization. These bubbles undergo explosive expansion and subsequent collapse, generating high 

velocity microjets that exert significant mechanical stress on nearby cell membranes [50–52]. This 

process results in transient perforation and enhanced membrane permeability through the mechanical 

forces generated during bubble dynamics. 
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At shorter timescales, the second mechanism occurs when PR-254/SU-8 surfaces experience 

rapid heating from the 532-nm, 5-ns laser pulse, inducing a phase change in the adjacent water layer. 

This generates supersonic shock waves, whose propagation creates transient stress fields in the 

surrounding medium, causing membrane deformation and temporary disruption of the phospholipid 

bilayer structure [46, 53].  

The third mechanism involves localized thermal effects, where heat transfer from 

micropatterns leads to the formation of short-lived hydrophilic pores through lipid bilayer denaturation, 

enhancing membrane permeability to various molecules [54]. These mechanisms collectively depend 

on the interaction between the target surface and laser irradiation, with larger micropatterns producing 

more pronounced bioeffects on the cell monolayer while smaller micropatterns cause less bioeffects. 

Given the complexity of these rapid physical phenomena occurring at very short time scales, 

further investigation using advanced techniques such as time-resolved spectroscopy, high-speed 

imaging, and molecular dynamics simulations would enhance our understanding of the induced 

bioeffects, ultimately enabling optimized designs for specific applications in biophotonic cell 

manipulation. 

2.4.4 Comparison to Previously Reported Similar Studies 

In this section, we compare our micropattern-assisted, site-specific optoporation method to 

previously reported studies that also utilized single-pulse laser irradiation or targeted laser exposure at 

specific cell sites. Traditional single-point optoporation approaches have primarily relied on direct 

laser irradiation of individual cells on standard culture substrates. While these methods demonstrate 

localized perforation and successful intracellular delivery, they are inherently low throughput, as each 

cell must be individually targeted and irradiated. This manual or semi-automated targeting introduces 

significant challenges in relocating and aligning cells for repeated or large-scale processing, making it 

impractical for applications requiring the treatment of thousands of cells in parallel. 
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In contrast, our approach introduces a patterned substrate embedded with photoabsorbing 

microdisks, enabling simultaneous irradiation of multiple cells located on predefined micropatterns 

with a single laser pulse. This design transforms the optoporation process from a single-cell, labor-

intensive method into a massively parallel, spatially predictable platform. Each microdisk acts as a 

localized energy converter that generates a confined shockwave upon laser irradiation, transiently 

permeabilizing the membranes of cells cultured above it. Because the micropattern layout is predefined 

during fabrication, the location of treated cells is inherently site-specific and easily relocatable for 

post-treatment analysis, imaging, or subsequent therapeutic steps. 

Compared to previous site-specific optoporation studies—where laser beams had to be 

manually focused and scanned over individual cells—our method achieves parallel processing without 

requiring precise real-time beam steering or single-cell manipulation. This not only reduces operational 

complexity but also minimizes the risk of off-target exposure and cell loss. Furthermore, the 

micropattern-based approach allows tuning of disk size and spacing to control delivery efficiency and 

cell recovery rates, providing a level of adaptability that is challenging to achieve in conventional 

point-by-point laser irradiation methods. 

Overall, our micropattern-assisted platform uniquely combines site specificity, high parallelism, 

and contactless laser processing, marking a significant advancement over earlier single-pulse, localized 

optoporation techniques. This innovation bridges the gap between single-cell precision and clinically 

relevant scalability, paving the way for next-generation high-throughput intracellular delivery systems. 

Table 2.1 represents the concise comparison of related studies to our method for optoporation. 
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Table 2.1 Comparison with previous reports. 

Technique 
Photoabsorber 

/ Approach 

Application 

focus 

Efficiency / 

Viability 
Unique Contribution Reference 

Femtosecond 

laser pore 

creation 

None (direct 

laser 

interaction) 

DNA plasmid 

entry via 

transient pores 

Low plasmid 

entry (few 

copies), high 

viability 

Quantitative pore 

resealing dynamics and 

delayed translocation 

mechanism 

[55] 

Nanosecond 

laser 

microbeams 

Optical 

breakdown 

cavitation 

bubbles 

Cell lysis and 

perforation 

Viability 

depends on 

pulse energy 

and distance 

Characterization of 

plasma-induced lysis 

zones 

[44] 

Femtosecond 

laser with 

microparticles 

Plasmid-coated 

microparticles 

Single-cell 

transfection 

Low 

transfection 

efficiency 

Single-cell precision 

with optical tweezers 

and microinjection 

[56] 

Nanosecond 

pulsed Nd: 

YAG laser. 

Glass substrate 

(no absorber) 

Bulk 

optoporation 

of adherent 

cells 

High viability 

zone (>60 µm 

from the beam) 

Distance-dependent 

molecular delivery 

efficiency 

[57] 

Micropattern-

assisted 

Optoporation 

Photoabsorber 

embedded 

micropatterns  

Intracellular 

delivery on 

micropatterned 

cell culture 

substrate 

61 % delivery 

yield  

Spatially controlled 

micropattern-assisted 

delivery and dual 

transient/permanent 

perforation 

Our work 

  

2.5 Conclusions 

In this chapter, we studied transient membrane pore creation with a micropattern-based cell 

culture substrate. A quantitative distance-dependent method was developed to evaluate laser-irradiated 

micropattern-induced bioeffects on intracellular delivery using pigmented SU-8 microdisks. This 

approach enabled precise control of both microdisk size and laser fluence while allowing direct 

observation of cellular responses at varying radial distances from the irradiation point. The 

effectiveness of the bioeffects was significantly influenced by two key factors: micropattern size and 

cell-type-specific characteristics. 

The study revealed distinct responses between different cell types and pattern sizes. Larger 

micropatterns led to increased cell necrosis and detachment over broader ranges, while smaller 

micropatterns maintained comparable delivery efficiency with minimal cellular damage. Cell-specific 

properties played a crucial role in treatment outcomes, as demonstrated by the contrasting responses 

between SAOS-2 and HEK-293 cells. While SAOS-2 cells maintained their integrity throughout the 
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treatment, HEK-293 cells showed increased susceptibility to detachment and necrosis over larger 

distances. 

This systematic analysis establishes a framework for optimizing laser and micropattern 

parameters in micropattern-assisted optoporation. The method offers advantages over conventional 

approaches through precise spatial control and real-time monitoring capabilities. These findings 

enhance our understanding of shockwave-mediated intracellular delivery mechanisms and provide 

practical guidelines for developing more effective therapeutic delivery strategies while preserving cell 

viability. 
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Chapter 3: Parallelization of Micropatterned Cell 

Perforation: Investigating Cell Response to Pulsed Laser 

Irradiation on Micropatterned Surface  

3.1 Introduction  

The study of cellular responses to various physical stimuli is essential for advancing modern 

theranostic therapies, as it provides crucial insights into cell behavior and development under external 

influences. For instance, in cancer therapy and treatment, significant focus has been placed on methods 

that depend on cell responses to specific photothermal stimuli, such as photothermal therapy (PTT) 

[1–3] and optoporation-assisted cell reprogramming [4–7]. Based on the cell response, these 

techniques aim to develop targeted treatment for tumors while minimizing damage to the healthy cell 

population. Hence, the advancements in understanding cellular responses to physical stimuli can lead 

to the development of advanced technologies and therapeutic strategies that can significantly improve 

patient care and outcomes.  

Cells exhibit diverse responses to applied physical stimuli such as mechanical forces, electric 

fields, ultrasound, and optical energy. In mechanotransduction, cells convert mechanical forces into 

biochemical signals, influencing critical processes such as differentiation, proliferation, and migration 

that play pivotal roles in cell development [8, 9]. Furthermore, some physical stimuli have immediate 

effects that lead to changes in the organization of the cell's cytoskeleton and may result in phenomena 

like increased membrane permeability. In the context of ultrasound-induced effects, cell membranes 

undergo deformation and transient pore creation, facilitating the entry of foreign molecules into the 

cells [10–12]. Similarly, electrical field stimuli such as electroporation can increase cell permeability 

or induce cell death [13, 14].  

Biomedical processes that utilize laser-induced cell-membrane effects, such as cell perforation, 

cell necrosis, or cell fragmentation, have garnered significant attention for their versatile applications 

in various biomedical therapeutic fields, particularly in photothermal therapy [1–3, 15, 16] and 
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optoporation [17–23]. These effects, generated by the rapid absorption of laser energy by targeted 

materials, offer a unique combination of precision and minimal invasiveness, making them ideally 

suited for delicate biomedical procedures. One of the primary advantages of laser-induced cell effects 

is their ability to provide highly precise spatial control [16,24]. The laser's energy can be tightly 

focused on specific areas, allowing for targeted treatment of diseased or damaged tissues while 

minimizing the impact on surrounding healthy tissue. In photothermal therapy, lasers are used to 

selectively heat and destroy cancerous cells. By confining the shockwave to the target area, this 

approach effectively eliminates tumors while preserving the integrity of adjacent structures, reducing 

the risk of collateral damage and improving patient outcomes [25–33]. Similarly, in optoporation, 

lasers are employed to create transient pores in the cell membrane, enabling the delivery of therapeutic 

molecules directly into the cytosol [34–43]. Unlike other physical delivery methods, such as 

electroporation or microinjection, laser-induced optoporation achieves membrane permeabilization 

without causing significant damage to cells or tissues. Both photothermal therapy and optoporation 

rely on specific cellular responses to lasers—cell perforation in the case of optoporation and cell 

fragmentation in photothermal therapy.  

The cell responses to lasers can be realized by using several techniques, each with its own set 

of advantages and limitations. Three primary methods include direct laser irradiation [4,44–46], 

nanoparticle sensitization [47–51], and a more recent approach—micropattern-assisted shockwave 

generation [43,52]. Direct laser irradiation is the most straightforward method, where a tightly focused 

laser beam is directed onto a specific point on the sample, resulting in rapid plasma formation. This 

plasma expands explosively, generating a shockwave that propagates through the medium. However, 

this method typically requires high laser fluences (energy per unit area) and extremely precise focusing 

of the laser beam, which can limit its practicality, especially in clinical settings where precision and 

safety are paramount. The high energy involved also increases the risk of damage to surrounding 

healthy tissues. To address these challenges, nanoparticle sensitization has been developed as an 
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alternative method. In this approach, nanoparticles are introduced into the target area. These particles 

are designed to absorb laser energy efficiently, converting it into localized heat, which in turn results 

in membrane permeabilization [53–56]. This method allows for the use of less focused laser beams 

and lower fluences, making the process more efficient and enabling parallel processing of multiple 

cells or areas simultaneously. This scalability makes nanoparticle sensitization a promising technique 

for large-scale applications. However, the introduction of nanoparticles comes with significant risks, 

particularly the potential for nanoparticle-associated cytotoxicity for non-target cell populations. 

Prolonged interactions between nanoparticles and non-target cells can lead to unintended cellular 

damage, which is a major concern in clinical contexts. 

To overcome the limitations associated with both direct laser irradiation and nanoparticle 

sensitization, a novel approach known as micropattern-assisted laser methods has been developed. This 

technique leverages micro-patterned surfaces, which are engineered to interact with the laser in a 

highly controlled manner. When the laser beam strikes these micropatterns, the energy is distributed 

in a way that generates highly localized effects. This method is highly site-specific, meaning that the 

effects are confined to precise areas of interest, thereby minimizing the risk of damage to surrounding 

tissues [57, 58]. Because it does not rely on nanoparticles, this technique mitigates the risks of 

cytotoxicity, making it a safer option for clinical use. Micropattern-assisted method has been 

successfully employed in optoporation to temporarily permeabilize cell membranes to allow the 

delivery of molecules such as drugs or genetic material into cells. Despite the successful use of this 

technique in optoporation, the interaction of the laser with the micropatterns and the broader biological 

responses of cells to micropattern-generated laser effects, particularly from the point of view of cell 

heterogeneity, have not been thoroughly studied. This cell heterogeneity in the cell population can lead 

to diverse responses, complicating the task of optimizing laser parameters for consistent outcomes.  

In this study, we worked towards the parallelization of the method developed in Chapter 2 with 

a relatively different approach of using a micropattern on top configuration. We first characterized the 
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laser irradiation on micropatternd surface and then we focused on the biological responses of HeLa 

cells—a widely used human cell line in research—to micropattern-generated bio-effects. Specifically, 

we examine two critical responses: cell perforation (resealable pores for intracellular delivery) and cell 

fragmentation (cell peeling and cell necrosis). Cell perforation refers to the creation of temporary pores 

in the cell membrane, which can facilitate the entry of therapeutic agents. Understanding the factors 

that influence the efficiency and safety of perforation is essential for optimizing therapies like 

optoporation. On the other hand, cell fragmentation, where the shockwave causes the cell to break 

apart, can be either a desired outcome (as in certain cancer treatments) or an adverse effect that needs 

to be minimized, which can be critical in the evaluation of modern photothermal therapies. By 

systematically studying these cellular behaviors, we aim to refine the parameters of micropattern-

assisted cell effects to achieve optimal therapeutic outcomes.  

3.2 Experimental Methods 

3.2.1 Fabrication of Optical Absorber Disks 

A mixture of 0.45 g of red pigment PR-254 (P1676, Tokyo Kasei, Japan) was prepared in 15 

mL of cyclopentanone in a centrifuge tube. This solution was then combined with 15 mL of SU-8 3005 

(KAYAKU Advanced Materials, USA) to achieve a 1.5 w/v% concentration of PR-254. The SU-8-PR-

254 mixture was stirred for 20 minutes using a vortex mixer (TRIO HM-2F, AZ-ONE, Japan). 

The prepared solution was spin-coated onto a 4-inch glass wafer, and circular patterns with 

diameters of 20 µm and varying pitches of 30 µm, 35 µm, and 45 µm were formed through 

photolithography. Before coating, the glass wafer was cleaned with acetone, rinsed with isopropanol 

(IPA), dried with nitrogen gas, and plasma-treated at 150 W for 60 seconds to enhance hydrophilicity 

(JPA-300, J-Science Labs, Japan). 

Hexamethyldisiloxane (HMDS) was spin-coated onto the plasma-treated substrate with the 

following spin cycle: initial slope for 5 seconds, 1000 rpm for 10 seconds, slope for 5 seconds, 5000 
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rpm for 30 seconds, and slope for 10 seconds, followed by baking. The SU-8/PR-254 suspension was 

then spin-coated onto the HMDS layer with a spin sequence of slope for 5 seconds, 500 rpm for 20 

seconds, slope for 5 seconds, and 3000 rpm for 60 seconds, ending with a final slope for 10 seconds. 

After baking, the coated wafer was exposed to a 600 mJ/cm² light integral using a mask aligner 

(PEM-800, Union Optical). Post-exposure baking was performed, and the wafer was developed using 

2-methoxy-1-methylethyl acetate (Figure 3.1). Following development, the wafer was diced into 

smaller chips, and the edges were pasted with 10 µm-thick tape to avoid the direct contact of the 

micropattern chip and cells.  

 
Figure 3.1 (a)-(d) Steps in the fabrication of microdisk pattern. 

3.2.2 Irradiation Setup 

A custom setup was built to irradiate cells at the specific location of the petri dish. A 

nanosecond pulsed laser (Cobolt, TorTM XS, Hubner Photonics, Solna, Sweden) with a pulse width of 

5 ns and repetition rate of 1kHz was connected to a function generator. A dichroic mirror (Thorlabs, 

DMLP550R, Newton, NJ, USA) was used to reflect a 532 nm light beam, and the beam was focused 

on the sample with a convex lens of focal length 50 mm to a beam waist of around 30 µm. While laser 

irradiation, the samples were observed with a CMOS camera (ZWO, ASL1600MC-Cool, Suzhou, 

China).  
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3.2.3 Analysis of Laser Irradiation on Micropattern Surface 

The cavitation bubbles were generated by irradiating the micropatterns with a nanosecond 

pulsed laser at different laser fluences and imaged using a CMOS camera (ZWO, ASL1600MC-Cool, 

Suzhou, China) equipped with the irradiation setup. These images were analysed in ImageJ (Fiji) to 

obtain the bubble diameter and number of bubbles for specific experimental conditions.  

3.2.4 Cell Culture 

HeLa cells were cultured in minimum essential medium (MEM, Gibco, 11095072, Thermo 

Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, CCP-FBS-

BR-500, Cosmo Bio, Tokyo, Japan) and 1% penicillin-streptomycin (streptomycin 10,000 U/mL, 

Thermo Fisher Scientific, Waltham, MA, USA) in 37oC in a 5% CO2 humidified atmosphere. 

3.2.5 Laser Irradiation Experiment, Image Acquisition, and Analysis 

The micropattern device was cleaned with 70% ethanol and dried in UV for 2 hours before the 

experiment. The cultured cells at appropriate confluency were washed thrice with PBS, and fresh 

medium containing FITC Dextran (4 mg/mL) of interest was added to the petri dish. Then the inverted 

device was placed on the petri dish with cells and FITC Dextran, and it was placed over the stage. The 

stage was moved at a constant velocity of 1mm/s with micropatterns of various pitches and laser 

fluence of 25mJ/cm2, 66 mJ/cm2, and 100 mJ/cm2. Upon completion of laser scanning. The device was 

taken out, and cells were immediately washed with PBS three times to observe the immediate effect 

of laser shockwave application. Then, fresh medium was added, and PI (4 µM) was added to the fresh 

medium to observe cell necrosis.  

Brightfield and FITC-positive and PI-stained images were obtained using a Nikon Ti-2 

microscope to evaluate cell responses in the irradiated regions. First, the average cell density in the 

non-irradiated control region (NControl) was calculated by averaging five images for each experimental 

condition. For the irradiated regions, an image set of brightfield microscopy (NBrightfield), the number of 
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FITC-positive cells (NFITC), and the number of necrotic cells (NPI) were analyzed to evaluate cell 

perforation and cell fragmentation. 

The efficiency of cell perforation (ηP) for each image set was calculated by taking the ratio of 

FITC-positive cells from the FITC image to the average number of cells in the control region, and the 

data was represented as an average of five image sets as represented in Eq.  3.1: 

𝜂𝑃 =
𝑁𝐹𝐼𝑇𝐶

𝑁𝐶𝑜𝑛𝑡𝑟𝑜𝑙
  … (3.1) 

Cell fragmentation (ηF) for each set of images was determined by calculating the difference 

between the average control cell number (NControl)  and the total number of cells in the irradiated region 

to account for cells that peeled off (Npeeled off) due to irradiation. This number was then combined with 

the number of necrotic cells (NPI) from PI-stained cells, and the sum was expressed as a ratio relative 

to the control cell number as represented in Eq. 3.2 and Eq. 3.3: 

                                           𝜂𝐹 =
𝑁𝑃𝑒𝑒𝑙𝑒𝑑 𝑜𝑓𝑓+𝑁𝑃𝐼

𝑁𝐶𝑜𝑛𝑡𝑟𝑜𝑙
                                              … (3.2) 

                                        𝜂𝐹 =
(𝑁𝐶𝑜𝑛𝑡𝑟𝑜𝑙−𝑁𝐵𝑟𝑖𝑔ℎ𝑡𝑓𝑖𝑒𝑙𝑑)+𝑁𝑃𝐼

𝑁𝐶𝑜𝑛𝑡𝑟𝑜𝑙
                                                      …(3.3) 

 

The rest of the cells were classified as cells without any bioeffect.
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3.3  Results  

3.3.1  Characterization of Micropatterns 

The photoabsorber micropatterns with pitches of 30 µm, 35 µm, and 45 µm were 

created by patterning PR-254 suspended in SU-8 using photolithography on a glass wafer, as 

shown in Figure 3.2(a)-(c). The intended diameter of the micropatterns was 20 µm, but after 

fabrication, the measured diameters were 25.5±0.1 µm, 25.9±0.6 µm, and 27.06±0.5 µm for 

the respective patterns (n=500 micropatterns) (Figure 2(d)). This resulted in distances between 

the micropatterns of 4.4±0.1 µm, 9.08±0.6 µm, and 17.9±0.4 µm for the pitches of 30 µm, 35 

µm, and 45 µm (n=500 micropatterns) (Figure 3.2(e)). The deviation from the design 

dimensions is attributed to the limited resolution of the film mask, which hindered the accurate 

transfer of the corners.  

 

Figure 3.2 Fabricated micropatterns. (a)-(c) Pitch 30 µm, 35 µm, and 45 µm microdisks. (d) 

Fabricated radii of micropatterns. (e) Actual distance between adjacent micropatterns. Scale 

bar is 40 µm.   
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3.3.2 Characterization of Micropatterns and Laser Irradiation Interaction 

We first investigated the irradiation of a single micropattern with a single pulse of 5ns 

laser irradiation at laser fluence of 25 mJ/cm2, 66 mJ/cm2, 100 mJ/cm2 (Figure 3.3(a)). The 

images in the Figure. 3.3(b) clearly shows an increase in size of cavitation bubble formed upon 

laser irradiation of the micropattern with a single pulse of laser, indicating that the interaction 

between the micropattern and the laser pulse increases as the pulse energy is increased.  

 

Figure 3.3 Single pulse laser irradiation on micropattern. (a) Pulse laser irradiation of 

micropattern. (b) Images of micropattern before and after pulse laser irradiation. Scale bar is 

20 µm. (c) Size of cavitation bubble formed after pulse laser irradiation on the micropattern. 

 

Next, we investigated the formation of microbubbles upon laser irradiation with a 

scanning laser with the same laser fluences and a micropatterned surface with various pitches 

to investigate the effect of micropattern pitch on the interaction of laser and micropattern 

(Figure 3.4(a)). Figure 3.4(b) represents site-specific irradiation of a 30 µm micropattern 

surface. Figures 3.4(c) show the generation of cavitation bubbles with increasing micropattern 
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pitch at the laser fluence of 66mJ/cm2. The frequency of laser irradiation and micropattern 

interaction can be qualitatively described by studying the bubble density in the given area upon 

laser irradiation. Micropatterns with smaller pitches exhibit a higher bubble density, implying 

that more frequent cavitation events occur within a given area compared to micropatterns with 

larger pitches, suggesting more frequent generation of laser-assisted bio effects. This suggests 

that the smaller pitch micropatterns experience more frequent laser-induced effects, leading to 

increased laser-micropattern interaction activity. The graph in Figure 3.4(d) provides a clear 

representation of this relationship, showing that bubble generation is significantly more 

frequent in micropatterns with smaller pitches, while it is less frequent in patterns with larger 

pitches. 

 

Figure 3.4 (a) Schematic representation of laser irradiation with scanning stage on the 

micropattern substrate. (b) Site-specific irradiation of 30 µm pitch micropattern. Scale bar is 

300 µm. (c) Bubble generation at laser fluence of (i) 25 mJ/cm², (ii) 66 mJ/cm², (iii) 100 

mJ/cm². Scale bar is 100 µm. (d) Bubble density at various pitches and fluences. 
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3.3.3 The Effect of Micropattern Pitch on Cell Response 

We investigated the response of HeLa cells by adjusting the micropattern pitch and laser 

fluence as represented in Figure 3.5. Figure 3.5 (a)-(i) represents brightfield and fluorescent 

images of HeLa cells upon laser irradiation of a 35 µm micropattern. Figure 3.5(j) represents 

site-specific cell perforation in HeLa cells with a laser fluence of 66 mJ/cm2. Increasing laser 

fluence for each pattern led to a reduction in the number of cells without inducing bioeffects 

such as cell perforation, necrosis, or fragmentation, as long as the micropattern pitch remained 

constant. Initially, increasing laser fluence increased cell perforation, after which cell 

fragmentation became the dominant effect. Additionally, for the same laser fluence, 

micropatterns with smaller pitches exhibited more pronounced bioeffects compared to those 

with larger pitches (Figure 3.5(k-m)) due to the presence of more localized effects. Control 

experiments with only laser irradiation on cells and laser irradiation on glass substrate without 

micropattern indicated that most of the cells were without bioeffects, indicating the necessity 

of both laser irradiation and micropattern for observed bioeffects in cells. 

 For the micropattern with a 30 µm pitch, a laser fluence of 25 mJ/cm² resulted in 

10.5±0.7% cell perforation and 18.7±12.7% cell fragmentation. At 66 mJ/cm², cell perforation 

increased to 34.5±2.1% and cell fragmentation increased to 55.5±3.2%. Further increment in 

laser fluence to 100 mJ/cm2 resulted in a decrease in cell perforation and an increase in cell 

fragmentation. Indicating that cell perforation can be maximized between 25 mJ/cm² to 66 

mJ/cm², while between 66 and 100 mJ/cm², cell fragmentation dominated, indicating this 

fluence range may be ideal for applications requiring cell fragmentation.  

Figures 5(a) to 5(i) illustrate cells after laser shockwave treatment with the 35 µm 

micropattern. A similar trend was observed as with the 30 µm pattern. For the 35 µm pitch, cell 

perforation increased from 16.9±9.4% to a higher perforation of 62.5±2.5%, while cell 

fragmentation was not statistically significant for increasing laser fluence from 25 mJ/cm2 to 
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66 mJ/cm2. These results suggest that the highest perforation occurs between 25-66 mJ/cm², 

but further increases in fluence to 100 mJ/cm² lead to high fragmentation (52.8±4.7%) and a 

decrease in cell perforation to 30.6±6.15%, making this fluence range suitable for cell 

fragmentation applications.  

In case of micropatterns with 45 µm pitch, minimal effect on cells was observed at  25 

mJ/cm², as more than 90% of cells remained unaffected. At 66 mJ/cm², cell fragmentation 

increases sharply to 19.0±3.1%, and delivery efficiency peaks at 30.8±7.8%, although only 

50.11±6.8% of cells remain unaffected. Finally, at 100 mJ/cm², fragmentation reaches 47.1± 

5.0%, while delivery drops to 18.23±2.8%, and just 34.5±5.1% of cells show no effect. These 

results indicate that at lower fluences (25-66 mJ/cm²), cell perforation (delivery) is maximized 

with minimal cell damage, while at higher fluences (66–100 mJ/cm²), cell fragmentation 

becomes dominant, reducing the delivery efficiency and increasing fragmentation becomes the 

most dominant at 47.19%, while delivery efficiency drops to 18.23%. Only 34.56% of cells 

show no effect at this higher energy level. In the case of micropatterns with a higher pitch, the 

cells with no effect are very high in comparison to micropatterns with a lower pitch due to a 

less localized effect caused by the micropattern with a higher pitch. 

There is a clear trade-off between cell perforation and fragmentation, where higher laser 

fluences favor cell destruction (fragmentation) while lower fluences favor delivery (cell 

perforation). This balance allows for tuning the laser parameters based on the desired biological 

outcome—either for cellular disruption or efficient molecular delivery. In summary, for 

effective molecular delivery with minimal cell damage, lower laser fluences (25-66 mJ/cm²) 

and smaller micropattern pitches (30–35 µm) are preferred. On the other hand, for inducing 

cell fragmentation, higher laser fluences (above 100 mJ/cm²) are more effective, particularly 

with smaller micropatterns. The ability to modulate bioeffects through these parameters offers 

flexibility in tailoring the treatment for specific applications. 
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Figure 3.5 Analysis of bioeffects on HeLa cells upon laser irradiation on micropatterned 

surface. (a)-(i) Brighfield, FITC introduced and PI stained images for 35 µm micropattern. 

(a)-(c) 25mJ/cm². (d)-(f) 66mJ/cm². (g)-(i) 100mJ/cm². Scale bar is 100 µm. (j) Tile-scan 

image of irradiation of HeLa cells with 35 µm micropattern at 66 mJ/cm². Scale bar is 2.5 

mm. Laser-assisted bio effects on HeLa cells for micropatterns with pitch. (k) 30µm, (l) 

35µm, and (m) 45 µm (One-way ANOVA: *p<0.05, **p<0.01, ***p<0.001). 
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3.3.4  The Effect of the Size of Cargo Molecules on the Cell Response 

We investigated whether changing the size of a foreign molecule would have an effect 

on the biological response of the cells by changing the size of the dextran molecule to 10 kDa 

and 40 kDa. The micropattern with pitch 35 µm at laser fluence of 66 mJ/cm² was used to study 

the effect of the size of the foreign molecule on the bio effects. The figure represents the 

biological response of HeLa cells upon treatment with laser shockwaves. In case of FITC 10 

kDa and 40 kDa,  at the same treatment, the unaffected cells were 24.4±4.5% and 46.6±1.4% 

with cell perforation of 53.1±6.6% and 33.7±2.9% cells, respectively.  The perforation in cells 

was seen to be less than that of 4 kDa, where 62.5±2.5% cells showed cell perforation. The 

decrement in perforation and increment in unaffected cells with consistent cell fragmentation 

prove the crucial role of cargo molecules in the experiment (Figure 3.6).  

 

Figure 3.6 Delivery of higher molecular weight FITC Dextran into HeLa cells. (a)-(c) 

Brightfield, FITC 10 kDa introduced and PI-stained image of HeLa cells at 66 mJ/cm². (d)-(f) 

Brightfield, FITC 40 kDa introduced and PI-stained image of HeLa cells at 66 mJ/cm². Scale 

bar is 100 µm. (g) Bio-effects in HeLa cells with FITC 10kDa and 40kDa (Students t-test: 

*p<0.05, **p<0.01, ***p<0.001). 
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These results might be due to differences in diffusion rates of the molecules, as larger 

molecules tend to diffuse slowly into the cell cytosol. We assume that at given parameters of 

laser and micropattern, the perforation mechanism remains the same, and cells' pores are 

supposed to be of the same size. 

3.4 Discussion 

3.4.1 Mechanism of Bio-effect Induction in Cells 

The interaction between laser irradiation and micropatterns in cell culture medium 

results in material modification and induces laser effects. Although direct observation of 

plasma light emission was not feasible with our current setup, likely, laser-induced breakdown 

or localized plasma generation at the interface of the microdisk and cell medium plays a critical 

role in these laser-induced bio effects. When the laser energy surpasses a specific nucleation 

threshold, it increases the temperature at the micropattern interface, leading to nucleation and 

the formation of cavitation bubbles within the irradiated region. Each particle in the 

micropattern contributes to the formation of the nanobubbles, which coalesce and form a bigger 

microbubble. In the absence of observable plasma light emission, the appearance of bubbles 

can serve as a practical threshold for significant material modification.  

The following mechanisms can be hypothesized for a potential working principle for 

observed bio effects on the cells upon nanosecond pulsed laser irradiation on the 

micropatterned substrate (Figure 3.7): (a) Bubble expansion and collapse, (b) Laser-induced 

shockwave, (c) Heat transfer from micropattern to cells, (d) Hydrodynamic effects. Upon laser 

irradiation on the micropattern surface. (a) The photoabsorber micropattern surface absorbs the 

laser energy rapidly and heats up, causing nucleation of cavitation bubbles. The expansion of 

these bubbles causes a shockwave in cell culture medium, causing shear stress on the cell 

membrane and causing transient pores or cell peeling from the substrate. (b) Alternatively, on 
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a faster timescale upon laser irradiation on the micropattern surface, a laser-induced shockwave 

is generated, which can cause the observed bio-effects. (c) The increment in temperature of the 

micropatterns might result in heat transfer to the cell membrane, causing permeabilization in 

the cell membrane by denaturation of the lipid bilayer of the cell membrane. (d) Laser-induced 

fluid flow from the micropatterns to the cells could create hydrodynamic forces that 

mechanically stress the cell membrane. These fluid flows may induce deformation or even pore 

formation in the cell membrane. Additionally, if the flow intensity exceeds the cell's ability to 

withstand mechanical stress, it may lead to cell detachment or peeling from the substrate. The 

flow could also facilitate the entry of substances into the cells, further contributing to the 

observed effects. 

 

Figure 3.7 Schematic representation of a possible mechanism for observed bio-effects on 

cells (a) Bubble-induced bio-effect. (b) Laser-induced shockwave. (c) Heat transfer from 

micropattern to cells. (d) Hydrodynamic effects for bio-effects. 
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3.4.2 Implications for Biomedical Applications 

This study investigates the response of mammalian cells to bioeffects generated in cells, 

which is paramount in a plethora of biomedical applications, such as intracellular delivery and 

photothermal therapy for determining optimal process parameters. These findings underscore 

the importance of both laser fluence and micropattern pitch in controlling the cell response and 

help us isolate the specific cell response at specific process parameters. The findings of this 

study conclude that the optimal fluence range is crucial for maximizing delivery efficiency 

while maintaining cell viability, particularly for therapeutic applications requiring minimal cell 

disruption.  

The cell response changes to cell fragmentation from cell perforation at higher laser 

fluence.  When the fluence exceeds the cell's capacity to repair or withstand the induced damage, 

the membrane integrity is permanently compromised, leading to cell rupture and fragmentation. 

However, in applications that require the destruction of cells, such as photothermal therapy, the 

same parameters can prove to be optimal because this method describes highly site-specific 

fragmentation of cells, which is crucial for non-invasive photothermal laser therapy, where 

differences in cell density are evident in irradiated and non-irradiated regions, indicating the 

spatial selectivity of the process.  

3.4.3 Effect of Biomolecule Size 

We studied the effect of biomolecule size on cell perforation and found that cell 

perforation tends to decrease for molecules as the size increases. The decrease in perforation 

with larger dextran molecules can be explained by the slower diffusion rates and increased 

resistance these molecules face when attempting to pass through the transient pores formed 

during laser treatment, which can be explained by the following formulae by assuming the 

FITC molecules to be spheres of Stokes radius rs:  
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                                                  𝑟𝑠 =
𝑘𝐵𝑇

6𝜋𝜂𝐷
                                                                 …(3.4) 

From the above formulae and value of Stokes radii for FITC 4 kDa (1.2nm), 10 kDa 

(2.3nm), and 40 kDa (4.5nm), the diffusion constant can be calculated at 25 °C to be 1.5×10-

10 m2/s, 9.55×10-11 m2/s, and 4.88×10-11m m2/s [59]. Larger molecules have a lower diffusion 

constant; hence, they tend to enter cells slowly in cells and some of the small pores may close 

early enough to not let the larger molecules enter, while permitting entry of smaller molecules.  

Larger molecules like FITC Dextran 40 kDa may not have sufficient time to cross the cell 

membrane before the pores close, resulting in a lower number of porated cells. In addition, 

larger molecules may induce faster pore closure due to greater disruption of the cell membrane, 

which could further reduce the opportunity for these molecules to enter the cells. 

While the current study highlights the size-dependent effects on cell response via laser 

shockwaves, several areas remain for further exploration. The particular response of the cells 

at a given laser fluence can potentially be maximized by fine-tuning the size and pitch of the 

micropatterns, which opens up the possibility of further research in the area.   

3.4.4 Comparison to Previous Studies 

The main advantage of our method lies in its fully contactless laser irradiation, where 

membrane pores are created not by direct heat transfer from nanoparticles to cells but through 

shockwaves generated by laser irradiation on a photoabsorber substrate. Unlike previous 

approaches that rely on nanoparticle-mediated heating or micropattern-mediated heating, our 

micropattern platform integrates multiple nanosecond laser pulses with a scanning stage, 

allowing large-area, parallel processing of cells. This design produces localized cavitation and 

shockwaves that permeabilize cell membranes efficiently, without physical contact or the use 

of nanoparticles. Moreover, our work is the first to simultaneously quantify both cell 
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perforation and cell fragmentation, offering a comprehensive characterization of bioeffects. 

This dual quantification enables precise tuning of laser parameters to maximize delivery 

efficiency while minimizing unwanted cell loss, advancing the development of tunable and 

scalable cell membrane perforation technologies. A concise comparison of this work can be 

found in Table 3.1 below. 

Table 3.1 Comparison with previous studies. 

Technique 
Photoabsorber 

/ Approach 

Application 

focus 

Delivery evaluation 

method/ Efficiency 

Unique 

Contribution 
Reference 

Incubated 

nanoparticles 

based on 

optoporation 

Light pulses 

directly on 

particles in 

incubated cells  

Parallel 

delivery of 

large cargo 

Qualitative and 

quantitative using a 

random field of view 

and flow cytometry 

Highly localized 

delivery of cargo 

molecules into 

cells without 

accounting for 

cell loss 

[37,38,50] 

Massively 

parallel light-

pulse delivery  

Light pulses 

directly on 

mammalian 

cells (no 

substrate) 

Parallel 

delivery of 

large cargo 

Random selection of 

the field of view/ 

High efficiency 

Moderate delivery; 

limited site-specific 

control 

Massively 

parallel delivery 

using light 

pulses 

[41] 

Infrared laser 

irradiation on 

the substrate 

Titanium-based 

photoabsorber 

(nanotubes and 

micropatterns) 

Entrance of a 

variety of 

molecules in 

cell lines 

without 

quantification 

of cell loss. 

Random selection of 

the field of view/ 

High efficiency 

(more than 90%) 

Quantitative pore 

resealing 

dynamics and 

delayed 

translocation 

mechanism 

[42,43, 

48] 

Micropattern-

assisted 

optoporation 

PR-254 

pigment 

micropatterns 

on SU-8 

microdisks 

Massively 

parallel 

optoporation 

quantifies both 

perforation and 

fragmentation 

Random selection 

of the field of 

view/ moderate 

delivery efficiency 

(around 60%)  

Contactless, 

avoiding 

nanoparticles, 

and enabling 

spatial control 

Our work 

 

3.5 Conclusions 

Laser-irradiated micropatterned substrates for parallel pore creation in cell membrane 

offer a highly site-specific alternative to traditional direct laser and photosensitized methods. 

This study found that by systematically optimizing laser fluence and micropattern pitch for a 

desired application, the specific cell response can be isolated.  Specifically, we found out that 
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HeLa cell responses to laser irradiation of micropatterns depend on micropattern pitches and 

the size of foreign molecules. For a micro-pattern surface with a specific pitch the increasing 

the laser fluence results in increasing cell perforation up to a certain limit, followed by 

fragmentation of the cells. For the chosen specific process parameters cell perforation of FITC-

Dextran (4 kDa) was higher than the cell perforation of FITC 10 kDa and 40 kDa.  
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Chapter 4: Cell Perforation for Photothermal 

Therapy: Visible Pulsed Laser-assisted Selective 

Killing of Cancer Cells with PVP-capped Plasmonic 

Gold Nanostars 

4.1 Introduction 

Cancer is one of the biggest causes of a high number of deaths worldwide. Advances in 

nanotechnology have opened the doors for new cancer therapy strategies in the previous two 

decades [1, 2]. Gold nanoparticles have been utilized in a plethora of biomedical applications, 

such as bioimaging, biosensing [3], photothermal therapy, photodynamic therapy [4], 

antibacterial treatment [5, 6], and drug delivery [7, 8]. Gold nanoparticles offer excellent 

potential for biomedical applications due to their highly biocompatible nature and plasmonic 

properties. The plasmonic characteristics of nanoparticles are highly dependent upon the 

structure of a synthesized nanomaterial, and drastic changes in the plasmonic properties can be 

observed upon changing the surface morphology and synthesis method [9, 10]. Numerous 

pointed branches of gold nanostars (GNS) create a “lightning rod” effect and considerably 

enhance the local electromagnetic field [11]. The considerable electromagnetic field increment 

causes strong light absorption properties and effective energy conversion for heating tumor 

cells in experiments using nanoparticle-mediated photothermal therapy.  

A combination of resonance enhancement and “the lightning rod effect” causes the large 

field amplification at the star’s tips due to the extreme curvature of nanostars, where a stronger 

electric (E) field and a higher charge density are produced. Therefore, nanostars can create E-

field hotspots and are far more effective than relatively smoother particles, such as nanospheres, 

nanorods, and nanodiscs for applications such as surface-enhanced Raman scattering (SERS), 

bioimaging, and photothermal therapy (PTT) [12-14].  
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The plasmonics of GNS have been studied using a variety of analytical and empirical 

strategies, including label-free biosensing [15], two-photon photoluminescence, and SERS 

activity [16]. Different syntheses of gold nanostars involve the use of various non-

biocompatible chemicals, such as cetyltrimethylammonium bromide (CTAB), which is 

cytotoxic and affects cell viability [17]. Hence a facile, reproducible, and biocompatible 

reactant-assisted synthesis of gold nanoparticles is needed for more optimum applications of 

gold nanoparticles in various biomedical applications, such as drug delivery, photodynamic 

therapy, and photothermal therapy. 

PTT has special benefits in therapeutic strategies for cancer treatment, including high 

selectivity resulting in minimal invasiveness and precise spatial–temporal selection [18-19]. It 

can be compared to other methods, such as immunotherapy, which have quite a low response 

rate and immune-related adverse effects, and chemotherapy, which can cause induce significant 

toxicity in healthy cells [20]. Initially, PTT was tested without photosensitizing agents; 

however, a high laser power was needed, and the requirement of integrated fiber cooling 

systems hampered the simple treatment system. A contrast agent was added to PPT, which 

allowed for the use of lower power lasers and system simplification of PPT. The laser 

wavelength is either in the visual spectrum using spherical gold nanoparticles or in the near-

infrared (NIR) region using NIR-absorbing gold-based nanoparticles depending on the surface 

plasmon resonance (SPR) wavelength. CW NIR lasers are generally used for application in 

photothermal therapy because only a little supply of continuous laser light provides 

considerable heating. Huang et al. used various shapes of gold nanoparticles, including 

nanocages, nanospheres, and nanorods, for the photothermal therapy of cells by using NIR 

continuous wave (CW) lasers at different wavelengths [21]. Gold nanostars (GNS) were used 

for PTT with a NIR CW laser [22]. CW lasers have significant heat-affected zones and affect 

the viability of cells. The disadvantage of a heat-affected zone with a CW laser in photothermal 
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experiments can be reduced by a short-pulse laser, such as femtosecond lasers [18-19, 23], and 

nanosecond pulse lasers [24-25]. 

The combination of GNS and visible pulsed laser irradiation for PTT is promising, but 

it has not been reported yet. GNS were mostly irradiated in the IR range [12, 14, 26-30 ]. A 

visible nanosecond pulsed laser was used for GNP-assisted PTT [31-32]. Mahmoodazeh et al. 

used GNP@polymer-DOX theranostic medicine and demonstrated chemo-photothermal 

therapy of solid tumors [31]. Zharov et al. investigated laser-induced microbubbles around gold 

nanoparticles upon laser irradiation [32]. The heat conversion rate of gold nanoparticles in the 

visible region is better [13] than that of the NIR laser. The combination of GNS and visible 

pulsed laser irradiation is expected to establish an efficient and less invasive photothermal 

treatment. 

This study aims to develop a low-cost, efficient, and less invasive cancer treatment that 

limits tumor development or eradicates tumors. We have prepared gold nanoparticles with star-

shaped morphology via highly biocompatible one-pot synthesis. To increase the throughput of 

the process, we have used a visible nanosecond pulse laser for the photothermal treatment of 

cancer cells. The nanoparticles were incubated over cancer cells, and upon irradiation with a 

laser, site-specific cell death was confirmed using fluorescence imaging. 

4.2 Materials and Methods 

4.2.1 Preparation of PVP-Capped Au Nanostars 

GNS were synthesized using a simple solution process (Figure 4.1) with some 

modifications [33]. A total of 3 ml of deionized water was mixed with 2 ml HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, 100 mM). HEPES is a Good’s Buffer and has 

minimal salt and temperature effects on the buffering capacity. HEPES produces nitrogen-

centered free radicals and reduces gold ions, and it serves as an effective, weak reducing and 
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capping agent [33]. HEPES concentration plays a crucial role in controlling the branched length 

of the particles and affects the shape and size of GNS [34]. A total of 20 µl of 50 mM HAuCl4 

(chloroauric acid) was added, and the solution was mixed gently via inversion. The prepared 

solution was left to stand until a change in color from transparent to blue was observed, which 

took almost 30 minutes. The color change signifies a reduction of HAuCl4, and the change was 

monitored carefully, as it might affect the final concentration of GNS. Then, 600 µl of 

polyvinylpyrrolidone (PVP, 25 mM) was added and gently mixed. After 1 day, the solution was 

centrifuged at 220 g for 50 min to remove unadhered PVP from the GNS. The supernatant was 

removed, and the nanoparticles were suspended in DI water. 

 

Figure 4.1 Synthesis of gold nanostars. 

 

4.2.2 Cell Culture 

HeLa cells were cultured in minimum essential medium (MEM, Gibco, 11095072, 

USA) with 10% fetal bovine serum (FBS, CCP-FBS-BR-500, Cosmo Bio) and 1% penicillin-

streptomycin (PS) for three days. The adherence of HEK-293 cells to the petri dish was 

relatively weak; hence, the glass petri dish was coated with fibronectin before seeding cells. 

For HEK-293 cells, glass petri dishes were first coated with fibronectin and placed in a 

humidified atmosphere incubator with 5%CO2 at 37 °C. After coating the dish with fibronectin, 
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HEK-293 cells were cultured. Both HEK-293 and SAOS-2 cells were cultured using high-

glucose DMEM with 10% FBS and 1% penicillin-streptomycin (PS).  

4.2.3 Procedure for Site-Specific Killing of Cancer Cells 

The medium containing cultured cells was removed, and the cells were washed twice 

with phosphate-buffered saline (PBS). Then, a new colorless modified Dulbecco's modified 

eagle medium (DMEM) was used for cancer cell-killing experiments. After the fresh medium 

was added, the cells were incubated with four different concentrations of PVP-Capped GNS, ρ 

= 20 µg/mL, 15 µg/mL, 10 µg/mL, and 5 µg/mL, named respectively ρA to ρD, and incubated 

in 5% CO2 supply incubator for 4 hours. Then the medium was removed, and cells were washed 

with PBS twice to remove unadhered PVP-capped GNS. After washing, fresh DMEM was 

added. Then, 4µM of propidium iodide (PI) was added for indication of laser-induced cancer 

cell killing. To observe cell viability, the medium was removed, and cells were washed with 

PBS twice. A new medium was added, followed by the addition of Calcein-AM. The cells were 

observed with the inverted microscope (Nikon, ECLIPSE Ti-E) and microscope camera (Nikon, 

DS-Fi3).   

4.2.4 Experimental Setup 

The experimental setup consisted of irradiation, scanning, and observation systems 

(Figure 4.2(a), (b). Irradiation system: We used a nanosecond pulsed laser (Cobolt, TorTM XS, 

Hubner Photonics, Solna, Sweden) with a gaussian profile, a wavelength of 532 nm, a pulse of 

5 ns, and a frequency of 1 kHz. The laser was controlled with a digital function generator. The 

laser light was reflected through a mirror for alignment. A dichroic mirror (Thorlabs, 

DMLP550R, Newton, NJ, USA) reflected the laser and combined observation light. The 

original diameter of the laser beam was 1.1 ± 0.3 mm, and a convex lens of focal length 50 mm 

focused the laser on a sample. 
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Figure 4.2 Experimental setup for site-specific selective killing of cancer cells. 

 

Scanning system: A Cartesian robot (IAI Corporation) was used for scanning a sample. 

The scanning speed was kept constant at 100 mm/s for all the experiments.  

Observation system: The samples were observed using a CMOS (ZWO, ASL1600MC 

Cool, Suzhou, China) camera and an observation light (Thorlabs, MWWHLP1). The samples 

were visualized using the ImageJ webcam plugin. 

4.2.5 Data Analysis 

The cell-killing efficiency of spot irradiation was calculated from an average of five 

irradiation spots for each experimental condition. All the experiments were performed in 

triplets, and efficiency was reported as mean±standard deviation for three independent 

experiments. In the case of the scanning laser, the efficiency was calculated by counting the 

number of cells along the laser path for 1000 µm for three different scan paths for each 

parameter for a single experiment, and the reported efficiency is the mean±standard deviation 

of three independent experiments. No effect of laser on cells leads to 0% cell killing, and 
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peeling off cells upon laser irradiation is defined as 100% cell killing efficiency. To evaluate 

cell killing efficiency in the case of single pulse spot irradiation, the number of dead cells and 

live cells within the laser circumference of the irradiated spot was calculated, and the efficiency 

was evaluated. For continuous pulse laser-induced cancer cell killing, the cell killing efficiency 

was evaluated by counting the number of dead cells and live cells along the path of laser 

irradiation, and the efficiency, 𝜂, was evaluated as follows by Eq. 4.1 (except peeling off cells 

at higher laser energies):   

 
𝜂 =

𝑁𝑅

𝑁𝑅 + 𝑁𝐺
× 100 

…(4.1) 

where NR and NG are respectively the numbers of PI-stained and calcein-AM-stained cells.  

4.3 Simulation of Temperature Rise in Gold Nanostars upon Laser 

Irradiation 

4.3.1 Simulation Method 

We performed heat transfer simulations in COMSOL Multiphysics to confirm that the 

heat upon laser irradiation on gold nanostars is generated more than on gold nanospheres. Such 

higher heat generation allows for the site-specific killing at lower laser energy, resulting in less 

effect on cells in the vicinity. A 2-D Gaussian laser pulse, irradiated on gold nanoparticles, is 

modeled by  [35]. 

 
𝑆(𝑡) =

0.94 × 𝐹𝑎𝑏𝑠

𝛿𝑡𝑝
exp [−4ln (2) × (

𝑡 − 2𝑡𝑝

𝑡𝑝
)2 

…(4.2) 

 𝑄𝑖𝑛  represents total heat load, 𝑄𝑜  represents total input power, 𝑅𝑐  Is the reflection 

coefficient, 𝐴𝑐  is the absorption coefficient, within x and y coordinates, 𝜎𝑥  is the standard 

deviation in the x-direction, and 𝜎𝑦  is standard deviation in the y-direction. To obtain the 

temperature rise of gold in both shapes, two temperature models were considered [2], [28]. An 

irradiated laser pulse resulted in a rise in the temperature of the electron layer Te in the 
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respective specimen. The heat from the electron layer was transferred to a gold lattice covered 

with polyvinyl pyrrolidone, which raised lattice temperature Tl. Finally, the heat was dissipated 

into the water body into which nanoparticles were immersed separately. The temperature rise 

Tm of water bodies was observed.  

 
𝐶𝑒(𝑇𝑒)

𝜕𝑇𝑒

𝜕𝑡
= 𝛻(𝑘𝑒𝛻𝑇𝑒) − 𝑔(𝑇𝑒 − 𝑇𝑙) + 𝑄(𝑡) 

…(4.3) 

 
𝐶𝑙

𝜕𝑇𝑙

𝜕𝑡
= 𝛻(𝑘𝑙𝛻𝑇𝑙) − 𝑔(𝑇𝑙 − 𝑇𝑒) + 𝑄(𝑡)  … . (4.4)𝜂 =

𝑁𝑅

𝑁𝑅 + 𝑁𝐺
× 100 

…(4.4) 

 
𝜌𝑚(𝑟)𝑐𝑚(𝑟)

𝜕𝑇𝑚(𝑟, 𝑡)

𝜕𝑡
= 𝛻. (𝑘𝑚. 𝛻𝑇𝑚(𝑟, 𝑡)) + 𝐹(𝑡)𝜂 =

𝑁𝑅

𝑁𝑅 + 𝑁𝐺
× 100 

…(4.5) 

, where Ce(Te) = ᵞTe with ᵞ= 70 Jm -3K-2 is the electron heat capacity of gold, Cl is the lattice 

heat capacity of gold, ke = 300 Wm -1K-1 [8] is electron thermal conductivity, kl = 2.7 Wm-1K-1 

[1] is the lattice thermal conductivity, g = 2*1016 Wm-3K-1 [8] is the gold electron phonon 

coupling element, Cm = 4182 Jm-3K-1 [8] is the water heat capacity, and km = 0.6 Wm-1K-1 is 

the water thermal conductivity. The laser was irradiated at a fluence of 100 mJ/cm2. The 

function F(t) represents the heat transfer at the interface between the GNS and the surrounding 

area. All parameters were obtained from [8]. 

4.3.2 Simulation Result and Discussion 

Simulation results in Figure 4.3(a, b) show the temperature rise in star-shaped 

nanoparticles. The figures show that the temperature rise in a star shape is almost double the 

temperature rise in a spherical shape. In Figure 4.3(b), an interesting phenomenon of higher 

temperature in star spikes as compared to the star core can be seen. This is because during 

heating, spikes primarily come in contact with laser heat, whereas certain areas of the cone in 

contact with the base of spikes do not directly receive heat. Also, it can be seen that the surface 

area of a gold nano star is larger than compared of a gold nano sphere. Due to the higher surface 
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area, heat gain is also increased. Due to these reasons, there is localized heating in spikes on a 

nano star, which overall increases the temperature of a particle. This explains the reasons for 

almost double the temperatures observed in a nano star as compared to a nano sphere. 

 Figures 4.3(c, d) indicate the temperature rise in sphere-and-star-shaped nanoparticles against 

time. Simulation time for gold nanosphere and nano star was 15 ns. Maximum temperature for 

a gold nano star was 2200 K and for a nanosphere was 1000 K. By comparing all the results, 

we can see that the temperature rises and falls for star shape are much larger than for sphere 

shape, this may be because there is heat accumulation in the star spikes leading to localized 

heating resulting in higher temperature rises. 

 

Figure 4.3 Comsol multiphysics simulation results for pulse laser irradiation on gold 

nanoparticles. (a) Temperature rise in gold nanosphere. (b) Temperature rise in star-shaped 

gold nanoparticle. (c) Maximum temperature rise of the nanosphere core. (d) Maximum 

temperature rise of the core of a star-shaped nanoparticle.  
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4.4  Experimental Results 

4.4.1 FESEM Analysis and UV-Visible Spectroscopy Analysis  

The prepared nanomaterials were characterized using field emission scanning electron 

microscopy (FESEM) for morphological analysis. Figure 4.4(a) represents PVP-capped gold 

nanoparticles in star morphology; the pointed tips appearing in the image provide hotspots for 

field enhancement on the plasmonic gold nanoparticle. Hotspots are the specific locations on 

the NPs where electric field enhancement occurs upon laser illumination. GNS offers more 

hotspots in comparison to other shapes like nanotubes or nanospheres. PVP cap can be visually 

observed in FESEM. The arrows indicate PVP caps. Our nanosecond pulsed laser has a 

wavelength of 532 nm, and we checked that the prepared nanoparticles absorb the laser light 

around this wavelength under UV-vis spectroscopy. UV-VIS (Figure 4.4(b)) shows that the 

prepared nanoparticles absorb the given laser light with a maximum absorption peak of around 

532 nm. 

Smaller nanoparticles have been reported to get transported into the cell cytosol via 

endocytosis [36]; hence, we have preferred to use particles with relatively bigger sizes that 

allow for cell killing to occur due to ion imbalance because of irreversible pore creation on the 

cell membrane. Commonly, nanoparticles with a size of 200 nm have been used for 

photothermal biomedical experiments [37,38]. The size of gold nanostars as measured using a 

laser diffraction particle size analyzer (SALD 2300, Shimadzu) revealed that 90% of particles 

were under 262 nm, whereas the mean particle size was 204 nm, as depicted in Figure 4(c). 

The X-ray diffractometer (XRD, Rigaku ULTIMA IV R185) analysis (Figure. 4.4d) of 

the nanoparticles on a silicon wafer revealed the presence of peaks at 38.46(1 1 1), 44.78°(2 0 

0), and 62.1°(2 2 0) which is identical with standard gold metal(Au0) concerning JCPSD no. 

04-0784. XRD indicates the presence of a face-centered cubic (FCC) structure of Gold(Au). 
a 
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Figure 4.4 Characterization of PVP-capped gold nanostars. (a) FESEM. (b) UV-Visible 

spectroscopy. (c) Particle size analysis. (d) XRD analysis of prepared particles. 

4.4.2 Site-specific Cancer Cell Killing with Single Pulse 

Fluorescence microscopy was used to examine cancer cells that had been killed at 

specific sites. HeLa cells at the highest concentration (ρA: 20 µg/mL) in case of spot irradiation 

were peeled off from the surface of the glass-bottom Petri dish due to the high magnitude of 

shock wave generation upon laser irradiation (Figure 4.5(d)), whereas the cells at the other 

concentrations (ρB: 15µg/mL, ρC: 10 µg/mL) unadhered only at the highest laser fluence of 192 

mJ/cm2. The efficiency of cell death was assessed at lower fluences (Figure 4.5(a–c)), and as 

laser fluence and particle concentration increase, so does the efficiency of cell death (Figure 

4.5(f)). The cells were unaffected by the laser irradiation at the lowest concentration (ρD: 5 

µg/mL) and the lowest laser fluence of 19 mJ/cm2 due to an insufficient amount of laser effect.   
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Next, we tested the efficacy of our system for site-induced cell killing in the HEK-293 

cell line. Single pulse laser irradiation at higher energies at ρA detached the HEK-293 cells from 

the substrate, similar to that of HeLa cells. At lower concentrations (ρB, ρC), the cell death 

efficiency increased upon increasing the laser fluence. Upon decreasing the particle 

concentration from ρB to ρC (Figure 5(g)), the cell killing efficiencies were comparable at 

78mJ/cm2 and 92 mJ/cm2 (Figure 4.5(c)) and different at maximum and minimum laser fluence. 

For the lowest concentration of photosensitizer nanoparticles (ρD), the cells were unaffected by 

laser irradiation. It implies that a laser with various fluences at a concentration is unable to 

generate enough vapor nanobubbles essential for the generation of the shock wave to induce 

pores on the cell wall, where the pores possibly create electrolyte imbalance and induce cell 

death due to heterogeneity found in different cell lines (HeLa and HEK-293).  

We tested our system on a human osteosarcoma cell line (SAOS-2) and verified that 

our method can be applied to various cancer cell lines (Figure 4.5(h)). As both laser fluence 

and particle concentration increased, the cell killing efficiency increased. As a general trend, a 

notable change in efficiency was observed upon changing the laser fluence from 19 mJ/cm2 to 

78 mJ/cm2, whereas the efficiency was almost similar upon further increasing the laser fluence 

from 78 mJ/cm2 to 192 mJ/cm2. As expected, the highest cell killing efficiency was observed 

at 192 mJ/cm2 (Figure 5(e)). The cell killing efficiencies at ρB and ρC were almost comparable 

with respect to various fluences. The cells at ρA were observed to detach at a fluence of 

192mJ/cm2. In general, it can be concluded that the cancer cell-killing efficiency increases 

significantly upon increasing the laser fluence and the photosensitizer nanoparticle 

concentration. 
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Figure 4.5 Single pulse spot irradiation killing. HeLa cells. (a) At 192 mJ/cm2 at ρD. (b) 192 

mJ/cm2 at ρD. (c) HEK-293 cells at 92 mJ/cm2 at ρC. (d) Peeling off HEK-293 cells at 92 

mJ/cm2 at ρA. (e) Spot irradiation of SAOS-2 cells at 192 mJ/cm2 at ρB. Cell killing efficiency 

vs. laser fluence curve at various concentrations. (f) HeLa cells. (g) HEK-293 cells. (h) 

SAOS-2 cells. 
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4.4.3 Site-specific and High Throughput Scanning Laser-Induced Cell Killing 

Continuous pulsed laser irradiation led to the irradiation of multiple laser pulses at a 

single spot, and the magnitude of the generated shock wave was stronger. At the highest 

concentration (ρA), cells were peeled off at all the laser fluences (Figure 4.6(d)).  While at lower 

nanoparticle concentrations (ρC, ρD), high throughput site-specific HeLa cell killing was 

observed (Figure 6(a, b)), and the results were similar to spot irradiation, indicating an 

increment in cell killing efficiency when either the laser fluence or the nanoparticle 

concentration was increased. At ρC, 100% cell killing efficiency was observed at higher laser 

fluences. There was a significant difference in cell killing efficiency at ρC and ρD  (Figure 4.6(f)). 

In the case of HEK cells, the continuous pulse laser irradiation of cells on the glass substrate 

resulted in the peeling of cells at the highest photosensitizer nanoparticle concentration (ρA), 

thus resulting in 100% cell killing efficiency at all the laser fluences. For the other 

concentrations (ρB, ρC) (Figure 4.6(c)), the cells were killed upon laser irradiation, and the 

efficiency was calculated. The cell killing efficiency was observed to be gradually increasing 

upon increasing Laser fluence, while the effect of decreasing the nanoparticle concentration 

(ρB, ρC) on the killing efficiency was negligible, as depicted in Figure 4.6(g).  

SAOS-2 cells were peeled off at the highest concentration of photosensitizer 

nanoparticles. Figure 4.6(e) represents the high-throughput killing of SAOS-2 cells at 192 

mJ/cm2 at ρB. At ρB and ρC, cell killing efficiency was found to increase similarly to spot 

irradiation for the same cell line. That is, a gradual increase in the cell killing efficiency was 

observed upon increasing the laser for both concentrations (Figure 4.6(h)), while for ρD, the cell 

killing efficiency was almost comparable at various laser fluences. We can conclude that upon 

increasing particle concentration and laser energy increase in cell-killing efficiency has been 

observed, the reason for which will be further elaborated in the discussion section.  
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Figure 4.6 High Throughput scanning laser irradiation killing in HeLa cells (a) At ρC at 92 

mJ/cm2. (b) At ρB at 78 mJ/cm2. (c) At ρC at 78 mJ/cm2. (d) Peeling off of cells at higher laser 

fluence at ρA at 78 mJ/cm2. (e) Scanning laser irradiation of SAOS-2 cells at 192 

mJ/cm2 at ρB. Cell killing Efficiency vs. Laser Fluence curve at various concentrations. (f) 

HeLa cells. (g) HEK-293 cells. (h) SAOS-2 cells. 
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4.4.4 Negative Control Experiments  

Control experiments were carried out to confirm PVP-capped GNS-assisted visible 

pulsed laser-induced site-specific killing of cancer cells. The laser was not irradiated to a 

sample, and cells incubated with PVP-capped GNS control images were taken (Fig. 4.7 (a, b) 

HeLa cells). Cells without photo absorber incubation and laser irradiation (Figure 4.7 (c, d) 

HEK cells). Most cells were alive in both cases, which concludes that both particle incubation 

and laser irradiation are necessary for killing cancer cells. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Negative control image without laser irradiation. (a) Dead cells (PI staining). (b) 

Live cells (Calcein-AM staining) HeLa cells and without photo absorber. (c) Dead cells. (d) 

Live cells (HEK-293 cells). 

 

4.5 Discussion 

The potential use of nanomaterials in a PTT strategy against cancer cells has been noted 

in several studies. Most of these studies have concentrated on using NIR to locally increase 

temperature and selectively induce cell death. However, visible light irradiation for PTT has 

been disregarded despite the greater visible light-to-heat conversion that occurs when 

a b 

c d 



 

108 
 

nanoparticles are irradiated with a laser, and only a few studies have reported the use of visible 

pulsed lasers in biomedical applications [39,40]. 

Several parameters play a crucial role in the photothermal treatment of cancer 

concerning photosensitizer particles; for example, the absorption efficiency for nanoparticles 

with a branched structure is more than that of spherical particles [41]. The size of nanoparticles 

can also affect the absorption efficiency, as smaller particles tend to absorb more light. The 

danger of adjacent cell damage and endocytosis is present; hence, for biomedical photothermal 

experiments, relatively bigger particles are preferred [39, 42]. Similarly, concentration also 

plays a crucial role in photothermal efficiency, while lower concentration results in insufficient 

absorption of light for treatment, while high concentration can result in damage to adjacent 

non-target cells.  

The laser energy absorption of GNS can be explained by SPR. The prepared GNS 

absorbed the laser and converted it into heat. Efficient conversion needs the overlap of the 

absorption spectrum and the laser wavelength; less overlap reduces the absorbance. The laser 

wavelength 532 nm was in the absorbance region of the prepared GNS with a peak of 550 nm. 

Our study used a visible pulsed laser for the PTT of cancer cells. In addition to a nanosecond 

pulse laser, picosecond and femtosecond pulse lasers can be irradiated to GNS and are 

considered to lead to a smaller heat-affected zone. 

 According to the above model mentioned in the simulation results, when PVP-capped 

GNS are exposed to a nanosecond pulsed laser beam, the laser exposure raises the temperature 

of the electrons inside the GNS. This temperature rise, in turn, increases the lattice temperature 

of the GNS. After only a few picoseconds, the medium’s temperature starts to rise because of 

electron–phonon interaction [43]. This increase in temperature causes the surrounding medium 

to produce vapor nanobubbles [44–46], which, when collapsed, cause stress on the membrane 
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and generate transitory pores. Cell death results from an imbalance in the concentration of 

electrolytes after the formation of holes in the cell membrane [47,48], as depicted in Figure 4.8. 

The other possible mechanism for cell death is heat transfer between GNS [49–51] and the cell 

membrane. Upon heat transfer to the cell membrane, local phase transition may occur in the 

lipid bilayer. Thermal denaturation of glycoproteins can take place [52], which might result in 

the opening of transient hydrophilic pores on the cell membrane, thus creating the electrolyte 

imbalance and initiating cell death.  

The usual tumor size ranges from millimeters to centimeters, and for the site-specific 

killing of cancer cells, a highly fluent laser beam was focused on the sample by using a convex 

lens in dimensions of µm [53]. Certain skin pre-malignancies and cancers, as well as pre-

cancers or extremely early stages of the cervix and nearby cancers, can be treated using this 

strategy of cancer therapeutics. Inside the body, cancers obstructing the airway and progressing 

from other locations to the lungs can be treated with lasers. Tumors in the breast, brain, skin, 

head, neck, cervical area, and lung can be eliminated using precise lasers; thus, this PTT can 

be used for the treatment of the same organs. 

 

Figure 4.8 Schematic of cell death mechanism. 
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The other possible mechanism for cell death may be due to heat transfer that occurs 

between gold nanostars and the cell membrane, upon heat transfer to the cell membrane local 

phase transition may occur in the lipid bilayer or thermal denaturation of glycoproteins can 

take place that might result in the opening of transient hydrophilic pores on the cell membrane 

thus creating the electrolyte imbalance and initiating cell death. 

4.6  Conclusions 

 In this chapter, we advanced our study of photoabsorber-assisted laser irradiation for 

pore creation to photothermal therapy with Gold nanostars. A nanosecond pulse laser was used 

to increase the throughput of the process as it can be utilized for selectively killing cancer cells 

in a small duration of time, a precisely to eliminate cancer cells with PVP-capped GNS. The 

nanostars were made using facile synthesis methods, and their characteristics were determined 

using FESEM, UV-visible spectroscopy, and XRD. Cancer cells cultivated on a glass petri dish 

were incubated with nanoparticles. The cells were exposed to the nanosecond pulse laser, and 

cell death was confirmed by observing PI-stained cell nuclei under a fluorescence microscope. 

The effect of variation of cell killing efficiency concerning laser fluence and particle 

concentration was analyzed, and we successfully analyzed three cell lines (HeLa, HEK-293, 

and SAOS-2). The efficiency of single-spot and high-throughput laser scanning cell killing was 

evaluated.  
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Chapter 5: Cell Perforation with Prussian Blue 

Nanocube Cluster for Intracellular Delivery and Cell 

Patterning 

5.1 Introduction 

As described earlier, intracellular delivery and photothermal therapy have been 

successfully demonstrated using various photoabsorber-based approaches, particularly 

micropattern-assisted methods [1–3] and gold nanoparticle (AuNP)-based systems [4–16]. 

These strategies have shown considerable promise in biomedical fields such as regenerative 

medicine, cell therapy, and oncological phototherapy, primarily due to their ability to enable 

localized, efficient, and minimally invasive cellular manipulation. For example, micropatterns 

enable site-specific delivery by precisely defining irradiation zones, while gold nanoparticles, 

with their strong surface plasmon resonance properties, are widely utilized for effective light-

to-heat conversion during laser treatment. 

However, despite their functional success in experimental and preclinical models, the 

widespread adoption and commercialization of these technologies face significant obstacles. A 

major bottleneck lies in the high cost and technical complexity associated with the fabrication 

of micropatterned substrates. Producing reproducible and high-resolution micropatterns often 

involves sophisticated microfabrication techniques (e.g., photolithography, reactive ion 

etching), cleanroom facilities, and expensive raw materials, all of which limit scalability and 

raise production costs. 

Similarly, while gold nanoparticles are effective photothermal agents, the high market 

price of gold poses a substantial economic barrier. Furthermore, the batch-to-batch variability, 

surface chemistry control, and potential long-term toxicity of gold nanoparticles remain critical 

concerns for clinical translation. Regulatory approval for therapeutic systems involving noble 

metals is also stringent, making commercialization even more challenging. 
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Prussian Blue nanoparticles (PBNPs), historically known as low-cost inorganic dyes, 

have recently attracted considerable attention in the biomedical field due to their unique 

physicochemical properties, excellent biocompatibility, and ease of synthesis. These 

nanoparticles offer a cost-effective alternative to conventional materials such as gold 

nanoparticles, whose high price and complex surface modifications significantly limit their 

feasibility for large-scale biomedical applications. In contrast, PBNPs can be synthesized 

through simple aqueous-based protocols under ambient conditions, making them highly 

suitable for scalable and reproducible production. 

The biocompatibility and photothermal responsiveness of Prussian Blue nanoparticles 

make them especially attractive for therapeutic and diagnostic applications, including 

photothermal therapy (PTT) and intracellular delivery [17–20]. Their photothermal nature 

allows efficient conversion of laser energy into localized heat, which can be harnessed for 

multiple purposes—such as transient pore formation on cell membranes (optoporation), 

localized thermal damage to malignant cells, and facilitating molecular diffusion into 

cytoplasm. 

In this study, we report the use of Prussian Blue Nanocube Clusters (PBNCCs) as a 

functional and economical substitute for conventional gold nanoparticles to enable efficient 

intracellular delivery and cell patterning via photothermal effects. Prussian Nanocube Clusters 

were used instead of Prussian nanoparticles to avoid the intake of nanoparticles into cells by 

endocytosis. Specifically, PBNCCs were incubated with HeLa cells, followed by nanosecond 

pulsed laser irradiation, which induced localized heating and generated photothermal 

shockwaves capable of transiently disrupting the cell membrane, thereby allowing uptake of 

otherwise impermeable molecules like FITC-dextran (4 kDa). Fluorescence imaging analysis 

confirmed successful cytosolic delivery of FITC-dextran in a spatially selective manner, with 

high delivery efficiency and minimal cell death under optimized conditions. 
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In addition to intracellular delivery, we further observed that patterned irradiation of 

PBNCCs on a cell monolayer surface induced distinct cell patterning effects, where regions 

exposed to laser energy exhibited targeted cell perforation or removal, enabling the creation of 

precise cellular patterns. This phenomenon is attributed to the localized heat and mechanical 

stress produced during nanobubble collapse or rapid thermal expansion, leading to selective 

ablation of cells in the irradiated zones. Such spatially controlled cell manipulation has 

important implications for tissue engineering, in vitro model development, and site-specific 

drug delivery research. 

5.2 Experimental Methods  

5.2.1 Preparation of Prussian Blue Clusters 

Polyethylene Glycol (PEG) was dissolved in water to create a 50% PEG aqueous 

solution, which was then maintained at 50°C on a hot plate. To initiate the reaction, aqueous 

solutions of K3[FeIII(CN)6] and Fe(NO3)3 were added to the PEG solution under magnetic 

stirring. The final concentrations of K3[FeIII(CN)6] and Fe(NO3)3 were adjusted to 0.018 mol/L 

and 0.024 mol/L, respectively. After that, the reacting mixture was magnetically stirred for 48 

hours. Synthesized PBNCCs were collected by centrifugation at 5000 rpm and redispersed in 

deionized (DI) water [21]. The prepared nanocubes were dried at 500 °C for one day, and flakes 

were obtained. Before experiments, these flakes were suspended in DI water and sonicated for 

30 minutes to obtain Prussian nanocube clusters (PBNCCs). To confirm the preparation of 

Prussian Blue nanocubes, the prepared particles were analyzed using SEM and UV-Vis 

spectroscopy.   

5.2.2 Procedure for Optoporation  

HeLa cells were cultured on a 35mm Petri dish in minimum essential medium at 37°C 

in a 5% CO2 incubator for intracellular delivery. After the cell growth overnight, PBNCCs 
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were incubated over the cells at a final concentration of 0.1 mM and 0.2 mM for 2 hours. The 

cells were washed thrice with PBS, and then FITC-Dextran (4 kDa) (1mM) was added to the 

Petri dish, followed by laser irradiation. The cells were incubated for 10 minutes post laser 

irradiation and then washed three times to remove the background fluorescence of FITC. After 

this, PI (4 µM) was used to assess the viability of the cells. 

5.2.3 Procedure for Cell Patterning 

HeLa cells were cultured on a 35 mm Petri dish in minimum essential medium at 37°C 

in a 5% CO2 incubator for intracellular delivery. After the cell growth overnight, PBNCCs 

were incubated over the cells at the desired concentration for 2 hours. After 2 hours, the cells 

were washed with PBS, and Calcein-AM was added to the cells. After 20 minutes of incubation, 

PI was added to the cells, and the cells were irradiated at the laser parameters mentioned in the 

later sections.  

5.2.4 Data Analysis  

The cells were examined with a fluorescent microscope (Ti-E, Nikon, Japan). The 

microscope was equipped with G2A and B2A fluorescence cubes and a camera (DS-Fi3, Nikon, 

Japan). Three images were examined for each experimental condition, and the multipoint tool 

in ImageJ was used to manually count the cells along the laser irradiation path. Delivery 

efficiency was calculated as the percentage of FITC dextran-loaded cells and total number of 

cells along the path of laser irradiation, and viability was measured by determining the 

percentage of total number of alive cells to total number of cells along the laser irradiation path 

post optoporation. 

For cell patterning analysis the irradiation range of cell patterning (d) was calculated 

by calculating the width of irradiation in path in imageJ software for a given laser path and cell 

killing efficiency along the laser path calculated as the ratio of dead cells (PI stained cells) and 
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total number of cells (PI stained cells and Calcein-AM stained cells) along the path of laser 

irradiation by using multipoint tool of ImageJ to obtain the optimum parameters or cell 

patterning. 

To pattern cells at optimized parameters, the path of laser irradiation was determined 

concerning irradiation width (d). The pitch of laser irradiation in the raster irradiation path was 

determined by adding the target width (T) of the cell pattern to the irradiation range of cell 

patterning (d) of the laser at the optimized parameters as described in Figure 5.1. 

 

Figure 5.1 Calculation of scanning pitch of laser irradiation. 

 

After obtaining the cells' parameters at optimized laser parameters, the width of the 

formed micropattern is obtained in ImageJ. For each target micropattern dimension, 5 cell 

patterns were analyzed and 5 measurment of width were performed for each micropattern, 

leading to a total of 25 measurements. The obtained values of the cell micropattern were 

analyzed in MS Excel software using statistics (Mean and standard deviation), and results were 

summarized to evaluate the accuracy and precision of formation of micropattern structures. 
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5.3 Result  

5.3.1 Characterization of Prussian Blue Clusters 

PBNCCs were characterized using scanning electron microscopy and UV vis 

spectroscopy analysis (Figure 5.2). SEM confirmed the successful formation of PBNCCs, 

revealing microclusters of around 1-2 μm (Figure 5.2(a)). Figure 5.2(a) SEM and 5(b) UV-Vis 

analysis of PBNCC UV/VIS spectra (Figure 5.2(b)) show the absorbance of light at the 

wavelength of 532 nm, but it is lower at 532 nm than the absorbance in the UV and NIR range. 

PBNCCs act as interfaces for light-to-thermal energy conversion, differing from the 

conventional optopotiation. To make up for that laser parameters were accordingly optimized. 

PBNCCs amplify the dispersed near field instead of greatly absorbing photon energy, which 

causes a highly localized electronic plasma and bubbles (optical breakdown) in cell culture 

medium that cause intracellular delivery. 

 

Figure 5.2 Characterization of PBNCCs. (a) SEM. (b) UV-Vis analysis of PBNCCs. 
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5.3.2 Results of Optoporation with Prussian Blue Clusters 

The intracellular delivery into cells critically depends on various factors such as Laser 

fluence, photosensitizer concentration, scanning velocity, and repetition rate of the laser. In the 

experiments, we kept the stage velocity and repetition rate constant at 100 mm/s and 1kHz. We 

tried to optimize the delivery efficiency by first varying the laser fluence at a constant 

concentration of the PBNCCs.  

Figure 5.3 represents intracellular delivery and cell viability analysis of FITC-Dextran 

(4 kDa) delivery into the HeLa cells along the path of laser Irradiation for the sample with 0.1 

mM PBNCCs. Figure 5.3(a) and (c) depict the HeLa cells showing green fluorescence, 

confirming intracellular uptake of fluorescent cargo material. Delivery efficiency was around 

35% (29 cells/500μm) for the laser fluence of 5.78 mJ/cm2. Cell viability in our chosen range 

of laser fluences was around 100% for all chosen values of laser fluences. 
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Figure 5.3 Optoporated HeLa cells at 18.97 mJ/cm2 with 0.1 mM of PBNCCs. (a-b) 

Intracellular delivery and cell death at lower magnification. Scale bars are 250 µm. (c-d) 

Intracellular delivery and cell death at higher magnification. Scale bars are 500 µm. (e) 

Delivery efficiency and cell viability post optoporation. 

 

We further increased the PBNCCs concentration to 0.2M. Figure 4 represents the dye-

loaded cells, dead cells, and analysis of delivery efficiency and cell viability post optoporation 

along the laser irradiation path. Increasing the PBNCC concentration boosted delivery 

efficiency, reaching a peak of 63% (28cells/500μm) at 18.97 mJ/cm2 while maintaining 
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minimal cell death (Figure 5.4(b)). We observed an increase in delivery efficiency upon 

increasing the laser fluence at this particular concentration of PBNCCs (Figure 5.4(e)). The 

experimental results indicate that further optimization of the experimental parameters can 

further increase the delivery efficiency.  

 

Figure 5.4 Optoporated HeLa cells at 18.97 mJ/cm2 with 0.2 mM of PBNCCs. (a-b) 

Intracellular delivery and cell death at lower magnification. Scale bars are 250 µm. (c-d) 

Intracellular delivery and cell death at higher magnification. Scale bars are 500 µm. (e). 

Delivery efficiency and cell viability post optoporation. 
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Laser fluence and nanoparticle concentration are the key factors controlling 

optoporation, and maximum optimization would result in minimum invasiveness. On 

increasing both these parameters, the conversion of light to thermal energy increases, which 

heats the cell culture medium in the vicinity. Heating of cell culture medium results in the 

formation of vapor bubbles, which eventually collapse and cause a shockwave in the vicinity. 

The magnitude of this shockwave plays an important role in the optoporation process. Because 

if the magnitude of the shock wave is less, the cells will remain unaffected; on the other hand, 

if the magnitude of the shockwave is more than required, the cells will peel off from the petri 

dish, or cell death might be triggered due to disability to reseal the transient pores on the cell 

membrane. 

Upon investigating the number of cells along the laser irradiation path post optoporation, 

cell count (per 500 μm along the laser irradiation path) revealed a lower average cell number 

at 18.97 mJ/cm² with 0.2 mM PBNCCs compared to the lower concentration (Figure 5.5). This 

observation warrants further investigation and indicates that further optimization of parameters 

might be required.  

 

Figure 5.5 Cell count along the laser irradiation path post optoporation. 

 



 

125 
 

5.3.3  Optimization of Cell Patterning Parameters 

Firstly, we investigated the use of PBNCCs in combination with laser irradiation for 

achieving spatially controlled cell patterning. Specifically, we aimed to determine the optimal 

experimental parameters—namely, nanoparticle concentration, laser fluence, and stage 

velocity—that result in maximum cell elimination efficiency and clearly defined irradiation 

range along the laser path. These three parameters are critical to ensuring effective patterning 

with minimal off-target effects in biomedical applications such as photothermal therapy or 

spatially resolved cell elimination. 

To begin with, we optimized the concentration of PBNCCs incubated with the cells. 

Cells were treated with three different concentrations: 0.1 mM, 0.2 mM, and 0.5 mM. Upon 

exposure to laser irradiation under identical fluence, both the irradiation range (d) and cell 

elimination efficiency showed a positive correlation with nanoparticle concentration (Figure 

5.6). Fluorescence microscopy images revealed increasingly distinct laser tracks with rising 

concentrations of PBNCCs. Quantitative analysis showed that the irradiation range (d)—

measured as the width of the laser-affected zone—increased from 89.2±14.2 µm at 0.1 mM to 

128±14.4 µm at 0.5 mM. Concurrently, the cell elimination efficiency increased from 11.8±2.8 

at the lowest concentration to 76.38±3.3 at 0.5mM. These results suggest that a higher density 

of nanoparticles enhances local photothermal conversion, thereby expanding the laser’s 

effective range and increasing the extent of cell damage within the irradiation path. 
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Figure 5.6 Optimizing of PBNCCs concentration for cell patterning. Obtained patterns at 

PBNCCs concentration (a) 0.1 mM. (b) 0.2 mM. (c) 0.5 mM. (d) Irradiation range of cell 

patterning at various concentrations. (e) Cell elimination efficiency along laser path of 

irradiation at various concentrations. 

 

Next, we investigated the effect of laser fluence while keeping the nanoparticle 

concentration constant. Laser fluences of 126 mJ/cm², 200 mJ/cm², and 514 mJ/cm² were tested. 

As anticipated, both the irradiation range and the efficiency of cell killing increased with laser 

energy. The laser tracks became more continuous and intense at higher fluences, indicating 

stronger photothermal effects (Figure 5.7). Quantitative analysis showed a steady rise in 

irradiation range (d) from 80±9.1 µm at 126 mJ/cm² to 128±14.4 µm at 514 mJ/cm². Similarly, 

cell elimination efficiency increased from 28.76±4.2 to approximately 76.38±3.3 across the 
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same fluence range. These observations confirm that higher fluence levels deliver more energy 

to the nanoparticle-cell interface, leading to greater heat generation, which in turn enhances 

cellular ablation. 

 

Figure 5.7 Optimizing laser fluence for cell patterning. Obtained patterns at laser fluence (a) 

126mJ/cm2. (b) 200 mJ/cm2. (c) 514 mJ/cm2. (d) Irradiation range of cell patterning at 

various laser fluences. (e) Cell elimination efficiency along the laser path of irradiation at 

various laser fluences. 

 

Fluorescence microscopy images Figure 5.8 (a–c) show laser-irradiated cell 

monolayers treated with Prussian Blue nanoparticles at 0.5 mM and exposed to a laser fluence 

of 514 mJ/cm², while varying the stage scan velocity. The stage velocities used were 10 mm/s 

(a), 100 mm/s (b), and 200 mm/s (c). The irradiated paths appear in red (damaged/dead cells), 

while viable cells are stained green. 



 

128 
 

At the lowest stage velocity of 10 mm/s (a), the laser path appears well-defined and 

intense, with significant cellular damage evident along the irradiated lines. The slower scan 

allows more laser pulses to be delivered per unit length, resulting in strong photothermal effects 

and consistent cell death across the pattern. As the velocity increases to 100 mm/s (b), the laser 

tracks begin to show signs of irregularity. Though the pattern remains largely visible, some 

fluctuation in the straightness of the lines is observed. This is attributed to increased mechanical 

vibration of the motorized stage at intermediate speed, which compromises path accuracy. 

Additionally, fewer laser pulses are deposited per unit area, leading to slightly reduced cell 

killing efficiency and a smaller irradiation range. At the highest velocity of 200 mm/s (c), the 

degradation in pattern quality becomes more pronounced. The tracks appear discontinuous and 

curved, a result of compounded stage vibration and insufficient laser dwell time. Consequently, 

laser energy delivery becomes sparse, and the photothermal effect is not strong enough to 

consistently eliminate cells along the path. This leads to a significant drop in cell death 

efficiency. 

In summary, these images demonstrate that higher stage velocities reduce the spatial 

precision of laser irradiation and compromise cell ablation efficiency, primarily due to 

mechanical instability and a lower number of effective laser pulses per unit length.  

 

Figure 5.8 Optimizing stage velocity for cell patterning (a) 10 mm/s, (b) 100 mm/s, (c) 200 

mm/s. 
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 Taken together, the results from both optimization experiments indicate that the 

combination of 0.5 mM PBNCCs concentration with 514 mJ/cm² laser fluence at 10mm/s 

velocity produces the most effective outcome for cell patterning. This condition results in the 

widest irradiation path and the highest cell elimination efficiency. Therefore, these parameters 

were identified as the optimal setting for applications requiring precise and efficient patterned 

cell ablation.  

5.3.4 Cell Patterning with Optimized Parameters 

Figure 5.9 shows the distribution of measured pattern dimensions for target sizes (T) of 

100 µm, 150 µm, 200 µm, 250 µm, and 300 µm, with 25 measurements per group. The red 

dashed lines indicate the respective target sizes. This analysis evaluates the performance of cell 

patterning under optimized laser and nanoparticle conditions in terms of dimensional accuracy 

(closeness to target) and precision (consistency across replicates). 

The descriptive statistics indicate that the actual diameters of the laser-formed 

micropatterns consistently undershoot the target diameters across all groups. For the 100 µm 

target, the mean diameter is 89.5 µm, showing a deviation of −10.4 µm, while for the 150 µm 

target, the mean is 141.5 µm, indicating a −8.4 µm error. The 200 µm and 250 µm patterns 

show larger deviations of −15.4 µm and −14.2 µm, with mean values of 184.5 µm and 235.7 

µm, respectively. The 300 µm group has a mean of 291.4 µm, resulting in a −8.5 µm deviation.  

In terms of precision, which is reflected by the standard deviation, the 100 µm patterns 

exhibit the highest precision, with a standard deviation of 7.0 µm. The 150 µm and 300 µm 

groups show lower precision, with standard deviations of 14.9 µm and 17.2 µm, respectively, 

indicating greater variability in pattern formation. The 200 µm and 250 µm groups display 

moderate precision, with standard deviations of 11.1 µm and 13.6 µm, respectively. The reason 
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for the precision not following a strict trend might be due to the variability of cell distribution 

in the petri dish, which results in different widths of formed micropatterns. 

 

Figure 5.9 Cell patterning for target pattern width (a) 100 µm. (b) 150 µm. (c) 200 µm. (d) 

250 µm. (e) 300 µm. (f) Obtained pattern width. 

5.4 Discussion  

Like gold nanoparticles, the mechanism by which Prussian Blue Nanoclusters (PBNCCs) 

facilitate intracellular delivery involves the absorption of laser energy and its rapid conversion 

into localized heat. Upon laser irradiation (Figure 5.10(a)), the intense and highly localized 

heating around the PBNCCs leads to the formation of vapor nanobubbles within the 

surrounding aqueous cellular environment (Figure 5.10(b)). These vapor nanobubbles rapidly 

expand and eventually collapse, producing a strong, localized shockwave. The mechanical 

forces generated during this expansion-collapse cycle induce transient disruptions in the cell 

membrane, a process known as membrane permeabilization (Figure 5.10(c)). These transient 

pores allow therapeutic molecules or other cargo present in the extracellular medium to enter 

the cytoplasm without causing permanent cell damage. This mechanism provides a highly 
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spatially selective, minimally invasive, and controllable approach for intracellular delivery, 

making PBNCC-assisted laser optoporation a promising alternative to traditional physical or 

chemical delivery techniques. Similarly, if sufficiently high laser fluence is provided where the 

nature of pores is permanent instead of transient, the process results in the death of cells, which 

is utilized in the patterning of cells. 

 

      Figure 5.10 Mechanism of membrane permeabilization with Prussian Blue nanoclusters. 

 

Compared with the PR-254/SU-8 micropattern platform and gold nanostars (GNS), 

Prussian Blue nanocube clusters (PBNCCs) sit in a pragmatic middle ground. Micropatterns 

excel in built-in registration and parallelism—cells are processed in well-defined sites with 

high spatial fidelity and easy visual targeting—yet they demand lithography, are less flexible 

for arbitrary targeting, and typically require higher fluence because the absorber is non-metallic. 

GNS deliver the lowest fluence thresholds and crisp, site-specific ablation thanks to strong 

plasmonic absorption, but they are costly, can aggregate, often need surface functionalization, 

and raise persistence/toxicity and regulatory concerns; distributing them uniformly without off-

target uptake also complicates high-throughput use. PBNCCs avoid microfabrication and 

precious metals, are inexpensive and scalable, and enable dual-mode operation (transient 

delivery or permanent ablation) with the same 532-nm, ns-pulse setup; however, their 

perforation window is more parameter-sensitive, outcomes depend on particle 



 

132 
 

concentration/clustering and local distribution, and pattern fidelity can suffer if coverage is 

uneven. In short, micropatterns support throughput and reproducibility but are fabrication-

bound; while GNS has maximal efficiency but high cost and complexity; and PBNCCs have 

low-cost versatility with lower light to heat conversion. 

5.5 Conclusion 

In this study, we demonstrated the feasibility of using Prussian Blue Nanocube Clusters 

(PBNCCs) as a photosensitizing agent for laser-assisted intracellular delivery and cell 

patterning in HeLa cells. By systematically optimizing key experimental parameters such as 

laser fluence, nanoparticle concentration, and stage velocity, we achieved high intracellular 

delivery efficiency of FITC-dextran with minimal loss of cell viability. At optimal conditions 

(0.2 mM PBNCCs and 18.97 mJ/cm² laser fluence), a delivery efficiency of up to 63% was 

obtained while maintaining low cytotoxicity. 

In addition to delivery, we explored PBNCC-assisted laser cell patterning. We observed 

that increasing nanoparticle concentration and laser fluence significantly enhanced both the 

irradiation range and cell elimination efficiency. Notably, the combination of 0.5 mM PBNCCs 

with 514 mJ/cm² laser fluence and 10 µm/s scan velocity resulted in the highest ablation 

performance with well-defined laser tracks. Precision and reproducibility were further 

validated through dimensional analysis of patterned regions. 

Overall, our findings highlight the dual functionality of PBNCCs in enabling both 

efficient intracellular delivery and spatially controlled cell ablation. Future work will focus on 

fine-tuning these parameters to improve delivery yield while minimizing invasiveness and 

optimizing pattern resolution for advanced biofabrication and therapeutic applications. 

Altogether, these results establish Prussian Blue nanoparticles—particularly in the form of 

nanocube clusters—as a versatile, biocompatible, and low-cost photoabsorber platform for 

enabling high-throughput intracellular delivery and patterned cell processing via photothermal 
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optoporation. Their ease of synthesis and proven biosafety further support their potential for 

translational research and future clinical applications.  
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Chapter 6: Conclusion  

6.1 Summary 

This thesis has comprehensively investigated a modular, laser-based approach for 

controlled cellular perforation, centering on the use of photoabsorbers with a combination of 

nanosecond pulse laser to induce either transient or permanent membrane perforation. The 

schematic in Figure 6.1 maps the design knobs to outcomes in our laser–material platform. The 

left panel lists the photoabsorber modality (surface micropatterns, gold nanostars, Prussian-

blue nanocube clusters). The centre panel summarizes the key parameters for each modality—

laser fluence with micropattern size/pitch, particle concentration, and stage velocity. 

Appropriate combinations yield reproducible biological responses, including membrane 

permeabilization for intracellular delivery, cell killing at higher energy loading, and spatially 

controlled delivery/patterning during scanning. The central hypothesis—that laser-activated 

photoabsorbers can be tailored to control the nature, location, and degree of cellular 

perforation—was validated through a sequence of experimental modules, each building upon 

the preceding ones. 

 

                      Figure 6.1 Material–Process–Response map for laser-induced bio-effects. 
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The journey began with the development of micropattern-assisted laser optoporation 

using pigmented SU-8 microdisks embedded with photoabsorbers. These micropatterns 

functioned as localized energy transducers, converting nanosecond laser pulses into spatially 

confined shockwaves, vapor nanobubbles, and localized heating. Chapter 2 focused on 

understanding the spatial dynamics of optoporation, revealing that micropattern geometry and 

laser parameters significantly influence pore formation, molecule diffusion, and cell viability. 

Smaller micropatterns (20 µm) allowed for more localized, high-viability delivery near the 

irradiation zone, while larger patterns (50 µm) offered broader perforation zones at the cost of 

increased necrosis. By analysing distance-dependent delivery profiles and accounting for 

shockwave propagation effects, we identified optimal zones for balancing delivery efficiency 

and cell survival.  

These insights were further extended in Chapter 3, where a “micropattern-on-top” 

configuration was introduced to enable contactless intracellular delivery. This setup preserved 

the key advantages of spatial precision and scalability. Through systematic variation of 

micropattern pitch and laser fluence, we demonstrated a tunable window for achieving either 

efficient delivery or cell fragmentation. Specifically, smaller pitch values generated denser 

bubble fields, enhancing perforation at moderate fluences (~66 mJ/cm²) and leading to cell 

damage at higher fluences (~100 mJ/cm²). Notably, the delivery of FITC-dextran molecules of 

different sizes further highlighted the importance of matching pore size dynamics with cargo 

properties. Overall, Chapters 2 and 3 established a robust framework for transient, 

nanoparticle-free intracellular delivery using micropattern-based photothermal transduction. 

Having established the feasibility of transient perforation via micropatterns, the thesis 

transitioned toward permanent perforation for cell ablation in Chapter 4. Here, we introduced 

gold nanostars (GNS) as potent photothermal transducers capable of mediating cell death via 
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nanosecond pulsed laser irradiation. Unlike micropatterns, GNS offered the advantage of 

solution-based, uniform distribution across cell monolayers, making them ideal for 

photothermal therapy (PTT) applications. Their branched geometry and strong plasmonic 

resonance in the visible range resulted in localized heating effects far superior to spherical 

counterparts, as validated by COMSOL simulations. 

Experimental studies confirmed that the extent of cellular damage could be precisely 

tuned by varying GNS concentration and laser fluence. At high concentrations and fluences, 

the rapid formation and collapse of vapor nanobubbles led to irreversible membrane rupture 

and cellular detachment. The system demonstrated high-throughput capabilities through raster 

scanning, achieving targeted ablation in HeLa, SAOS-2, and HEK-293 cells with minimal off-

target effects. This phase of the study marked a critical shift from reversible membrane 

disruption to intentional, spatially resolved cell killing, laying the groundwork for therapeutic 

applications in oncology. 

While gold nanostars proved effective, their high cost and regulatory hurdles limited 

scalability. To address this, Chapter 5 explored the use of Prussian Blue Nanocube Clusters 

(PBNCCs) as a low-cost, biocompatible alternative photoabsorber. These clusters offer several 

advantages: ease of synthesis, and minimal cytotoxicity. We hypothesized that PBNCCs could 

replicate the dual functionalities—transient perforation for delivery and permanent perforation 

for ablation—at a fraction of the cost. 

Indeed, under optimized conditions, we achieved up to 63% delivery efficiency of 

FITC-dextran 4 kDa in HeLa cells with negligible cytotoxicity. Raster scanning of PBNCC-

treated monolayers also enabled precise cell patterning. Through parameter optimization, we 

achieved reproducible patterns across varying target widths. 
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Moreover, analyses of the formed patterns confirmed high precision and dimensional 

accuracy, making this approach suitable for spatial cell manipulation in biofabrication and 

tissue engineering. These results affirm that PBNCCs can serve as a dual-function 

photoabsorber for both intracellular delivery and cell ablation.  

 Taken together, the progression from micropatterns to gold nanostructures and finally 

to Prussian Blue nanoclusters represents a deliberate and strategic expansion of laser-assisted 

cellular manipulation. This thesis has shown that the degree of membrane perforation—

transient vs. permanent—can be finely controlled by modulating photoabsorber type, laser 

energy, and irradiation dynamics. Whether the goal is to gently deliver therapeutic molecules 

or to ablate diseased cells, this platform offers modular flexibility, high spatial resolution, and 

scalability. 

From a mechanistic standpoint, all approaches converged on a common physical basis: 

laser-triggered thermal and mechanical phenomena such as bubble generation, shockwave 

emission, and localized heating. These biophysical effects were harnessed differently across 

applications: transient perforation (Chapters 2 and 3) focused on enabling intracellular entry 

while maintaining cell viability, whereas permanent perforation (Chapters 4 and 5) aimed to 

disrupt membranes irreversibly for targeted ablation. 

Beyond demonstrating individual techniques, this study contributes a design framework for 

future laser-based biomedical systems. The tunable interplay between materials, laser 

parameters, and biological outcomes enables optimization for specific clinical or research 

needs. Moreover, the transition to cost-effective materials like PBNCCs paves the way for 

practical implementation in resource-limited settings. 
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 In conclusion, this thesis explores the following photoabsorber-assisted site-specific 

cell perforation methods, which are explored by investigating various photoabsorbers with 

different features for applications of intracellular delivery, photothermal therapy, and cell 

patterning. The concise comparison of various methods explored can be found in the following 

Table 6.1:  

Table 6.1 Comparison of features of photoabsorber-assisted cell perforation methods 

Research dimension Chapter 2-3 Chapter 4 Chapter 5 

Material platform SU-8/PR-254 

micropatterns 

Gold nanostars Prussian blue 

nanoparticles 

Cost consideration Moderate 

(fabrication) 

High (gold-based) Low (cost-effective) 

Application scope Intracellular 

delivery focus 

Cancer therapy 

focus 

Versatile dual-purpose 

Technical complexity High 

(fabrication) 

Moderate 

(synthesis) 

Low (simple 

preparation) 

Scalability High (parallel 

processing) 

Moderate (targeted 

therapy) 

High (programmable 

patterning) 

 

6.2 Future Works 

This research lays the groundwork using photo absorbers with nanosecond pulsed lasers 

for combined biomedical applications, which require high spatial precision and scalability. For 

example, the micropattern-assisted single pulse optoporation method can be utilized to deliver 

foreign molecules into cells at a specific site, and the cellular interaction with cells without 

intracellular delivery can be studied using advanced imaging techniques.  

The high-throughput cell irradiation with micropatterned substrate will be utilized in 

the combined treatment of cancer tumors by performing intracellular delivery of tumor antigens 
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and photothermal therapy of tumors in parallel, so that upon laser irradiation, the remaining 

cells also get eliminated with tumor antigens to stop the recurrence of cancer tumors. 

We plan to extend the gold nanostars-assisted method, combining it with 3D spheroid 

models instead of conventional monolayers. We plan to study the 3D tumour ablation, which 

mimics the structure of human organs more closely than conventional cell monolayer culture.  

We plan to apply the Prussian blue-assisted photoabsorber method in a combined 

application where cells with very high delivery efficiency are required. We plan to perform 

intracellular delivery at our specific site of interest and eliminate the cells at the site where 

molecules have not been delivered. 

Together, in the future, we aim to contribute towards the advanced integration of laser-

based biotechnologies with next-generation therapies in cancer treatment, regenerative 

medicine, and cell engineering. 
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