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All samples 10 µM calcein. Data are expressed as mean ± SEM based 

on 3 replicates each. 
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Figure A.3 A schematic representation of power loss caused interactions between 

laser beam and cuvette of varying path lengths (width). A: Initial power 

reading; B: Power loss in glass window; C: CB suspension loss factor; 

X: Distance from front window; Y: Exit power 
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 Figure A.4 A representative figure for cuvette with water bath design. pc – plastic 

cuvette made with LDPE 3D printed curved boundary and saran wrap 

flat walls; gc – glass cuvette made with Pyrex glass curved boundary 

and flat walls 
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Figure A.5 Bio-effects plot at 55 mJ/cm2 fluence, 1min exposure using 26.3 mg/L 

CB nanoparticle concentration for 2 mm cuvettes submerged in 

variable width of water bath. All samples 10 µM calcein. Data are 

expressed as mean ± SEM based on 3 replicates each.Bio-effects plot 

at 44 mJ/cm2 fluence, 1min exposure using 105 mg/L CB nanoparticle 

concentration for variable cuvette path length (width). All samples 10 

µM calcein. Data are expressed as mean ± SEM based on 3 replicates 

each. 
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Figure A.6 Uptake and viability plot of cells suspension placed in middle cuvette 

and CB nanoparticles placed in waterbath. This design was irradiated 

with 77 mJ/cm2 laser fluence for 1 min. All samples 10 µM calcein. 

Data are expressed as mean ± SEM based on 3 replicates each. 
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Figure A.7 Surface temperature measured at t = 0 and at t = 60 sec for 55 mJ/cm2 

fluence, 1min exposure using 26.3 mg/L CB nanoparticle 

concentration. All of these cases had 2 mm glass cuvettes submerged 

in variable width of water bath. All samples 10 µM calcein. Data are 

representative of 3 independent replicate samples. 
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Figure B.1 A schematic representation (not to scale) of PFC nanodroplets before 

and after laser irradiation 
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Figure B.2 Bio-effects plot for calcein delivery using PFC nanodroplets at 66, 77, 

88 mJ/cm2 for 1 min exposure. All samples 10 µM calcein. Data are 

expressed as mean ± SEM based on 3 replicates each. 
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Figure B.3 Bio-effects plot for calcein delivery using PFC nanodroplets at 88 

mJ/cm2 for variable exposure duration. All samples 10 µM calcein. 

Data are expressed as mean ± SEM based on 3 replicates each. 
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Figure C.1 Bio-effects plot for delivery of 2000 kDa dextran using 29 mJ/cm2 

fluence, 26.3 mg/L CB nanoparticles, a) 200 nm CB nanoparticles 

using 2 mm cuvette, b) 200 nm CB nanoparticles using 5 mm cuvette, 

c) 243 nm CB nanoparticles using 2 mm cuvette, d) 243 nm CB 

nanoparticles using 5 mm cuvette; with varying exposure duration. 

Data are expressed as mean ± SEM based on 3 replicates each. 
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Figure C.2 Bio-effects plot for delivery of 2000 kDa dextran at 33 mJ/cm2 fluence 

using 26.3 mg/L 243 nm CB nanoparticles and 5 mm cuvette for 

varying exposure duration. Data are expressed as mean ± SEM based 

on 3 replicates each. 
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Figure C.3 Bio-effects plot for delivery of 4 kDa to 2000 kDa dextran at 29 mJ/cm2 

fluence for 4 min exposure using 65.75 mg/L 243 nm CB nanoparticles 

and 5 mm cuvette. Data are expressed as mean ± SEM based on 3 

replicates each. 

153 

Figure C.4 Bio-effects plot for delivery of 150 kDa dextran using 33 mJ/cm2 

fluence, 52.6 mg/L CB nanoparticles with varying exposure duration. 

Data are expressed as mean ± SEM based on 3 replicates each. 
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Figure C.5 Bio-effects plot for delivery of 150 kDa, 500 kDa and 2000 kDa dextran 

using 33 mJ/cm2 fluence, 52.6 mg/L CB nanoparticles with varying 

exposure duration. Data are expressed as mean ± SEM based on 3 

replicates each. 
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Figure C.6 Bio-effects plot for delivery of 2000 kDa dextran using varying fluence, 

52.6 mg/L CB nanoparticles with exposure duration of 2 min and 3 min. 

Data are expressed as mean ± SEM based on 3 replicates each. 
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Figure C.7 Bio-effects plot for delivery of 2000 kDa dextran using 33 mJ/cm2 

fluence a) 52.6 mg/L CB nanoparticles and variable exposure duration, 

and b) 52.6 and 65.75 mg/L CB nanoparticles and 2 min exposure. Data 

are expressed as mean ± SEM based on 3 replicates each. 
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Figure D.1 DLS size distribution of CB nanoparticles showing a mean diameter of 

~195 nm with a dispersity of 0.116 for 25 nm CB particles 

167 



 xxi 

Figure D.2 Zeta potential distribution of CB nanoparticles showing a mean Zeta 

potential of -24 mV for 25 nm CB particles. 
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Figure D. 3 (a and b) Correlation between %uptake cells and parameter P. P is the 

product of (peak nanoparticle temperature)2, (total number of 

bubbles)0.5 and (peak bubble radius)0.25 
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Figure D.4 Correlation between %viability loss (non-viable and fragmented) and 

parameter P. P is the product of (peak nanoparticle temperature)2, (total 

number of bubbles)0.5 and (peak bubble radius)0.25 
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Figure D. 5 Correlation between %non-viable cells and parameter P. P is the 

product of (peak nanoparticle temperature)2, (total number of 

bubbles)0.5 and (peak bubble radius)0.25 
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Figure D. 6 Correlation between %fragmented cells and parameter P. P is the 

product of (peak nanoparticle temperature)2, (total number of 

bubbles)0.5 and (peak bubble radius)0.25 
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Figure E.1 Changes in bio-effects due to viscosity increase by adding CMC. 

Distribution of uptake cells, non-viable cells and fragmented cells with 

0.1% w/v and 0.2% w/v CMC or 10% v/v FBS to DU145 cell 

suspension media during laser exposure. Laser exposure was carried 

out at a fluence of 88 mJ/cm2 for 1 min. All samples contained 26.3 

mg/L CB nanoparticles and 10 μM calcein. Viscosity was measured 

using viscometer at 25ºC (Brookfield DV2T, Brookfield AMETEK, 

Middleboro, MA). Data are expressed as mean ± SEM based on ≥ 3 

replicates each. 
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Figure E.2 Changes in bulk -temperature rise measured for various additives. All 

samples contained 26.3 mg/L CB nanoparticles and 10 µM calcein, and 

were exposed to laser pulses for 1 min at 55 mJ/cm2 laser fluence. The 

starting temperature was ambient conditions (i.e., 20 – 25 °C) and the 

temperature was measured using a standard J-type thermocouple. Data 

are expressed as mean ± SEM based on ≥ 3 replicates each 
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SUMMARY 

The delivery of exogenous material inside cells has a variety of applications 

including cellular studies, therapies and diagnostics. A significant resistance to intracellular 

delivery comes from the plasma membrane, which is made of phospholipidic bilayer that 

is amphipathic. This bilayer acts as a barrier to counter the passive transport of molecules.  

There are active transport mechanisms e.g. endocytosis which moves molecules across the 

cell membrane but these pathways often lead to degradation of original molecule, due to 

pH change, thereby discounting and/or completely preventing the interaction with target 

molecule in desired form.  

Numerous technologies employing biological, chemical and physical routes have 

been explored to facilitate this transport. Of these methods, physical route allows for fast, 

cell type independent and often, less immunogenic intracellular delivery, than biological 

and chemical routes. However, several physical methods suffer from poor balance between 

delivery and cell viability loss. Nanoparticle-mediated photoporation allows us to create 

transient cell membrane pores and deliver exogenous molecules into cellular cytosol, by 

irradiating cells suspended with Carbon Black (CB) nanoparticles and delivery molecules, 

with pulsed laser beam. This method leverages thermal and acoustic waves generated by 

laser-nanoparticle interaction to apply external stress on cell membrane, transiently 

permeabilizing them for intracellular delivery. To achieve greater control over delivery, 

we conducted experimental and theoretical studies to understand the role of cellular 

microenvironment on cellular response, caused by nanoparticle-mediated photoporation.  



 xxv 

We investigated the relationship between nanoparticle composition, associated 

transient energy transduction parameters and bio-effects. Efficiency of nanoparticles to 

cause photoporation was found to be linked to their energy transduction capacity, 

specifically; the ability to absorb energy delivered by laser and subsequently dissipate that 

energy into surrounding fluid in thermal and mechanical form. In addition, we 

demonstrated that the power law correlation of energy transduction parameters with bio-

effects, which would further allow us to predict photoporation efficiency of any given 

nanoparticles with known physical, thermal and optical properties. Next, we studied the 

effects of serum addition in cell suspension media on bio-effects and discovered cell 

viability protection during laser irradiation, caused by macromolecules present in serum. 

We demonstrated that the biological activity of proteins is not required for viability 

protection and further showed that certain synthetic polymers perform similar. Finally, we 

studied the dependence of macromolecular delivery on molecular weight and found 

diffusion to be the limiting factor. Consequently, we showed improvement of 

macromolecular delivery by applying low laser fluence for longer exposure duration, 

thereby; bypassing the limitation set by lower diffusivity of high molecular weight 

molecules.  

Therefore, through this work, we showed dependence of cellular response on 

nanoparticles, cell suspension media and delivery molecules, which comprise the cellular 

microenvironment during nanoparticle-mediated photoporation.  
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CHAPTER 1. INTRODUCTION 

With the advancement of biotechnology, numerous new drugs have been 

engineered to work on intracellular targets, which offer the promise of greater drug efficacy 

and specificity. Either these drug molecules can be used for therapeutic purposes such as 

for protein and gene therapy or for diagnostic purposes, such has subcellular interaction 

studies. For example, diseases like neurodegenerative diseases, chronic conditions and 

cancer can be potentially treated through siRNA-mediated gene knockdown [1–3]. For 

these molecules to work, they have to reach their intracellular targets that can be cytosol, 

nucleus, mitochondria, etc. Most of these molecules work by either downregulating or 

upregulating the functionality of their target site.  However, intracellular delivery of 

molecules is restricted by cell membrane. This highly selective phospholipid bilayer forms 

a fluidic barrier between intracellular and extracellular entities, that regulates the flow of 

smaller molecules such as water, oxygen, Ca2+, etc. but does not allow transport of larger 

molecules such peptides, proteins and nucleic acids in and out of cells. There exists a 

natural transport mechanism in eukaryotic cells called endocytosis, which can carry these 

molecules inside the cell membrane. Majority of the intracellular delivery approaches rely 

on this natural transport mechanism, but this pathway often leads to molecular degradation 

due to pH changes and endosomal enzymatic degradation.  

Several techniques involving biological and chemical routes have been explored in 

the literature however; they often come with issues related to low efficacy, cytotoxicity, 

immunogenicity etc. [4,5]. However, physical methods do not rely on endocytosis, which 

adds a big advantage but with a trade-off between delivery efficiency and cellular viability. 
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They work by creating transient membrane pores that are short lived but allow passive 

diffusion of molecules until they reseal. Therefore, in cases where these pores cannot be 

appropriately resealed, higher cell viability loss would occur. Physical delivery methods 

cause cell death by inducing apoptosis, necrosis or cell lysis.  

Recently, Chakravarty [6] used the photoacoustic emission/output ability of CB 

nanoparticles (~200 nm), to deliver small molecule marker compounds (Calcein and FITC-

Dextran). When a system comprising of cells, CB nanoparticles and delivery molecules is 

irradiated with laser beam, the nanoparticles absorb the energy delivered through laser and 

further dissipate the same by heating up the surrounding fluid, creating vapor bubbles. The 

sudden volume change due to this process produces acoustic output and fluid mechanical 

forces, which then interact with the nearby cell membrane exerting external stresses. This 

is believed to lead to the formation of transient membrane pores that allow the delivery 

molecules to diffuse through, to access the cytosol. This whole process of creating 

membrane pores using laser-activated nanoparticle is termed as nanoparticle-mediated 

photoporation. Certain components of the mechanism are still unclear, for example, 

whether the pores are created by the interaction between cell membrane and acoustic 

waves, fluid mechanical forces or thermal output generated by the nanoparticles. Sengupta 

[7,8] and Holguin [9,10] further elucidated the underlying mechanism and studied the 

effects of changing experimental parameters on cellular response. Majority of their work 

was focused on delivering small molecules compounds such as calcein (0.6 kDa) or siRNA 

(13 kDa) [11].  

Previous work had optimized this platform technology to deliver low-molecular 

weight marker compounds (calcein, 0.6 kDa), which resulted in >90% of cells exhibiting 
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intracellular uptake without significant cell viability loss in vitro [12]. Further, Sengupta 

delivered siRNA (13 kDa) to 54% of ovarian cancer cells, which resulted in knockdown of 

targeted EGFR mRNA in ~90% of those cells, verifying the efficacy of this technology 

[11]. Holguin investigated the effects of manipulating cell membrane and cytoskeleton 

[10], and performed studies exploring cellular responses in a wide parametric space [9,13].  

However, there is a lack of knowledge in understanding the role of cellular 

microenvironment (nanoparticles, cell suspension media and the delivery molecules) on 

nanoparticle-mediated photoporation and a need to introduce the ability to deliver larger 

molecular weight substances inside cells. Therefore, the overarching goal of this thesis is 

to determine the relationship between the components of cellular microenvironment and 

subsequent cellular responses (termed as bio-effects) as well as to optimize this platform 

technology for intracellular macromolecular delivery with high cell viability.  

At first, we examine the effects of changing cellular microenvironment by either 

altering the initial experimental conditions or adding new components in the system. We 

sought to develop a correlation between initial physical parameters (such as nanoparticle 

composition), energy parameters (such as total energy delivered to the system, energy per 

particle and energy per mass), transient photoporation parameters and final bio-effects 

(such as percentage of cells with molecular uptake, nonviable cells and fragmented cells). 

This should enable us to predict the ability of a nanoparticle to act as an efficient energy 

transducer and the transient parameters that eventually cause photoporation.  As mentioned 

previously, physical methods suffer from the trade-off between delivery efficiency and cell 

viability. Thus, we have explored the effects of adding serum in our system, which is 

known to provide viability protections to cells under external stress application [14]. Serum 
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simulated internal bodily fluids that are ubiquitously present inside human body and thus 

its effect on nanoparticle-mediated photoporation becomes important.  

Finally, we investigated the reasons behind poor delivery efficiency of nanoparticle-

mediated photoporation to deliver macromolecules and conducted parametric study 

showing ways to improve such low performance. To do so, we varied the size of 

macromolecules ranging from 0.6 kDa to 2000 kDa, and provided operating conditions to 

deliver this wide size range of macromolecules using nanoparticle-mediated photoporation 

combined with lower viability loss trade-off. 
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CHAPTER 2. BACKGROUND 

Before 20th century, the average life expectancy of a person was well below 50 years. 

Majority of the deaths were caused by illness or infectious diseases[15]. With the 

advancement of science and medicine, the average life expectancy saw an increase, largely 

due to improvements in public health caused by disease prevention and cure[15]. In 

addition to drug discovery, design and development, which contributed towards the life 

expectancy increment, drug delivery very recently has started to gain attention, in part to 

increase drug efficiency as well as to reach targets within human body that were not 

explored or not well understood.  

 Drug delivery has evolved from focusing on macroscopic targets in human body 

using mainly oral, topical, nasal and intravenous routes in the early 20th century to 

microscopic targets such as cells in most recent scenarios. This has hugely profited from 

vast increase in knowledge of drug-target interactions and subsequent responses. With this 

advancement, intracellular delivery has garnered tremendous attention since, significant 

number of the drug targets are essentially within cellular or sub-cellular locations. Recent 

biotechnological research has thus focused on developing drug molecules, which can act 

intracellularly, such as RNA interference, cell therapy, protein- and gene-therapy. Some of 

these applications include –  

• Imaging and tracking – Tracking biomolecules is crucial for understanding 

interactions and functions of sub-cellular moieties[16]. For example, cellular and 

subcellular proteins can now be imaged through fluorescent tags[17] whereas, 

transfer ribonucleic acids (tRNAs) can be used to track real time protein synthesis 
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inside cells[18]. In addition, intracellular movement of molecules such as siRNAs 

can be tracked using fluorescently labeled molecules[19] and even help develop 

sub-cellular biosensors[20].  

• Cellular engineering and therapy –  It has been shown that there are more than 

3000 genomic mutations that can lead to health complications however, those can 

be mitigated using therapy[4]. Most advanced therapeutic approaches include 

nucleic acid modification within diseased cells. Some of these therapeutic 

advances have been made using zinc-finger nucleases (ZFNs), transcription 

activator-like effector nucleases (TALENs) and clustered regularly interspaced 

short palindromic repeats (CRISPRs) for cancer treatment, genetic disorders and 

acquired diseases[21]. Additionally, genomic modifications and enhancements 

have provided with opportunities to further understand the disease propagation as 

well develop strategies for therapy. For example, induced pluripotent stem cells 

(iPSCs) have been produced by expressing a combination of transcription factors 

to induce a pluripotency state in somatic cells. iPSCs have applications in drug 

molecule screening as well as gene- and cell-based therapies. These iPSCs can be 

produced through intracellular delivery of mRNA[22], miRNA[23] and 

proteins[24].  

2.1 Challenges of intracellular delivery 

 Utilizing traditional delivery methods make drug molecules face several challenges 

such as acidic stomach environment, first-pass effect of liver and poor absorbance by 

intestine. Direct intracellular targeting using other delivery methods such as use of viral 



 7 

vectors; liposomes have thus gained traction.  However, arguably the biggest challenge for 

intracellular delivery is the presence of the cell membrane, majorly comprised of 

phospholipidic bilayer that controls the transport of substances in and out of cells.  

 Cellular membrane is an exclusive feature found in eukaryotic cells that enclose the 

cell volume and regulate the transport of materials in and out of cells. The widely accepted 

fluid-mosaic model[25] (introduced in 1972) proposes that the membrane consists of 

phospholipids, cholesterol, carbohydrates and proteins (Figure 2.1). The amphipathic 

phospholipids, arranged in bilayer, encircle the cell volume with the hydrophobic non-polar 

chain of the lipids embedded together in the inside and the hydrophilic polar head at the 

interior and exterior surfaces. This arrangement is thermodynamically favorable because it 

minimizes interaction between the non-polar chains and the surrounding fluid. In between, 

lie integral membrane proteins that have a hydrophobic region anchored to the hydrophobic 

core of the lipid bilayer. The other portion of these proteins are exposed to the intra and/or 

extracellular region. These proteins regulate the flow of ions and small molecules. There 

are peripheral proteins that do not have any part attached to the hydrophobic core of lipid 

bilayer but are rather attached to external surface of either integral proteins or 

phospholipids. Cholesterol is also present among the phospholipid bilayer and are used to 

maintain fluidity of the membrane packing[26]. 

There are embedded proteins (called glycoproteins) and lipids (called glycolipids) 

with carbohydrate attached, exposed to the extracellular region. These carbohydrates help 

in cell-to-cell communication as well as attract water to the cell surface. There have been 

proposed advancement of this model but the basic premise remains the same[26].  
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Figure 2.1: Components of cell membrane[27]. Small essential molecules are 

delivered across cell membrane through active transport channels while natural 

transport of larger foreign molecules is only possible through endocytosis.  

 Molecules such as water, carbon dioxide and oxygen are transported through 

passive diffusion caused by concentration gradient. Polar molecules such as chloride 

require facilitated diffusion with the help of channel or carrier proteins. The movement still 

happens in the direction of concentration gradient. Further, certain molecules (such as Na+ 

and K+) move against the concentration gradient through active transport mechanisms that 

require energy consumption. Transport happens through carrier proteins and the required 

energy is supplied by the hydrolysis of ATP. A typical example is the active sodium-

potassium pump that maintains higher concentration of Na+ in the extracellular region and 

higher concentration of K+ in the intracellular region.  

 There are two mechanisms by which cells import and export larger molecules and 

particles, since these are too big to be transported through the above-mentioned 

mechanisms.  While endocytosis helps move substances (sometimes even a whole cell) 
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into a cell, exocytosis moves waste material and other macromolecules out of the cell. 

Endocytosis is further categorized into two different types – Phagocytosis and Pinocytosis. 

Phagocytosis is the process through which cells engulf particles such as macromolecules, 

bacteria or even whole cells. It starts with the formation of pseudopodia (an extension of 

plasma membrane) around the particle, which eventually surrounds it and then fuse 

together to form phagosome. Next, the phagosome merges with a lysosome that enables 

breakdown of the enclosed substance. After the useful nutrients are extracted, the debris is 

released extracellularly through endosomal escape. Pinocytosis, on the other hand, is the 

process through which cells engulf molecules as well as surrounding fluid. The subsequent 

vesicle may not merge with lysosome.  

Additionally, there also exists receptor-mediated endocytosis that results from a 

receptor-ligand interaction. There are receptors present on the exterior surface of plasma 

membrane that have affinity towards certain specific ligands. These ligands could be 

present in macromolecules and help them bind to the receptors after which, a vesicle 

surrounding the macromolecules is formed. These vesicles then fuse with endosomes, 

which allows the substance to get transported to lysosomes and then released to 

extracellular region. 

2.2 Current intracellular delivery methods -  

The efficacy of molecules targeting intracellular moieties is dependent on their 

delivery efficiency. Crossing cell membrane to reach the target location has always been 

challenging since this fluidic membrane only allows passage to small molecules. 

Researchers have investigated different biological, chemical and physical routes to 



 10 

overcome this barrier. While biological and chemical methods still utilize endocytosis, 

physical methods depend on transient pore formation on the cell membrane surface. Some 

of these methods are described below. 

2.2.1 Biological methods –  

2.2.1.1 Viral vectors –  

Viral vectors have been the most commonly used biological method for plasmid 

and gene delivery. Viruses work by attacking and introducing their genetic materials into 

the host cell. These cells can then reproduce copies of the delivered genetic material. 

Researchers have used this virus property to deliver materials that can correct the genetic 

encoding of a diseased cell.  Viral vectors can be categorized into two types – integrating 

viral vectors, that can integrate into host genome and non-integrating viral vectors, that do 

not into the DNA and thus expression is lost during cell division. The process of 

introducing therapeutic genetic material into a host cell is called transduction[28]. Several 

different types of viral vectors such as retroviruses[29], lentiviruses[30], and 

adenoviruses[31] have been used to infect cells with target DNA and RNA, following 

which, cells replicate the desired genome through gene expression[32].  

Although there are a few FDA approved products in market[33,34], immunogenic 

responses have placed the greatest hurdles in the accelerated advancement of viral 

vectors[35]. Unwanted gene mutation and over expression have been causes for concern 

related to viral vectors’ use as gene delivery vehicles (GDV). They also rely on endocytic 

pathway to enter cells, which can lower the therapeutic efficacy. 
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2.2.1.2 Bactofection –  

Bacteria strains, such as Listeria monocytogenes[36], certain Salmonella 

strains[37], Bifidobacterium longum[38], and modified Escherichia coli[39] have also 

been developed for transgene delivery. These have been delivered inside body either 

orally[40] or intravenously[41]. Once near the target cells, they utilize the endocytic route 

to enter the cell and then depend on endosomal escape to reach the cytoplasm. 

Subsequently they can either utilize the host-cell mediated gene expression or produce and 

secrete the transgene product themselves[42]. Ease of production of such bacteria makes 

this route cost efficient and long-term stability of bacterial expression has been shown to 

be attainable.  

However, bacterial toxicity is a cause of concern. Bacterial GDVs also become 

unsafe and ineffective due to the presence of neutralizing antibodies present inside 

mammalian bodies[43]. Several studies have investigated bacterial GDVs for cancer gene 

therapy[44], DNA vaccination[36] and genetic disorders[45]. However, the transgene 

expression have been generally low compared to other delivery methods[46]. 

2.2.2 Chemical methods –  

Due to the immunogenic responses caused by biological carriers, alternate delivery 

routes[47] have been investigated recently. These are based on either encapsulating the 

drug inside polymeric nano-carriers and liposomes or adsorbing/conjugating them on the 

surfaces of these particles. Due to the anionic nature of cell membrane, cationic 

polyplexes[48] and lipoplexes[49] have been commonly used which can lead to favorable 

interaction between the both. Once close/bound to the proteoglycans on cell surface, these 
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nano-carriers get internalized through endocytic route, which does present its own 

challenges.  

However, the degradation of these nanoparticles during the endocytic pathway can 

work in favor by releasing the desired drug molecules inside cells. It has been shown that 

the delivery efficiency is also affected by the size of these nano-carriers[50]. The enhanced 

permeability and retention (EPR) effect of tumors due to leaky vasculature, has also been 

exploited to design nanoparticles for targeted cancer treatment[51]. Several other 

properties such as nanoparticle shape[52], stiffness[53], charge[54], surface 

functionalization[55] can also alter the delivery efficiency and have been investigated in 

literature[56].  These non-biological GDVs offer lower immunogenicity, can deliver larger 

payloads and are easier to synthesize[57]. However, poor in vivo efficiency and lower long-

term expression of target genes have been restricted their use in clinical studies[58]. 

2.2.3 Physical methods –  

2.2.3.1 Electroporation –  

Under the application of high voltage electric pulse, the phospholipidic bilayer of 

cell membrane opens temporarily, allowing the extracellular molecules to travel through 

and access the cytosol[59].  This method is significantly popular for delivering charged 

macromolecules and offers advantage in terms of ease of use, fast and high transfection 

rate, pore size control, smaller drug concentration and bypassing the endocytic pathway 

completely. Operating conditions including electric field strength, pulse length, number of 

pulses, time between two pulses, etc. can be optimized to deliver wide size range of 

molecules[60]. Electroporation has been shown to be useful to deliver drugs, antibodies, 
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oligonucleotides, proteins, RNA, DNA and plasmids in vivo for clinical, biotechnological 

and biomedical applications[60,61]. Permanent cell damage and non-specific transport are 

major challenges for this method. Researchers are currently working on developing 

microscale electroporation as an alternative to overcome those challenges. It offers single 

cell electroporation with more symmetrical and uniform electric field[62]. 

2.2.3.2 Ultrasound –  

Ultrasound has been used commonly for cancer diagnostic purposes in recent years. 

They make use of the Ultrasound Contrast Agents (UCAs) that are micron sized 

encapsulated gas bubbles[63]. These UCAs can selectively adhere/relocate near tumor site 

exploiting the leaky nature of blood vessels surrounding the tumor tissue, after being 

injected into the blood stream. Under the application of ultrasound waves, the UCAs 

contract and expand due the changes in applied pressure[64]. This feature can be detected 

by while imaging the tumor tissue, which will produce a different acoustic output due to 

the presence of UCAs, hence providing a clear contrast between a normal and a tumor 

tissue[65]. However, gas bubbles can be designed to collapse or oscillate causing acoustic-

cavitation or acoustic-induced bubble activity that subsequently generate acoustic energy 

with compressive and tensile strength. The acoustic output can transiently disrupt the cell 

membrane, allowing delivery of nearby drug molecules.  

This method is termed as “sonoporation” and has been extensively investigated to 

deliver wide variety of small molecule, macromolecule and genetic materials diseased 

cells[66,67]. Ultrasound-mediated poration offers non-invasive, fast and ability to deliver 

to heterogeneous categories of cell types[68]. However, ultrasound mediated poration also 
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compares lower to electroporation in terms of reporter gene expression[69]. Similar to 

electroporation, trade-off between cell viability and delivery efficiency is the biggest 

concern, which has prohibited an extensive use of this method for drug delivery purposes.  

2.2.3.3 Microinjection –  

Microinjection involves use of glass pipette to manually inject molecules into 

cytoplasm or nucleus[70]. Though this approach proposes high transfection rate, it has to 

be done on a cell-by-cell basis by trained professional, which limits its usage in drug 

delivery applications[71]. Several advancements in terms of using automated[72], micro-

capillary and computer-aided systems have enabled to increase the transfection efficiency 

to upto 1500 cells per hour[73].  However, this approach has been used to successfully 

deliver DNA[74] and RNA inside living cells and study single cell responses to 

complicated stimulations as well to show efficacy[72,75]. 

2.2.3.4 Microfluidics –  

Several cell biology studies have been done using microfluidic devices for cell 

sorting and separation based on size, shape density, deformability, Magnetic susceptibility, 

polarization, charge density, fluorescent label, etc[76]. A common example would be 

separation of T lymphocytes (CD4+) from whole blood for diagnosis and treatment of HIV. 

Researchers have further modified this device to cause transient cell deformation by 

making the cells flow rapidly through microfluidic constrictions with abrupt, stepwise 

compression profiles[77]. Subsequently, transient cell deformation takes place, allowing 

cells to uptake fluid from the surrounding environment[78]. This transient behavior has 

been utilized to deliver wide size range of macromolecules with cells showing successful 
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expression of EGFP after EGFP mRNA and Plasmid delivery[79,80]. Though this 

approach gave high delivery efficiency, it is still in early stages of development and limits 

the drug delivery ability to in vitro only 

2.2.3.5 Magnetofection -  

Magnetofection involves using external magnetic field to concentrate and localize 

magnetic nanoparticles, such as iron oxide coated with cationic polymers and nucleic acids 

attached to the surface, near target cells and tissues[81]. Subsequently these nanoparticles 

get internalized by cells through endocytosis, delivering the payload inside cellular cytosol. 

Parameters such as contact time, nanoparticle concentration, surface properties as well as 

magnetic field strength have been varied to increase the delivery efficiency[82,83]. 

However, the nanoparticle size, blood flow rate and magnetic force field required, place 

restriction on the potential applications.  

2.2.3.6 Gene gun –  

Gene gun (or biolistic or particle bombardment method) works by shooting high-

velocity nanoparticles, coated with DNA or other genetic materials, into cells or tissues. It 

was first developed in 1980s for plant gene transformation[84] using gold nanoparticles. It 

was further used for in vivo transformation in mammalian cells[85]. It promises fast, easy-

to-use and flexible method avoiding endocytic pathway for delivering desired molecules 

in small amount, and has shown good transfection efficiency[86]. Particle size, density, 

bombardment force, DNA concentration are some of the parameters which govern gene 

gun transfection efficiency[87]. Pre-clinical and clinical studies on human subjects for 

DNA vaccination using gene gun revealed potent cell mediated responses. Subsequently 



 16 

numerous DNA vaccination studies are underway for diseases such as influenza, HBV, 

HIV and Cancer[88,89]. Limited transfection efficiency for larger and deeper area, high 

humoral immune response[90] as well as cost of operation and pure gold nanoparticles 

have been major challenges[91], which are needed to be addressed before utilizing gene 

gun for future applications. 

2.2.3.7 Impalefection (nanoneedles, nanofibers and nanowires) –  

Nanometer scale structures such as nanotubes, nanofibers and nanowires can be 

coated with desired molecule and used to puncture the cell membrane by aligning them 

perpendicularly to the cell surface. This method of intracellular delivery is commonly 

referred as “Impalefection” and has been explored in literature to deliver genetic materials 

inside live cells[92]. Small hairpin RNA[93] (shRNA) and DNA[94] molecules have been 

delivered inside cell nucleus using carbon nanofiber arrays bypassing the extracellular and 

cytosolic degradation. Due to the complexity of scale (which has also restricted the 

progress of this method as a therapeutic platform), several fabrication methods have been 

investigated[95]. 

2.2.3.8 Nanoparticle-mediated membrane disruption -  

Membrane disruption using nanoparticles have often been explored to analyze the 

associated cytotoxicity of nanoparticles[96]. In particular, carbon nanotubes have been 

shown to cause cell damage through membrane disruption upon direct contact due to their 

cylindrical shape and high aspect ratio[97,98]. Recently CNTs were shown to assist in 

nucleic acid delivery into plant cells by creating transient openings on the cell wall and 

membrane[99]. Additionally, negatively charged oxidized carbon nanoparticles have also 
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been shown to penetrate mammalian cell membrane and enable direct delivery of nucleic 

acid and antibody cargo[100,101]. However, all these methods involve direct contact with 

the cell membrane and thus raise toxicity and clearance issues.  

2.2.3.9 Laser-assisted membrane disruption – 

Recently, laser beam has been utilized for intracellular drug delivery applications. 

Generation of transient cell membrane pore to facilitate intracellular delivery of molecules 

using laser exposure is often termed as photoporation[102]. Pores can be formed either 

through direct interaction with laser beam[103], called “direct laser-induced 

photoporation” or through energy dissipated by laser-nanoparticle interaction[104], called 

“nanoparticle-mediated photoporation”. Direct laser-induced photoporation involves a 

focused laser beam on cell membrane causing pore formation through following three 

routes[102]  a) photothermal route – local temperature increase because of photon 

absorption by water or membrane molecules b) photomechanical route – pore formation 

through thermoelastic stress or cavitation bubble formation due to pulsed laser exposure 

and c) photochemical route – pore formation due to local photodissociation or ROS 

generation through laser exposure.  

Trade-off between delivery efficiency and cell viability is the biggest concern of 

creating cell membrane pores using external physical forces and thus there still exists a 

need to develop a platform technology that can help deliver molecules inside cells while 

preserving cell viability. For this purpose, we are exploring nanoparticle-mediated 

photoporation as an alternative platform for intracellular delivery of molecules and is 

described in detail, in the next section.  
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2.3 Nanoparticle-mediated photoporation –  

Nanoparticle-mediated photoporation refers to the use of nanoparticles to create 

localized pores on cell membrane through laser irradiation. The nanoparticles act as energy 

transducers by absorbing energy delivered through laser and further dissipating the energy 

to create membrane pores[105]. This process can be optimized to generate short-lived pores 

allowing the uptake nearby molecules before the membrane reseals back again. This 

method bypasses the endocytic pathway and thus offer a viable alternative for efficacious 

drug delivery.  

LASER stands for light amplification by stimulated emission of radiation. A laser 

beam is created by exciting a gain medium through an electrical or a light source. When 

the number of atoms in excited state (in the gain medium) becomes greater than number of 

atoms in ground state, the medium gets activated because of this population inversion, 

releasing coherent (same wavelength) excited photons.  At this point, the rate of emission 

becomes greater than absorption and thus the light gets amplified. The emitted coherent 

beam is reflected back and forth between two reflecting mirrors. One of the mirrors 

however, has a partial transparent cavity in the middle and allows the centerline coherent 

beam to be transmitted through.  

A laser light can differ based on the type of gain medium and energy source used as 

well as its output characteristics. The laser output can be either continuous or pulsed. The 

continuous beam has constant output amplitude that requires continuous population 

inversion. This can be achieved by continuous high input power supply, which can severely 

limit their usage due to heat generation and associated internal damages to gain media. On 
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the other hand, output of the pulsed laser light varies with time, alternating between ON 

and OFF periods. It can be used to deposit high energy in a very short time duration. The 

pulse duration can vary depending on the material used. For example, Ti:Sapphire laser 

can produce femtosecond pulses while an Nd:YAG laser can produce nanosecond pulses.  

The first functioning laser was assembled and operated in Hughes Research 

Laboratory, California by Theodore H. Maiman on May 16, 1960[106]. Two years later, 

Leo Goldman used laser beam to remove tattoo in his dermatology profession[106]. In 

subsequent years, use of laser for surgical purposes grew because of the ability to focus a 

laser beam at a small spot with precision. Most of the surgical procedures utilized 

dependent on thermal effects of laser and tissue interaction. Lasers have then been 

frequently used in (but not limited to) ophthalmology[107], lithotripsy[108,109], 

gynaecology[110], gastroenterology[111], otolaryngology[112], dentistry[113] and 

dermatology[114]. Laser has also had applications in photodynamic therapy (PTD) for 

cancer tumor ablation[115]. Laser wavelength, laser energy, output mode, and laser 

exposure duration are chosen based on the application.  

2.3.1 Laser – nanoparticle interaction –  

Nanoparticles, when irradiated with a fixed wavelength laser beam, can act as 

energy transducers by absorbing the energy delivered through laser beam and dissipating 

energy into surroundings in the form of heat. The ability to act as an energy transducer is 

dependent on the nanoparticle’s physical, thermal and optical properties. This laser – 

nanoparticle interaction feature has been used in various forms to either kill the target cells 

or deliver molecules inside them by creating cell membrane pores. 
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2.3.2 Introduction to thermal ablation – 

Nanoparticles such as gold can absorb near-infrared laser and act as local heat 

source for thermal ablation, when placed in contact or near cancer cells. This method of 

cancer therapy is often termed as “photothermal therapy (PTT)” and has been exploited to 

ablate tumoral cells[116]. For example, researchers have shown its effectiveness in murine 

colon carcinoma subcutaneous tumor model, where complete destruction of malignant 

tumors was achieved[117].  

They delivered nanoparticles intravenously and relied on leaky tumor vasculature 

and EPR effect to deposit the nanoparticles near or within tumor site. PTT has also been 

used in conjunction with other therapies to increase efficacy[118]. However, not all 

mammalian cancer cells are equally sensitive to hyperthermia due to the role of heat shock 

proteins (HSPs)[119]. Due to mutations, some cells can have under-expressed HSPs and 

thus become more sensitive to heat. However, increased expression of HSPs can provide 

protection against thermal sensitivity and reduce cell death, which makes PTT unreliable.  

2.3.3 Introduction to photoacoustics – 

Photoacoustic (also referred to as optoacoustic) effect was first discovered by 

Alexander Graham Bell in 1880, when he found that acoustic waves were generated 

through light absorption by selenium[120].  He proposed using this feature in making a 

photophone, which would use light energy to transmit sound. Biggest application of this 

phenomenon has been in photoacoustic imaging, which uses laser light as an excitation 

source, and ultrasound imaging to detect acoustic waves generated from excited targets 

such as nanoparticles[121]. The mechanism of photoacoustic imaging generation involves 
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light irradiation of suitable particles to deposit heat and subsequent dissipation of heat in 

liquid media. This results in pressure wave generation, which can propagate through the 

medium and be detected by ultrasound receiver. Researchers have exploited this feature to 

offer high spatial resolution while imaging internal organs[122], even at cellular level[123].  

Various nanoparticles have been used as energy transducers to generate 

photoacoustic effect. Gold nanoparticles and its conjugations have been most commonly 

used for studies related to imaging, therapy and drug delivery, due to their ability to absorb 

NIR laser beam. Recently CB nanoparticle suspension was shown to generate 

photoacoustic shock, when irradiated with short laser pulse[124]. Researchers attributed 

this photoacoustic effect on high temperature chemical reaction between surface carbon 

and surrounding water.  

When irradiated with pulsed laser light, the suspended CB particles absorb the 

energy delivered and heat up, raising the surface temperature. Subsequently, the energy 

gets dissipated to the surrounding fluid, causing vapor generation. Earlier, researchers 

claimed that this vapor reacted with surface carbon to initiate endothermic carbon-steam 

reaction. The combination of both vapor generation and carbon-steam reaction contributed 

to rapid volume expansion of gas bubble causing cavitation bubble dynamics and 

subsequent acoustic wave output[124,125].  

2.3.4 Introduction to photoporation –  

The generation of pressure (acoustic) waves and associated cavitation dynamics 

through laser irradiation of CB suspension was seen to be analogous to ultrasound-

mediated cavitation where ultrasonic energy is used to implode suspended gas bubbles. 
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This process releases huge energy in short timeframe, resulting in high velocity fluid flow 

locally as well as shock wave generation. This feature has been used in ultrasound-

mediated drug delivery. Their fundamental similarity with CB mediated photoacoustic 

effects motivated researchers to explore the possibility of drug delivery using laser 

activated CB nanoparticles.  

Chakravarty et. al. first demonstrated the use of CB to efficiently deliver fluorescent 

molecules inside multiple cell types[126]. Using Ti:Sapphire femtosecond laser, her work 

focused on optimizing delivery conditions, which resulted in uptake of smaller calcein 

molecules by 90% cells while maintaining greater than 90% viability[6]. Chakravarty also 

delivered BSA and DNA molecules but at a much lower efficiency[6]. She proposed 

transient permeabilization of cell membrane due to interaction between photoacoustic 

forces and cell membrane. Her experiments concluded that long-lived end products 

generated by carbon-steam reaction were not responsible for molecular uptake by 

cells[126] as opposed to the earlier findings[6]. She also showed that gold nanoparticles 

were not able to provide efficient molecular delivery at similar experimental conditions[6]. 

Further studies demonstrated that the delivery efficiency depended on molecular size, CB 

nanoparticle shape, size and concentration as well as laser energy[127]. 

CB dispersion is inert and relatively non-toxic to human body[128]. Traditionally, 

carbon has been used since ancient times, namely India Ink and charcoal for ornamental 

and official tattoos. Colloidal carbon is well tolerated by human body[129] and has been 

used extensively for biological experimentation[130]. Carbon particles are deposited in 

lymph nodes, which further drain into vascular circulation. They usually get cleared from 

bloodstream by macrophages[131] and platelets. This unique feature of CB in combination 
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with being broad-spectrum absorber of laser light made it an ideal candidate for further 

research. Therefore, subsequent work by Sengupta focused on using CB nanoparticles and 

optimizing the experimental parameters around it to maximize molecular delivery and 

develop an understanding of the process. The femtosecond laser was also replaced by 

nanosecond laser due to cost benefits and ease of manipulation.  

Sengupta looked into the underlying mechanism of CB nanoparticle-mediated 

photoacoustic wave generation and cell membrane poration and concluded that neither 

thermal expansion of CB nanoparticles nor carbon-steam chemical reaction play significant 

role on cellular pore formation[7]. Transfer of momentum and/or heat from the vapor 

bubbles to the cells were proposed to be the dominant mechanisms of energy transfer that 

lead to cell membrane poration and intracellular delivery of molecules[7]. They also 

studied the delivery efficiency of calcein and FITC-Dextran in two different cells lines 

(DU145 and H9c2)[12] and optimized the laser fluence, CB nanoparticle concentration and 

number of laser pulses to deliver calcein molecules to more than 90% of cells while 

maintaining almost 100% cell viability. To mitigate cell viability loss at high laser fluence 

during photoporation, Sengupta added poloxamers (Pluronic F68 and F127) to cell 

suspension media that caused enhanced cell membrane resealing after pore formation[132]. 

This resulted in cell viability increase leading to higher percentage of cells with molecular 

uptake. Additionally, to demonstrate the efficacy of this methodology, they delivered anti-

EGFR siRNA to ovarian cancer cells (Hey A8-F8) and showed 49% knockdown of EGFR 

expression compared to negative control[11].  

To understand the role of cellular mechanics on nanoparticle-mediated 

photoporation, subsequent studies were performed by Holguin, who altered the cell 
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membrane fluidity (using methyl-b-cyclodextrin and water-soluble cholesterol) and 

cytoskeleton stability (using latrunculin A and jasplakinolide). Experimental results 

revealed that destabilization of cytoskeletal actin filaments increased cellular viability and 

molecular uptake[10]. However, stabilizing actin filaments did not significantly affect 

molecular delivery efficiency. Changes in cell membrane fluidity also did not significantly 

affect photoporation and molecular delivery efficiency[10]. 

Holguin also studied the effect of energy delivered into the system by varying 

number of laser pulses, laser fluence and CB nanoparticle concentration. One crucial 

outcome of this study was that the total bio-effects (combination of cells with molecular 

uptake, non-viable cells and fragmented cells) were found to increase with increase in 

energy delivered[9]. However, she presented the bio-effects caused by nanoparticle-

mediated photoporation in three different zones. At low number of laser pulses, laser 

fluence and CB nanoparticle concentration (i.e. low energy delivered), bio-effects mainly 

comprised of viable cells with significant molecular uptake and very low to low viability 

loss due to cell death and fragmentation. This was the first bio-effects zone. At higher 

energy delivered conditions, viability loss due to cell death increased and viable cells with 

molecular uptake decreased. This was second bio-effects zone. At even higher conditions, 

most of the cells became fragmented and viable cells with molecular uptake became low. 

This was the third bio-effects zone.   

These results were concurrent with previous studies[12,127] and provided a 

baseline behavior for intracellular delivery using CB nanoparticle-mediated photoporation. 

Holguin also compared the effects of CB nanoparticles, single-walled carbon nanotubes 

(SWCNT) and multi-walled carbon nanotube (MWCNT) on photoporation and 
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intracellular delivery of molecules[13]. With increase in laser fluence, CB nanoparticles 

showed initial rise in molecular uptake that peaks at a certain laser fluence and then 

decreases.  The observed bio-effects is then dominated by non-viable cells and eventually 

by fragmented cells. However, this trend was not found with SWCNTs and MWCNTs. 

SWCNTs had very little bio-effects at lower fluences and significant non-viable and 

fragmented cells at high fluence, but not cells with molecular uptake. MWCNTs showed 

increasing cellular uptake with increase in laser fluence (though over a broader fluence 

range compared to CB nanoparticles) which then transitioned into fragmented cells. Very 

few cells became non-viable over this fluence range contrary to the stepwise change 

observed in suspensions containing CB nanoparticles.  

Thus overall, Chakravarty first demonstrated the use of CB nanoparticles and 

pulsed laser interaction to cause cell membrane poration and intracellular molecular 

delivery. Sengupta then further optimized the laser fluence, CB nanoparticle concentration 

and number of pulses to deliver 0.66 kDa calcein molecules to more than 90% of cells. He 

also studied the underlying mechanism and proposed that nanoparticles act as energy 

transducers, absorbing energy from laser beam and dissipating heat to surrounding fluid 

media, which causes vapor bubble formation leading to thermal, acoustic and fluid 

mechanical force output. These forces interact with nearby cell membrane and create pores, 

which can be used as a passage to deliver molecule inside cells. Sengupta demonstrated 

that poloxamers can be used to increase cell viability during photoporation and showed the 

efficacy of this intracellular delivery method by delivering anti-EGFR siRNA that caused 

subsequent gene knockdown in 49% of ovarian cancer cells. Recently, Holguin 

investigated the relevance of cellular mechanics as well as different carbon material shape 
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on photoporation and molecular delivery. She also studied the correlation between total 

energy delivered by varying initial operating parameters and concluded that bio-effects 

increased with increasing energy delivered.  

 

Figure 2.2: A schematic representation of intracellular delivery using nanoparticle-

mediated photoporation (not to scale). 

However, there still exists a need to explore how the cellular microenvironment 

affects photoporation and associated bio-effects. Therefore, this thesis is aimed at 

elucidating the effects of changing nanoparticle composition, cell suspension media and 

molecular weight of the target delivery molecule.  

i) Nanoparticles made of several different materials as well as varying in structure 

and size were chosen to study the effects of physical, thermal and optical 

properties. Subsequent studies were done to extend the understanding of 

transient properties directly associated with cell membrane pore formation.  

ii) Cell suspension media was altered by adding varying percentages of serum 

(since they are known to assist in intracellular drug delivery) and subsequent 
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studies were performed to understand their effects on nanoparticle-mediated 

photoporation.  

iii) Lastly, the effect of changing the size of delivery molecules was analyzed and 

subsequent studies were done to increase the delivery efficiency of high 

molecular weight molecules. 
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CHAPTER 3. RELATIONSHIP BETWEEN BIO-EFFECTS OF 

NANOPARTICLE-MEDIATED PHOTOPORATION AND 

ENERGY TRANSDUCTION PARAMETERS   

3.1 Introduction 

Many targets for therapeutic and diagnostic medical purposes, as well as basic 

research investigations, are located inside cells. As a consequence, intracellular delivery 

systems have been widely researched to reach these intracellular targets.  Majority of 

intracellular delivery systems have relied on viral vectors to transfect cells with nucleic 

acids[133]. Although, there are a few FDA approved products in market[33,34], 

immunogenic responses and other safety concerns have placed hurdles in the more 

widespread use of viral vectors[35,133]. Researchers explored alternative methods by 

using polymers[134], peptides[135], cationic lipids[136] and dendrimers[137] for 

intracellular delivery, which resulted in an expansion of delivery molecules from nucleic 

acids to variety of proteins, synthetic nucleases and molecular probes[138]. However, these 

delivery methods relied on endocytic pathway to cross the cell membrane that often leads 

to molecular degradation[139].   

Thus, different routes of intracellular delivery have garnered attention, which include 

application of external stress on cell membrane causing direct poration of cell membrane, 

thus avoiding endocytosis. Electroporation[140] has been the most common method, which 

destabilizes the cell membrane due to build-up of charge on the cell surface generated by 

a pulsed electric field to create transient membrane pores. Additionally, researchers have 
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used sonoporation[141], magnetofection[81], microfluidics[17] among other methods to 

further explore the use of external stress application for intracellular delivery. However, 

physical delivery methods often encounter trade-off between cell viability and molecular 

uptake[91,142].   

Recently, nanoparticle-mediated photoporation was presented as a novel method to create 

transient membrane pores, which enabled delivery of molecules to up to ~90% of cells with 

insignificant viability loss[12].  Using this approach, a suspension of cells is mixed with 

CB nanoparticles and desired delivery molecules, and then irradiated with nanosecond (or 

faster) pulsed near infrared (NIR) laser beam of 1064 nm wavelength. The CB 

nanoparticles absorb laser energy and then dissipate the energy in form of thermal and 

acoustic outputs as well as fluid flow. This energy concentration and subsequent 

transduction generates short-lived vapor bubbles around each nanoparticle as long as the 

temperature is sufficiently high to vaporize surrounding water[6,12]. The resulting energy 

interactions can create external stress on cell membrane, leading to membrane disruption 

that allows desired molecules to diffuse through the transient pores. At optimal conditions, 

the cell survives this process, but sub-optimal conditions can lead to loss of cell viability. 

Thus, the whole process involves several energy transfer steps from laser to nanoparticle, 

nanoparticle to surrounding media and then from media to cell membrane, as shown in 

Figure 3.1 
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Figure 3.1: Schematic representation of energy transfer steps involved in 

nanoparticle-mediated photoporation. During laser irradiation, first energy transfer 

happens from laser to nanoparticles that causes nanoparticle temperature to rise. 

Second energy transfer happens from hot nanoparticle to surrounding fluid media. If 

temperature of nanoparticle becomes greater than 100oC, surrounding fluid starts to 

vaporize and causes rapid volume expansion. Third energy transfer happens from 

cell suspension media to cell membrane, where the acoustic and thermal energies 

emitted by nanoparticle, in combination with fluid flow interact with cell membrane 

and cause pore formation 

We can break this process down into a series of steps (Figure 3.2). First, energy is 

emitted from the laser, which is controlled by parameters such as laser fluence, wavelength, 

pulse length and number of pulses (i.e., laser operating parameters). Next, energy is 

absorbed by CB nanoparticles (making them hot), which is controlled by parameters such 

as nanoparticle optical, thermal and physical properties like material, size and shape, as 

well as nanoparticle concentration (i.e., nanoparticle parameters). At 1064 nm wavelength, 

very little laser energy is absorbed by water, cells or anything other than the CB 

nanoparticles. 
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Figure 3.2: A schematic representation of the relationship of factors influencing the 

energy transfer process from laser to nanoparticle to fluid medium and cells that lead 

to bio-effects. 

The amount of energy absorbed by the nanoparticles can be characterized in multiple 

ways, such as the total energy absorbed, energy absorbed per nanoparticle and energy 

absorbed per nanoparticle mass (i.e., energy absorption parameters). Finally, energy 

absorbed by the CB nanoparticles is then emitted to the surrounding water, which can be 

vaporized, and transferred to nearby cells to cause bio-effects, which is controlled by vapor 

bubble size, temperature and number of bubbles, among other parameters (i.e., energy 

transduction parameters). 

In this study, we consider how these various parameters influence cellular bio-effects 

such as intracellular delivery, loss of cell viability and cell fragmentation, which are 

believed to be the result of progressively stronger forms of energy transduction to the cells. 

Prior work has considered relationships between bio-effects and laser operating 

parameters, which has shown correlation [9]. In this study, we seek to examine 

relationships between bio-effects and parameters that are closer in the energy transfer 



 32 

process to the cellular impact, namely the nanoparticle absorption parameters, energy 

parameters and energy transduction parameters. We hypothesize that the energy 

transduction parameters will correlate best with bio-effects as they are likely more closely 

related to the mechanism of action since they characterize the energy transduced to the 

cells, rather than further upstream processes.  

3.2 Materials and methods 

3.2.1 Cell culture  

DU145 human prostate carcinoma cells (American Type Culture Collection, 

Manassas, VA) were cultured in adherent tissue culture flasks. Roswell Park Memorial 

Institute (RPMI) 1640 Medium (Cellgro, Herndon, VA) with 10% Fetal Bovine Serum, 

FBS (Corning, Palo Alto, CA) and 1% Penicillin-streptomycin (P/S) (Cellgro) were used 

as media for cell growth during incubation period. Culture flasks containing cells were 

incubated at 37oC, 5% CO2 and 98% relative humidity levels for growth. After 85% surface 

confluency was reached, cells were harvested using 0.25% Trypsin/EDTA (Cellgro). 

Subsequently, these cells were suspended in RPMI at a concentration of 106 cells/mL for 

experiments. 

3.2.2 Nanoparticle dispersion preparation 

Various nanoparticle dispersions were prepared using powdered nanoparticles and 

de-ionized (DI) water. CB nanoparticles (primary particle size of 25 nm, Black Pearls 470, 

Cabot, Boston, MA), CB nanoparticles (primary particle size of 90 nm, Asbury Carbon, 

Asbury, NJ), CB nanoparticles (average primary particle size of 367 nm, Continental 
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Carbon Company, Houston, TX), Copper nanoparticles (Cu, primary particle size of 25 

nm, Sigma-Aldrich, St. Louis, MO), Silica nanoparticles (primary particle size of 10-20 

nm, Sigma-Aldrich), Silicon Carbide nanoparticles (SiC, primary particle size of 40 nm, 

SkySpring Nanomaterials Inc. Houston, TX), Zinc Oxide nanoparticles (ZnO, primary 

particle size of 10-30 nm, SkySpring Nanomaterials Inc.), Graphite nanoparticles (primary 

particle size of 3-4 nm, SkySpring Nanomaterials Inc. Houston), Diamond nanoparticles 

(primary particle size of 3-4 nm, SkySpring Nanomaterials Inc.), Multi-Walled Carbon 

Nanotube (MWCNT1020, outer diameter 10-20 nm, SkySpring Nanomaterials Inc.), 

Multi-Walled Carbon Nanotube (MWCNT2030, outer diameter 20-30 nm, SkySpring 

Nanomaterials Inc.) and Single-Walled Carbon Nanotube (SWCNT1020, diameter 1-2 nm, 

SkySpring Nanomaterials Inc.) were all procured in powdered form. 

Nanoparticles dispersion was prepared at a concentration of 400 mg/L (unless 

otherwise mentioned) in DI water containing 0.013% (v/v) Tween-80 (Sigma-Aldrich, St. 

Louis, MO), which was used to prevent particle aggregation. The dispersion was then 

homogenized through 35 min sonication in an ultrasonic water bath (FS3OH, Fisher 

Scientific, Pittsburg, PA) and then 1 min sonication with an ultrasonic needle (Sonics 

Ultracell, Sonics & Materials, Newton, CT). Dynamic light scattering (DLS) 

measurements (ZetaSizer Nano, Malvern Instruments, Malvern, UK) provided aggregate 

size Table 3.1. Zeta potential (measured using Zetasizer) in Table 3.1 values suggest that 

not every nanoparticle dispersion was stable. Therefore, fresh dispersions were prepared 

for each nanoparticle before conducting laser exposure experiments. In addition, prior to 

actual laser irradiation, samples were vortexed to ensure homogeneous distribution of cells 

and nanoparticles. 
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Table 3.1: Average diameter and zeta potential of nanoparticles dispersed in DI water 

at 26.3 mg/L concentration 

Nanoparticle 
Average diameter of nanoparticle 

aggregates in dispersion (DLS) (nm) 

Zeta Potential 

(mV) 

Silica 340 -25.1 

ZnO 263 24.5 

SiC 546 -7 

Cu 307 12.5 

Diamond 223 24.3 

Graphite 323 31.3 

MWCNT 2030* 233 -23 

MWCNT 1020# 227 -17.1 

SWCNT¥ 256 -16.6 

CB$ 195 -23.5 

*MWCNT2030 – multi-walled carbon nanotube, outer diameter 20-30 nm 

#MWCNT1020 – multi-walled carbon nanotube, outer diameter 10-20 nm 

¥SWCNT – single-walled carbon nanotube 

$CB – spherical carbon nanoparticle 

 

3.2.3 Laser exposure sample preparation 

 Exposure samples were prepared with 520 µL of DU145 cells (106/mL) suspended 

in RPMI, 37 µL of given nanoparticle dispersion and 5.5 µL of calcein (Molecular Probes, 

Eugene, OR) solution (at a final concentration of 10 µM) in a 1.5 mL Eppendorf tube. To 

minimize cellular functionality during storage, samples were kept in ice bath before and 

after laser exposure.  



 35 

3.2.4 Laser exposure and sample wash 

Cells were exposed to laser beam in a 2 mm wide and 21 mm diameter cylindrical 

Pyrex glass cuvette (37-PX-2, Starna Cells, Atascadero, CA) with an Nd:YAG solid-state 

laser (Continuum Powerlite II Plus, Continuum, San Jose, CA) that generate 5-9 ns pulses 

of 1064 nm wavelength at a frequency of 10 Hz. Laser beam was manipulated to irradiate 

the whole cuvette surface area (21 mm diameter), with homogeneous energy profile. 

Immediately after exposure, samples were transferred back to the Eppendorf tubes and 

stored in ice. “Sham” samples with cell suspended in RPMI, nanoparticles and calcein 

experienced similar procedures except laser irradiation and were used as negative controls. 

Propidium Iodide (PI) (Invitrogen, Grand Island, NY) added at a concentration of 

13.4 μM, was used to label non-viable cells after laser irradiation. Excess calcein and CB 

nanoparticles were removed from cell suspension through centrifugation at 500 g and 

subsequent washing (repeated 3 times) with phosphate buffer saline (PBS) before analysis. 

3.2.5 Data collection  

Flow cytometer – Cellular bio-effects were quantified using a bench-top flow 

cytometer (BD Accuri, BD Biosciences, San Jose, CA) and were categorized as viable cells 

with intracellular uptake and non-viable cells (i.e. intact cells with PI staining). 

Fluorescence of cells with calcein uptake was measured using 530/28 nm bandpass filter 

with excitation at 488 nm and fluorescence of cells with PI stain was measured using a 670 

nm longpass filter with an excitation at 535 nm. Cell samples were run at constant flow 

rate of 35 μL/min for 1 min. “Cells only” negative control in RPMI was used to gate intact 

cells in the forward-scattered (FSC) and side-scattered (SSC) analysis. Fragmented cells 
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were calculated as the difference between the number of viable cells counted in a laser 

exposed sample and the number of viable cells counted in sham. 

Absorbance measurements - 1064 nm wavelength light absorbance of nanoparticles 

were measured using spectrophotometer (Evolution 220, Thermo Scientific, MA). After 

nanoparticle dispersion was prepared, they were mixed with RPMI at a given concentration 

and transferred to a cuvette provided as sample holder. A baseline measurement was done 

with only RPMI and all the absorbance values reported here have baseline value subtracted 

to provide the true absorbance of each nanoparticle dispersion. It is important to note that 

the values given by spectrophotometer includes both absorbance and scattering. 

Bulk temperature-rise measurements - For bulk temperature rise measurements, a 

suspension of 560 µL nanoparticle dispersion in RPMI at a concentration of 26.3 mg/L was 

irradiated with 1064 nm wavelength laser pulses for 1 min at 88mJ/cm2 laser fluence. 

Temperature measurements were taken using a standard J-type thermocouple immediately 

before and after the laser exposure. A baseline temperature rise measurement was taken for 

RPMI only and all the temperature values reported here have baseline value subtracted, to 

provide the true rise because of the presence of each nanoparticle. 

3.2.6 Data analysis 

A minimum of 3 replicates were used for each experimental condition. Mean and 

standard error of the mean were calculated using the 3 replicates. One-way analysis of 

variance (ANOVA, α = 0.05) was performed to compare 3 or more experimental conditions 

using Graphpad Prism 8 (GraphPad Software, La Jolla, CA) followed by post-hoc Tukey’s 

pairwise comparison. A value of p < 0.05 was considered statistically significant 
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3.3 Results  

3.3.1 Relationship between type of nanoparticle and bio-effects 

Our initial studies sought to understand the relationship between nanoparticle 

absorption parameters and bio-effects by examining by changing nanoparticle composition 

and geometry. Cell suspensions mixed with different nanoparticle materials were irradiated 

with pulsed NIR laser. Subsequently, through flow cytometer analysis, cells were found to 

fall into one of four categories: viable cells with little or no intracellular uptake of calcein 

that appeared to be unaffected by the treatment (i.e., no fluorescent staining); viable cells 

containing calcein, (i.e., green fluorescence of the uptake marker, but no red fluorescence 

of the marker of non-viable cells, i.e., PI), hereafter termed as uptake cells; non-viable cells 

(i.e., red fluorescence of PI) and fragmented cells (i.e., cells identified as “lost” based on 

reduced cell concentration). We categorized the cells in the latter three groups as having 

bio-effects from the laser exposure and these are the categories plotted in the stacked bars 

shown in the subsequent figures. We interpret these bio-effects to follow a continuum, 

where cells with uptake had milder bio-effects, non-viable cells experienced stronger bio-

effects and fragmented cells felt the strongest bio-effects. 

When cells were irradiated in the presence Silica, ZnO, SiC, Cu and diamond 

nanoparticles (all at the same concentration on a mass basis), less than 20% cells had bio-

effects and less than 11% cells showing calcein uptake (Figure 3.3). 
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Figure 3.3: Bio-effects of cells suspended with different types of nanoparticles after 

laser exposure of DU145 cells at a fluence of 88 mJ/cm2 for 1 min. All samples 

contained 26.3 mg/L nanoparticles and 10 μM calcein. Nanoparticle properties are 

provided in Table 3.1. Data are expressed as mean ± SEM based on 3 replicates each 

In comparison, cells suspended with graphite and CB nanoparticles (at the same mass 

concentration) had significantly higher bio-effects, with more than 90% of cells showing 

some effect (one-way ANOVA, p < 0.0001 for uptake, non-viable and fragmented cells). 

We interpret the bio-effects in presence of CB nanoparticles as the strongest since more 

percentage of cells had fragmented and thus faced stronger bio-effects. Overall, CB 

nanoparticles can be comparatively seen as most efficient transducer of energy leading to 

bio-effects. For the next study, carbon nanoparticles of different shapes were suspended 

with cells and exposed to photoporation. Figure 3.4 shows that spherical CB nanoparticles 
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were most efficient in causing photoporation followed by SWCNT (one-way ANOVA, p 

< 0.0001 for uptake, non-viable and fragmented cells). More than 85 ± 2% of cells lost 

viability due to cell death or fragmentation, when exposed to laser pulses in presence of 

CB nanoparticles. 
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Figure 3.4: Bio-effects of cells suspended with carbon nanotubes and CB 

nanoparticles after laser exposure of DU145 cells at a fluence of 88 mJ/cm2 for 1 min. 

All samples contained 26.3 mg/L nanoparticles and 10 μM calcein. Nanoparticle 

properties are provided in Table 3.1. Data are expressed as mean ± SEM based on 3 

replicates each. 

In comparison, ~ 64 ± 4% cells lost viability when suspended with SWCNT and < 

50% of cells lost viability when suspended with MWCNTs. Both the MWCNTs performed 
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similarly, with no statistically significant differences in bio-effects (Tukey’s multiple 

comparison tests, p > 0.05). 

3.3.2 Relationship between nanoparticle energy absorbance properties and bio-effects 

The first energy transfer in nanoparticle-mediated photoporation takes place from 

laser beam to nanoparticles. Therefore, we expect that nanoparticles with high absorbance 

of 1064 nm wavelength laser light would show higher bio-effects. Figure 3.5 shows the 

1064 nm wavelength laser light absorbance (+scattering) measurements for different 

nanoparticles at the same mass concentration. Silica, ZnO, SiC, Cu and Diamond 

nanoparticles had insignificant differences in their measured absorbance values (Tukey’s 

multiple comparisons test, p > 0.05), which were close to 0. On the other hand, SWCNT 

and CB nanoparticles had similar absorbance values (p > 0.05), higher than the rest of the 

nanoparticles.  

Viewing Figure 3.3, Figure 3.4 and Figure 3.5 together indicates that the 

nanoparticles with greater laser energy absorption were also causing greater bioeffects. 

However, absorbance (+scattering) measurements only assess the nanoparticles’ ability to 

absorb laser energy and does not provide information about energy transfer from 

nanoparticle to surrounding water and cells. Additionally, what we report as nanoparticle 

absorbance in face includes both absorbed and scattered light. It is important to note that 

scattered light would not be expected to play a role in energy transfer steps of nanoparticle-

mediated photoporation.  
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Figure 3.5: Absorbance (and scattering) of 1064 nm wavelength laser irradiation for 

different nanoparticles at 26.3 mg/L in DI water. Nanoparticle properties are 

provided in Table 3.1. Data are expressed as mean ± SEM based on 3 replicates each 

To address this issue, we took bulk temperature rise measurements of the various 

nanoparticle suspensions after to laser irradiation, which should correlate with the 

nanoparticles’ ability to absorb and dissipate energy, heating up the surrounding fluid, and 

not include energy associated with scattered light. No significant differences (Tukey’s 

multiple comparisons test, p > 0.05) were observed in bulk temperature-rise values of 

nanoparticle suspensions made of Silica, ZnO, SiC, Cu, Diamond or Graphite (Figure 3.6), 

which were measured to be < 2oC. In comparison, bulk temperature rise was measured to 
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be significantly higher for MWCNTs, SWCNT and CB nanoparticles (Tukey’s multiple 

comparisons test, p < 0.05) reaching 6oC or higher but, no significant differences were seen 

in measured temperature-rise values among these four carbon-based nanoparticles 

(Tukey’s multiple comparisons test, p > 0.05). 
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Figure 3.6: Bulk temperature rise of RPMI solution containing different 

nanoparticles at 26.3 mg/L exposed to laser pulses at 88 mJ/cm2 fluence for 1 min. 

Nanoparticle properties are provided in Table 3.1. Data are expressed as mean ± SEM 

based on 3 replicates each. 

When data from Figure 3.5 and Figure 3.6 were replotted as temperature-rise vs 

absorbance in Figure 3.7a, it can be seen that low absorbance values correspond to lower 
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bulk temperature-rise and high absorbance values correspond to higher bulk temperature-

rise. However, there is no direct dependence of temperature-rise on absorbance, but instead 

we see an apparently binary behavior, indicating that the CB and CNTs all absorb the laser 

light similarly (Figure 3.6) but scatter it differently (Figure 3.5). It can be assumed that  
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Figure 3.7: a) Bio-effects of cells suspended with different types of nanoparticles as a 

function of nanoparticle absorbance and bulk temperature rise. (a) Temperature rise 

as a function of nanoparticle absorbance. Data are from Figure 3.5 and Figure 3.6. 

(b) Cell viability loss (non-viable + fragmented cells combined) as a function of 

nanoparticle absorbance. Data are from Figure 3.3 - Figure 3.5. (c) Cell viability loss 

as a function of bulk temperature rise. Data are from Figure 3.3, Figure 3.4 and 

Figure 3.6.  DU145 cells were exposed to laser at a fluence of 88 mJ/cm2 for 1 min. All 

samples contained 26.3 mg/L nanoparticles and 10 μM calcein. Data are expressed as 

mean ± SEM based on 3 replicates each. 
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higher absorbance can lead to greater bio-effects when energy transferred in all the 

subsequent energy transfer steps are equal. 

Based on these considerations, we plotted bio-effects as a function of nanoparticle 

energy absorbance (+ scattering) and as a function of temperature rise, which is a better 

measure of energy absorbance, in Figure 3.7b and c, respectively. While the bio-effects did 

depend on these two factors (one-way ANOVA, p < 0.0001), there was considerable scatter 

in the data, which did not show a clear trend or dependence. This may be because different 

nanoparticles absorb and release the same amount of energy, but way in which they release 

the energy (e.g., kinetics) may be different due to their different properties such as 

nanoparticle size, shape, heat capacity, thermal conductivity, etc. 

3.3.3 Relationship between nanoparticle energy absorption parameters and bio-effects 

So far, we have considered changes to nanoparticle parameters by changing 

nanoparticle material, size and shape to influence the process of converting laser energy 

into bio-effects. To better understand this process, we can account for the combination of 

laser operating parameters and nanoparticle parameters that lead to energy absorption 

parameters. Our goal was to vary laser and nanoparticle parameters to test three hypotheses 

to identify the dominant nanoparticle energy absorption parameter associated with bio-

effects.  

The first hypothesis is that the total energy absorbed is the dominant and correlates 

with bio-effects. This assumes that it does not matter how the energy is distributed among 

different numbers and sizes of nanoparticles; it is just the total energy that is absorbed, and 

then released, by those nanoparticles.  
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The second hypothesis is that the energy absorbed per nanoparticle is the critical 

parameter. This takes a more localized view that each individual nanoparticle has the 

opportunity to interact with a nearby cell, and it is the amount of energy absorbed and then 

released by each individual nanoparticle that determines bio-effects.  

The third hypothesis is that energy absorbed per nanoparticle mass is most closely 

associated with bio-effects. This, in effect, means that each nanoparticle is heated to the 

same temperature (assuming all nanoparticles have the same heat capacity), and that may 

be the critical parameter driving bio-effects.  

To identify the dominant parameter, each of the three nanoparticle energy absorption 

parameters was analyzed individually by keeping that parameter constant and varying other 

parameters by changing experimental conditions, including nanoparticle size, total number 

of nanoparticles, total mass of nanoparticles and laser fluence using CB nanoparticles. 

The first nanoparticle energy absorption parameter analyzed was total energy 

absorbed with the hypothesis that total absorbed energy by the whole system is the 

dominant energy parameter. For this study, the number/concentration of CB nanoparticles 

and the laser fluence were varied to maintain constant total energy absorbed, which caused 

the energy per nanoparticle and energy absorbed per nanoparticle mass to vary as a result.  

Figure 3.8 reveals that total bio-effects spanned from 18 ± 1% to ~95 ± 3% of cells 

while keeping total absorbed energy constant (one-way ANOVA, p < 0.0001). 

Additionally, cellular uptake percentage varied from ~16 ± 1% to ~71 ± 3%, non-viable 

cell percentage from ~3 ± 1% to ~18 ± 1% and fragmented cell percentage from ~0% to 6 
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± 1% (one-way ANOVA, p < 0.0001 for uptake, non-viable and fragmented cells). The 

data suggest that the total absorbed energy was not the dominant parameter.  
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Figure 3.8: Bio-effects of cells exposed to three different experimental conditions with 

the same “total absorbed energy” of 3.7 mJ. Laser exposure was with 195 nm CB 

nanoparticles while varying total number of nanoparticles (1.7E+09, 5.1E+09 and 

8.5E+09), nanoparticle concentration (5, 15 and 25 mg/L) and laser fluence (88, 29.33 

and 17.6 mJ/cm2). All samples contained 10 μM calcein. Data are expressed as mean 

± SEM based on 3 replicates each. 

Theoretical calculations at the conditions used in Figure 3.8 show that while total 

energy absorbed was kept constant at 3.7 mJ, the number of nanoparticles/bubbles varied 

from 1.7 x 109 to 8.5 x 109.  An increase in number of bubbles suggests more opportunities 

for interaction with cells that should increase bio-effects. However, as number of 

nanoparticles/bubbles increased, bio-effects decreased (Figure 3.8). This might be 
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explained by the decrease in calculated peak nanoparticle temperature (from 1810 oC to 

380 oC) and vapor bubble radius (from 670 nm to 370 nm) with increasing nanoparticle 

concentration, because the constant total energy absorbed was distributed among more 

nanoparticles. 

Next, we considered our second hypothesis, that energy absorbed per nanoparticle 

is the dominant nanoparticle energy absorption parameter. For this study, CB nanoparticle 

size and number, and laser fluence were varied to maintain constant energy absorbed per 

nanoparticle, which caused the total energy absorbed and energy absorbed per nanoparticle 

mass to vary as a result.  

Figure 3.9 shows that total bio-effects varied from 7 ± 1% to ~97 ± 4% while 

keeping energy absorbed per nanoparticle constant (one-way ANOVA, p < 0.0001). 

Additionally, cellular uptake percentage varied from ~4 ± 1% to ~14 ± 2%, non-viable cell 

percentage from ~3 ± 1% to ~37 ± 3% and fragmented cell percentage from ~0% to 46 ± 

3% (one-way ANOVA, p < 0.0001 for uptake, non-viable and fragmented cells). These 

data indicate that energy absorbed per nanoparticle was not the dominant parameter.  

Theoretical calculations show that when energy absorbed per nanoparticle was kept 

constant at 2 x 10-09 mJ, the number of nanoparticles/bubbles varied from 2.1 x 10-08 to 8.5 

x 10-09, peak nanoparticle temperature varied from 65 oC to 1810 oC and vapor bubble 

radius ranged from 0 to 673 nm at the conditions used in Figure 3.9. The conditions with 

higher number of nanoparticle/bubbles, nanoparticle peak temperature and bubble radius 

corresponded to the conditions with the greatest bio-effects, which can explain the data. 
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Figure 3.9: Bio-effects of cells exposed to three different experimental conditions with 

the same “energy absorbed per nanoparticle” of 2.06E-09 mJ per nanoparticle. Laser 

exposure was with 25 mg/L nanoparticles, while varying total number of 

nanoparticles (8.5E+09, 1.0E+09 and 2.1E+08), nanoparticle diameter (195, 367 and 

507 nm) and laser fluence (88, 10.6 and 2 mJ/cm2). All samples contained 10 μM 

calcein. Data are expressed as mean ± SEM based on 3 replicates each. 

Finally, we examined our third hypothesis, that energy absorbed per nanoparticle 

mass is the dominant energy parameter. For this study, CB nanoparticle size and number, 

and laser fluence were varied to maintain constant energy absorbed per nanoparticle mass, 

which caused the total energy absorbed and energy per nanoparticle to vary as a result.  
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The data in Figure 3.10 show that total bio-effects varied between 33 ± 1% to ~84 ± 

2%, while keeping energy absorbed per nanoparticle mass constant (one-way ANOVA, p 

< 0.0001). Additionally, cellular uptake percentage ranged from 22 ± 1% to ~51 ± 2% and 

non-viable cell percentage spanned 5 ± 1% to  ~28 ± 1% (one-way ANOVA, p < 0.0001 

for both uptake and non-viable cells), but fragmented cell percentage did not significantly 

vary (Tukey’s multiple comparisons test, p > 0.05).  
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Figure 3.10: Bio-effects of cells exposed to three different experimental conditions 

with the same “energy absorbed per nanoparticle mass” of 355 mJ/mg. Laser 

exposure was with 25 mg/L nanoparticles, while varying total number of 

nanoparticles (8.5E+09, 1.0E+09 and 2.1E+08), nanoparticle diameter (195, 367 and 

507 nm) and laser fluence (56.5, 57.9 and 51.3 mJ/cm2). All samples contained 10 μM 

calcein. Data are expressed as mean ± SEM based on 3 replicates each. 
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Theoretical calculations reveal that when energy absorbed per nanoparticle mass was 

kept constant at 8 x 10+02 mJ/mg, the number of nanoparticles/bubbles varied from 2.1 x 

10+08 to 8.5 x 10+09. In Figure 3.10, bio-effects increased with increasing number of 

bubbles, which may explain the data. However, calculated peak nanoparticle temperature 

remained constant (at 1170 oC) and vapor bubble radius increased from 580 nm to 1970 

nm as bio-effects decreased, which appears inconsistent with the expectations that larger 

bubbles should have greater bio-effects. It appears that the number of bubbles is more 

important than bubble size to cause bio-effects. 

Overall, the data from Figure 3.8 to Figure 3.10 suggest that all three of our 

hypotheses are incorrect and that there is no single nanoparticle energy absorption 

parameter that dominates nanoparticle-mediated photoporation. Theoretical analysis of the 

data suggested that energy transduction parameters like number of bubbles, bubble size 

and bubble. 

3.3.4 Relationship between energy transduction parameters and bio-effects 

This analysis led us to design experiments to look for relationships between bio-

effects and energy transduction parameters associated with bubbles created during 

photoporation. The hypothesis for this study is that increasing total number of bubbles, 

bubble radius and peak nanoparticle temperature all increase bio-effects. For the first case, 

total number of bubbles was varied (from 1.7E+09 to 8.5E+09), while keeping peak 

nanoparticle temperature (1810 oC) and peak bubble radius (670 nm) constant. We assumed 

that each nanoparticle generated a bubble and thus the number of bubbles was equal to the 

number of nanoparticles. To aid this assumption, laser fluence was chosen such that peak 
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nanoparticle temperature was always well above 100 oC and hence, the heat dissipation 

would be expected to cause bubble formation from each nanoparticle.  

Results in Figure 3.11 show that bio-effects increased with increasing total number 

of bubbles as shown by increases in non-viable and fragmented cell percentage from ~24 

± 2% to ~90 ± 3% (one-way ANOVA, p < 0.0001). As cells were killed, percentage of 

uptake cells decreased from 71 ± 8% to 7 ± 1% (one-way ANOVA, p < 0.0001). These 

data are consistent with total number of bubbles positively correlating with bio-effects.  
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Figure 3.11: Bio-effects of cells exposed to three different experimental conditions 

with the same bubble radius (670 nm) and peak nanoparticle temperature (~1800 oC); 

and increasing total number of nanoparticles/bubbles (1.7E+09, 5.1E+09 and 

8.5E+09), achieved by varying nanoparticle mass concentration (5, 15, 25 mg/L). 

Laser exposure was at a fluence of 88 mJ/cm2 with 195 nm diameter CB nanoparticles. 

All samples contained 10 μM calcein. Data are expressed as mean ± SEM based on 3 

replicates each. 
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Next, peak bubble radius was varied between 670 nm and 2300 nm, while keeping 

peak nanoparticle temperature (1800 oC) and total number of bubbles (5.5E+08) constant. 

Corresponding results in Figure 3.12 show that total bio-effects increased with increasing 

peak bubble radius, as shown by increases in non-viable and fragmented cell percentage 

from ~24 ± 1% to ~90 ± 5% with increasing of peak bubble size (one-way ANOVA, p < 

0.0001). Percentage of uptake cells correspondingly decreased from 66 ± 4% to 6 ± 1% 

(one-way ANOVA, p < 0.0001). These data indicate that larger bubbles cause greater bio-

effects.  
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Figure 3.12: Bio-effects of cells exposed to three different experimental conditions 

with the same number of nanoparticles/bubbles (5.5E+08) and peak nanoparticle 

temperature (~1800 oC); and increasing peak bubble radius (670, 1370 and 2300 nm) 

using 195, 367 and 507 nm diameter CB nanoparticles, while varying nanoparticle 

mass concentration (1.6, 13.6, 63.9 mg/L) and laser fluence (88, 86.5 and 80.2 mJ/cm2). 

All samples contained 10 μM calcein. Data are expressed as mean ± SEM based on 3 

replicates each 
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Finally, peak nanoparticle temperature was varied from 140 oC to 1800 oC, while 

keeping total number of bubbles (5.5E+08) and peak bubble radius (670 nm) constant. 

Corresponding results in Figure 3.13 show that total bio-effects increased from ~7 ± 1% to 

~89 ± 4% (one-way ANOVA, p < 0.0001). Additionally, uptake cell percentage increased 

from ~4 ± 1% to ~70 ± 4%, non-viable cell percentage increased from ~3 ± 1% to ~15 ± 

1% and fragmented cell percentage increased from ~0.5 ± 0% to ~3 ± 0% with increasing 

peak nanoparticle temperature (one-way ANOVA, p < 0.0001 for uptake, non-viable and 

fragmented cells). These data show that nanoparticles heated to higher temperature caused 

greater bio-effects.  
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Figure 3.13: Bio-effects of cells exposed to three different experimental conditions 

with the same number of nanoparticles/bubbles (5.5E+08) and peak bubble radius 

(670 nm); and increasing peak nanoparticle temperature (140, 290 and 1800 oC) using 

195, 367 and 507 nm diameter CB nanoparticles, while varying nanoparticle mass 

concentration (1.6, 13.6, 63.9 mg/L), and laser fluence (88, 13.3 and 5.3 mJ/cm2).  All 

samples contained 10 μM calcein. Data are expressed as mean ± SEM based on 3 

replicates each. 
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3.3.5 Overall correlation between energy transduction parameters and bio-effects  

We showed that three energy transduction parameters associated with bubbles 

correlated with bio-effects when the other parameters were held constant. Our next step 

was to determine how these parameters correlate with bio-effects when they are all allowed 

to vary. For this analysis, we used data from more than 100 different experimental 

conditions, and looked for correlation with total bio-effects, defined as the sum of uptake 

cells, non-viable cells and fragmented cells.  

This analysis shows that there was a poor correlation between bio-effects and the 

individual energy transduction parameters: peak nanoparticle temperature (Figure 3.14a), 

total number of bubbles (Figure 3.14b) and peak bubble radius (Figure 3.14c) However, 

when we combined the values of all three parameters, a reasonable correlation emerges 

(Figure 3.14d). The combined parameter, P, accounts for (i) the total number of bubbles, 

which relates to the total number of bubble-cell interactions, (ii) the nanoparticle 

temperature, which is related to the bubble temperature that may drive the bio-effect 

interaction, and (iii) the bubble radius, which influences the lifetime of the bubble-cell 

interaction, since larger bubbles contain more energy with a smaller surface-to-volume 

ratio and therefore dissipate their energy over a longer period of time. 

It is notable, however, that P does not weight the three energy transduction 

parameters equally. Correlation of bioeffects with the direct product of the three parameters 

was only fair (R2 = 0.75). A much better correlation (R2 = 0.93) was found when peak 

nanoparticle temperature (T) was raised to the power 2, number of bubbles (N) to the power 

0.5 and peak bubble radius (R) to the power 0.25, 
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Figure 3.14: Changes in bio-effects as a function of energy transduction parameters 

after laser exposure of DU145 cell suspension over a range of experimental conditions. 

Total bio-effects (i.e., uptake, non-viable and fragmented cells) are shown as a 

function of (a) peak nanoparticle temperature, (b) total number of bubbles, (c) peak 

bubble radius and (d) the product P, which represents the product of (peak 

nanoparticle temperature)2, (total number of bubbles)0.5 and (peak bubble radius)0.25. 

See Appendix D for correlations with uptake cells, viability loss and fragmentation. 

Data come from Figure 3.8 to Figure 3.13 and additional experiments. All samples 

contained 10 μM of calcein. Data are expressed as mean ± SEM based on 3 replicates 

each. 
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                                     𝑃 = 𝑇2𝑁0.5𝑅0.25 (1) 

While we should not try to read too much mechanistic information into this equation, 

it does suggest that temperature is the most important parameter that correlates with 

bioeffects, where number of bubble and bubble radius have progressively less significant 

impact. 

3.4 Discussion 

Nanoparticle-mediated photoporation has been explored as a novel molecular 

delivery platform in past either to investigate the underlying mechanism[6,7,102] or to 

study the effects of varying the operating conditions to attain optimum delivery 

conditions[9,12,127,143]. While these studies have varied laser operating parameters, 

previous work has not focused on nanoparticles’ role as energy transducers by looking for 

relationships between nanoparticle, energy absorption and energy transduction parameters 

and the resulting bio-effects. This study was motivated by the need to understand the role 

of the energy transduction process from laser to nanoparticle to medium and cell. 

Nanoparticle-mediated photoporation can be categorized to involve three crucial 

energy transfer steps - i) from laser to nanoparticle, ii) from nanoparticle to surrounding 

fluid and, iii) from fluid to cell membrane. Nanoparticles are directly involved in first two 

of those energy transfer steps since they absorb laser energy and transduce that into thermal 

form, that is dissipated in thermal and mechanical form from nanoparticle to surrounding 

fluid. By using a variety of nanoparticle material and shape, we learnt that bio-effects 

caused by nanoparticle-mediated photoporation are dependent on their absorbance values. 
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In general, a lower laser light absorbance corresponded to smaller bio-effects and a higher 

laser light absorbance corresponded to greater bio-effects.  

Because our initial analysis of light absorbance also included scattered light, we 

performed a second analysis that accounted for just the energy absorbed by the 

nanoparticles by measuring system temperature change. In general, higher temperatures 

were associated with greater bio-effects, but a clear trend was not evident. 

We next considered three hypotheses to explain the relationship between 

photoporation parameters and bio-effects. These hypotheses proposed that bio-effects 

would correlate with (i) total energy absorbed, (ii) energy absorbed per nanoparticle, or 

(iii) energy absorbed per nanoparticle mass. Total energy absorbed corresponds to the 

cumulative energy absorbed by all the nanoparticles and is available to be transferred into 

the surrounding fluid to cause photoporation. Energy absorbed per nanoparticle 

corresponds to the localized absorption and release of energy and thus controls the bubble 

formation. Energy absorbed per nanoparticle mass corresponds to the energy absorbed per 

unit mass of CB nanoparticles and thus controls the temperature increase of the 

nanoparticles.  

This study was designed to investigate if any one of these energy parameters is 

dominant and correlates strongly, by itself, with photoporation. These energy parameters 

are directly related to operating conditions that include both nanoparticle composition and 

laser fluence, and are hypothesized to be mechanistically closer to the photoporation 

phenomenon. However, our study found that none of the three nanoparticle energy 
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absorption parameters alone correlated with bio-effects, which rejected our three 

hypotheses regarding the existence of a single, dominant energy parameter.  

Our final analysis addressed phenomena after the transduction of energy from laser 

light to heat to bubble formation by focusing on the energy transduction parameters that 

may be mechanistically closes to causing bio-effects. We found that total number of 

bubbles, bubble size and peak nanoparticle temperature each correlated with bio-effects 

when the other parameters were held constant.  

Generation of more bubbles formed imply more sources of thermal, acoustic and 

fluid mechanical outputs that can effectively transfer energy to cell membrane to cause 

poration. Thermal output comes from the bubbles being hot (i.e., many hundreds and even 

thousands of degrees Celsius). Acoustic and fluid mechanical outputs from the rapidly 

expanding bubble generated by heat transfer from the nanoparticle to the surround fluid. It 

is not surprising that more sources of energy output can increase the changes of a close 

encounter between a nanoparticle and a cell that results in bio-effects. A similar 

dependence of cellular uptake and viability loss on cavitation bubble nucleation site 

concentration was observed for ultrasound-mediated intracellular delivery[144].     

Increasing bubble size increased bio-effects. Bigger bubbles may bring bubbles 

closer to neighboring cells and may also generate greater acoustic and fluid mechanical 

effects. Bigger bubbles (at the same temperature) also have more energy that can impact 

cells and is released over a longer time due to reduced surface-to-volume ratio. Bubble size 

dependence has been previously investigated in cavitation based intracellular delivery 



 59 

methods that showed greater bio-effects for in-vitro applications[145,146] and better 

penetration depths for in vivo applications[147].  

Finally, higher peak nanoparticle temperature, which related to peak bubble 

temperature, caused greater bio-effects. Higher peak nanoparticle temperature may impact 

cells by (i) increasing the rate of heat transfer from nanoparticle to surrounding fluid, thus 

affecting acoustic wave production, and ii) increasing the chances of direct heat transfer to 

cell membrane that could melt the lipids or otherwise disruption lipid bilayer structure, 

since nanoparticle with higher peak temperature can lead to more pores being formed for 

intracellular delivery[148].  

A plausible way to understand the role of transient photoporation parameters on bio-effects 

is depicted in Figure 3.15. Essentially, bio-effects would be least for the case I, when no 

bubbles are formed during laser exposure due to nanoparticle heating below 100 °C. Even 

in this case, there could be bio-effects due to direct thermal energy transfer from 

nanoparticle to cell membrane. Next, when the bubbles do form (case II), bio-effects can 

be increased by increasing the number of bubbles (case III), increasing bubble size (case 

IV) and increasing peak nanoparticle (bubble) temperature (case V).  

Guided by these findings, we combined data from more than 100 different 

experimental conditions and found a correlation between bio-effects and the product of the 

three energy transduction parameters, P. It is notable that the best correlation involved a 

power-law relationship with bio-effects scaling with peak nanoparticle temperature 

squared, and the total number of bubbles and peak bubble radius being raised to powers 

less than one. This correlation showed a Langmuir isotherm fit with bio-effects initially  
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Figure 3.15: A schematic representation of the effects of number of bubbles, bubble 

size and peak nanoparticle temperature on nanoparticle-mediated photoporation and 

its subsequent bio-effects 

increasing with increasing P value and then saturating around 100%. A higher power for 

peak nanoparticle temperature suggests that this parameter is a more important determinant 

of bio-effects. This correlation can be used for determining operating conditions in order 

to obtain a desired bio-effect (which indicates that different combination of the three 

parameters can have similar cellular response). 

Note that this correlation does not account for the internal variations in bio-effects 

such as the ratios of uptake cells, non-viable cells and fragmented cells, which places 

limitations in its ability to provide delivery efficiency (see Appendix D.2). Additionally, 
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only data on calcein delivery (at a fixed concentration) were used to generate this 

correlation and the exposure time was kept constant at 1 min (i.e. 600 pulses). Therefore, 

the correlation may not be applicable to estimate bio-effects under conditions not included 

in this study. 

3.5 Conclusion  

In this work, we examined the dependence of cellular bio-effects caused by 

nanoparticle-mediated photoporation on a variety of parameters expected to influence 

outcomes. We first found that nanoparticle composition strongly affects bioeffects, where 

CB and CNTs were much more effective than graphite, diamond and other non-carbon 

materials. These differences were partially explained by different laser absorption 

properties. Energy absorption by nanoparticles was characterized as total energy absorbed, 

energy absorbed per nanoparticle and energy absorbed per nanoparticle mass, but none of 

these parameters was found to dominate the energy transduction process leading to bio-

effects.  

We finally looked at energy transduction parameters more closely related to the 

energy form transferred to cells in terms of the temperature, size and number of vapor 

bubbles generated by the nanoparticles heated by the laser. These three parameters each 

individually correlated with bio-effects when the other two were held constant. An overall 

correlation with data from more than 100 different experimental conditions was obtained 

by multiplying the number of bubbles, size of bubbles and peak nanoparticle temperature, 

with the best correlation coming from a power law relationship that indicated that peak 
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nanoparticle temperature was the strongest determinant of bio-effects among the three 

energy transduction parameters.  

This study provides a better understanding of the physical parameters at play during 

nanoparticle-mediated photoporation, how they influence bio-effect outcomes and which 

ones are most important. This understanding also facilitates design of photoporation 

parameters that achieve a desired bio-effect.  
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CHAPTER 4. EFFECT OF SERUM ON CELLS DURING 

NANOPARTICLE-MEDIATED PHOTOPORATION 

4.1 Introduction  

Intracellular delivery of molecules has been of interest in recent years after the 

augmentation of several bio-molecules targeting intracellular components[149]. Delivery 

of exogenous material inside the cells have a variety of applications including cellular 

studies, therapies and bio-imaging[150]. A significant resistance to intracellular delivery 

comes from the plasma membrane, which is made of phospholipids that are 

amphipathic[151] and block the movement of foreign materials. There are bulk transport 

mechanisms e.g. endocytosis[152] which move particles across the cell membrane but 

these pathways often lead to degradation of original molecule, due to pH change and 

enzymatic degradation in endosomes, thereby discounting and/or completely preventing 

the interaction with target molecule in desired form[153,154]. 

Numerous technologies have been developed to facilitate this transport into cells. 

Researchers have explored biological[4] (e.g.  viral vectors), chemical[155] (e.g. polymeric 

and particulate  vectors) and physical[91] (e.g. microinjection, gene gun, sonoporation, 

electroporation) methods to design efficient intracellular delivery processes. Although 

these methods can be effective, there are still concerns of immunogenicity, toxicity, limited 

efficiency, low cell viability and restricted application.[4,5].  

Nanoparticle-mediated photoporation provides an alternative to the current delivery 

methods. When a suspension of nanoparticles (such as CB) with cells and drug molecules, 
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gets irradiated to laser beam, the nanoparticles absorb energy delivered by laser and 

dissipate the energy in form of heat and photoacoustic waves as well as fluid flow. This 

concentrated release of energy from the nanoparticles is believed to create transient pores 

on cell membrane allowing molecules to pass through into the cytosol without killing the 

cell.[6–8]. 

Previously, researchers performed studies to elaborate the mechanism involved 

during photoporation and also optimized the process for efficient intracellular delivery 

[7,9,11,156]. However, high percentage of cells become non-viable at higher laser fluence 

due to irreversible cell damage[9]. Increased viability loss is a common occurrence for 

physical delivery methods that involve external stress application on cell membrane to 

create transient pores[157,158]. Irreversible cell damage can have applications in targeted 

ablation of undesirable tissues such as cancer tumors[159]. However, cell viability loss 

becomes disadvantageous for intracellular delivery applications meant for research, 

diagnostic or therapeutic purposes. Majority of mitigation strategies revolve around using 

lower energy intensities or lowering the external stress exposure duration, which can limit 

the percentage of cells with molecular uptake. 

Cellular viability loss has also been a common issue for large-scale suspension cell 

culture in sparged and agitated bioreactors[160] since 1960s. Observed cell damages were 

attributed to increased local shear near the cell membrane, caused by bubble breakup at the 

free surface of these bioreactors and draining foams[160]. To overcome this issue, FBS 

and certain polymers were introduced as viability protective agents against the shear 

damage seen in suspension cell culture. Specially, FBS has been used to protect cell 
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viability against fluid mechanical damages in bioreactors [14,161] and to increase drug 

delivery efficiency[162,163].  

Therefore, in order to increase percentage of cells with molecular uptake at high laser 

fluence in nanoparticle-mediated photoporation, we propose using FBS as cell viability 

protection additive. This is relevant not only to in vitro scenarios were FBS can be added, 

but also to in vivo setting where the extracellular fluid may resemble serum. We 

hypothesize that the presence of serum in cell suspension media during photoporation will 

increase percentage of viable cells resulting in higher cellular calcein uptake. Hence, this 

study was designed to investigate the effect of serum addition in cell suspension media 

during photoporation and further explore the physical and bio-chemical interactions 

brought about by serum introduction 

4.2 Materials and methods 

4.2.1 Cell preparation 

DU145 human prostate carcinoma cells (American Type Culture Collection, 

Manassas, VA) were grown in tissue culture flasks with cell media containing RPMI 1640 

Medium (Cellgro, Herndon, VA), with 10% FBS (Corning, Palo Alto, CA) and 10 mL P/S 

(Cellgro). Human Dermal Fibroblast (HDF) cells were grown in tissue culture flasks 

containing Dulbecco's Modified Eagle's Medium (DMEM) (Gibco, Dublin, Ireland), 

supplemented with 10% FBS and 1% P/S. Each cell type was incubated at 37oC, 5% CO2 

and 98% relative humidity levels during growth period. Cells were cultured at 85% 

confluency using 0.25% Trypsin/EDTA (Cellgro). After harvesting, DU145 cells were 
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suspended in RPMI and HDF cells were suspended in DMEM (unless otherwise 

mentioned) at a concentration of 106 cells/ml. 

4.2.2 Nanoparticle dispersion preparation 

CB nanoparticle dispersion preparation was done using 25 nm diameter CB 

nanoparticles (Black Pearls 470, Cabot, Boston, MA) and DI water. CB nanoparticles were 

added at a concentration of 400 mg/L to DI water containing 0.013% (v/v) Tween-80 

(Sigma-Aldrich, St. Louis, MO) to enhance solution stability (prevent particle aggregation 

for a homogeneous dispersion). The solution was first sonicated for 35 min in an ultrasonic 

water bath (FS3OH, Fisher Scientific, Pittsburg, PA) and then with an ultrasonic needle for 

1 min (Sonics Ultracell, Sonics & Materials, Newton, CT). CB nanoparticles tend to 

aggregate in aqueous dispersions and thus the final aggregate diameter was measured to be 

195 nm using dynamic light scattering (DLS) measurements (ZetaSizer Nano, Malvern 

Instruments, Malvern, UK). 

4.2.3 Cell suspension media preparation 

Cell suspension media was prepared by adding FBS, bovine serum albumin (BSA), 

Hemoglobin (HG), Polyethylene glycol (PEG), Poly(N-(2-hydroxypropyl) 

methacrylamide) (PHPMA), Polyvinylpyrrolidone (PVP), Poly(2-ethyl-2-oxazoline) 

(PEOX) or Pluronic F127 (Sigma Aldrich) in RPMI. The polymer suspensions were 

sonicated in water bath for 5 min before use to dissolve and homogenize the suspension 

media. After this, cells were added in suspension media immediately after harvesting, at a 

concentration of 106 cells/ml.  
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4.2.4 FBS protein denaturization 

Denatured protein suspensions were prepared in two ways. Thermal denaturization 

– FBS solution was heated in a water bath at temperature of 100 oC for 60 min[164]. 

Mechanical denaturization – FBS solution was sonicated for 40 rounds of sonication with 

5 pulses (of 1 sec) in each round followed by 1 min of incubation period[165]. Both were 

then added in RPMI to prepare appropriate concentrations of FBS solution.  

4.2.5 Exposure Sample preparation and laser exposure 

Exposure samples were prepared by mixing 520 µL of DU145 cells (106/mL) 

suspended in RPMI or other cell suspension media mentioned above, 37 µL of 400 mg/L 

CB dispersion and 5.5 µL of 1 mM calcein (Molecular Probes, Eugene, OR) solution in a 

1.5 mL Eppendorf tube. The final CB nanoparticle concentration became 26.3 mg/L and 

calcein concentration became 10 μM. Samples were stored in ice bath to reduce 

endocytosis/cellular activity before and after-laser exposure.  

Cell samples were transferred to a 2 mm wide and 21 mm diameter cylindrical 

Pyrex glass cuvette (37-PX-2, Starna Cells, Atascadero, CA) for laser exposure. An 

Nd:YAG solid-state laser (Continuum Powerlite II Plus, Continuum, San Jose, CA) was 

used as laser source to apply 5-9 ns pulses of 1064 nm wavelength at a frequency of 10 Hz 

for 1 min. Laser fluence was varied between 25 and 88 mJ/cm2, Samples were exposed to 

laser beam (21 mm diameter), which irradiated the whole surface with flat top (uniform) 

energy profile. Immediately after exposure, samples were transferred back to the 

Eppendorf tubes and stored in ice. Negative controls in the form of ‘sham’ exposures were 

samples containing cells, CB nanoparticles, and calcein that experienced the same handling 
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and procedures except the laser exposure. To label non-viable cells post laser-irradiation, 

propidium iodide (PI) (Invitrogen, Grand Island, NY) was added at a final concentration 

of 13.4 μM and incubated for 10 min on ice.  Cell samples were then centrifuged at 500 g 

for 6 min and washed  with phosphate buffer saline (PBS) for 3 times to remove excess 

calcein from the bulk solution before analysis. 

4.2.6 Data collection  

Cells were analyzed using a bench-top flow cytometer (BD Accuri, BD 

Biosciences, San Jose, CA) to quantify bio-effects in terms of cell viability (based on red 

PI fluorescence) and intracellular uptake (based on green calcein fluorescence). Calcein 

fluorescence was measured using 530/28 nm bandpass filter with excitation at 488 nm and 

PI fluorescence was measured using a 670 nm longpass filter with a excitation at 535 nm. 

Cell samples were run at constant flow rate of 35 μL/min for 1 min. Cells with calcein 

fluorescence greater than in sham cells incubated in calcein and PI but not exposed to laser 

irradiation were considered to have intracellular uptake. Cells with PI fluorescence greater 

than in sham cells were considered to be non-viable.  

A negative control containing only cells in RPMI was used to construct a cell 

population gate in the forward-scattered (FSC) and side-scattered (SSC) analysis. Cells 

within this gate were considered to be intact cells. To account for possible cell loss due to 

cell fragmentation (appearing as low forward scatter and low side scatter events on the flow 

cytometer), the difference between the number of viable cells detected in a given sample 

and the number of viable cells detected in sham samples was taken as the number of cells 

lost to fragmentation.  
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For bulk temperature rise measurements, a suspension of 560 μL nanoparticle 

dispersion in RPMI at a concentration of 26.3 mg/L was irradiated with 1064 nm 

wavelength laser pulses for 1 min at 88 mJ/cm2 laser fluence. Temperature measurements 

were taken using a standard J-type thermocouple immediately before and after the laser 

exposure. A baseline temperature rise measurement was done using RPMI only and all the 

temperature values reported here have baseline value subtracted, to provide the true rise 

because of the presence of the nanoparticle dispersion.  

4.2.7 Data analysis 

A minimum of 3 replicates were used for each experimental condition. Mean and 

standard error of the mean were calculated using the 3 replicates. One-way analysis of 

variance (ANOVA, α = 0.05) was performed to compare 3 or more experimental conditions 

using Graphpad Prism 8 (GraphPad Software, La Jolla, CA) followed by post-hoc Tukey’s 

pairwise comparison. A value of p < 0.05 was considered statistically significant 

4.3 Results 

4.3.1 Effects of serum addition on cellular bio-effects during photoporation 

To evaluate the effect of serum on nanoparticle-mediated photoporation, cells were 

suspended in RPMI alone or containing up to 15% v/v FBS in the presence of CB 

nanoparticles and calcein, and then exposed to nanosecond, pulsed laser. Using flow 

cytometry, cells were found to fall into one of four categories: viable cells with little or no 

intracellular uptake of the uptake marker (i.e., no fluorescent staining); viable cells 

containing uptake marker (i.e., green fluorescence of calcein, but no red fluorescence of 
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PI) hereafter referred to as uptake cells; non-viable cells (i.e., red fluorescence of PI); and 

fragmented cells (i.e., cells identified as “lost” based on reduced cell concentration). We 

interpret all cells in the latter three groups as having bio-effects from the laser exposure. 

We can further think of bio-effects following a continuum, where uptake cells had milder 

bio-effects, non-viable cells experienced stronger bio-effects and fragmented cells felt the 

strongest bio-effects. 

For cells suspended in RPMI without serum, exposure at the lowest laser fluence 

(25 mJ/cm2) led to ~30 ± 3% of cells with uptake of calcein and ~10 ± 2% of cells non-

viable or fragmented (Figure 4.1a). At the next higher laser fluence (33 mJ/cm2), bio-

effects increased, with ~58 ± 6% of cells showing calcein uptake and ~20 ± 3% of cells 

non-viable or fragmented (Tukey’s multiple comparisons test, p < 0.0001 for uptake, p > 

0.05 for non-viable and p > 0.05 for fragmented). At still higher laser fluence, bio-effects 

continued to increase, but the percentage of cells with calcein uptake decreased, while non-

viable and fragmented cells increased (one-way ANOVA, p < 0.0001 for uptake, non-

viable and fragmented cells). These findings indicate that the maximum percentage of cells 

with calcein uptake was limited by loss of cell viability as laser-mediated bio-effects 

increased.  

In comparison, cells suspended with FBS were able to maintain high viability even 

with increased laser fluence, and thereby achieved high levels of uptake (Figure 4.1a). 

Although laser exposure at the lowest fluence (25 mJ/cm2) produced a lower percentage of 

cells with calcein uptake compared to cells in RPMI alone (one-way ANOVA, p < 0.0001), 

the population of cells with uptake continued to grow with increasing fluence until 55 

mJ/cm2 (two-way ANOVA, p < 0.0001), after which, the uptake appeared to saturate at as  
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Figure 4.1: Changes in bio-effects due to presence of serum (FBS) in DU145 cell 

suspension media during laser exposure. (a) Distribution of uptake cells, non-viable 

cells and fragmented cells at various FBS concentrations, expressed as a volume 

percent of cell suspension media. The fluence in each case was varied from 25 mJ/cm2 

to 88 mJ/cm2. All samples contained 26.3 mg/L CB nanoparticles and 10 µM calcein, 

and were exposed to laser pulses for 1 min. Data are expressed as mean ± SEM based 

on 3 replicates each. (b) Representative fluorescence microscopy images of DU145 

cells exposed to laser at 55 mJ/cm2 fluence, that were suspended in media containing 

varying FBS concentrations. Viable cells with molecular uptake are marked by the 

green fluorescence of calcein. Non-viable cells were stained by PI and exhibit orange 

(red and green combined) fluorescence. Images are each representative of 3 

independent samples.  
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much as ~80% of cells with high cell viability.  

For a given fluence above 25 mJ/cm2, percentage of viable cells increased with 

increasing FBS concentration (one-way ANOVA, p < 0.05) and percentage of non-viable 

and fragmented cells decreased with increased FBS concentration to as little as ~10% non-

viable cells with essentially no fragmented cells seen at the highest FBS concentration 

(two-way ANOVA, p < 0.0001 for both non-viable and fragmented cells) (Figure 4.1a).  

Additionally, for 15% FBS containing media, no significant differences are observed in 

percentage of viable cells across all fluence values tested (one-way ANOVA, p > 0.05). 

Therefore, it is notable that with increasing FBS concentrations, the distribution of cells 

among the possible cellular outcomes shifted, so that increasing FBS concentration resulted 

in more viable cells with uptake and fewer non-viable or fragmented cells. Thus, the higher 

percentage of cells showing calcein uptake appears to be caused by the reduction of cell 

viability loss due to the presence of FBS during laser exposure, i.e., cells that would have 

become non-viable without FBS, maintained their viability and were instead cells with 

uptake due to the protective effects of FBS. 

We further found that the presence of serum in cell suspension media lowered the 

total bio-effects caused by photoporation (two-way ANOVA, p < 0.05 for each fluence) 

(Figure 4.1a). At lower fluence, this resulted in lower percentage of uptake, non-viable and 

fragmented cells in the presence of serum (two-way ANOVA, p < 0.05). However, when 

laser fluence was increased, viability loss due to photoporation decreased and percentage 

of cells with calcein uptake increased in presence of serum (two-way ANOVA, p < 0.05). 

At the highest fluence values (i.e., 55 – 88 mJ/cm2), total bio-effects saturated at ~100% 

and there was no effect of serum concentration (one-way ANOVA, p > 0.05).  
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These findings come from flow cytometry analysis and can be qualitatively 

corroborated with fluorescence imaging of laser irradiated cells suspended in varying FBS 

concentrations, as shown in Figure 4.1b.  With the increase in FBS concentration, two 

things become noticeable in laser irradiated samples: the number of non-viable cells 

(stained with PI, seen as orange in color) decreased and the number of viable cells with 

calcein uptake (seen as green in color) increased with increase in FBS concentration. These 

trends are similar to the results generated by flow cytometry analysis in Figure 4.1a. 
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Figure 4.2: Changes in bio-effects due to presence of serum (FBS) in HDF cell 

suspension media during laser exposure. Distribution of uptake cells, non-viable cells 

and fragmented cells at 0% and 15% v/v FBS concentration. Laser exposure was 

carried out at a fluence of 88 mJ/cm2 for 1 min. All samples contained 26.3 mg/L CB 

nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM based on 3 

replicates each. 
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To test the generality of these findings, we also checked whether the cell viability 

protection offered by FBS can be seen on a different cell type. HDF cells, suspended either 

in media containing no FBS or containing 15% v/v FBS, were exposed to laser at a fluence 

of 88 mJ/cm2 in presence of CB nanoparticles and calcein. As shown in Figure 4.2, HDF 

cells suspended in FBS containing media had significantly higher percentage of viable cells 

with calcein uptake compared to HDF cells suspended in RPMI only (p < 0.05). This 

suggested that serum’s ability to provide cell viability protection during photoporation was 

seen in this additional cell type. 

4.3.2 Need for FBS presence during laser exposure for viability protection 

To investigate whether presence of FBS was necessary during laser exposure to 

provide cell viability protection, 10% v/v FBS was added to the cell suspension at different 

times before or after laser exposure (Figure 4.3). We found that time of FBS addition 

significantly affected bio-effects (one-way ANOVA, p < 0.0001 for uptake, non-viable and 

fragmented). Almost 62 ± 1% of cells were viable and had calcein uptake when FBS was 

added immediately before laser exposure while only 20 ± 1% cells remained viable and 

had calcein uptake when FBS was added immediately after laser exposure (Tukey’s 

multiple comparison tests, p < 0.0001). Similarly, 23 ± 4% cells were non-viable and 3 ± 

1% cells were fragmented when FBS was added immediately before laser exposure while 

57 ± 2% of cells were non-viable and 19 ± 1% of cells were fragmented (Tukey’s multiple 

comparison tests, p < 0.0001) when FBS was added immediately after laser exposure. 

These data indicate that presence of FBS during laser exposure (i.e., during photoporation) 

was important for viability protection.  
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Figure 4.3: Changes in bio-effects due to addition of serum (FBS) to DU145 cell 

suspension media at different times before and after laser exposure. Distribution of 

uptake cells, non-viable cells and fragmented cells with 10% v/v FBS added at the 

beginning of the experiment > 60 min before laser, immediately before (<10 s) laser 

exposure or immediately after (<10 s) laser exposure. Laser exposure was carried out 

at a fluence of 88 mJ/cm2 for 1 min. All samples contained 26.3 mg/L CB nanoparticles 

and 10 μM calcein. Data are expressed as mean ± SEM based on 3 replicates each.  

The extent of viability protection offered by FBS when added immediately before 

laser exposure was not significantly different from the case where FBS was originally 

present in cell suspension media well before laser exposures (Tukey’s multiple comparison 

test, p > 0.05 for both non-viable and fragmented cells). However, it is notable that FBS 

addition immediately after laser exposure offered some viability protection compared to 

the laser exposure protocol without FBS at all, since a higher percentage of cells had uptake 
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(Tukey’s multiple comparison tests, p < 0.0001)  and a lower percentage of cells were 

fragmented (Tukey’s multiple comparison tests, p < 0.0001) compared to no FBS case.  

4.3.3 FBS components responsible for viability protection 

To identify the FBS components responsible for protecting cell viability during 

photoporation, FBS was size filtered using membranes with 5 kDa or 30 kDa molecular 

weight cutoffs. Figure 4.4 shows that bio-effects depended on molecular weight of the FBS 

components in cell suspension media (one-way ANOVA, p < 0.0001 for uptake, non-viable 

and fragmented cells). However, we see no significant differences between cells suspended 

in unaltered FBS (without the molecular size cutoff), FBS containing only compounds 

above a 5 kDa cut-off and FBS containing only compounds above a 30 kDa cut-off 

(Tukey’s multiple comparisons test, p > 0.05). Additionally, no significant differences 

were seen between cells suspended without FBS, FBS containing only compounds below 

a 5 kDa cut-off and FBS containing only compounds below a 30 kDa cut-off (Tukey’s 

multiple comparisons test, p > 0.05), and bio-effects from these conditions were all 

significantly different from bio-effects seen in three conditions with the high-molecular 

weight FBS components (Tukey’s multiple comparisons test, p < 0.05).  

 Because only components of FBS greater than 30 kDa were needed to enable high 

uptake with high cell viability, we hypothesized that laser irradiation in the presence of 

albumin, which is the most abundant protein in serum and has a molecular weight of 66 

kDa, would be as effective as full FBS. Because 10% v/v FBS contains 0.2% w/v albumin 

and 0.6% w/v total protein, we exposed cells to laser irradiation in the presence of 0.2%w/v 

and 0.6% w/v BSA, as well as 1% w/v BSA to further assess concentration dependence. 
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Figure 4.4: Changes in bio-effects due to addition of filtered serum (FBS) with 

different molecular weight cut-offs to DU145 cell suspension media during laser 

exposure. Distribution of uptake cells, non-viable cells and fragmented cells with 10% 

v/v FBS without alteration with fractions above or below a (a) 5 kDa or (b) 30 kDa 

molecular weight cut off. Laser exposure was carried out at a fluence of 55 mJ/cm2 

for 1 min. All samples contained 26.3 mg/L CB nanoparticles and 10 μM calcein. Data 

are expressed as mean ± SEM based on 3 replicates each. 
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We found that increasing BSA concentration led to an increase in percentage of 

cells with calcein uptake (one-way ANOVA, p < 0.0001) and caused decrease in non-viable 

and fragmented cells (one-way ANOVA, p < 0.0001), as seen in Figure 4.5a. While ~81 ± 

4% of cells lost viability (non-viable and fragmented combined) when cells were exposed 

to laser without added protein, only ~53 ± 2% of cells lost viability when they were 

suspended in 0.2% BSA (p < 0.0001), ~39 ± 4% of cells lost viability when suspended in 

0.6% BSA (p < 0.0001) and ~31 ± 1% of cells lost viability when suspended in 1% BSA 

(p < 0.0001). Although dependent on concentration, these data show that serum albumin 

alone was able to offer viability protection similar to full FBS.  

To evaluate whether BSA is specifically needed or if other proteins can also offer 

similar protection, we exposed cells to laser irradiation on the presence of varying 

concentrations of HG. As shown in Figure 4.5b, adding HG during laser exposure resulted 

in significantly higher percentage of cells with calcein uptake compared to cells suspended 

in RPMI only (one-way ANOVA, p < 0.0001).The uptake and non-viable cell percentage 

did not appear to vary with increasing HG concentrations (one-way ANOVA, p > 0.05 for 

both uptake and non-viable cells). However, there was a significant difference in 

fragmented cells wherein, percentage of fragmented cells decreased with increasing HG 

concentrations (one-way ANOVA, p < 0.001). Altogether, these data suggest that the 

viability protection caused by FBS may be generally associated with proteins in FBS, and 

that other proteins including BSA and HG can be similarly protective.   
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Figure 4.5: Changes in bio-effects due to addition of protein to DU145 cell suspension 

media during laser exposure. Distribution of uptake cells, non-viable cells and 

fragmented cells with 0.2% w/v, 0.6% w/v or 1% w/v (a) BSA or (b) HG. Laser 

exposure was carried out at a fluence of 55 mJ/cm2 for 1 min. All samples contained 

26.3 mg/L CB nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM 

based on 3 replicates each.  

 



 80 

4.3.4 Need for serum protein biological activity 

To investigate whether the protective effects of serum are associated with protein 

biological activity, we conducted photoporation experiments with FBS proteins denatured 

through either heat or sonication. Bio-effects plotted in Figure 4.6 suggest that addition of 

denatured FBS proteins was able to significantly protect cells compared to RPMI only case 

(one-way ANOVA, p < 0.0001 for uptake, non-viable and fragmented cells). Additionally, 

no significant differences in bio-effects were seen among the two denatured FBS 

suspensions or compared to full FBS suspension (one-way ANOVA, p > 0.05 for uptake, 

non-viable and fragmented cells). These results show that serum protein biological activity 

was not needed to provide similar viability protection as full, biologically active FBS. 

If protein biological activity is not needed, perhaps the increased viscosity of FBS 

could play a role. To check this, we added 0.1% carboxyl methylcellulose (CMC) in RPMI 

to match the viscosity of 10% FBS media (i.e., 1.28 ± 0.14 cP). However, bio-effects after 

laser exposure in the viscous RPMI were not significantly different compared to RPMI 

with 1 cP viscosity (Tukey’s multiple comparison tests, p > 0.05 for uptake, non-viable and 

fragmented cells) and resulted in significantly less uptake (Tukey’s multiple comparison 

tests, p < 0.0001) and more viability loss (Tukey’s multiple comparison tests, p < 0.0001) 

compared to laser exposure in FBS (Figure E.1 in Appendix). We also measured bulk 

temperature rise due to laser exposure during nanoparticle-mediated photoporation when 

different additives were mixed with cell suspension media to check if these additives affect 

the absorbance or energy dissipation properties of either nanoparticles or suspension media 

itself (Figure E.2 in Appendix). Although, one-way ANOVA gave a p value < 0.001, 
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subsequent Tukey’s multiple comparisons tests found no significant difference between 

any pair of additives or compared to RPMI only media (p > 0.05). 
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Figure 4.6: Changes in bio-effects due to addition of denatured BSA to DU145 cell 

suspension media during laser exposure. Distribution of uptake cells, non-viable cells 

and fragmented cells with BSA denatured by sonication or heat. Laser exposure was 

carried out at a fluence of 88 mJ/cm2 for 1 min. All samples contained 26.3 mg/L CB 

nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM based on 3 

replicates each.  

4.3.5 Viability protection offered by polymers 

In prior studies, serum and serum proteins have been shown to protect cell viability 

against physical damage in agitated and/or aerated cell culture bioreactors[14,166]. The 

literature also suggests that polymers can provide similar viability protection[167]. 
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Although stresses caused by photoporation are different from cell culture bioreactors fluid 

mechanics, we tested whether polymers seen in the bioreactor literature might provide 

protection in our studies.  

To evaluate the effects of synthetic polymers on photoporation, cells were 

suspended in media containing up to 1% concentrations of polymers in RPMI,. Data in 

Figure 4.7 show that for PHPMA addition, percentage of uptake cells, nonviable cells and 

fragmented cells was not significantly different compared to samples with only RPMI (one-

way ANOVA, p > 0.05). Addition of PEG increased percentage of uptake cells (one-way 

ANOVA, p < 0.01) and decreased percentage of non-viable cells (one-way ANOVA, p < 

0.01) with increasing PEG concentration. However, even at the highest PEG concentration 

(1% w/v), uptake was lower (Tukey’s multiple comparison tests, p < 0.0001) and viability 

loss was higher compared to 10% FBS (Tukey’s multiple comparison tests, p < 0.001).  

Laser exposure with PVP, PEOX or F127 exhibited increased percentage of cells 

with uptake (Tukey’s multiple comparisons test, p < 0.0001)) and decreased loss of 

viability (Tukey’s multiple comparisons test, p < 0.001) compared to exposure with RPMI 

alone. Only PVP showed a dependence of percentage of cells with uptake (one-way 

ANOVA, p < 0.0001) and viability loss (one-way ANOVA, p < 0.001) with increasing 

polymer concentration. All three polymers achieved uptake levels that were similar to 

(Tukey’s multiple comparisons test, p > 0.05 for PEOX ) or greater than 5% FBS (Tukey’s 

multiple comparisons test, p < 0.05 for PVP and F127)) and, in some cases (i.e., PVP, 

F127) comparable to 10% or 15% FBS (Tukey’s multiple comparisons test, p > 0.05 for 

0.6% and 1% PVP and F127). We conclude that synthetic polymers were able to provide 
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comparatively enhanced cell viability protection compared to RPMI during photoporation, 

although all polymers did not perform equally well.  
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Figure 4.7: Changes in bio-effects due to addition of synthetic polymers to DU145 cell 

suspension media during laser exposure. Distribution of uptake cells, non-viable cells 

and fragmented cells with PHPMA, PEG, PVP, PEOX and F127 at different 

concentrations (w/v) compared to FBS at different concentrations (v/v). Laser 

exposure was carried out at a fluence of 55 mJ/cm2 for 1 min. All samples contained 

26.3 mg/L CB nanoparticles and 10 μM calcein. Data are expressed as mean ± SEM 

based on 3 replicates each.  
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4.3.6 Polymer properties governing viability protection performance 

Polymers used in this study were chosen on the basis of being non-toxic to cells 

and general acceptance in prior studies of cell protection during mechanical insult. 

However, these polymers have varying properties and their ability to protect cell viability 

also varied, as shown in Figure 4.7. We hypothesized that the physical interactions between 

polymers (and proteins) and the cell membrane were responsible for viability protection, 

since intracellular uptake, as well as loss of cell viability, are believed to be caused during 

photoporation due to creation of transient pores in the cell membrane. Given that the 

creation of aqueous pores across the cell membrane pores requires creation of a hydrophilic 

pathway across the hydrophobic core of the cell membrane[168], we explored the 

possibility of hydrophobic interactions between the polymer and the cell membrane being 

dominant force that lead to accelerated cell repair and cell viability protection.  

We characterized polymer hydrophobicity on the basis of contact angle with water. 

Figure 4.8 shows bio-effects plotted against contact angle of each of the polymers used. 

We found that for each polymer concentration, percentage of uptake cells increased (one-

way ANOVA, p < 0.0001) and percentage of nonviable cells decreased (one-way ANOVA, 

p < 0.0001) with increasing polymer contact angle. This correlation is consistent with our 

hypothesis that hydrophobic interactions are important to the protective effect of polymers 

on cells during photoporation.  
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Figure 4.8: Changes in bio-effects as a function of polymer contact angle after laser 

exposure of DU145 cell suspension. Percentage of (a) uptake cells and (b) non-

viable+fragmented cells with different polymer having different contact angles: 23o 

for PHPMA, 36o for PEG, 45o for PEOX, 57o for PVP and 85o for Pluronic F127[169]. 

The bio-effects data are the same as in Figure 4.7. Laser exposure was carried out at 

a fluence of 55 mJ/cm2 for 1 min. All samples contained 26.3 mg/L CB nanoparticles 

and 10 μM calcein. Data are expressed as mean ± SEM based on 3 replicates each. 
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Polymers such as PEG, have previously been shown to offer viability protection 

against fluid-mechanical damage in bioreactors[170,171], allow faster cell growth[172], 

and offer cell wound healing as a trauma therapeutic[173]. In addition, higher molecular 

weight PEG has been shown to offer better cell growth in suspension media[172]. We 

therefore studied the effect of molecular weight of PEG, as well as PVP on bio-effects.   

As seen in   Figure 4.9, increasing molecular weight increased percentage of viable 

cells with calcein uptake (one-way ANOVA, p < 0.0001) while it decreased percentage of 

non-viable and fragmented cells (one-way ANOVA, p < 0.0001). For cells suspended in 

10 kDa PEG, ~21 ± 2% were uptake cells while ~70 ± 5% cells lost viability. In 

comparison, cells suspended in 600 kDa PEG behaved significantly differently, with ~63 

± 4% of cells showing uptake (Tukey’s multiple comparisons test, p < 0.0001) while ~29 

± 2% of cells lost viability (Tukey’s multiple comparisons test, p < 0.0001). 

Therefore, above results suggest that PEG molecular weight plays an important role 

in determining its ability to provide viability protection during photoporation. A similar 

trend for varying molecular weight of PVP present in cell suspension media during 

photoporation was observed as well. Bio-effects plot in Figure 4.9 showed that with 

increasing molecular weight of PVP in cell suspension media, percentage of viable cells 

with calcein uptake increased (one-way ANOVA, p < 0.0001) while percentage of non-

viable and fragmented cells, represented as viability loss had decreased (one-way ANOVA, 

p < 0.05). Hence, the viability protection ability of both polymer additives appears to be 

dependent on their molecular weights. 
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Figure 4.9: Changes in bio-effects as a function of polymer molecular weight after 

laser exposure of DU145 cell suspension. Percentage of (a) uptake cells and (b) non-

viable+fragmented cells with different polymer having different contact angles: 0.2 

w/v% 10 kDa, 35 kDa, 100 kDa, 200 kDa and 600 kDa PEG; and 10 kDa, 29 kDa, 55 

kDa and 360 kDa PVP. Laser exposure was carried out at a fluence of 55 mJ/cm2 for 

1 min. All samples contained 26.3 mg/L CB nanoparticles and 10 μM calcein. Data 

are expressed as mean ± SEM based on 3 replicates each. 
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4.4 Discussion 

In this chapter, we have explored the effects of FBS addition in cell suspension media 

during nanoparticle-mediated photoporation for fluorescent calcein delivery into DU145 

cells. Photoporation can cause three different bio-effects – uptake of calcein into viable 

cells (uptake cells), viability loss due to poration (non-viable cells) and viability loss due 

to fragmentation (fragmented cells). When cells were exposed to high laser fluence during 

photoporation, significant viability loss occurred due to cell death and fragmentation. Data 

in Figure 4.1 showed that lower fluence caused less viability loss, which then increased 

with increase in laser fluence. Similar result has previously been observed in studies aimed 

at understanding the effects of changing photoporation parameters[9]. 

However, when FBS was present in the cell suspension media during photoporation, 

either total bio-effects become lower at low fluence, compared to no FBS case or, total 

viability loss became lowered at high fluence resulting in higher percentage of viable cells 

with calcein uptake, compared to no FBS case. Although this was true for all three 

concentrations of FBS tested in the current study, increasing FBS concentrations resulted 

in greater viability protection. Previous studies have also shown FBS concentration 

dependent viability protection and faster growth of mammalian cells in agitated and aerated 

bioreactors[14,167]. In these studies, however, FBS was added to protect cells against 

fluid-mechanical damage caused by shear and bubble breakup. Therefore, the mechanism 

for viability protection could be different than in photoporation. We found that FBS can 

protect HDF cell viability as well during photoporation and thus, this feature is not 

exclusive to a single cell type. It was also shown that FBS is needed to be present in cell 

suspension media when cells get exposed to laser pulses and pores are formed, to provide 
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viability protection.  This observation suggests that the presence of FBS is essential during 

cell membrane pore formation to lower the viability loss. 

FBS contains many proteins, hormones, enzymes, electrolytes, carbohydrates, and 

other compounds[174]. These components vary in concentration and size as well. To check 

for the components that might be responsible for providing viability protection, we size 

filtered the FBS before adding in cell suspension media. Photoporation experiments 

showed that components greater than 5 kDa and 30 kDa in size showed similar viability 

protection as seen in full FBS containing media. We hypothesized that the albumin (66 

kDa) molecules present in FBS, were responsible for viability protection. Data collected 

from experiments, done with BSA present in cell suspension media during photoporation, 

were seen to be consistent with this hypothesis. Moreover, we discovered that viability 

protection ability was not exclusive to BSA proteins, since HG proteins were also able to 

protect cell viability during photoporation. 

Albumin has been shown to have favorable bio-chemical interactions with cell 

membrane thereby increasing drug delivery efficiency in prior studies[175]. Our studies 

also show increased delivery efficiency due to FBS and BSA addition, but these increments 

were caused by decrease in viability loss. However, comparable delivery enhancement and 

viability protection were seen, even when FBS proteins were denatured using heat and 

sonication. Denaturing proteins should dampen their biological activity and thus reduce the 

bio-chemical interactions between protein molecules and cell membrane during pore 

formation. Therefore, above results suggested that viability protection offered by FBS 

might be caused by physical interactions between FBS protein and cells. A physical 

mechanism was reported to be the reason behind cell viability protection caused by serum 
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addition in bioreactors[161]. These were shown to be caused by changes in cell suspension 

media properties such as viscosity[176]. However, increase in cell suspension media 

viscosity by adding CMC failed to improve cell viability or calcein uptake in our studies. 

Adding FBS did increase cell suspension media viscosity although that did not appear to 

help protect cell viability during photoporation. 

Following the result that viability protection offered by FBS during photoporation 

might be due to physical interaction between FBS proteins and cells, we explored if this 

behavior can also be seen with polymer additives. We chose neutral and water-soluble 

polymers, some of which had already been used in cell culture bioreactors, as viability 

protection additives. Of the five polymers investigated, PEG, PVP, PEOX and Pluronic 

F127 showed greater viability protection during photoporation when compared to PHPMA. 

However, the extent of viability protection was observed to be different for different 

polymers. For example, for 0.6 w/v% polymer addition in cell suspension media, 

percentage of uptake cells were ~33 ± 7% for PEG addition, while, in comparison, 

percentage of uptake cells were ~56 ± 3% for PEOX, ~69 ± 3% for PVP and ~77 ± 13% 

for F127 addition.  

Several factors could be responsible for this variability in viability protection. When 

cell membranes are porated, hydrophobic parts of the lipid bilayer can be exposed, 

introducing thermodynamic and biological instability[173]. Therefore, we hypothesized 

that polymers that have hydrophobic components can favorably associate with exposed 

hydrophobic lipid parts and help in accelerated resealing of the pore opening. We used 

water contact angle as a measure of hydrophobicity and found that percentage of uptake 

cells increased with increasing contact angle and percentage of viability loss decreased. 
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Polymers with higher contact angle had higher hydrophobicity and therefore, these results 

support the above hypothesis. It is important to note that all these polymers are considered 

hydrophilic since they are water soluble. However, each of these polymers can act as 

amphiphilic with both hydrophilic and hydrophobic components present in the molecular 

structure.  

Pluronic F127 is a triblock, non-ionic surfactant with hydrophobic polypropylene 

glycol (PPG) part bound to hydrophilic PEG chains on each side. This amphiphilic feature 

allows Pluronic F127 to associate with exposed hydrophobic parts of porated cell 

membrane and lower the risk of downstream damages to ionic balances and subcellular 

components[173]. A similar analysis can be made for other polymers (PEG, PEOX and 

PVP), although without neat separation between hydrophobic and hydrophobic parts. For 

these polymers, a close relative can be polysoaps that have repeating units of intrinsic 

amphiphilic monomers[177]. Therefore, increasing molecular weight can raise the chances 

of favorable association with exposed lipid hydrophobic parts. This is supported by our 

results that showed higher percentage of uptake cells and lower viability loss with 

increasing molecular weights of PEG and PVP.  

In addition, increasing molecular weight also increases hydrodynamic radius of 

polymers. For example, PEG hydrodynamic radius varies from 2.8 nm for 10 kDa to 29.9 

nm for 600 kDa[178]. Given the larger size of higher molecular weight polymers, they 

might find it easier to span and thereby seal the cell membrane pore opening, which should 

work synergistically with greater number of hydrophobic sites to provide accelerated cell 

repair.  
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For decades, polymers have garnered attention for their ability to prevent cell 

viability loss in bioreactors caused by fluid mechanical damages[167]. Polymers have been 

extensively used as cell growth accelerator[172] and proliferator[179]. In addition, they 

have been also been used as membrane sealants to aide in repair and regeneration of 

damaged cell membrane[173,180]. PEG, PVP and Pluronics have found themselves amidst 

FBS and BSA for almost all these applications[181]. But the exact mechanism of viability 

protection for each of these additives dependent on the molecules used[170,176,182] and 

are still under investigation. The most current mechanism hypothesizes that these additives 

enhance cell repair by either directly sealing the membrane pores or indirectly assisting to 

do so[173,180,183] though favorable hydrophobic interactions is supported by data shown 

in our results. Presence of hydrophobic sites in BSA molecules (native and denatured) adds 

to the proposed mechanism of viability protection.   

4.5 Conclusion 

Nanoparticle-mediated photoporation can be used for intracellular delivery of 

molecules in biotechnology, diagnostic and therapeutic applications. This physical route of 

creating transient cell membrane pore often encounters trade-off between delivery and 

viability loss. Through this study, we showed that FBS can lower cell viability loss at high 

laser fluence. Specifically, in some cases, percentage of viable cells increased from less 

than 25% to greater than 80% only by the addition of FBS, which allowed use of more 

aggressive photoporation conditions that helped in significantly increasing the percentage 

of viable cells with molecular uptake. This cell viability protection behavior was shown to 

be caused by physical interactions introduced by serum proteins. Further, certain polymer 

additives were also shown to provide protection against cell viability loss, which were 
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shown to be affected by their hydrophobic interactions with exposed cell membrane pores. 

In conclusion, nanoparticle-mediated photoporation can be more efficiently used to deliver 

molecules intracellularly when cells are suspended in media containing serum or certain 

polymer additives during laser exposure. 
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CHAPTER 5. OPTIMIZATION OF INTRACELLULAR 

MACROMOLECULE DELIVERY BY NANOPARTICLE-

MEDIATED PHOTOPORATION 

5.1 Introduction  

High molecular weight biomolecules such as proteins, peptides, and nucleic acids 

have found usage in latest advancements of medical applications such as cellular imaging, 

diagnostics and therapies. Molecules such as DNA, RNA can be delivered inside cells to 

perform wide variety of applications including gene expression study [184,185], and gene 

therapy[186,187]. Similarly, proteins and peptides can be delivered to intracellular targets 

for imaging[188,189] and disease treatment[190]. For example, in vivo protein therapy has 

been used to replace compromised macromolecules inside cell, while avoiding the 

complications of gene therapy[191,192].  But the presence of cell membrane restricts the 

delivery of these macromolecules[193]. Several researchers use the slow and passive 

diffusion-controlled endocytic route[194,195] to enable the uptake of macromolecules by 

cells. However, endosomal entrapment and pH changes[153] can sometimes render these 

molecules inactive or less effective[196,197].  

Consequentially, alternative routes have also been explored to overcome this 

physical barrier by employing biological (e.g.  viral vectors[4,198]), chemical (e.g. 

polymeric and particulate  formulation[155]) and physical (e.g. microinjection[84], 

sonoporation[199] and electroporation[140])  methods to enable molecular delivery into 
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cells.  However, the issues related to cytotoxicity, immunogenicity, off-target specificity 

and restricted application[4,5] has still limited use of these methods. 

Recently, nanoparticle-mediated photoporation was introduced as a platform 

technology to deliver molecules inside cells[6,146,200]. This method uses photoacoustic 

and thermal output of nanoparticles, when irradiated with 1064 nm wavelength near 

infrared (NIR) pulsed laser beam, to create transient membrane pores enabling intracellular 

delivery[12]. This method was optimized for delivery of low molecular weight calcein 

(0.66 kDa) molecules resulting in greater than 90% cells with uptake with minimal viability 

loss[12]. Further, EGFR mRNA knockdown[11] and EGFP silencing[201] was achieved 

by delivering anti-EGFR and anti-EGFP siRNA into Human cells using nanoparticle-

mediated photoporation, although using different nanoparticle and delivery route. 

However, majority of the molecules delivered efficiently were lower than 15 kDa in 

size. Experiments aimed at delivering molecules bigger than 100 kDa, such as plasmid 

DNA resulted in very low delivery efficiency[6,12]. Therefore, through this study, we 

examine the feasibility of nanoparticle-mediated photoporation to deliver wide range of 

macromolecules and provide laser exposure conditions to improve delivery efficiency of 

macromolecules with molecular weight ranging from 4 kDa to 2,000 kDa. Previous studies 

have suggested that macromolecular delivery might be restricted by pore size and 

molecular diffusion time[12]. We hypothesized that we can enhance macromolecular 

delivery efficiency by increasing the size of cell membrane pores and time available for 

macromolecule diffusion to and across cell membrane pores. 
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5.2 Material and methods 

5.2.1 Cell preparation  

DU145 human prostate cancer cells (American Type Culture Collection, CITY 

VA) were grown with cell media containing RPMI 1640 (Cellgro, Herndon, VA), 10% v/v 

FBS (Corning, Palo Alto, CA) and 1% P/S (Cellgro). The cells were incubated in tissue 

culture flasks at 37oC, 98% relative humidity and 5% CO2 for growth. At 85% confluency, 

cells were harvested using 0.25% Trypsin/EDTA (Cellgro), after which, the cells were 

suspended at a concentration of 106 cells/ml in RPMI. 

5.2.2 Nanoparticle dispersion preparation 

25 nm CB  powder (Black pearls 470, Cabot, Boston, MA), at a concentration of 

400 mg/L, were used to prepare CB nanoparticle dispersion in DI water, which contained 

0.013% (v/v) Tween-80 (Sigma-Aldrich, St. Louis, MO) solution stability enhancement 

(prevent particle aggregation for a homogeneous dispersion). The dispersion was sonicated 

for 35 min in an ultrasonic water bath (FS3OH, Fisher Scientific, Pittsburg, PA) followed 

by sonication with ultrasonic needle for 1 min (Sonics Ultracell, Sonics & Materials, 

Newton, CT). The final CB nanoparticle dispersions had aggregate diameter of 195 nm , 

which was measured using dynamic light scattering (DLS) measurements (ZetaSizer Nano, 

Malvern Instruments, Malvern, UK). 

5.2.3 Sample preparation for laser exposure 

520 μL of DU145 cells (106/mL) suspended in RPMI were mixed with 37 μL of 

400 mg/L CB nanoparticle dispersion and 5.5 μL of 10 g/L FITC-labelled dextran (Sigma-
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Aldrich, St. Louis, MO) solution in a 1.5 mL Eppendorf tube, to be used as exposure 

samples. The final CB nanoparticle concentration was calculated to be 26.3 mg/L while 

dextran concentration was calculated to be 98 mg/L. Samples were placed in ice bath to 

reduce endocytosis/cellular activity before and after-laser exposure. 

5.2.4 Laser exposure and cell wash 

Cell suspension containing CB nanoparticles and delivery molecules were 

transferred to a 2 mm wide and 21 mm diameter cylindrical Pyrex glass cuvette (37-PX-2, 

Starna Cells, Atascadero, CA). An Nd:YAG solid-state laser (Continuum Powerlite II Plus, 

Continuum, San Jose, CA) working at a frequency of 10 Hz, was used to apply 5-9 ns laser 

pulses of 1064 nm wavelength for 1 - 10 min. Laser fluence was varied between 25 and 88 

mJ/cm2. Samples were exposed to laser beam that irradiated the whole surface with 

uniform energy profile. Subsequently, samples were transferred back to the Eppendorf 

tubes and placed in ice. ‘Sham’ exposures with samples containing cells, CB nanoparticles, 

and dextran or calcein were used as negative controls that experienced the same handling 

and procedures except laser irradiation. After laser-irradiation, non-viable cells were 

labeled with 13.4 μM propidium iodide (PI, Invitrogen, Grand Island, NY) and incubated 

for 10 min on ice.  Cell samples were then washed 3 times with phosphate buffer saline 

(PBS) after centrifugation at 500 g, to remove excess dextran or calcein from the bulk 

solution before flow cytometer or microscopic analyses. 

5.2.5 Data collection  

A bench-top flow cytometer (BD Accuri, BD Biosciences, San Jose, CA) was used 

to quantify bio-effects in terms of cell viability (based on red fluorescence of PI) and 
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intracellular uptake (based on green fluorescence of calcein or FITC tagged dextran). Green 

fluorescence was measured using 530/28 nm bandpass filter with excitation at 488 nm and 

red PI fluorescence was measured using a 670 nm longpass filter with excitation at 535 

nm. Cell samples were analyzed at 35 μL/min flow rate for 1 min. Cells with green 

fluorescence greater than in sham exposure cells with calcein and PI but not exposed to 

laser irradiation were considered to have intracellular uptake. Cells with red fluorescence 

of PI greater than in sham cells were marked as non-viable.  

Samples with only cells in RPMI were used as negative control, to construct a cell 

population gate in the forward-scattered (FSC) and side-scattered (SSC) analysis, and were 

marked as intact cells. Possible cell loss due to cell fragmentation (appearing as low 

forward scatter and low side scatter events on the flow cytometer) were accounted for by 

taking the difference between number of viable cells detected in a given sample and number 

of viable cells detected in sham samples, and were marked as fragmented cells.  

5.2.6 Data analysis 

A minimum of 3 replicates were used for each experiment. Mean and standard error 

of the mean (SEM) were calculated using the 3 replicates. Analysis of variance (ANOVA, 

α = 0.05) was performed to compare 3 or more experimental conditions using Graphpad 

Prism 8 (GraphPad Software, La Jolla, CA) followed by post-hoc Tukey’s pairwise 

comparison. Statistical significance was marked by a p value < 0.05. 
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5.3 Results  

5.3.1 Initial studies of intracellular macromolecule delivery by nanoparticle-mediated 

photoporation  

Previous studies have optimized delivery of a small molecule (i.e., calcein (0.66 

kDa)) to ~90% of cells with no significant viability loss[9,12]. To assess the effect of 

molecular weight on the delivery efficiency of larger macromolecules using nanoparticle-

mediated photoporation, DU145 cells were suspended with six different FITC-labeled 

dextran molecules of 4 kDa, 10 kDa, 40 kDa, 150 kDa, 500 kDa and 2000 kDa molecular 

weight and exposed to laser conditions previously found to be favorable for intracellular 

delivery of calcein [9].  

Flow cytometry analysis identified four types of cells after laser exposure: cells 

which were viable and had no uptake of molecules; cells which were viable and had 

successful uptake of fluorescent molecules (uptake cells); non-viable cells which did not 

recover from poration (non-viable cells, indicated by PI staining); and cells which were 

lost due to fragmentation (fragmented cells).  

We hypothesized that delivery efficiency of molecules will be dependent on their 

molecular weight. Figure 5.1 shows number of intact and viable cells plotted against FITC 

fluorescence intensity for calcein and 4 kDa – 2000 kDa dextran delivery, obtained after 

flow cytometer analysis. Histograms show cells that were not exposed to laser pulses and 

exhibited only background fluorescence (“no laser” in Figure 5.1). In contrast, cells that 

were exposed to laser pulses at 33 mJ/cm2 fluence for 1 min exhibited varying levels of 

intracellular uptake (“with laser” in Figure 5.1). 
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Figure 5.1: Representative flow cytometer histograms showing green (FITC) 

fluorescence intensity versus cell count plot after photoporation-mediated delivery of 

calcein and dextran (of molecular weights between 4 kDa and 2,000 kDa). “--- no 

laser” plots have viable cells that were not exposed to laser pulses and were used as 

negative control, while “---with laser” plots have viable cells that were exposed to 

laser pulses at 33 mJ/cm2 fluence for 1 min, and exhibit increased fluorescence 

corresponding to uptake of molecules. These histograms are each representative of 3 

independent replicate samples 
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Figure 5.2: Changes in bio-effects as a function of molecular weight of the delivery 

molecule after laser exposure of DU145 cell suspension. Distribution of uptake cells, 

non-viable cells and fragmented cells is shown after laser exposure at a fluence of 33 

mJ/cm2 for 1 min. All samples contained 26.3 mg/L CB nanoparticles and 98 mg/L of 

the uptake molecule: calcein or dextran with molecular weight ranging from 4 kDa 

to 2,000 kDa. Data are expressed as mean ± SEM based on 3 replicates each.  

Corresponding bio-effects plot in Figure 5.2 shows that ~69 ± 2% cells had calcein 

uptake due to photoporation. At same exposure condition, percentage of uptake cells for 

dextran delivery decreased with increase in molecular weight (one-way ANOVA, p < 

0.0001). Only ~14 ± 1% cells showed 2000 kDa dextran uptake, which is significantly 

lower than calcein uptake (Tukey’s multiple comparisons test, p < 0.0001). Due to lowering 

of uptake cells, the percentage of total bio-effects also decreased with increasing molecular 

weight (one -way ANOVA, p < 0.0001).  
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Increasing molecular weight of dextran molecules also increases their effective 

hydrodynamic radius and decreases their diffusivity[202]. As shown in Table 5.1, 

hydrodynamic radius varies from 1.4 nm for 4 kDa dextran to 28 nm for 2000 kDa dextran, 

and diffusivity varies from 1.5 X 10
-6

 cm2/sec for 4 kDa dextran to 7.7 X 10
-8

 cm2/sec for 

2,000 kDa dextran.  A size dependent bio-effects indicated that delivery efficiency might 

be limited by the pore size distribution created in cells during photoporation and/or the 

slower diffusion of macromolecules through the pores[12,203]. Therefore, we considered 

two hypotheses based on the above observation. The first hypothesis states that 

macromolecular delivery will be increased by increasing cell membrane pore size, which 

may be accomplished by increasing laser fluence (i.e. energy delivered per 

nanoparticle)[146]. 

Table 5.1: Hydrodynamic radius and diffusivity values for various fluorescent 

delivery molecules 

Fluorescent 

molecule 
Mw (kDa) D (cm

2

/sec)* r
Stokes

 (nm)# 

Calcein [203] 0.6 3.6 X 10
-6

 0.6 

Dextran – 4 [203] 4 1.5 X 10
-6

 1.4 

Dextran – 10 [204] 10 7.5 X 10
-7

 2.9 

Dextran – 40 [204] 40 4.4X 10
-7

 4.9 

Dextran – 150 [203] 150 2.4 X 10
-7

 8.9 

Dextran – 500 [203] 500 1.4 X 10
-7

 15 

Dextran - 2000 [203] 2000 7.7 X 10
-8

 28 

*D: Diffusion coefficient determined in water at 25oC 

#rStokes: Stokes radius calculated using the formula r = kT/(6ηπD), where k is Boltzman’s 

constant, T is the absolute temperature, η is the viscosity, and D is the diffusion coefficient 
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The second hypothesis states that macromolecular delivery will be increased by 

increasing the time available for macromolecule diffusion to and across cell membrane 

pores, which should be accomplished by increasing laser exposure duration (i.e. total 

number of laser pulses). 

5.3.2 Enhancing 2000 kDa dextran delivery by increasing laser fluence 

To test the first hypothesis, we varied laser fluence from 25 mJ/cm2 to 88 mJ/cm2, 

while keeping the exposure duration and other parameters constant, and measured 

intracellular uptake of 2000 kDa dextran. Bio-effects data, plotted in Figure 5.3, showed 

that the total bio-effects increased with increasing fluence (one-way ANOVA, p < 0.0001) 

and saturated around ~100% at 66 – 88 mJ/cm2 (one-way ANOVA, p > 0.05). However, 

percentage of cells with 2000 kDa dextran uptake initially increased when fluence was 

raised from 25 mJ/cm2 to 44 mJ/cm2 (one-way ANOVA, p < 0.0001) but then decreased 

with further increase in fluence till 66 mJ/cm2 (one-way ANOVA, p < 0.0001). Further 

increase in fluence did not make a significant change in percentage of uptake cells (one-

way ANOVA, p > 0.05). Therefore, results in Figure 1.3 indicate that increasing laser 

fluence can improve 2000 kDa dextran delivery however, at the expense of cell viability, 

especially at higher fluence. Highest uptake was seen for 44 mJ/cm2 with ~47 ± 2% uptake 

cells and ~30 ± 1% cell viability loss. This suggests that increasing pore size might increase 

macromolecular delivery efficiency by photoporation however, viability loss places a 

restriction on reaching higher percentages of uptake cells. 
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Figure 5.3: Changes in bio-effects as a function of laser fluence after laser exposure 

of DU145 cell suspension. Distribution of uptake cells, non-viable cells and 

fragmented cells is shown after laser exposure for 1 min. All samples contained 26.3 

mg/L CB nanoparticles and 98 mg/L of 2,000 kDa dextran. Data are expressed as 

mean ± SEM based on 3 replicates each 

5.3.3 Enhancing 2000 kDa dextran delivery by increasing exposure duration at low laser 

fluence 

To test the second hypothesis, we explored whether increasing exposure duration 

(i.e. number of laser pulses) could enhance the intracellular delivery efficiency of 2000 

kDa dextran. Exposure duration was varied from 1 min to 10 min while keeping laser 

fluence constant at a low level of 25 mJ/cm2 or 29 mJ/cm2. Increased laser exposure  
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Figure 5.4: Changes in bio-effects as a function of laser exposure duration after laser 

exposure of DU145 cell suspension. Distribution of uptake cells, non-viable cells and 

fragmented cells is shown after laser exposure at (a) 25 mJ/cm2 and (b) 29 mJ/cm2 for 

1 – 10 min. All samples contained 26.3 mg/L CB nanoparticles and 98 mg/L of 2,000 

kDa dextran. Data are expressed as mean ± SEM based on 3 replicates each 
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duration was accomplished by increasing the total number of laser pulses because laser 

pulse width was fixed at 5 – 9 ns. Bio-effects data, plotted in Figure 5.4a, shows that at 25 

mJ/cm2 fluence, percentage of cells with 2000 kDa dextran uptake increased when the 

exposure duration was increased from 1 min to 5 min (one-way ANOVA, p < 0.0001). 

Further increase in exposure duration led to decrease in percentage of uptake cells (one-

way ANOVA, p < 0.01) and increase in cell viability loss (one-way ANOVA, p < 0.0001 

for both non-viable and fragmented cells).  

 Highest uptake was seen for 5 min exposure with ~48 ± 1% uptake cells and ~14 ± 

1% cell viability loss. Therefore, we obtained less viability loss for highest delivery 

percentage when exposure duration was increased compared to increasing laser fluence. A 

subsequent experiment with 29 mJ/cm2 laser fluence (Figure 5.4b) showed similar profile 

as seen at the lower fluence.  However, in this case, highest uptake was seen for 4 min 

exposure with ~50 ± 2% uptake cells and ~26 ± 1% cell viability loss. Further increase in 

exposure duration led to decrease in percentage of uptake cells (one-way ANOVA, p < 

0.0001) and increase in cell viability loss (one-way ANOVA, p < 0.0001 for both non-

viable and fragmented cells). 

5.3.4 Macromolecular delivery at low fluence and longer exposure duration 

We saw that longer exposure duration at lower laser fluence was able to deliver 

2000 kDa dextran with relatively high efficiency and low viability loss. To test the delivery 

efficiency of other macromolecules at these conditions, we performed photoporation 

experiments to deliver dextrans ranging in molecular weight from 4 kDa to 2000 kDa 

dextran at 25 mJ/cm2 for 5 min exposure and at 29 mJ/cm2 for 4 min  
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Figure 5.5: Representative flow cytometer histograms showing green (FITC) 

fluorescence intensity versus cell count plot after photoporation-mediated delivery of 

calcein and dextran (of molecular weights between 4 kDa and 2,000 kDa). “---no 

laser” plots have viable cells that were not exposed to laser pulses and were used as 

negative control, while “---with laser” plots have viable cells that were exposed to 

laser pulses at 25 mJ/cm2 fluence for 5 min, and exhibit increased fluorescence 

corresponding to uptake of molecules. These histograms are each representative of 3 

independent replicate samples. 

 



 108 

Calcein 4 10 40 150 500 2000

0

20

40

60

80

100

Dextran M, kDa

%
 c

e
lls

Uptake Non-viable Fragmented

Calcein 4 10 40 150 500 2000

0

20

40

60

80

100

Dextran Mw, kDa

%
 c

e
lls

Uptake Non-viable Fragmented

a

b

 

Figure 5.6: Changes in bio-effects as a function of molecular weight of the delivery 

molecule after laser exposure of DU145 cell suspension. Distribution of uptake cells, 

non-viable cells and fragmented cells is shown after laser exposure at a fluence of (a) 

25 mJ/cm2 for 5 min and (b) 29 mJ/cm2 fluence for 4 min. All samples contained 26.3 

mg/L CB nanoparticles and 98 mg/L of the uptake molecule: calcein or dextran with 

molecular weight ranging from 4 kDa to 2,000 kDa. Data are expressed as mean ± 

SEM based on 3 replicates each. 
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exposure. Figure 5.5 shows flow cytometer plots for number of intact and viable cells 

plotted against FITC fluorescence intensity for delivery of calcein and the dextrans. Like 

in Figure 5.1, we show “no laser” negative controls and “with laser” samples exposed to 

laser pulses at 25 mJ/cm2 fluence for 5 min.  

Corresponding bio-effects data in Figure 5.6a indicates that at 25 mJ/cm2 fluence, 

percentage of uptake cells decreased with increasing molecular weight (one-way ANOVA, 

p < 0.0001). However, the delivery efficiency of macromolecules was significantly higher 

than Figure 5.2. At the original conditions studied, 69% – 14% of cells took up molecules 

over the range of molecular weights (Figure 5.2), whereas the optimized conditions 

resulted in uptake of the molecules to 71% - 43% of cells, which is significantly higher 

uptake (two-way ANOVA, p value < 0.0001)   

Similarly, at 29 mJ/cm2 fluence and 4 min exposure (Figure 5.6b), the percentage of 

cells with macromolecular delivery as a function of molecular weight was significantly 

greater (two-way ANOVA, p value < 0.0001) than at the original condition (Figure 5.2). 

At 29 mJ/cm2 fluence at least 50% of cells took up molecules at all molecular weights over 

the range of 0.66 kDa (calcein) to 2,000 kDa (dextran).  

5.4 Discussion 

This study sought to identify conditions that enable efficient intracellular delivery of 

macromolecules by nanoparticle-mediate photoporation Through parametric sweep, 

previous studies were able to provide operating conditions for very high calcein delivery 

efficiency to DU145 cells without significant viability loss[12]. Similar observation was 

seen for calcein delivery into Chinese Hamster Ovary (CHO) cells using nanoparticle-
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mediated photoporation[205]. However, calcein is a small molecule, and there are many 

other molecules of interest for intracellular delivery that are much larger in size. Molecules 

like RNA and proteins range in size from 10s to 100s of kDa molecule weight, and plasmid 

DNA is typically greater than 1000 kDa.  

Our study of dextrans ranging in molecule weight from 4 kDa to 2,000 kDa showed 

that delivery efficiency dropped dramatically with increasing molecular weight at the initial 

conditions studied (Figure 5.1). We hypothesized that this might occur not only because 

macromolecules may be sterically hindered during transport through transmembrane 

nanopores, and also because their diffusivity decreases with increasing molecular weight 

Data in Figure 5.3 and Figure 5.4 showed that transport of 2,000 kDa dextran into 

cells was affected by the laser fluence and laser exposure duration. Increasing laser fluence 

at 1 min exposure increased percentage of cells with molecular uptake till it reached a 

certain maximum, after which the percentage started to decrease. Meanwhile, laser fluence 

increase also caused an increase in percentage of non-viable and fragmented cells, with 

percentage of fragmented cells increasing monotonically until the highest fluence applied. 

Similarly, increasing laser exposure duration at low fluence increased percentage of uptake 

cells until a maximum and then started to decrease. Non-viable and fragmented cell 

percentages also showed similar trend as seen when increasing fluence. However, at 

conditions corresponding to the maximum uptake percentage in each case, exposure 

duration increase had lower percentages of non-viable and fragmented cells compared to 

fluence increase, indicating that increasing exposure duration may be preferable to 

increasing laser fluence when optimizing for uptake of macromolecules.  
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Delivery of molecules into cells can be thought of in two steps: (i) transport from the 

bulk solution to the membrane surface and (ii) transport across the membrane through pores 

created by photoporation. Prior analysis of this type of transport process in the context of 

transmembrane pores created by sonoporation concluded that the rate-limiting step was 

transport from bulk solution to the edge of the pore on the membrane surface [203]. 

Because the plasma membrane of a cell measures on the order of 10 nm, even large 

macromolecules can diffuse that short distance relatively quickly.  

To facilitate further analysis, we can calculate characteristic times for diffusion (t) as 

                                  𝑡 =
𝐿2

𝐷
 (2) 

where L is the characteristic distance of diffusion and D is the diffusivity of the diffusing 

molecules (diffusivity values are given in Table 5.1). This approach indicates that calcein 

diffuses a distance of 10 nm (i.e., cell membrane thickness) with a characteristic time of 30 

ns and diffuses a distance of 10 µm (i.e., cell radius) with a characteristic time of 30 ms. In 

contrast, 2,000 kDa dextran diffuses with characteristic times that are three orders of 

magnitude longer, i.e., 10 µs and 10 s across a distance of 10 nm and 10 µm, respectively.  

 This analysis supports the idea that extending the duration of laser exposure may 

be especially important for delivery of macromolecules. While pores may only need to be 

open for microseconds in order to fill a cell with calcein, pores need to stay open for 

seconds in order to fill a cell with 2,000 kDa dextran. The 5-9 ns laser pulses separated by 

100 ms gaps provides time for macromolecules near the membrane to diffuse into the cell 

during the short transmembrane pore lifetime and for those molecules to be replenished 
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with new molecules from the bulk during the time between pulses, thereby providing new 

molecules to diffuse into the cell during the subsequent pulse.  

With this in mind, we plotted percentage of uptake cells against Mw-1/3 (which is a 

measure of molecular radius that is proportional to diffusivity[206]) in Figure 5.7a. For 

laser exposure for 1 min exposure, percentage of uptake cells increased linearly with Mw-

1/3 (one-way ANOVA, p < 0.0001; linear regression, R2 = 0.09677) This linear dependence 

suggests that at this exposure condition, delivery efficiency may be directly limited by 

macromolecular diffusivity. When exposure time was increased to 4 or 5 min (at lower 

fluence values), the dependence of percentage of uptake cells on Mw-1/3 was lowered (since 

the slope and linear regression, R2 (= 0.6011 for 5 min and 0.0802 for 4 min) both lowered), 

though still significantly different than original exposure condition in Figure 5.1 (one-way 

ANOVA, p < 0.01). 

This suggests that these longer laser exposures provided more time for viable, 

porated cells to take up enough molecules to achieve sufficient intracellular fluorescence 

to be considered an uptake cell. Rather than assessing the binary outcome of uptake or no 

uptake, we measured the FITC fluorescence intensity shift of laser irradiated cells as a 

measure of the number of dextran-tagged fluorophores delivered across cell membrane. 

When plotted against Mw-1/3 in Figure 5.7b, we found that the mean fluorescence intensity 

shift for all three exposure conditions (i.e., 1, 4 and 5 min) increased linearly with Mw-1/3 

(one-way ANOVA, p < 0.0001; linear regression, R2 = 0.9166 for 5 min, 0.9234 for 4 min 

and 0.9079 for 1 min). We also found that fluorescence levels for the 4 and 5 min exposure 

conditions were significantly higher than at the 1 min exposure condition (two-way  
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Figure 5.7: Analysis of changes in bio-effects after laser exposure of DU145 cell 

suspension based on size of uptake molecules. (a) Percentage of uptake cells, (b) mean 

fluorescence intensity shift among uptake cells, and (c) mean fluorescence intensity 

shift/diffusivity among uptake cells is plotted versus molecular weight-1/3, which is a 

measure of molecular radius. Cells were exposed to laser at a fluence of ● 33mJ/cm2 

for 1 min, ■ 25 mJ/cm2 for 5 min and ▲ 29 mJ/cm2 for 4 min. All samples contained 

26.3 mg/L CB nanoparticles and 98 mg/L of the uptake molecule: calcein or dextran 

with molecular weight ranging from 4 kDa to 2,000 kDa. Data are expressed as mean 

± SEM based on 3 replicates each. 
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ANOVA, p < 0.0001). This is again consistent with diffusivity being the rate limiting step 

to determine extent of molecular uptake into a cell. 

Finally, when mean FITC fluorescence intensity shift of laser exposed cells was 

normalized to the diffusivity of the delivered macromolecules and plotted against Mw-1/3, 

Figure 5.7c shows that the slopes of the linear correlations were not significantly non-zero 

for 4 and 5 min exposure conditions (linear regression, p > 0.05). This finding provides 

further support for the dependence on intracellular transport of macromolecules being 

directly limited by their rates of diffusion. 

5.5 Conclusion 

This study investigated the use of nanoparticle-mediated photoporation for intracellular 

delivery of macromolecules. When DU145 cells were exposed to NIR laser pulses in the 

presence of CB nanoparticles, we found that intracellular uptake of molecules depended 

significantly on molecular weight (ranging from 0.6 kDa to 2,000 kDa) when using 1 min 

exposures previously optimized for delivery of a small molecule (calcein). Increasing laser 

fluence to increase percentage of cells with macromolecular uptake led to higher viability 

loss. In comparison, increasing exposure duration (i.e. number of laser pulses) at low 

fluence led to higher percentage of cells with macromolecular delivery with lower cell 

viability loss and, in one case, intracellular uptake no longer depended on molecular 

weight. Further analysis suggested that intracellular delivery may be diffusion limited, 

which scales with Mw-1/3. We conclude that delivery of macromolecules into cells by 

nanoparticle-mediated photoporation is optimized by using laser pulses with longer 

exposure time at lower fluence. This observation may be explained by longer exposure 
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times providing more time for macromolecules to diffuse to and into cells, which occurs 

more slowly than for smaller molecules.  
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CHAPTER 6. DISCUSSION 

6.1 Context from prior literature 

Intracellular delivery of molecules through the use of external sources has been 

investigated in literature for several years[142,207]. These can have potential applications 

in cellular studies, imaging, diagnostics and therapy. Creating transient cell membrane 

pores through the application of external forces has often been more efficient due to their 

ability to bypass the endocytic pathway, which reduces drug efficacy. These external forces 

have been generated using electroporation, ultrasound, microfluidics, etc., and are 

applicable to most cell types. However, the major challenge of these methods is balancing 

the trade-off between percentage of cells with molecular uptake and viability loss.  

An alternate route for intracellular delivery using nanoparticle-mediated photoporation 

was introduced recently[6]. Initial studies with CB nanoparticles and femtosecond laser 

pulses showed efficient delivery of uptake markers while maintaining high cell viability. 

Later, nanosecond laser pulses were used instead of femtosecond lasers due to their ease 

of handling and instrument cost, in addition to it being globally researched for several 

clinical applications[8]. CB nanoparticles were chosen based on their broad-spectrum 

absorbance feature (300 nm to 1100 nm), while 1064 nm wavelength was chosen based on 

their weak absorption by tissue material and body fluids such as water and blood. Use of 

this combination ensured that in a system of CB nanoparticles, cells and cell suspension 

media, irradiated with 1064 nm laser pulses, CB nanoparticles would preferentially absorb 

the laser, with little or no direct effect of the laser on cells and suspension media. Through 

several parametric studies in the prior literature, nanoparticle-mediated photoporation was 
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optimized to deliver fluorescent calcein molecules to almost 90% of DU145 prostate cancer 

cells while maintaining high cell viability. In addition, 13 kDa siRNA was also delivered, 

causing EGFR knockdown in 49% of ovarian cancer cells exposed to laser pulses in 

presence of CB nanoparticles[11].  

Several studies were conducted to explore the underlying mechanism of nanoparticle-

mediated photoporation. After several iterations, the proposed mechanism included 

generation of transient vapor bubbles surrounding nanoparticles, producing local 

photoacoustic and thermal output due to the interaction between CB nanoparticles and laser 

pulses. These generated outputs were believed to cause external stress on cell membrane 

causing transient pore formation, allowing the delivery of target molecule inside cellular 

cytosol. It was shown that the nanoparticles absorb energy delivered through laser and heat 

up to temperatures greater than 100oC within 10 ns. In addition, the pores created by laser 

exposure close significantly faster than after ultrasound and electroporation exposure, 

which translated into higher delivery percentages with lesser cell viability losses[7].    

 Subsequent studies investigated the role of cellular mechanics on nanoparticle-

mediated photoporation and concluded that intracellular delivery efficiency could be 

enhanced by destabilizing cytoskeleton[10]. However, no significant changes were 

observed for cytoskeleton strengthening and cell membrane fluidity manipulation. 

Furthermore, it was proposed that energy input per cell is strong predictor of bio-effects 

caused by photoporation. However, the above study did not account for other energy 

parameters that can also alter bio-effects[9].  
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 Through this thesis, we aim to bridge some of the knowledge gap that exists 

between understanding the role of several components associated with nanoparticle-

mediated photoporation in causing cell membrane poration and intracellular delivery of 

molecules. In particular, we looked into the effects of changing cellular microenvironment 

on bio-effects and further explored their implications.  

6.2 Role of nanoparticle and associated energy transduction parameters 

CB nanoparticles suspended with cells during laser irradiation act as energy 

transducer, absorbing energy delivered through laser pulses and generating acoustic and 

thermal output. To understand the role of nanoparticle’s physical properties on bio-effects, 

we tried to explore the effects of changing nanoparticle material, size and shape. However, 

varying each property individually was not possible due to the limitations set by available 

nanoparticles. For example, when SiC nanoparticles were used instead of CB, several 

properties such as nanoparticle size, 1064 nm light absorbance, heat capacity and thermal 

conductivity changed. Therefore, it was difficult to extract the role of these individual 

properties on nanoparticle-mediated photoporation. However, we realized that any given 

nanoparticle property change would eventually affect the energy transduction parameters 

and we can measure those changes by theoretically calculating three associated transient 

parameters – peak nanoparticle temperature, number of bubbles formed during laser 

irradiation and peak bubble size.  

Through subsequent studies, we demonstrated that each of these energy transduction 

parameters could individually alter bio-effects, and thus are all significant in causing 

photoporation. We also showed that bio-effects can be enhanced by increasing a product 
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P, derived using power law correlation of transduction parameters. This suggests that 

several combination of peak nanoparticle temperature, number of bubbles and bubble size 

can cause similar bio-effects as long as their product parameter P remains the same. For 

example, if there is a restriction on the number of nanoparticles that can be used, then 

bubble size and peak nanoparticle temperature can be manipulated to provide desired bio-

effects. In addition, our studies also found that we cannot control bio-effects by controlling 

one energy parameter (total energy absorbed, energy absorbed per nanoparticle and energy 

per nanoparticle mass), which means no single dominant energy parameter exists that can 

be used to manipulate nanoparticle-mediated photoporation.  

6.3 Role of serum addition in cell suspension media  

This section was focused on exploring and understanding the role of serum addition 

in cell suspension media associated with nanoparticle-mediated photoporation. 

Experimental results showed that presence of serum during laser irradiation aids in cell 

viability preservation, enabling high percentage of viable cells with molecular uptake. This 

ability of serum is greatly amplified at high laser fluence irradiation (> 44 mJ/cm2), when 

majority of cells would lose viability due to cell death and fragmentation. Conversely, 

when serum was present, amount of viable cells increased by up to 350%, especially at 

serum concentrations equal to or above 10%.   

Subsequent studies showed that albumin proteins present in serum were responsible 

for this viability protection feature; however, this ability was not exclusive to albumin 

proteins only. Cell viability benefited from presence of HG proteins as well and showed 

enhanced delivery efficiency. We also found that protein biological activity was not 
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required for viability protection since use of denatured serum proteins showed no 

significant difference from regular serum in providing viability protection.   

Irrelevance of protein biological activity in providing viability protection indicated 

that this feature can be mimicked by other molecules as well. Literature has examples of 

several polymers being used for improving cell culture productivity by providing 

protection against “fluid-mechanical damages” in bioreactors[167]. Additionally, 

polymers such as PEG and Pluronics have also been used for improving cell viability 

during electroporation and nanoparticle-mediated photoporation[132,173]. We were 

successful in showing that some neutral charge and hydrophilic polymers, such as PVP, 

PEG, PEOX and Pluronic F127 can provide viability protection during laser irradiation. 

Our experiments also revealed dependence of viability protection on polymer 

hydrophobicity and molecular weight. Additionally, we showed that although adding 

serum in cell suspension media increased its viscosity, this viscosity change was not 

responsible for viability protection. 

Altogether, these results suggest that viability protection provided by serum was 

caused by non-biological interactions between serum proteins and cell membrane; which 

can be mimicked by polymer additives as well through hydrophobic interactions with cell 

membrane.  

6.4 Role of delivery molecule size and subsequent optimization to enhance 

macromolecular delivery 

Several attempts of delivering macromolecules using nanoparticle-mediated 

photoporation were made in past. However, the delivery percentages achieved were 
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significantly low compared to calcein, especially for macromolecules > 100 kDa in 

size[12,126]. Our initial studies revealed a direct dependence of delivery percentage on 

molecular weight high calcein delivery condition. For example, at 33 mJ/cm2 fluence for 1 

min exposure, < 20% of cells had uptake of macromolecules of size > 100 kDa, compared 

to ~70% cells showing 0.66 kDa calcein uptake. These lower delivery efficiencies can be 

attributed to the decrease in diffusivity values with increase in molecular weight. We 

observed a linear relation between percentage of cells with molecular uptake and Mw-1/3, 

which is proportional to diffusivity.  

Learning from these results, we hypothesized that the macromolecular delivery 

efficiency could be enhanced by either increasing laser fluence (to generate larger cell 

membrane pores) or increasing duration of laser irradiation at low fluence (to allow greater 

diffusion times for macromolecules). Corresponding experimental studies provided data in 

support of the above two hypotheses. We were able to increase percentage of uptake cells 

with 2000 kDa Dextran in both the cases. However, trade-off between percentage of uptake 

cells and viability loss was more favorable at low laser fluence and longer exposure 

duration.  

We were successful in delivering 500 kDa and 2000 kDa dextran to > 50% and > 

45% of cells respectively. This was significantly greater than ~5% delivery of DNA 

plasmids of similar size achieved previously.  Further analysis revealed that by increasing 

exposure duration at low laser fluence, not only were we delivering macromolecules to 

more percentage of cells, but we also delivered a greater number of macromolecules inside 

cellular cytosol.  
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

Nanoparticle-mediated photoporation is a novel delivery platform that has potential 

to efficiently deliver diagnostic and therapeutic molecules intracellularly. Through this 

work, we explored the effects of changes in cellular microenvironment on cellular 

responses. Specifically, we highlighted the role of nanoparticle and associated transient 

parameters, investigated cell responses to the presence of serum during photoporation and, 

provided operating conditions for enhanced macromolecular delivery.  

First, we demonstrated that changing nanoparticle composition directly influences 

energy transfer from laser to nanoparticle and from nanoparticle to surrounding fluid 

media. We also provided correlation between energy transduction parameters and final bio-

effects caused by laser irradiation in presence of CB nanoparticles. Second, we showed 

that presence of serum proteins during laser irradiation provides cell viability protection 

and, for some exposure conditions, enhance percentage of cells with molecular uptake. 

Evidence suggested that albumin proteins (present in serum) were responsible for this 

feature; however, we showed that viability protection can be achieved using other protein 

molecules as well as certain neutral and hydrophilic polymers. Finally, yet importantly, we 

showed that macromolecular delivery appeared to be diffusion limited and the percentage 

of cells with macromolecular uptake can be enhanced by using lower laser fluence and 

longer exposure duration (i.e. greater number of pulses). This result is vital because it paves 

a way forward to deliver molecules such as proteins and plasmid DNAs, which are essential 

for novel therapies and diagnostics.   
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In summary, this thesis contributed to developing an understanding, of the role 

played by cellular microenvironment in nanoparticle-meditated photoporation; and 

provides a way forward to translate this platform technology, to deliver macromolecules 

of therapeutically relevant sizes, for in vitro applications. A typical use of nanoparticle-

mediated photoporation has been for photothermal ablation, which are mainly focused on 

inducing local hyperthermia resulting in cell death[208]. However, this thesis provides a 

way to use nanoparticle-mediated photoporation for therapeutic applications by delivering 

molecules into cellular cytosol while maintaining high cell viability. Potential of serum 

proteins and polymers to be used as viability protection additives adds another paradigm 

in efficient intracellular drug delivery. Additionally, this thesis also provides a systematic 

study on the role of transient parameters involved in energy transduction, causing 

photoporation. The correlations developed can be used to generate desired bio-effects by 

controlling initial operating conditions.  

7.2 Recommendations 

7.2.1 In vitro protein and plasmid DNA delivery  

Based on the results generated in CHAPTER 5, we now have the ability to deliver 

macromolecules of size > 100 kDa to close to 50% of cells. Since this platform technology 

is generally not limited by cell type, various diseases models and cellular diagnostic 

modalities can be tested. For example, as proof of concept, 150 kDa Dengue-HuMAbs can 

be delivered to DENV-infected Vero cells and checked for viral neutralization[101]. 

Further, delivery of larger GFP plasmid DNA to mammalian cells can be done using 

fluorescently tagged plasmids, and additional expression studies can be done using flow 
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cytometry and/or fluorescent microscopy image analysis[209]. Most GFP expression 

studies require 48-72 hours after transfection and thus cells will need to be replated and 

harvested after the said duration of time for analysis.  

Majority of non-viral methods report < 10% transfection efficiency for genetic 

cargo delivery even with high intracellular delivery percentages. Often this low percentage 

is attributed to negligible control over nuclear translocation of delivered genetic molecule 

and subcellular pathways leading to expression. We recommend Glucocorticoid (GC)-

priming of cells, which has been used to enhance transgene expression[210]. 

Dexamethasone – an anti-inflammatory GC drug has been shown to promote transgenic 

reporter activity by manipulating downstream activity and thus can be used for improved 

expression[211].  

7.2.2 Macromolecular delivery enhancement using viability protective additives 

Presence of serum or certain polymer additives were shown to provide cell viability 

protection and improve percentage of uptake cells in CHAPTER 4. All these studies were 

conducted with 0.62 kDa calcein as delivery molecule. We propose using this advantage 

to improve macromolecular delivery efficiency. We conducted experiments to investigate 

whether adding 1 w/v% Pluronic F127 to cell suspension media will enhance percentage 

of cells with > 100 kDa molecule uptake. Use of Pluronic was given priority due to its cost 

benefits and general acceptance as cell repair additive[212].   

Preliminary experiments in APPENDIX C gave us some promising results. We 

observed that percentage of cells with150 kDa and 500 kDa molecule uptake significantly 

higher when cells were suspended in media containing 1% F127 compared to no F127 
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media.  It is important to mention that CB nanoparticles used, for this study, were 243 nm 

in diameter instead of regular 195 nm CB nanoparticles in previous chapters of this thesis. 

One big difference, caused by this change was higher bio-effects at any given experimental 

condition due to which, higher percentages of uptake cells were seen at lower exposure 

durations (for 150 kDa and 500 kDa molecules).  

However, the percentage delivery for 2000 kDa molecules could not be improved 

to more than 30%. We recommend increasing laser exposure duration for 2000 kDa 

delivery since, we believe that delivery of 2000 kDa is diffusion limited (from CHAPTER 

5). In addition, a parametric study with different nanoparticle size, concentration, laser 

fluence and exposure duration should provide more options to increase uptake percentage 

of 2000 kDa molecule delivery. Eventually, use of Pluronic F127 can be applied to enhance 

delivery and transfection efficiency of protein and nucleic acids. We do not recommend 

increasing percentage of Pluronic to more than 1 w/v% since that would also lead to 

significant rise in media viscosity and that would subsequently restrict molecular transport 

in extracellular space.  

7.2.3 Use of liquid nanodroplets instead of solid nanoparticles as energy transducers 

Energy transfer efficiency of CB nanoparticles governs the generation of thermal 

and acoustic output that cause cell membrane poration. The dependence on a solid energy 

transducer can be minimised by using liquid Perfluorocarbon (PFC) nanodroplets. PFC 

nanodroplets comprise of liquid PFC core and photoabsorber, encapsulated in a stabilizing 

lipid shell. When irradiated with laser pulses, the photoabsorber can absorb energy 

delivered and vaporize liquid PFC core, rapidly expanding in volume due to phase change. 
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This rapid volume expansion has been shown to produce photoacoustic waves, which in 

our case, can be utilized to transiently permeabilize cell membrane[213].  

We investigated the use of PFC nanodroplets to enable intracellular delivery of 

calcein in APPENDIX B. For the experimental conditions tested, a maximum of ~20% 

uptake was observed at 88 mJ/cm2 for 2.5 min exposure. Subsequent increase in exposure 

duration resulted in higher viability loss while laser fluence increase was restricted by the 

laser setup. Additionally, measured zeta potential of PFC dispersion was 0.28 mV which 

is highly unstable. Thus, lower delivery efficiency may be attributed to unstable dispersion 

in cell suspension and settling of PFC nanodroplets during laser irradiation, which would 

severely lower interactions between laser and nanodroplets. However, no experimental 

study was done to quantify the above-mentioned limitations. Therefore, we recommend 

studying dispersion properties such as photoacoustic and thermal output during laser 

irradiation. Photoacoustic output can be measured using needle hydrophone while thermal 

output can be calculated through bulk temperature rise measurements using 

thermocouple[13].  
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APPENDIX A. CUVETTE BOUNDARY EFFECTS 

Several external factors/parameters in the cellular microenvironment can affect the 

bio-effects caused by nanoparticle-mediated photoporation. Some of these parameters such 

as nanoparticle concentration, laser fluence and exposure duration have been studied 

previously.  

 

Figure A.1: A schematic representation of boundary effects caused by the acoustic 

density differences between cell suspension media, cuvette glass boundary and 

surrounding air. 

The previous chapters of this thesis evaluate the role of nanoparticle and laser 

properties, cell-suspension media properties, as well as the size of the delivery molecules. 
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However, most of the past and current in vitro studies are done using Pyrex cuvette system, 

which have rigid glass boundary. The following sections evaluate the role of cuvette 

boundary in nanoparticle-mediated photoporation. 

Due to acoustic impedance differences of sample fluid, glass boundary and 

surrounding air, the acoustic waves generated during laser exposure of CB nanoparticles, 

can be reflected from the fluid-solid interface (Figure A.1). This in turn can amplify the 

bio-effects caused by photoporation, by the interaction of these reflected waves with cells 

close to cuvette boundary (hence, we named this phenomenon as “boundary effects”). 

Previous studies had indicated that the presence of rigid glass boundary might cause greater 

bio-effects due to boundary reflections[214]. This study is a further extension, investigating 

whether presence of cuvette glass boundary does indeed cause greater bio-effects. We used 

variable path length and acoustically transparent cuvettes to analyze the effects of cuvette 

boundary on photoporation to distinguish between the effects of acoustic reflections and 

local fluid mechanics at the boundary. We also introduced a new experiment setup by 

sandwiching the glass cuvette between two acoustically transparent cuvettes filled with 

water to lower the acoustic reflections from the cuvette boundary.  

A.1  Materials and methods 

A.1.1 Cell preparation  

DU145 human prostate carcinoma cells (American Type Culture Collection, VA) 

were grown in tissue culture flasks with cell media containing RPMI 1640 Medium 

(Cellgro, Herndon, VA), with 10% FBS (Corning, Palo Alto, CA) and 1% P/S (Cellgro). 

They were incubated at 37oC, 5% CO2 and 98% relative humidity levels during growth 
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period. Cells were cultured at 85% confluency using 0.25% Trypsin/EDTA (Cellgro). After 

harvesting, DU145 cells were suspended in RPMI at a concentration of 106 cells/ml. 

A.1.2 Nanoparticle dispersion preparation 

CB nanoparticle dispersion preparation was done using 25 nm diameter CB 

nanoparticles (Black Pearls 470, Cabot, Boston, MA) and DI water. CB nanoparticles were 

added at a concentration of 1600 mg/L or 400 mg/L to DI water containing 0.013% (v/v) 

Tween-80 (Sigma-Aldrich, St. Louis, MO) to enhance solution stability (prevent particle 

aggregation for a homogeneous dispersion). The solution was first sonicated for 35 min in 

an ultrasonic water bath (FS3OH, Fisher Scientific, Pittsburg, PA) and then with an 

ultrasonic needle for 1 min (Sonics Ultracell, Sonics & Materials, Newton, CT). CB 

nanoparticles tend to aggregate in aqueous dispersions and thus the final aggregate 

diameter was measured to be 195 nm using Dynamic light scattering (DLS) measurements 

(ZetaSizer Nano, Malvern Instruments, Malvern, UK). 

A.1.3 Exposure sample preparation  

Exposure samples were prepared by mixing 520 µL of DU145 cells (106/mL) 

suspended in RPMI, 37 µL of 1600 mg/L or 400 mg/L CB dispersion and 5.5 µL of 1mM 

calcein (Molecular Probes, Eugene, OR) solution in a 1.5 mL Eppendorf tube. The final 

CB nanoparticle concentration became 105 mg/L or 26.3 mg/L and calcein concentration 

became 10 μM. Samples were stored in ice bath to reduce endocytosis/cellular activity 

before and after-laser exposure. 

A.1.4 Laser exposure and cell wash  
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Cell samples were transferred to a 21 mm diameter cylindrical Pyrex glass cuvette 

(37-PX-2, Starna Cells, Atascadero, CA) or 3D printed low-density polyethylene (LDPE) 

cuvette with saran wrap (polyethylene) flat walls for laser exposure. For acoustically 

transparent walls, these cuvettes were sandwiched between LDPE cuvette with saran wrap 

flat walls shown in figure A.4a.  An Nd:YAG solid-state laser (Continuum Powerlite II 

Plus, Continuum, San Jose, CA) was used as laser source to apply 5-9 ns pulses of 1064 

nm wavelength at a frequency of 10 Hz. Samples were exposed to laser beam (21 mm 

diameter), which irradiated the whole surface with flat top (uniform) energy profile. 

Immediately after exposure, samples were transferred back to the Eppendorf tubes and 

stored in ice. Negative controls in the form of ‘sham’ exposures were samples containing 

cells, CB nanoparticles, and calcein that experienced the same handling and procedures 

except the laser exposure. To label non-viable cells post laser-irradiation, PI (Invitrogen, 

Grand Island, NY) was added at a final concentration of 13.4 μM for 10 min on ice.  Cell 

samples were then washed 3 times with phosphate buffer saline (PBS) to remove excess 

calcein from the bulk solution before analysis.  

A.1.5 Data Collection   

Flow cytometry - Cells were analyzed using a bench-top flow cytometer (BD 

Accuri, BD Biosciences, San Jose, CA) to quantify bio-effects in terms of viable cells with 

intracellular uptake and non-viable cells (i.e. intact cells with PI staining). Calcein 

fluorescence was measured using 530/28 nm bandpass filter with excitation at 488 nm and 

PI fluorescence was measured using a 670 nm longpass filter with excitation at 535 nm. 

Cell samples were run at constant flow rate of 35 μL/min for 1 min. A negative control 

containing only cells in RPMI was used to construct a cell population gate in the forward-
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scattered (FSC) and side-scattered (SSC) analysis. Cells within this gate were considered 

to be intact cells. To account for possible cell loss due to cell fragmentation (appearing as 

low forward scatter and low side scatter events on the flow cytometer), the difference 

between the number of viable cells detected in a given sample and the number of viable 

cells detected in sham samples was taken as the number of cells lost to fragmentation. 

Samples were run at a constant flow rate of 35 μL/min for 1 min.  

Power transmittance measurements - Laser beam power was measured using 

pyroelectric laser sensor (Ophir-Spiricon, LLC, North Logan, UT) with appropriate power 

rating connected to a power meter (Ophir Nova II, Ophir-Spiricon). At first, true laser 

power was measured by placing laser sensor in front of cuvette being irradiated with laser 

beam. Next, the laser sensor was moved behind the cuvette to measure the power 

transmitted through the glass cuvette. The difference between initial and exit power gave 

energy loss in cuvette due to absorption and scattering.  

A.1.6 Data Analysis  

A minimum of 3 replicates were used for each experimental condition. Mean and 

standard error of the mean were calculated using the 3 replicates. One-way analysis of 

variance (ANOVA, α = 0.05) was performed to compare 3 or more experimental conditions 

using Graphpad Prism 8 (GraphPad Software, La Jolla, CA) followed by post-hoc Tukey’s 

pairwise comparison. A value of p < 0.05 was considered statistically significant. 

A.2  Results 

A.2.1  Changing cuvette width to minimize the percentage of cells near glass boundary 
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Figure A.2: Bio-effects plot at 44 mJ/cm2 fluence, 1min exposure using 105 mg/L CB 

nanoparticle concentration for variable cuvette path length (width). All samples 10 

µM calcein. Data are expressed as mean ± SEM based on 3 replicates each.  

The first experiment designed to check for boundary effects was using variable 

cuvette width (1 mm to 10 mm wide) for cell suspension during laser irradiation. A 1 mm 

wide cuvette will have more percentage of cells close to the glass boundary than a 25 mm 

cuvette. Cells suspensions with 105 mg/L CB nanoparticles and calcein, were placed inside 

cuvettes with variable width and irradiated with 44 mJ/cm2 laser fluence for 1 min (or 600 

pulses). Bio-effects plots in Figure A.2 shows that percentage of uptake cells increased 

with increasing cuvette width (one-way ANOVA, p < 0.01) while percentage of non-viable 

(one-way ANOVA, p < 0.05) and fragmented cells decreased (one-way ANOVA, p < 

0.001). This decreased loss in viability implies reduction of bio-effects with increasing 

cuvette width. To check whether the lowering of bio-effects was caused due to reduction 
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of percentage of cells encountering reflected acoustic waves (causing boundary effects) or 

simply due to power loss due to cuvette width increase, we measured power transmitted 

through the cuvettes during laser irradiation. Table 2 shows initial power before the laser 

beam entered glass cuvette and exit power after laser beam crossed the whole cuvette (as 

shown in Figure A.3).  

 

Figure A.3: A schematic representation of power loss caused interactions between 

laser beam and cuvette of varying path lengths (width). A: Initial power reading; B: 

Power loss in glass window; C: CB suspension loss factor; X: Distance from front 

window; Y: Exit power 

This power loss can be attributed to energy absorbed and scattered by CB 

nanoparticles inside glass cuvette. Wider cuvette will have higher number of nanoparticles 

contributing to power loss. Therefore, CB nanoparticles in 25 mm cuvettes will encounter 

lower laser power on average than CB nanoparticles in 1 mm cuvettes. Subsequent bio-

effects in 25 mm cuvettes should be lower compared to 1 mm cuvette, which appears to be 

the case in Figure A.2. Therefore, it is difficult to claim that the lowering of bio-effects 

with cuvette width increase was caused by reduction in boundary effects only. 
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Table A.1: Power transmission loss through cuvette measurements during laser 

exposure 

Cuvette path 

length (width) 

Initial power 

(A), W 

Final power (Y) transmitted through 

cuvette filled with CB and RPMI, W 

% loss at 

exit 

1 mm 2.04 ±0.00 1.44 ±0.033 30% 

2 mm 2.04 ±0.002 1.22 ±0.013 40% 

5 mm 2.04 ±0.002 0.62 ±0.006 70% 

10 mm 2.04 ±0.002 0.25 ±0.012 88% 

A.2.2  Changing acoustic impedance difference to investigate effects of boundary 

reflections 

To lower acoustic reflections from glass-air interface, as would be the case in a 

normal laser exposure experiment where cell suspensions are placed inside a glass cuvette 

and irradiated with laser pulses, two new cuvette designs were used (as shown in Figure 

A.4). In first design, the circular/curved boundary (2 mm wide) of the cell suspension 

cuvette was made of LDPE using 3D printing. Saran wrap was used to cover the flat 

surface/walls of the plastic cuvette (pc). This plastic cuvette was then sandwiched between 

two waterbath cuvettes made from same LDPE material with saran wrap stuck as flat 

surface/walls. In the second design, Pyrex glass cuvette was used as middle cell suspension 

cuvette however; two LDPE cuvettes (similar to the first design) were placed on either side 

to act as waterbath (figure A.4a). The waterbath cuvette width was varied from 2 mm to 25 

mm to lower the acoustic reflections from plastic-air interface. Experimental results 

showed differences in bio-effects for cells placed inside varying width of waterbath cuvette 
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(Figure A.5).  The first comparisons were between cells exposed to laser pulses with and 

without water bath for either plastic or glass cuvette. 

 

 

Figure A.4: A representative figure for cuvette with water bath design. pc – plastic 

cuvette made with LDPE 3D printed curved boundary and saran wrap flat walls; gc 

– glass cuvette made with Pyrex glass curved boundary and flat walls 

Percentage of uptake cells whenever the cells were placed in waterbath were higher 

compared to when cells were not placed in waterbath, irrespective of the type of cell 

suspension cuvette used and the width of waterbath (p < 0.05). Additionally, either 

percentage of non-viable cells or fragmented cells (sometimes both) were lower for cells 

placed in waterbath compared to when cells were not placed in waterbath (p < 0.05). 

Second comparisons were between cells exposed to laser pulses in varying width of the 

waterbath. Percentage of uptake cells increased with increasing waterbath width (one-way 

ANOVA, p < 0.0001) while percentages of non-viable cells (one-way ANOVA, p < 0.001) 

and fragmented cells decreased (one-way ANOVA, p < 0.01), irrespective of type of cell 

suspension cuvette used. 
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Figure A.5: Bio-effects plot at 55 mJ/cm2 fluence, 1min exposure using 26.3 mg/L CB 

nanoparticle concentration for 2 mm cuvettes submerged in variable width of water 

bath. All samples 10 µM calcein. Data are expressed as mean ± SEM based on 3 

replicates each. 

These two comparisons show that bio-effects were lowered by adding waterbath, 

which suggests that adding waterbath reduced the acoustic reflections and thus bio-effects 

caused by boundary reflections were also lowered. However, lowering of boundary 

reflections indicates that the acoustic waves generated inside cell suspension cuvette, were 

able to traverse the solid boundary and penetrate the waterbath. To check whether these 

acoustic waves were actually responsible for causing boundary effects (i.e. higher bio-

effects near solid walls), we designed another experiment where the cells suspension was 

kept in the middle cuvette and the CB was suspended in the waterbath. If the acoustic 
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waves could traverse through the solid walls and are the cause of boundary effects then we 

should see significant bio-effects in the cells placed in the middle cuvette. 
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Figure A.6: Uptake and viability plot of cells suspension placed in middle cuvette and 

CB nanoparticles placed in waterbath. This design was irradiated with 77 mJ/cm2 

laser fluence for 1 min. All samples 10 µM calcein. Data are expressed as mean ± SEM 

based on 3 replicates each. 

Results from 77 mJ/cm2 laser fluence irradiation (as shown in Figure A.6) showed 

no significance differences between percentage of uptake cells at varying CB nanoparticle 

concentrations of 0 mg/L, 26.3 mg/L and 52.6 mg/L (one-way ANOVA, p > 0.05). 

Similarly, no differences were observed between percentages of viable cells at the three 

CB nanoparticle concentrations (one-way ANOVA, p > 0.05). These results imply that the 

acoustic waves generated in waterbath either did not traverse the solid boundary or were 

not significant enough to cause bio-effects. Analogically, if acoustic reflections were 
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responsible for boundary effects seen in Figure A.5 but if acoustic waves could not traverse 

the solid boundary then adding waterbath should not lower bio-effects. Similarly, if 

acoustic waves did traverse the solid boundary but were not significant enough to cause 

bio-effects (as seen in Figure A.6), then again, dampened acoustic reflections should not 

be the cause of lower bio-effects seen in figure A.4b. 

Since, acoustic reflections did not produce convincing results to prove that they can 

cause bio-effects and thus be the reason for boundary effects, we tried to explore the 

reasons of lower bio-effects seen in figure A.4b. One of the side effects of adding a 

waterbath could be lowering of bulk temperature. This in turn can also lower bio-effects. 
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Figure A.7: Surface temperature measured at t = 0 and at t = 60 sec for 55 mJ/cm2 

fluence, 1min exposure using 26.3 mg/L CB nanoparticle concentration. All of these 

cases had 2 mm glass cuvettes submerged in variable width of water bath. All samples 

10 µM calcein. Data are representative of 3 independent replicate samples. 
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To check whether adding waterbath did actually lower the temperature rise and 

affect heat transfer, we took infrared (IR) images of the cuvettes before and during laser 

irradiation, which provided surface temperature data (as shown in Figure A.7). IR imaging 

data revealed that temperature rise was lower for higher width waterbath. For example, as 

shown in Figure A.7, 6.3oC temperature rise was recorded when 2 mm waterbath was used. 

However, the temperature rise recorded was 5.3oC for 5 mm waterbath and only 1.1oC for 

10 mm waterbath. 

A.3  Conclusion 

In this appendix, we tested the hypothesis that acoustic boundary reflections lead to 

greater bio-effects, through two different study designs –i) changing cuvette width to vary 

the percentage of cells near cuvette boundary and, ii) using acoustically transparent 

cuvettes to minimize boundary reflections. We demonstrated that changing cuvette width 

does lead to lower bio-effects; however, this change might have been brought about by 

higher power loss in wider cuvettes. Further, we also showed that the design implemented 

to lower acoustic reflections did cause reduced bio-effects, however bulk temperature 

reduction also might have significant contribution in doing so. Therefore, in conclusion, 

we failed to find concrete evidence to support the hypothesis that acoustic boundary 

reflections were causing additional bio-effects.  
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APPENDIX B. PHOTOPORATION USING PERFLUOROCARBON 

NANODROPLETS 

 Recently, perfluorocarbon (PFC) nanodroplets have been explored as alternative 

for enhanced imaging and a potentially effective drug delivery vehicle[213]. Optically 

triggered PFC nanodroplets are composed of a liquid PFC core and encapsulated 

photoabsorber, all encased in a stabilizing lipid shell.  After pulsed laser irradiation, the 

nanodroplets convert from liquid to gas, producing a photoacoustic signal (Figure B.1).   

PFC nanodroplets produce very small bubbles, can remain longer in aqueous solutions, and 

can undergo surface modification for potential targeted drug delivery. Vaporized 

nanodroplets also show more stable cavitation with minimal damage to surrounding 

tissue[213]. Additionally, the heat of vaporization of PFC liquids is lower than the heat of 

vaporization of water; therefore, PFC should require less heat to phase change[215]. 

We hypothesized that PFC nanodroplets could be used instead of CB nanoparticles 

to generate thermal and acoustic output through pulsed 1064 nm laser light irradiation, 

which could further be utilized to cause photoporation for intracellular molecular delivery. 

B.1  Materials and methods 

B.1.1 Cell preparation  

DU145 human prostate carcinoma cells (American Type Culture Collection, VA) 

were grown in tissue culture flasks with cell media containing RPMI 1640 Medium 

(Cellgro, Herndon, VA), with 10% FBS (Corning, Palo Alto, CA) and 1% P/S (Cellgro). 

They were incubated at 37oC, 5% CO2 and 98% relative humidity levels during growth 
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period. Cells were cultured at 85% confluency using 0.25% Trypsin/EDTA (Cellgro). After 

harvesting, DU145 cells were suspended in RPMI at a concentration of 106 cells/ml. 

B.1.2 PFC nanodroplets synthesis 

We used the protocol described by Georgia Tech’s Ultrasound Imaging and 

Therapeutics Research Laboratory. Glass syringe and round-bottom flask were first 

cleaned using chloroform. With the glass syringe, 0.1 mL DSPE-mPEG2000 and 0.02 mL 

DSPC (Avanti Polar Lipids Inc., AL) were added to the round-bottom flask. Next, 1 mg of 

Epolight 3072 dye (Epolin, NJ) was mixed to the lipid/chloroform solution. Chloroform 

was then evaporated using a RotoVap. The water bath was heated to 60°C and the 

circulating water was cooled to 20°C. Next, the vacuum pressure was lowered to 474 

mmHg while spinning the flask at 100 rpm. This flask was then subjected to a continuous 

flow of Nitrogen gas to dry any residual chloroform. Next, 1 mL of PBS was added to the 

round bottom flask and parafilm was used to seal the flask. The solution was then vortexed 

and placed in a water bath sonicator for 5 minutes to homogenize. The solution was then 

transferred to a 2 mL centrifuge tube and spun for 1 min at 100 rcf, to pellet excess dye. 

The supernatant was transferred to a glass vial, and PBS was then added to bring the total 

volume back to 1 mL. Then, 50μL of perfluorohexane (Fluoromed, TX) was added to the 

solution and the vial was placed in ice and allowed to cool. A probe sonicator was used to 

mix the solution. Before using the droplets, the stock solution was diluted (1:20 or greater) 

and placed in a bath sonicator for 5 minutes. 
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Figure B.1: A schematic representation (not to scale) of PFC nanodroplets before and 

after laser irradiation 

B.1.3 Exposure sample preparation 

Exposure samples were prepared by mixing 520 µL of DU145 cells (106/mL) 

suspended in RPMI, 37 µL of PFC solution and 5.5 µL of 1mM calcein (Molecular Probes, 

Eugene, OR) solution in a 1.5 mL Eppendorf tube. Samples were stored in ice bath to 

reduce endocytosis/cellular activity before and after-laser exposure.  

B.1.3 Laser exposure and cell wash 

Cell samples were transferred to a 21 mm diameter cylindrical Pyrex glass cuvette 

(37-PX-2, Starna Cells, Atascadero, CA). An Nd:YAG solid-state laser (Continuum 

Powerlite II Plus, Continuum, San Jose, CA) was used as laser source to apply 5-9 ns pulses 

of 1064 nm wavelength at a frequency of 10 Hz. Samples were exposed to laser beam (21 

mm diameter), which irradiated the whole surface with flat top (uniform) energy profile. 

Immediately after exposure, samples were transferred back to the Eppendorf tubes and 

stored in ice. Negative controls in the form of ‘sham’ exposures were samples containing 

cells, PFC nanodroplets, and calcein that experienced the same handling and procedures 

except the laser exposure. To label non-viable cells post laser-irradiation, PI (Invitrogen, 
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Grand Island, NY) was added at a final concentration of 13.4 μM for 10 min on ice.  Cell 

samples were then washed 3 times with phosphate buffer saline (PBS) to remove excess 

calcein from the bulk solution before analysis. 

B.1.4 Data collection  

Cells were analyzed using a bench-top flow cytometer (BD Accuri, BD 

Biosciences, San Jose, CA) to quantify bio-effects in terms of viable cells with intracellular 

uptake and non-viable cells (i.e. intact cells with PI staining). Calcein fluorescence was 

measured using 530/28 nm bandpass filter with excitation at 488 nm and PI fluorescence 

was measured using a 670 nm longpass filter with excitation at 535 nm. Cell samples were 

run at constant flow rate of 35 μL/min for 1 min. A negative control containing only cells 

in RPMI was used to construct a cell population gate in the forward-scattered (FSC) and 

side-scattered (SSC) analysis. Cells within this gate were considered to be intact cells. To 

account for possible cell loss due to cell fragmentation (appearing as low forward scatter 

and low side scatter events on the flow cytometer), the difference between the number of 

viable cells detected in a given sample and the number of viable cells detected in sham 

samples was taken as the number of cells lost to fragmentation. Samples were run at a 

constant flow rate of 35 μL/min for 1 min. 

B.1.6 Data Analysis  

A minimum of 3 replicates were used for each experimental condition. Mean and 

standard error of the mean were calculated using the 3 replicates. One-way analysis of 

variance (ANOVA, α = 0.05) was performed to compare 3 or more experimental conditions 
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using Graphpad Prism 8 (GraphPad Software, La Jolla, CA) followed by post-hoc Tukey’s 

pairwise comparison. A value of p < 0.05 was considered statistically significant 

B.2  Results and discussion 

Cells suspended with PFC nanodroplets and calcein were exposed to laser pulses 

for 1 min and 66 mJ/cm2, 77 mJ/cm2 and 88 mJ/cm2. These higher fluences were chosen 

to investigate if there will be any bio-effects due to the acoustic waves produced by the 

vaporization of PFC nanodroplets. Results in Figure B.2 indicate very low bio-effects with 

percentage of uptake cells lower than 6% (one-way ANOVA, p > 0.05). Similarly, no 

significant differences were seen in non-viable cells (one-way ANOVA, p > 0.05), while 

no cells were lost due to fragmentation at all three fluences. 

When cells were irradiated at 88 mJ/cm2 but for higher exposure durations (1 min 

to 10 min), bio-effects seemed to increase with percentage of cells reaching ~20% at 2 min 

exposure (Figure B.3). However, further increase led to higher cell viability loss and 

percentage of uptake cells could not increase beyond 20%.  

DLS size measurements gave an average diameter of 204.7 nm (±2.95 nm) for PFC 

nanodroplets and Zeta potential of 0.28 mV (±0.90 mV). It is possible that PFC 

nanodroplets were unstable in solution and thus may not remain homogenously distributed 

for a long time inside glass cuvette during laser irradiation. This might be one of the reasons 

for very low calcein delivery efficiency even at high exposure fluence. The viability loss 

observed for longer exposure duration at 88 mJ/cm2 can be attributed to cell damage due 

to high laser energy for a prolonged duration. 
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Figure B.2: Bio-effects plot for calcein delivery using PFC nanodroplets at 66, 77, 88 

mJ/cm2 for 1 min exposure. All samples 10 µM calcein. Data are expressed as mean ± 

SEM based on 3 replicates each. 

 

Figure B.3: Bio-effects plot for calcein delivery using PFC nanodroplets at 88 mJ/cm2 

for variable exposure duration. All samples 10 µM calcein. Data are expressed as 

mean ± SEM based on 3 replicates each. 
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B.3  Conclusion 

PFC nanodroplets have shown potential to be used for intracellular drug delivery 

applications. However, a systematic parametric study comprising of PFC nanodroplets 

concentration, laser fluence, exposure duration as well as cell concentration is essential to 

figure out the optimized conditions for higher delivery percentages. Dispersion instability 

of PFC nanodroplets also needs to be addressed to push forward its in vitro applications. 
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APPENDIX C. MACROMOLECULAR DELIVERY USING BIGGER 

NANOPARTICLES, WIDER CUVETTES AND VIABILITY 

PROTECTION ADDITIVES 

In CHAPTER 5, we showed that low laser fluence and higher exposure duration 

could enable higher macromolecular delivery. CB nanoparticles used in those studies were 

195 nm in diameter and the cell suspensions were placed inside a 2 mm glass cuvette during 

laser exposure. We wanted to investigate the effects of changing nanoparticle size and glass 

cuvette width on the delivery efficiencies of molecules > 100 kDa in size.  

Therefore, in this section, we first compare macromolecular delivery efficiency 

between 195 nm and 243 nm CB nanoparticles. We also evaluate the effects of increasing 

cuvette width from 2mm to 5 mm. Furthermore, since, serum and certain polymer additives 

can be used to provide cell viability protection during photoporation, we subsequently 

explore delivering high molecular weight dextran using nanoparticle-mediated 

photoporation, leveraging the cell viability protection offered by Pluronic F127 additives. 

C.1  Materials and methods 

C.1.1 Cell preparation  

DU145 human prostate carcinoma cells (American Type Culture Collection, VA) 

were grown in tissue culture flasks with cell media containing RPMI 1640 Medium 

(Cellgro, Herndon, VA), with 10% FBS (Corning, Palo Alto, CA) and 1% P/S (Cellgro). 

They were incubated at 37oC, 5% CO2 and 98% relative humidity levels during growth 
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period. Cells were cultured at 85% confluency using 0.25% Trypsin/EDTA (Cellgro). After 

harvesting, DU145 cells were suspended in RPMI or 1% w/v luronic F127 at a 

concentration of 106 cells/ml. 

C.1.2 Nanoparticle dispersion preparation 

CB nanoparticle dispersion preparation was done using 25 nm (Black pearls 470, 

Cabot, Boston, MA) or 81 nm diameter CB nanoparticles (N700, Continental Carbon 

Company, TX) and DI water. CB nanoparticles were added at a concentration of 400 mg/L, 

800 mg/L or 1000 mg/L to DI water containing 0.013% (v/v) Tween-80 (Sigma-Aldrich, 

St. Louis, MO) to enhance solution stability (prevent particle aggregation for a 

homogeneous dispersion). The solution was first sonicated for 35 min in an ultrasonic 

water bath (FS3OH, Fisher Scientific, Pittsburg, PA) and then with an ultrasonic needle for 

1 min (Sonics Ultracell, Sonics & Materials, Newton, CT). CB nanoparticles tend to 

aggregate in aqueous dispersions and thus the final aggregate diameter was measured to be 

195 nm (for 25 nm particles) and 243 nm (for 81 nm particles) using Dynamic light 

scattering (DLS) measurements (ZetaSizer Nano, Malvern Instruments, Malvern, UK). 

C.1.3 Exposure sample preparation 

Exposure samples were prepared by mixing 1300 µL of DU145 cells (106/mL) 

suspended in RPMI, 92.5 µL of 400 mg/L, 800 mg/L or 1000 mg/L CB dispersion and 

13.75 µL of 10 g/L FITC-labelled dextran (Sigma-Aldrich, St. Louis, MO) solution in a 

1.5 mL Eppendorf tube, for 5 mm cuvette (and 0.4 times the volume for 2 mm cuvette). 

The final CB nanoparticle concentration became 26.3 mg/L, 52.6 mg/L or 65.75 mg/L and 
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dextran concentration became 98 mg/L. Samples were stored in ice bath to reduce 

endocytosis/cellular activity before and after-laser exposure.  

C.1.4 Laser exposure and cell wash 

Cell samples were transferred to either a 2 mm or 5 mm long and 21 mm diameter 

cylindrical Pyrex glass cuvette (37-PX-5, Starna Cells, Atascadero, CA). An Nd:YAG 

solid-state laser (Continuum Powerlite II Plus, Continuum, San Jose, CA) was used as laser 

source to apply 5-9 ns pulses of 1064 nm wavelength at a frequency of 10 Hz. Samples 

were exposed to laser beam (21 mm diameter), which irradiated the whole surface with flat 

top (uniform) energy profile. Immediately after exposure, samples were transferred back 

to the Eppendorf tubes and stored in ice. Negative controls in the form of ‘sham’ exposures 

were samples containing cells, CB nanoparticles, and dextran that experienced the same 

handling and procedures except the laser exposure. To label non-viable cells post laser-

irradiation, PI (Invitrogen, Grand Island, NY) was added at a final concentration of 13.4 

μM for 10 min on ice.  Cell samples were then washed 3 times with phosphate buffer saline 

(PBS) to remove excess dextran from the bulk solution before analysis. 

C.1.5 Data collection 

Cells were analyzed using a bench-top flow cytometer (BD Accuri, BD 

Biosciences, San Jose, CA) to quantify bio-effects in terms of viable cells with intracellular 

uptake and non-viable cells (i.e. intact cells with PI staining). FITC-labelled dextran 

fluorescence was measured using 530/28 nm bandpass filter with excitation at 488 nm and 

PI fluorescence was measured using a 670 nm longpass filter with excitation at 535 nm. 

Cell samples were run at constant flow rate of 35 μL/min for 1 min. A negative control 
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containing only cells in RPMI was used to construct a cell population gate in the forward-

scattered (FSC) and side-scattered (SSC) analysis. Cells within this gate were considered 

to be intact cells. To account for possible cell loss due to cell fragmentation (appearing as 

low forward scatter and low side scatter events on the flow cytometer), the difference 

between the number of viable cells detected in a given sample and the number of viable 

cells detected in sham samples was taken as the number of cells lost to fragmentation. 

C.1.6 Data Analysis  

A minimum of 3 replicates were used for each experimental condition. Mean and 

standard error of the mean were calculated using the 3 replicates. One-way analysis of 

variance (ANOVA, α = 0.05) was performed to compare 3 or more experimental conditions 

using Graphpad Prism 8 (GraphPad Software, La Jolla, CA) followed by post-hoc Tukey’s 

pairwise comparison. A value of p < 0.05 was considered statistically significant. 

C.2  Results and discussions 

C.2.1 Macromolecular delivery using 195 nm or 243 nm CB nanoparticles and 2mm or 

5 mm glass cuvette with cells suspended in RPMI  

Suspensions containing 65.75 mg/L CB nanoparticles of diameter 195 nm and 243 

nm, cells and 2000 kDa dextran molecules were placed inside 2mm and 5mm wide glass 

cuvettes. These were then irradiated with laser pulses at 29 mJ/cm2 for variable amounts 

of time. Figure C.1 shows bio-effects for each of these subsets at different exposure 

durations. When cells were suspended with 195 nm CB nanoparticles, total percentage of 

cells affected appear to increase with increasing exposure durations (i.e. number of pulses) 
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for both the cuvettes used (Figure C.1a and b). Consequently, the percentage of cells with 

2000 kDa dextran uptake also increased with increasing exposure duration (one-way 

ANOVA, p < 0.0001). However, percentage of fragmented cells were always greater in 2 

mm cuvettes than 5 mm cuvette at any given exposure condition. For example, when cells 

were irradiated with laser pulses for 5 min, ~21% cells were fragmented in 2mm cuvettes  
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Figure C.1: Bio-effects plot for delivery of 2000 kDa dextran using 29 mJ/cm2 fluence, 

26.3 mg/L CB nanoparticles, a) 200 nm CB nanoparticles using 2 mm cuvette, b) 200 

nm CB nanoparticles using 5 mm cuvette, c) 243 nm CB nanoparticles using 2 mm 

cuvette, d) 243 nm CB nanoparticles using 5 mm cuvette; with varying exposure 

duration. Data are expressed as mean ± SEM based on 3 replicates each. 

compared to ~6% cell fragmentation in 5 mm cuvette (p < 0.0001). This suggests higher 

bio-effects in 2 mm cuvettes compared to 5 mm cuvettes.  
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Further, when cells were suspended with 243 nm CB nanoparticles, total percentage 

of cells affected trend differently than in the case of 195 nm CB nanoparticles (Figure C.1c 

and d). For both the cuvette widths, total percentages of cells affected increased when 

exposure duration was varied from 1 min to 3 min (one-way ANOVA, p < 0.0.001) and 

then saturated with further increase in exposure durations (one-way ANOVA, p > 0.05).  
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Figure C.2: Bio-effects plot for delivery of 2000 kDa dextran at 33 mJ/cm2 fluence 

using 26.3 mg/L 243 nm CB nanoparticles and 5 mm cuvette for varying exposure 

duration. Data are expressed as mean ± SEM based on 3 replicates each. 

Additionally, percentage of cells with 2000 kDa dextran uptake reached maximum 

at 2 min exposure, after which it showed a decreasing profile with increase in exposure 

duration for both the cuvette widths. However, cell viability loss continued to increase with 

increasing exposure duration (one-way ANOVA, p < 0.001). Similar to 195 nm CB 
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nanoparticles, cells placed inside 2 mm cuvette faced greater bio-effects than the ones in 5 

mm cuvette. Comparing both the nanoparticles sizes, 243 nm CB nanoparticles had greater 

bio-effects than 195 nm CB nanoparticles at similar exposure conditions. One possible  
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Figure C.3: Bio-effects plot for delivery of 4 kDa to 2000 kDa dextran at 29 mJ/cm2 

fluence for 4 min exposure using 65.75 mg/L 243 nm CB nanoparticles and 5 mm 

cuvette. Data are expressed as mean ± SEM based on 3 replicates each. 

reason for such behaviour could be that 243 nm store higher amount of energy per 

nanoparticles and thus form bigger bubbles than 195 nm nanoparticles, even though the 

total energy absorbed for both the cases would be almost equal. Formation of bigger 

bubbles might have caused greater bio-effects. Overall, highest percentage of cells with 

2000 kDa uptake were ~60% and ~59% (no significant difference, p > 0.05) for 195 nm 
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and 243 nm CB nanoparticle respectively. In both the cases, highest uptake percentages 

were achieved using 5 mm cuvettes. An additional experiment using 243 nm CB 

nanoparticles and 5 mm cuvette at 33 mJ/cm2 showed higher bio-effects compared to 29 

mJ/cm2 but the percentage of uptake cells were always < 40% (Figure C.2).  

Finally, we performed laser irradiation experiments using 243 nm CB 

nanoparticles, 5 mm cuvette at 29 mJ/cm2 for 4 min exposure and found percentage of 

uptake cells to be > 45% for each of the different molecular weight dextran (Figure C.3). 

In addition, no significant differences were seen in total bio-effects for any of the delivery 

molecules (one-way ANOVA, p > 0.05).  

C.2.2 Macromolecular delivery using 243 nm CB nanoparticles and 5 mm glass cuvette 

with cells suspended in 1 wt/vol% Pluronic F127 

Pluronic F127 showed significant viability protection against cell damage in our 

previous studies. For this section, we conducted experiments to deliver 150 kDa, 500 kDa 

and 2000 kDa dextran using 243 nm CB nanoparticles and 5 mm cuvette in the presence 

of 1% F127 in cell suspension media. Our hypothesis was that using 1% F127 in suspension 

media, we can significantly improve macromolecular delivery efficiency compared to the 

case when cells are suspended in RPMI only. 

Data in Figure C.4 shows bio-effects for 150 kDa dextran delivery at 33 mJ/cm2 for 

variable exposure duration (i.e. number of pulses). At any given exposure duration, 

percentage of cells with 150 kDa dextran uptake were significantly higher for cells 

suspended in 1% F127 compared to RPMI only (p < 0.0001). However, percentage of 
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Figure C.4: Bio-effects plot for delivery of 150 kDa dextran using 33 mJ/cm2 fluence, 

52.6 mg/L CB nanoparticles with varying exposure duration. Data are expressed as 

mean ± SEM based on 3 replicates each. 

uptake cells decreased with the increase in exposure duration (one-way ANOVA, p < 

0.0001), while percentage of viable loss increased, for both the cases (one-way ANOVA, 

p < 0.0001). Overall, highest delivery efficiency was observed (~59%) for 2 min exposure 

when cells were suspended in 1% F127 media.  

 Once we confirmed that adding 1% F127 was beneficial for enhancing 150 kDa 

dextran molecule delivery efficiency, we performed photoporation experiments to deliver 

500 kDa and 2000 kDa dextran molecules as well. Figure C.5 shows bio-effects plots for 
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each of these delivery molecules at 33 mJ/cm2 and varying exposure durations. Although 

we were successful in delivering 150 kDa and 500 kDs dextran to more 50% of cells, the 

percentage of cells with 2000 kDa dextran uptake remained lower than 30%. A possible 

reason could be lower diffusivity value for 2000 kDa molecules, limiting uptake 

percentages.  
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Figure C.5: Bio-effects plot for delivery of 150 kDa, 500 kDa and 2000 kDa dextran 

using 33 mJ/cm2 fluence, 52.6 mg/L CB nanoparticles with varying exposure 

duration. Data are expressed as mean ± SEM based on 3 replicates each. 

To improve 2000 kDa delivery efficiency, we increased laser fluence and varied 

exposure duration, in presence of 1% F127. Data in Figure C.6 shows bio-effects at 33 –  
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Figure C.6: Bio-effects plot for delivery of 2000 kDa dextran using varying fluence, 

52.6 mg/L CB nanoparticles with exposure duration of 2 min and 3 min. Data are 

expressed as mean ± SEM based on 3 replicates each. 

45 mJ/cm2 fluence. Increasing laser fluence does increase the total bio-effects but fails to 

increase percentage of uptake cells above 30%. Highest uptake was seen for 3 min exposure 

at 33 mJ/cm2 and any further increase in fluence at this exposure duration lead to higher 

viability loss instead of increasing uptake percentage. These results suggested that we 

might need to increase exposure duration instead of laser fluence to improve the 2000 kDa 

delivery efficiency.  

Therefore, in the next study, we further increased exposure duration at 33 mJ/cm2 

fluence. Data in Figure C.7a shows that percentage of uptake cells increased when exposure 
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duration was changed to 3.5 min (p < 0.05) but no significant difference was observed 

between 3.5 min and 4 min (p > 0.05). 
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Figure C.7: Bio-effects plot for delivery of 2000 kDa dextran using 33 mJ/cm2 fluence 

a) 52.6 mg/L CB nanoparticles and variable exposure duration, and b) 52.6 and 65.75 

mg/L CB nanoparticles and 2 min exposure. Data are expressed as mean ± SEM based 

on 3 replicates each. 

On the other hand, percentage of viable cells continued to decrease with increase in 

exposure duration (one-way ANOVA, p < 0.001). This suggested that uptake percentage 

had reached its maximum at 3.5 min and further increase would only lead to viability loss 

without increase in uptake percentage of 2000 kDa dextran. An attempt to improve uptake 

percentage by increasing CB nanoparticle concentration also did not cause any significant 

increase in 2000 kDa uptake (p > 0.05, Figure C.7b). 

C.3  Conclusion 

Comparative studies between two different sized nanoparticles showed that 243 nm 

CB nanoparticles caused more bio-effects (which lead to higher uptake cell percentage in 
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some cases). On the other hand, 2 mm cuvette width had higher bio-effects than 5 mm 

cuvette. Greater power loss in cuvette path length could be one of the reasons for such 

observation. Overall, we demonstrated that > 45% cells with macromolecular delivery of 

> 100 kDa in size. It is important to mention that we can individually optimize the delivery 

efficiencies, which would mean different operating conditions for different molecular 

weight. We also showed that viability loss during nanoparticle-mediated photoporation can 

be reduced with Pluronic F127 addition in cell suspension media. We were able to enhance 

percentage of cells with 150 kDa and 500 kDa molecules to more than 50%, however, same 

could not be achieved for 2000 kDa molecule in presence of Pluronic F127. Therefore, to 

conclude, we showed that we can achieve better macromolecular delivery efficiency using 

243 nm CB nanoparticles and 5 mm cuvette, while reduce viability loss and improve 

percentage of uptake cells using Pluronic F127.  
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APPENDIX D. SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

D.1 Methods to calculate physical properties used to calculate nanoparticle, energy 

absorption and energy transduction parameters 

The equations used to determine physical properties are shown below, along with 

example calculations. For those calculations, the following values were used: 

a) CB particle diameter: 25 nm (also referred to as carbon spheres) 

b) CB nanoparticles dispersion aggregate diameter: 195 nm (radius of the aggregates 

formed in dispersion phase) 

c) Cuvette width: 2 mm 

d) Cuvette diameter: 21 mm 

e) CB nanoparticle sample concentration: 1.6 ∗ 10−3  
𝑘𝑔

𝐿
 

f) Volume of solution in cuvette: 5.625 ∗ 10−7 𝑚3 

g) Radius of cuvette: 0.011 𝑚 

h) Laser fluence: 88 
𝑚𝐽

𝑐𝑚2 

i) Bulk density of CB: 1800 
𝑘𝑔

𝑚3 

j) Porosity of CB: 0.7667 
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k) Index of Refraction of media (water) = 1.33 

l) Carbon Refractive Index = 2-0.29i[216] 

Calculation methods with examples: 

Total Volume of Carbon: 

𝑆𝑎𝑚𝑝𝑙𝑒 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛
 

1.6 ∗ 10−3  
𝑘𝑔
𝐿 ∗ 5.625 ∗ 10−7 𝑚3

1800 
𝑘𝑔
𝑚3

= 5 ∗ 10−13 𝑚3 

Total Number of CB Particles: 

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐸𝑎𝑐ℎ 𝐶𝑎𝑟𝑏𝑜𝑛 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 

5 ∗ 10−13 𝑚3

4
3 𝜋(1.25 ∗ 10−8 𝑚)3

= 6.11 ∗ 1010 

Total CB Particles in an aggregate: 

(1 − 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦) ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑛𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐸𝑎𝑐ℎ 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
 

(1 − 0.7667) ∗
4
3 𝜋(9.78 ∗ 10−8 𝑚)3

4
3 𝜋(1.25 ∗ 10−8 𝑚)3

= 111.7 

Total Number of CB nanoparticle aggregates: 
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𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑎𝑛 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒
 

6.11 ∗ 1010

111.7
= 5.46 ∗ 108 

An online calculator[217] was used to calculate Mie scattering data which yields: 

scattering cross section (SCS), backscattering cross section (BCS), and extinction cross 

section (ECS) for each CB particle sphere. Using the output generated, total scattering area 

can be calculated as  

Total Scattering Cross Section Area: 𝑆𝐶𝑆 + 𝐵𝐶𝑆 

1.27 ∗ 10−20 𝑚2 + 1.90 ∗ 10−20 𝑚2 = 3.17 ∗ 10−20 𝑚2 

Then, the total absorption area of CB particle is calculated as 

Area absorbed by each Carbon particle:  𝐸𝐶𝑆 − 𝑇𝑜𝑡𝑎𝑙 𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝐴𝑟𝑒𝑎 

2.096 ∗ 10−17 𝑚2 − 3.17 ∗ 10−20 𝑚2 =  2.093 ∗ 10−17 𝑚2 

This area absorbed value is for 1 CB particle. However, the CB nanoparticle dispersion 

contains multiples of these particles. Therefore, we calculated total absorption area of all 

the CB particles in dispersion (for a 1.6 mg/L dispersion) as: 

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∗ 𝐴𝑟𝑒𝑎 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

6.11 ∗ 1010 ∗ 2.093 ∗ 10−17 𝑚2 = 1.279 ∗ 10−6 𝑚2 
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If we divide total absorption area of all CB particle the total area of the cuvette, which the 

laser passes through, we can get the percentage of energy absorbed (which is dependent on 

ratio of the area used for absorption) from the laser beam that irradiates the whole cuvette 

surface area: 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝐵 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑢𝑣𝑒𝑡𝑡𝑒
 

1.279 ∗ 10−6 𝑚2

𝜋(0.011 𝑚)2
= 0.00336 

Similarly, we can calculate the percentage of scattered energy as: 

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∗ 𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑜𝑛𝑒 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 ∗ 𝑇𝑜𝑡𝑎𝑙 𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑢𝑣𝑒𝑡𝑡𝑒
 

6.11 ∗ 1010 ∗ 111.7 ∗ 3.17 ∗ 10−20 𝑚2

𝜋(0.011 𝑚)2
= 5.69 ∗ 10−4 

Therefore, using percentage of energy absorbed, the total energy (Q) absorbed by the 

carbon is: 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑢𝑣𝑒𝑡𝑡𝑒 ∗ 𝐹𝑙𝑢𝑒𝑛𝑐𝑒 ∗ 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 

𝜋(0.011 𝑚)2 ∗ 880000 
𝑚𝐽

𝑚2
∗ 0.00336 = 1.12 𝑚𝐽 

We can relate energy absorbed to number of moles of water evaporated (using heat 

balance): 

𝑄 =  𝑚𝐶𝐵𝑐𝑝𝐶𝐵∆𝑇 + 𝑛𝐻2𝑂(𝑐𝑝𝐻2𝑂∆𝑇 +  ∆𝐻𝑣𝑎𝑝𝐻2𝑂) 
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. 00112 𝐽 = (37 ∗ 10−6 𝐿 ∗ 1.6
𝑔

𝐿
∗

562.5 𝜇𝐿

37 𝜇𝐿
) (0.7

𝐽

𝑔 ℃
) (100℃ − 23℃)

+ 𝑛𝐻2𝑂((4.184 
𝐽

𝑔 ℃
(100℃ − 23℃) +  2260 

𝐽

𝑔
) 

𝑛𝐻2𝑂 = 4.17 ∗ 10−7𝑔 

We can then find the amount of water evaporated per nanoparticle: 

𝑛𝐻2𝑂 ∗ 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑎𝑡𝑒𝑟

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠
 

4.17 ∗ 10−7𝑔 ∗ 0.00167
𝑚3

𝑔

5.46 ∗ 108
= 1.28 ∗ 10−18 𝑚3 

Determine peak bubble radius 

To find the radius of each bubble + nanoparticle aggregate: 

((𝑉𝑜𝑙𝑢𝑚𝑒 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 + 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) ∗
3

4𝜋
)

1
3 

𝑟 = ((1.28 ∗ 10−18 𝑚3 +
4

3
𝜋(9.78 ∗ 10−8 𝑚)3) ∗

3

4𝜋
)

1
3 =  6.74 ∗ 10−7 𝑚 

Determine peak bubble size 

To find the how big the bubble grows from the nanoparticle: 

(𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑏𝑢𝑏𝑏𝑙𝑒 + 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) − (𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑏𝑙𝑎𝑐𝑘 𝑑𝑖𝑠𝑝𝑒𝑟𝑖𝑜𝑛) 

(6.74 ∗ 10−7 𝑚) − (9.78 ∗ 10−8) = 5.74 ∗ 10 ∗ 10−7 𝑚 
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Determine peak nanoparticle temperature 

Peak nanoparticle temperature was calculated using energy absorbed through heat balance- 

𝑇𝑓𝑖𝑛𝑎𝑙 =  𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +
𝑄

𝑚𝐶𝐵 ∗ 𝑐𝑝𝐶𝐵
 

𝑇𝑓𝑖𝑛𝑎𝑙 =  20 ℃ +
0.00112 𝐽

(1.6 
𝑔
𝐿 ∗ 562.5 ∗ 10−9𝐿 ∗ 0.7

𝐽
𝑔 ℃)

= 1798 ℃ 

 

Determine CB nanoparticle refractive index 

Since a CB nanoparticle is an aggregate of smaller CB particles with water filling the 

spaces in between, we need to account for role played by water present in CB nanoparticle 

aggregate pores on refractive index during laser – nanoparticle interaction[218,219]. 

Generally -  

Dielectric function is presented as 𝜀 =  𝜀′ + 𝑖𝜀′′ 

Refractive index of a material 𝑛∗ =  𝑛 + 𝑖𝑘 

Dielectric function is related to refractive index as (𝑛∗) 2 =  𝜀 

Therefore,  

𝜀′ =  𝑛2 + 𝑘2 

𝜀′′ = 2𝑛𝑘 
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To account for the porosity of the nanoparticle, effective dielectric constant is calculated 

as - effective dielectric function 𝜀𝑎𝑣 =  𝜀𝑚
𝜀(1+2∅)+2𝜀𝑚(1−∅)

𝜀(1−∅)+𝜀𝑚(2+∅)
  

where, 𝜀𝑚 is the medium dielectric constant (water), 𝜀 is the material dielectric 

constant (CB) and ∅ is the material volume fraction (1-porosity). 

This allows us to calculate a new Refractive index as 

𝑛𝑎𝑣
2 =  

((𝜀′2 + 𝜀′′2) + 𝜀′)

2
 

𝑘𝑎𝑣
2 =  

((𝜀′2 + 𝜀′′2) − 𝜀′)

2
 

For example, for 195 nm CB nanoparticles: ∅ = 0.23, 𝑛∗ =  2 − 𝑖0.29, 𝜀′ =

4.0841, 𝜀′′ =  −1.16, aand  𝜀𝑤𝑎𝑡𝑒𝑟 = 1.76 − 𝑖0.000005 

Therefore, 𝜀𝑎𝑣 =  2.177 − 𝑖0.147 

And new CB refractive index becomes 1.476 – i0.05 
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Figure D.1: DLS size distribution of CB nanoparticles showing a mean diameter of 

~195 nm with a dispersity of 0.116 for 25 nm CB particles 

 

 

Figure D.2: Zeta potential distribution of CB nanoparticles showing a mean Zeta 

potential of -24 mV for 25 nm CB particles. 
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D.2 Bio-effects correlation plots  

These plots were generated for 10 µM calcein delivery using 195, 367 and 507 nm 

CB nanoparticles for 1 min exposure (600 pulses) of 1064 nm laser beam in 2 mm glass 

cuvette, with cells suspended at 106/mL concentration.  

 

Figure D. 3: (a and b) Correlation between %uptake cells and parameter P. P is the 

product of (peak nanoparticle temperature)2, (total number of bubbles)0.5 and (peak 

bubble radius)0.25 
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Figure D.4: Correlation between %viability loss (non-viable and fragmented) and 

parameter P. P is the product of (peak nanoparticle temperature)2, (total number of 

bubbles)0.5 and (peak bubble radius)0.25 

 

Figure D. 5: Correlation between %non-viable cells and parameter P. P is the product 

of (peak nanoparticle temperature)2, (total number of bubbles)0.5 and (peak bubble 

radius)0.25 
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Figure D. 6: Correlation between %fragmented cells and parameter P. P is the 

product of (peak nanoparticle temperature)2, (total number of bubbles)0.5 and (peak 

bubble radius)0.25 
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APPENDIX E. SUPPLEMENTARY MATERIALS FOR CHAPTER 4 

E.1  Is viscosity change the reason behind viability protection ability of FBS?  

Adding FBS in cell suspension media changes certain physical properties of 

suspension media. One such property that can alter bio-effects is viscosity change[9]. 
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1.62  0.12
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1.28  0.14

media
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Figure E.1: Changes in bio-effects due to viscosity increase by adding CMC. 

Distribution of uptake cells, non-viable cells and fragmented cells with 0.1% w/v and 

0.2% w/v CMC or 10% v/v FBS to DU145 cell suspension media during laser 

exposure. Laser exposure was carried out at a fluence of 88 mJ/cm2 for 1 min. All 

samples contained 26.3 mg/L CB nanoparticles and 10 μM calcein. Viscosity was 

measured using viscometer at 25ºC (Brookfield DV2T, Brookfield AMETEK, 

Middleboro, MA). Data are expressed as mean ± SEM based on ≥ 3 replicates each. 

Matching the viscosity of media containing 10% FBS by adding 0.1% CMC does not 

appear to provide cell viability protection (non-significant difference between 0% FBS and 
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0.1% CMC, Tukey’s multiple comparison tests, p > 0.05). Increasing the viscosity further 

by adding 0.2% CMC increased the percentage of fragmented cells (Tukey’s multiple 

comparison tests, p <0.0001), and therefore, cell viability protection offered by serum 

appears to be not caused by increment in cell suspension media viscosity. 

E.2  Temperature rise in the presence of viability protection additives 
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Figure E.2: Changes in bulk -temperature rise measured for various additives. All 

samples contained 26.3 mg/L CB nanoparticles and 10 µM calcein, and were exposed 

to laser pulses for 1 min at 55 mJ/cm2 laser fluence. The starting temperature was 

ambient conditions (i.e., 20 – 25 °C) and the temperature was measured using a 

standard J-type thermocouple. Data are expressed as mean ± SEM based on ≥ 3 

replicates each 
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We measured cell suspension media’s temperature rise due to laser exposure, to 

check if these additives affect the absorbance or energy dissipation properties of either 

nanoparticles or suspension media itself. No significant difference was observed in any of 

the cases (using Tukey’s post-hoc multiple comparison tests, p > 0.05) measured implying 

that these parameters are not affected due to polymer or serum addition and thus are also 

not responsible for cell-viability protection. 
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