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ABSTRACT OF THE DISSERTATION 

Investigation of Cell Environment Interaction In Vitro  

Using a Femtosecond Laser 
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Professor Shaochen Chen, Chair 

Professor Marcos Intaglietta, Co-Chair 
 

The interaction between cells and their extracellular environment 

regulates diverse cell behavior such as migration, proliferation, and 

differentiation. At the tissue level, the cell-environment interaction determines 

the structure and organization of tissues and organs. Therefore, understanding 

of the cell-environment interaction provides the fundamental knowledge for the 

development of tissue engineering, biotechnology, and pharmaceutical 

research. Comparing to in vivo investigation of cell-environment interaction, in 

vitro study has attracted more interest because it allows users to analyze a 
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specific parameter independently in a controlled system. Two approaches have 

been followed by researchers to study cell-environment interactions. One 

approach is from the outside-in perspective, by tuning an environmental cue 

independently. The other approach is from the inside-out perspective, by 

probing and manipulating the cells. Much research progress has been made 

from both perspectives. However, the development of this area is still largely 

impeded by the inadequate capability to recapitulate the intricacy found in 

three-dimensional in vivo environment and to study a single cell. To provide 

fundamental insight into this field, new fabrication and manipulation tools must 

be developed to overcome those obstacles. A femtosecond laser, which has the 

capability to fabricate three-dimensional nanoscale structures and the ability to 

ablate a submicron hole in the cell membrane, is a promising candidate to 

further facilitate the research in this field. In this thesis, we used a femtosecond 

laser to tune the Poisson’s ratio of the underlying substrate of cells, a 

fundamental property of materials. For the first time, suspended web structures 

exhibiting negative and positive Poisson’s ratio were developed and the cell 

behavior on the web structures was analyzed. We also standardized the 

protocol for the femtosecond laser-assisted optoporation, which is widely used 

in the delivery of exogenous materials into cell interior to manipulate cellular 

activities. In addition, we combined the femtosecond laser fabrication with 

nanoimprinting to significantly increase the fabrication output for two-

dimensional nanoscale structures. 
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CHAPTER ONE:                                         

Introduction 
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1.1 Investigation of cell-environment interaction  

The cell is the most fundamental unit of life which serves as the building 

block for every living organism. Most animal cells, except those which circulate 

in the blood, are anchorage-dependent and thus require attachment and 

interaction with extracellular environment to sustain their functional activities1-3. 

Loss of proper interaction with their environment can result in a cell entering 

apoptosis, or programmed cell death4-6. Therefore, understanding of the 

interaction between cells and their extracellular milieu, consisting of 

extracellular matrix (ECM) and dissolved molecules, is not only critical for basic 

cell biology research, but also a crucial factor in the development of tissue 

engineering, biotechnology, and pharmaceutical research7, 8. Recently, 

research efforts have focused in two categories of cell-environment interaction: 

in vivo and in vitro study. In vivo, Latin for “within a living organism” is the study 

of cells inside their natural environment—a living organism. In vivo research has 

the potential to allow a comprehensive study of a cell and all of its interactions 

with its environment. However, because the in vivo environment is an 

extraordinarily complex system containing a myriad of simultaneously occurring 

interactions and reactions, in vivo study lacks the capability to isolate specific 

factors and investigate them independently. Conversely, In vitro study, Latin for 

“within glass”, is conducted in artificial environments and allows the user to 

simplify the system and isolate variables in order to conduct experiments in a 

controlled environment. Moreover, the in vitro research of a cell-environment is 
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of greater significance because of the in vitro system’s wide utilization in 

biomedical applications. Therefore, in spite of still being a developing method, 

in vivo study has attracted an enormous amount of interest because of its 

unique versatility and programmability.  

Two main approaches are largely being employed to study cell-

environment interactions. One approach is from the outside-in. By tuning 

specific properties of the artificial ECM independently, one can analyze the 

subsequent cellular response. The other approach is from the inside-out. By 

probing and manipulating the cell membrane one can change cell behavior in a 

controlled environment. The research of the outside-in approach is developing 

rapidly as a result of the utilization of a variety of manufacturing tools which 

were initially used in semiconductor or rapid prototyping industries. Examples 

include: photolithography9, 10, electron beam lithography11, 12, soft lithography13, 

14, stereolithography15, 16, and nanoimprinting17, 18, which have been adopted to 

fabricate artificial biological structures. These methods have allowed 

researchers to create structures with different topographical, mechanical, 

chemical, and biological properties in order to mimic the multifold in vivo 

extracellular cues. The research from the inside-out has primarily focused on 

the delivery of exogenous genetic materials and/or drugs into cell interior to 

influence the intracellular activities. The exogenous materials are able to 

penetrate through the cell membrane with the assistance of various membrane-
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poking tools, such as micro-injection19, 20, gene gun21, 22, electroporation23, 24, 

and laser optoporation25, 26.  

 Although there are a variety of fabrication and analysis tools available 

for the investigation of cell-environment interaction, the development of this 

area is still largely impeded by the obstacle of studying single cells in a 

replicated environment which matches the intricacy and detail found in three-

dimensional in vivo environments. To provide fundamental insight into this field, 

new fabrication and manipulation tools must be developed in order to study 

single cells in an environment which resembles in vivo environments. In this 

thesis, I will demonstrate the potential of a femtosecond laser as a novel tool for 

both precise tuning of an environment as well as manipulating cells.   

1.2 Investigating cell response by tuning the environment  

1.2.1 Tuning topography at a micron-/nano-scale 

 Scientists have known for decades that cells respond to micro/nano-

scale topographical and chemical cues in the ECM27, 28. In an artificial ECM, 

topographic patterning was fabricated by varying the shape and dimension of 

the patterns on a surface, while chemical patterning was generated by 

selectively positioning chemical cues such as growth factor or peptides on cell 

adhesion sites. Researchers have focused on developing various patterns to 

investigate the effects of micro/nano topographical and chemical patterns on 
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cell morphology29-32, orientation, migration33-37, stem cell differentiation38-41, and 

tissue regeneration42-44. 

As all sorts of cell types and patterns were being investigated, it was 

hypothesized that a fundamental theory could be generalized about cell 

response to micro/nano-scale topography. However, this has not yet been 

proven and one interesting phenomenon remains in this field is that the results 

from different studies are occasionally contradictory. For instance, in one study, 

it was observed that polystyrene microgrooves shallower than 35 mirons were 

not able to guide fibroblast alignment45. In another study, researchers 

demonstrated that poly-L-lactide/trimethylene carbonate microgroove with the 

depth of 0.5 to 5 microns could guide the migration of myoblasts46. More 

evidence such as this has revealed that cell response to topography is not 

simply dependent on cell-type and material-type; it is dependent on the complex 

relationship of multiple factors. Therefore, there may not be a universal theory 

or mechanism which can be applied to every circumstance. Thus, for specific 

applications in health care or biological study, cell response on a specific 

structure will have to be examined case by case, requiring an accurate 

fabrication technique to produce arbitrary ECM patterns in order to mimic any in 

vivo situation.  
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1.2.2 Tuning the elasticity  

It was discovered that the cells in different organs reside in different ECM 

with distinct elasticity, increasing from brain tissue, to muscle, to cartilage, and 

to bone47, 48. A cell is able to sense the elasticity of its environment by 

interacting with the substrate and, based on the reactionary force exerted on 

the substrate, generate unique signals through mechano-transducer molecules. 

The modification of the substrate elasticity has been observed to affect focal-

adhesion structure49, 50, cell migration51, cell spreading52, and stem cell 

differentiation47, 53. In order to change the elasticity of a structure, one may alter 

the biomaterial used, change its molecular weight, or simply change the cross-

linking density during the polymerization process.  

1.2.3 Unique advantages of a femtosecond laser in environmental tuning 

A variety of novel methods have been developed and utilized to fabricate 

three-dimensional structures. Three-dimensional structures have a distinct 

advantage over two-dimensional ones, as they can mimic an in vivo 

environment more accurately. Those methods include, but are not limited to, 

solvent casting/salt leaching54-56, gas foaming57, electrospinning58, 59, phase 

separation60, solid freeform fabrication61, 62, and membrane lamination63. 

Although these methods have been successfully applied in fabrication of an 

artificial ECM, they have not been demonstrated to provide an ideal control of 

ECM properties. Solvent casting/salt lamination, gas foaming, phase 

separation, and membrane lamination are capable of fabricating three-
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dimensional structures, but relinquish precise control of size and shape of inner 

structures. Solid freeform fabrication is capable of fabricating three-dimensional 

structures with precise control of geometry, but because the fabrication 

resolution is limited to the range of tens to hundreds of microns, the resolution 

is too large to accurately mimic the in vivo submicron/nano-scale biological 

cues. In light of the rapid advancement in tissue engineering, researchers have 

searched for an alternative fabrication method which is capable of fabricating 

three-dimensional submicron/nano-scale structures with a high resolution and a 

precise control of geometry. Femtosecond laser induced two-photon 

polymerization is one promising technique which fulfills these requirements. 

In chapter two of this thesis, I will explain the mechanism of femtosecond 

laser induced two-photon polymerization and demonstrate its fabrication 

capability. In chapter three, I will use a femtosecond laser to tune the Poisson’s 

ratio of the underlying substrate of cells, a novel manipulation of a fundamental 

property of materials. This manipulation was previously prohibited by a lack of 

adequate fabrication tools, but made possible by femtosecond laser induced 

two-photon polymerization. I will use the femtosecond laser system to develop 

suspended web structures which exhibit negative and positive Poisson’s ratio 

and analyze the cell behavior on the web structures.  
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1.3 Investigating cell response through probing and manipulation of 

cells 

1.3.1 Delivery of extracellular material into cells 

In today’s biology and biotechnology studies, delivery of exogenous 

genetic materials, enzymes, or drugs through a cell membrane in order to 

monitor or influence cellular behavior is a practice with enormous potential to 

revolutionize the current research. One application is in the 

immunocytochemistry technique, which requires the delivery of reagents and 

antibodies into live cells. Another application is in drug test and gene 

transfection, where high throughput and cell viability are necessitated.  

Exogenous materials are commonly delivered into cells through chemical 

delivery vehicles64-66, viral vectors67, 68, and physically penetrating methods 

such as electroporation69 and the use of a gene gun. These methods allow 

manipulations and analyses of intact cells with high throughput. However, in 

most cases, cells are treated as a population and the resulting data only 

represents the average response of the entire population. Thus this technique is 

flawed, as it is well accepted that in certain biological applications, the cell-to-

cell variability cannot be neglected. Therefore, because novel methods of 

single-cell manipulation and analyses provide detailed data previously 

unavailable through group analyses, scientists have begun to look towards 

other methods of extracellular material delivery. 
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Femtosecond laser assisted optoporation has been used to deliver 

extrinsic materials into a single cell with cell viabilities from 50% to 100% 70-77. 

Cells stay intact during laser processing because the laser beam can produce a 

temporary submicron transient hole on the cell membrane which lasts only 

seconds before it heals itself. Therefore, because of its accuracy and precision, 

single cell manipulation using a femtosecond assisted optoporation technique 

could have far reaching effects in the field of bioengineering, tissue engineering 

and stem cell therapy 72.  

1.3.2 Standardization of laser optoporation 

In our study of femtosecond laser optoporation, we noted significant 

discrepancies in reported values for laser parameters78-81. This lack of 

consistency made the results obtained in one experiment not easily 

transplantable. The reason for the discrepancies was the lack of 

standardization, which is a major hurdle for the broader application of 

femtosecond laser assisted optoporation. Most laboratories only specify the 

laser power and exposure time, which worked for the specific group, using their 

specific equipments and setup. However, contemporary laser optoporation 

studies are still conducted on systems assembled in-house based on different 

types of lasers and vary dramatically in their designs. Because the laser 

optoporation results are related to a lot of parameters such as cell-type, cell-

wellness, extracellular environment, and laser system setup, a standard 
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protocol has to be developed to characterize the laser parameters on a case-

by-case basis.  

In chapter four of this thesis, I will present a detailed experimental study 

on standardization of the protocol for the femtosecond laser-assisted 

optoporation using human embryonic kidney (HEK) cells. A membrane 

impermeable fluorescent dye and a plasmid DNA carrying the coding sequence 

for green fluorescent protein (GFP) were employed to analyze the entry of 

extrinsic molecules into the target cells.  

1.4 Integrating the femtosecond laser fabrication with nanoimprinting 

Though femtosecond laser induced two-photon polymerization is a 

versatile nano-fabrication method to investigate cell-environment interaction, it 

contains a serious flaw; it is a slow point-by-point process. The fabrication 

process of a nano-structure can last for hours, depending on the complexity and 

size of the structure. For two-dimensional nano-structures, which have been 

widely used in studies of cell spreading, adhesion, migration, and differentiation, 

we have streamlined the fabrication process by combining femtosecond laser 

fabrication with the nanoimprinting lithography technique33. Nanoimprinting 

lithography has been widely used in making high-resolution structures, such as 

biomedical sensors and photonic crystals. Traditionally, researchers used 

expensive cleanroom facilities in conjunction with electron beam lithography 

(EBL) and reactive ion etching (RIE) to make nanoimprinting molds, resulting in 



11 
 

 

a complex and lengthy process. Our research has proved that a femtosecond 

laser is a promising alternative tool to make nanoimprinting molds in an efficient 

and less expensive way. I will demonstrate in chapter five that the integration of 

femtosecond laser fabrication with nanoimprinting lithography greatly increased 

the fabrication speed of making two-dimensional structures. Using the mask 

aligner and the imprinting mold made by the femtosecond laser, one can quickly 

transfer the nanopattern of the mold to the biomaterials for fabrication. 

1.5 Scope of this dissertation 

The objective of this thesis is to investigate the application of a 

femtosecond laser in the study of a cell-environment interaction in vitro. 

Specifically, I describe the principle, experimental setup, and results of the 

application of a using a femtosecond laser for both tuning the environment and 

manipulating cells.   

Chapter one provided an overview of the current research of in vitro cell-

environment interaction and the unique advantages of a femtosecond laser in 

this research field.  

Chapter two describes the fundamentals of laser assisted two-photon 

polymerization and laser assisted optoporation, as well as the laser mechano-

optical system design.   
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Chapter three introduces negative Poisson’s ratio structures, the laser 

fabrication process of functional negative Poisson’s ratio webs, and cell 

behavior on both negative Poisson’s ratio and positive Poisson’s ratio webs.  

Chapter four standardizes the procedure for laser assisted optoporation 

of animal cells.  

Chapter five evaluates the feasibility to scale up the laser fabrication 

method by integration of femtosecond laser fabrication with nanoimprinting 

techniques.  

Chapter six provides a summary of previously mentioned work as well as 

its limitations. The direction of future work is also discussed. 

 

 

 

Chapter 1, in part, is a reprint of material that is published as: Zhang W, 

Chen S. Femtosecond Laser Nanofabrication of Hydrogel Biomaterial. MRS 

Bulletin 2011; 36 (12): 1028-33 
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CHAPTER TWO:                                                                                 

The femtosecond laser system 
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2.1 Introduction of the femtosecond laser  

Since its debut in the 1980’s, the femtosecond laser has gained ground 

in a variety of research areas as well as in biological research82-88. Two unique 

features that have made femtosecond lasers particularly desirable are their 

ultra-short pulse duration, which means very high peak power in the order of 

megawatts, and their near infrared (NIR) wavelength which is able to penetrate 

deep into biological sample89-91. Because of those advantages, femtosecond 

lasers have been widely used in three-dimensional nano-scale fabrication 

through laser induced two photon polymerization, as well as in laser 

optoporation. I will explain the mechanism of femtosecond laser induced two 

photon polymerization and the simulation of laser optoporation in cell 

membrane in this chapter. 

2.2 Mechanism of two phonton polymerization 

The foundation of two-photon polymerization (TPP) is two-photon 

absorption (TPA), a process by which one molecule is excited to a higher 

energy electronic state by simultaneously absorbing two photons. The concept 

of TPA was first predicted by Maria Goeppert-Mayer in 193126. However, it was 

not until after the invention of the laser when researchers were able to observe 

two-photon excited fluorescence in the experiment for the first time. Following 

the invention of the ultrafast femtosecond laser, researchers have expanded the 

application of TPA into the micron/nano fabrication field, where TPP was 

introduced. The peak power of a femtosecond laser is much higher than a 
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continuous wave (CW) laser or a nanosecond laser. The extremely high photon 

density in the center portion of femtosecond laser beam allows non-linear laser-

material interaction, specifically, two-photon polymerization. Due to the 

extremely high photon density requirement of TPP and the Gaussian 

distribution of the laser beam energy intensity over the cross section, the TPP 

reaction is restricted to the central portion of the laser beam. Thus it is feasible 

to make features even smaller than the diffraction limit through TPP. This 

distinction grants a clear advantage to TPP in contrast of traditional single 

photon polymerization (SPP) 27, 28. The other advantage of TPP over SPP is the 

three-dimensional fabrication capability of TPP. A femtosecond laser emits 

infrared or near infrared wavelength, at which spectra the polymers have 

negligible absorption. Therefore a femtosecond laser beam is able to penetrate 

into the photoresist and induce polymerization inside of the liquid without 

crosslinking the material on its path.  

In order to optimize the resolution of TPP and select a suitable TPP 

material, it is necessary to investigate the mechanism of TPP. 

Photopolymerization is a chain reaction process that transforms short 

monomers in liquid state to long polymers in solid state by using light as energy 

resource. In order to induce this chain reaction, photoinitiator, another 

ingredient which can easily generate a large amount of free radicals upon laser 

irradiation, must be added to the monomer solution. The process of TPP is 

depicted by equation 1 and 2. Equation 1 demonstrates the process of free 
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radicals generation. In the equation, I is photoinitiator, I* is an intermediate state 

of the photoinitiator after simultaneously absorbing two photons, R  is free 

radical. After being generated, free radicals will attack the C=C bonds of the 

monomers in the solution and produce monomers which contain a free electron, 

as described in equation 2. The monomer depicted in equation 2 is in a family 

of materials with acrylic functional groups, which is widely used in TPP. These 

monomers with a free electron will continue attacking other monomers to form 

oligomers with free electrons. The chain reaction propagates until two radicals 

neutralize each other. Since the crosslinked monomer chain forms the 

backbone of the polymerized solid structure, the chemical and mechanical 

properties of the solid structure are mostly determined by the monomer. By 

using different monomers or different molecular weights of the same monomer, 

polymers with various chemical and mechanical properties can be easily 

fabricated. Figure 2.1 demonstrates micro-dots array fabricated by the 

femtosecond laser 

                                                                                                                

                                                                                                                (1)                                          

 

                                                                                                     (2)                                                                        
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2.3 Simulation of femtosecond laser ablation of cell membrane 

Although the mechanism of optoporation is still not quite clear, various 

experiments have suggested that femtosecond laser pulses, when tightly 

focused on a small part of the cell membrane, could cause the formation of a 

site-specific transient perforation in the cell membrane. The transient 

perforation can even be smaller than the size of the laser focal volume. To 

better understand the mechanism of the optoporation process, we simulated the 

near infrared (NIR) femtosecond laser ablation process with Matlab. 

The parameters of the laser we use (Vitesse, Coherent Inc. Santa Clara, 

CA) are as follows: wavelength λ = 800 nm; repetition rate = 80 MHz; pulse 

duration = 100 femtoseconds. The numerical aperture (NA) of the oil immersion 

lens (Fluar, Carl Zeiss MicroImaging, Inc. Thornwood, NY) we use to focus the 

laser is 1.3. We use water as the aquatic medium in the simulation to simply the 

calculation. This simplification is proper since the optical properties of the 

culture media we use (Dulbecco's Modified Eagle's Medium, no phenol red, 

Invitrogen Inc., Carlsbad, California) is almost identical with water.                                                                                                

                                                                                                                (3) 

Vogel et al. have demonstrate that a high repetition rate femtosecond 

laser ablates biological material by generating low density plasma within the 

focus 92. The low density plasma is formed by multiphoton ionization process. 

Single photon effect (linear absorption) is neglected for NIR laser interaction 

d = 1.22 λ
NA
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with biological material because biological material is almost transparent 

(optical window) at NIR region.   

To obtain the plasma (free electron) distribution within the focal volume, 

we need to calculate the laser irradiance distribution first. M. Born et al. 

revealed that the laser focal region had a shape of ellipsoid 93. We approximate 

the length of the short axis of the ellipsoid d by the diameter of the Airy disc.                                                                                                                              

For our case, λ = 800 nm, NA = 1.3, so the short axis d is 750 nm. The 

ratio of the long axis and short axis for the ellipsoid is revealed by Gril et al. 94.  

                                                                        

(4)                                                                                                                        

Where α is the opening angle for the objective lens and l is the length of 

long axis. We use the definition of NA to calculate α. For NA = 1.3 and 

refractive index of water = 1.333, α = 77.2º. So l/d = 2.4 and l = 1800 nm.  

Gaussian function is used to simulate the distribution of laser irradiance 

within the focal region. To simplify the calculation, we use its corresponding 

time-averaged intensity distribution, which is given by equation 5. 

                                                                                                                (5)                                    

  I (0) is the irradiance at the center of the beam at the waist, a = d/2, and b = 

l/2.  
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We adopt Vogel et al.'s assumption that the free electron density is 

proportional to   , while k is the number of photons required to initiate 

multiphoton ionization92. So the distribution of free electron is derived as 

equation 6. 

                                                                                                                (6)                          

Then we use Q (I(0)) to represent the free electron density at the center 

of the ellipsoid and obtain equation 7.                                    

                                                                                                                (7)              

Since the band-gap energy of water is 6.5 eV and the photon energy of 

an 800 nm laser is 1.56 eV, 5 photons are required to be sequentially absorbed 

to ionize water. So k = 5 in equation 7.  

The normalized distribution of laser irradiance and free electron density 

are calculated by Matlab® (Mathworks Inc.) and demonstrated in Figure 2.2. 

The results show that the free electron distribution is much smaller than the 

laser irradiance. This explains the reason why the femtosecond laser is able to 

ablate a tiny hole on the cell membrane that is even smaller than the laser focal 

volume. 
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2.4 Laser system setup 

2.4.1 Optical system design 

The most essential part of the fabrication system is the optical system, 

which consists of a femtosecond laser, optical components, and an inverted 

microscope, as depicted in figure 2.3. The laser used in the system was a 800 

nm Ti:sapphire femtosecond laser. The pulse duration and repetition rate of the 

laser were 100 femtosecond and 80 MHz, respectively. Since the laser beam 

coming out of the laser head has a divergent angle of 0.85±0.25 mrad, which 

cannot be neglected in our application, it must be collimated before being used. 

A beam expander consisting of two convex lenses was employed to collimate 

and expand the laser beam. The expanding ratio could be adjusted by using 

lenses combination with various focal lengths. Meanwhile, a micro-scale pinhole 

was placed at the focal point of the lenses in the beam expander to filter out the 

diffraction noise at the periphery of the beam. The size of the pinhole is 

calculated by equation 8. In the equation,  is the laser wavelength, f is the 

focal length of objective lens, and D is the incident laser beam diameter.  

           Pinhole Diameter = 
D

f**27.1                                                     (8) 

Various laser powers are needed for different laser application, so a 

beam polarizer which can continuously adjust laser power is installed in the 

system. The in situ monitoring of the laser experiment is implemented by a 
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charge-coupled device (CCD) camera. In the meantime, a complimentary high-

pass filter is placed in the illuminating system to block out the UV spectra in the 

illuminating light to avoid overexposure of the sample material during 

fabrication.  

 2.4.2 Design of the sample holder and adjust of its levelness  

One small but important part in the laser fabrication system which can 

greatly affect the quality of the result is the sample holder. In order to obtain 

consistent results over a large area, the sample holder should be able to be 

adjusted to levelness so the surface of the sample substrate is perfectly 

perpendicular to the laser beam. A sample holder was made in house to meet 

such requirements by connecting a mirror mount with a specially designed 

sample holding board made of aluminum alloy. It was proved in mechanics that 

the two setscrews on the mirror mount are able to position the sample holding 

board attached on the mount at any arbitrary angle within its moving range. 

During the fabrication process, after a drop of prepolymer was placed on the top 

of the sample substrate, the laser beam with a proper power was employed to 

make one dot at each corner of the sample substrate. The two setscrews were 

then adjusted until the dots at the four corners are of the same size, which was 

the perfect level position.  
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 2.4.3 Automatic controlling system 

Another important part of the fabrication system is an automated three-

dimensional scanning system which consists of a three-dimensional stage, a 

laser shutter, and the central controlling program. The pattern to be fabricated 

was first designed by computer-aided design software AutoCAD, and then the 

CAD pattern was converted to G-code (a universal controlling code used in 

computerized numerical control machine) through an open-source G-code 

converter. For some simple patterns, the G-code can be written by hand. The 

G-code was customized by the stage manufacturer such that it can be used to 

both drive an MS-2000 stage in order to control the focal point of our two 

photon laser system, as well as control the laser shutter-- all in the same script. 

The G-code was then loaded to Tracer® program which was a control program 

developed by the stage manufacturer. The Tracer® program controls both the 

stage and the automated shutter to move the stage and flip the shutter 

according to the designed pattern. The key to this procedure is the utilization of 

an incremental or relative coordinate system that moves in relation to the 

current position. This enabled us to take advantage of the programming 

language Python and import our code to a python file to make any necessary 

iterations and scale up to any size we desire. Figure 2.4 shows photos of the 

fabrication system.  
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(a) a 500 µm by 500 µm microdots array with dot diameter of 2 µm and a pitch 
of 20 µm, (b) dose test of microdots fabrication, the focal point of laser beam 
was lifted from bottom row to top row. As the focal position was lifted, the 
microdots came off the substrate due to their weak adhesion with the substrate 
and formed the aggregation above the top row.  

 

 

 

 

 

 

 

 

 

Figure 2.1 SEM images of microdots array made of PEGDA hybrid material 

 



24 
 

 

 

 

 

 

 

 

 

 

(a) The normalized laser irradiance (unit: W/cm2) distribution in thefocal point. It 
demonstrates that the irradiance distribution has an ellipsoidal shape, in which 
the highest irradiance is in the center and the irradiance exponentially decays 
from inner layer to outer layer. The color bar is the scale of normalized laser 
irradiance, in which 1 is the normalized irradiance at the center. (b) The 
normalized free electron (plasma) distribution (unit: cm-3) in the focal point. It 
shows that the plasma distribution has the same shape as the irradiance 
distribution but much smaller size, which is the reason why femtosecond laser 
is able to create a hole smaller than the size of its focal point on cell membrane. 
The color bar is the scale of normalized free electron density, in which 1 is the 
normalized density at the center. 

 

 

 

 

 

 

 

Figure 2.2 Distribution of normalized laser irradiance and free electron 
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Figure 2.3 Optical design of the femtosecond laser system.  
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Chapter 2, in part, is a reprint of material that is published as: Zhang W, 

Chen S. Femtosecond Laser Nanofabrication of Hydrogel Biomaterial. MRS 

Bulletin 2011; 36 (12): 1028-33 

 

Figure 2.4 Photos of the laser fabrication system 
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CHAPTER THREE:                                      

Fabrication of negative Poisson’s ratio structures and 

investigation of its influence on cell movement and division 
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3.1 Introduction   

Natural tissues and their cellular microenvironment have complex 

structural and biological heterogeneity, and are constantly exposed to a myriad 

of forces. Materials scientists have investigated structure-function relationship 

of cell-materials interaction, using various approaches. It has been long known 

that cells generate contractile forces on its underlying substrate 95, 96. Over the 

years, researchers have altering the elastic modulus of the interacting substrate 

by modulating properties such as cross-link density 97, and evaluated cell 

response. Alterations in elastic modulus of the interacting substrate, both in 

two-dimensional surface as well as three-dimensional geometry, impact variety 

of cell types in fundamentally different ways, including motility, gene expression, 

proliferation, and fate after differentiation47, 53, 98-102. These studies have 

increased our understanding of how cells experience forces, and provided 

insight into the biophysical mechanisms. However, another fundamental aspect 

of material properties, the Poisson’s ratio has been largely ignored, probably 

because of the challenges involved in tuning the Poisson’s ratio of the 

biomaterials.  

The ability of a biomaterial scaffold to support and transmit cell and 

tissue forces can be quantitatively described by its elastic modulus and 

Poisson’s ratio. Elastic modulus quantifies a scaffold’s elastic behavior in the 

loading direction, while Poisson’s ratio describes the degree to which the 

scaffold contracts/expands in the transverse direction, perpendicular to the 
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loading direction (figure 3.1).  Typically Poisson’s ratio is assumed to be 

positive for all materials (~0.3 to 0.5), even though materials with negative as 

well as zero values do exist in nature.  A positive Poisson’s Ratio materials 

contract transversally when stretched, while a Negative Poisson’s Ratio (NPR) 

materials expands in both the axial and transverse directions. In nature, we 

come across several materials with a NPR or “auxetics“, such as in crystalline 

materials103-108, carbon allotropes  109, foams 110-112, polymers and laminates 113-

116, and other extreme states of matter 117-120. Although, for naturally occurring 

materials, the NPR property seems to be an intrinsic property of the material 

and cannot be tuned according to specific applications. Tuning the Poisson’s 

ratio requires control over pore-interconnectivity and internal architecture of a 

material, which can be quite difficult to achieve. Artificial auxetics have been 

developed by incorporating rib-containing pores, which modify the shape and 

deformation mechanisms of polymers, transforming their mechanical behavior 

to exhibit NPR property110, 112, 114, 121-125.  These polymers demonstrate well-

defined strain-dependent NPR behavior 110, 119, 126, 127, however, the response is 

“process dependent” and cannot be tuned according to a specific value of 

Poisson’s ratio. For example, polyurethane foams annealed in a compressed 

state naturally re-organization their cellular microstructure and exhibit NPR 

behavior 110, 121  However, processes such as annealing have little control over 

the reorganization of cellular microstructure comprising the foams, making it 

difficult to tune the Poisson’s ratio according to a specific application. There is 
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also evidence of negative and zero Poisson’s ratio materials in biology 103, 128-134 

.  To investigate cell-materials interactions, Poisson’s ratio has to be precisely 

tuned, both in magnitude and polarity. Some tissue engineering applications 

need unique strain response, wherein biomaterials having a negative or zero 

Poisson’s ratio may be more suitable for emulating the behavior of native 

tissues. Recently, we developed micron-scale scaffolds which exhibit negative, 

positive and zero Poisson’s ratio in PEGDA biomaterials 135-137. Although these 

scaffolds themselves exhibited NPR behavior, a single cell is not able to sense 

the effects of the altered Poisson’s ratio at micron resolution (~50-100µm). In 

this study, we use femtosecond laser to fabricate suspended web structure with 

tunable Poisson’s ratio, and utilize these sub-micron structures to evaluate cell 

response.  

3.2 Materials and Methods 

3.2.1 Preparation of polyethylene glycol diacrylate (PEGDA) 

PEGDA (MW 700) was used to make the webs because of its 

biocompatibility. PEGDA pre-polymer was prepared as follows. First, PEGDA 

was mixed with Milli-Q water at a ratio of 1:4, 4% (w/v)  and lithium phenyl-

2,4,6-trimethylbenzoylphosphinate(LAP), prepared as the protocol described by 

Fairbanks et al (need reference) was added to PEGDA as the initiator. 5mM 

acrylate-PEG RGDS peptide was then added to PEGDA to promote cell 
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adhesion. The solution was mixed by a vortex mixer for 5 minutes and was then 

purified through a 0.22 µm pore size syringe filter.  

3.2.2 Preparation of sample substrate 

A piece of glass coverslip was used as the sample substrate for the 

webs. The coverslip was coated with a thin layer of PEGDA to prevent cell 

attachment on the substrate. Before being coated with PEGDA, the coverslip 

was methacrylated to enhance the adhesion of the PEGDA thin layer on the 

surface of substrate.  

(a) Methacrylation of glass coverslips 

First, the glass coverslips were cleaned for 5 minutes in piranha solution 

consisting of 35mL sulfuric acid and 15mL hydrogen peroxide. Then the 

coverslips were taken out of the piranha solution and washed for 5 times with 

Milli-Q water. After that, the coverslips were immersed in ethanol for 5 minutes 

to remove residual water. In the meantime, methacrylation solution was 

prepared by mixing together 1mL 3-(trimethoxysilyl)-propyl methacrylate, 50mL 

ethanol, and 6mL of 1:10 galcial acetic acid (acetic acid in ethanol). The 

coverslips were dried by compressed air and immersed in the methacrylation 

solution overnight. On the next day, the coverslips were taken out of the 

methacrylation and were cleaned with ethanol and dried with compressed air, 

sequentially.  

(b) PEGDA coating of glass coverslips 
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After the methacrylation process, the coverslips were coated with a thin 

layer of PEGDA to prevent cell attachment on the surface. We used 20% 

PEGDA (80% water) as the coating material because it has much lower 

swelling ratio than the 100% PEGDA does. To facilitate polymerization, 2% 

(w/v) LAP was added to the solution as the photoinitiator. The thin layer of 

PEGDA was generated by sandwiching the 20% PEGDA between one piece of 

methacrylated coverslip and one piece of untreated coverslip. The untreated 

coverslip was cleaned with ethanol before use. A pipettor was used to transfer 7 

µl PEGDA onto the surface of metharylated coverslip and the untreated 

coverslip was covered on top of the metharylated coverslip. The sandwich 

structure was placed on an experiment table for 3 minutes to stabilize. After 

that, it was irradiated by a UV lamp for 1 minute to polymerize the PEGDA 

layer. Then the two pieces of coverslips were detached from each other by 

hand.  

 In order to culture cells on the coverslip, the coverslip must be attached 

to a petri dish, which can hold cell culture medium. A 10mm x 10mm hole was 

cut on the bottom of a 35mm plastic petri dish with a single edge cutter blade 

and the PEGDA coated coverslip was glued onto the bottom from outside. The 

glue we used was dipentaerythritol pentaacrylate with 1% photoinitiator 

(Irgacure 819). A UV lamp was used to cure the glue. After the PEGDA-coated 

coverslip was glued on the bottom of the petri dish, 4 mL water was filled into 
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the petri dish to maintain the water content of the PEGDA coating on the 

coverslip.  

3.2.3 Femtosecond laser fabrication of the webs  

Figure 3.3 shows the schematic drawing of the femtosecond laser 

fabrication system setup. The laser source was a Ti:sapphire femtosecond laser 

producing 100-femtosecond wide pulses at a repetition rate of 80 MHz with a 

maximum power of 350 mW. The central wavelength of the laser is 800 nm and 

the diameter of the beam out of the laser head is 1 mm. The laser beam was 

expanded by a 4X beam expander to make full use of the aperture of the 

objective lens. Then the laser beam was guided by a group of mirrors into an 

inverted microscope  and focused by an oil-immersion objective lens onto the 

sample which was mounted on a motorized stage. The laser power can be 

continuously adjusted by an attenuator. The scanning of the sample was 

implemented by simultaneously controlling the stage and an electrical-

motorized shutter using the microscope software. The laser power employed for 

the fabrication was 50 mW, measured by a power meter before the laser beam 

entered the objective lens. The scanning process was monitored in situ by a 

charge-coupled device (CCD) camera. 

Before making the structures, a drop of immersion oil was placed on the 

objective lens. A pipettor was used to drop 20 µl of the 20% PEGDA prepared 

in step 1 on the bottom of the petri dish. The petri dish was then secured on the 
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stage by two strips of double-side tape. After that, the objective lens was lifted 

to get in touch with the bottom of the petri dish. As the objective lens was going 

up, a series of dots were made by the laser beam to locate the position of the 

coverslip surface, where the structure would be attached to.  

An array of 7 supporting walls was fabricated first to hold the auxetic and 

non-auxetic webs. The supporting wall was an 8-layer wood-pile structure with 

the size of 120 µm (length) x 6 µm (width) x 12 µm (height). Each supporting 

wall was fabricated by the laser in a layer-by-layer mode with a fabricating 

speed of 0.05 mm/second and a laser power of 70 mW. After the supporting 

walls were made, the laser beam was focused on top of them to make the 

webs. The two edges of each web were attached to two adjacent supporting 

walls. Since the PEGDA pre-polymer had enough density and viscosity to 

support polymerized structure, the webs did not drop or move around while 

being made. The fabricating speed of the laser was 0.65 mm/second and the 

laser power being used was 45 mW. The auextic and non-auxetic structures 

were fabricated on the supporting walls alternatively.  

After the webs were fabricated, the unpolymerized PEGDA was washed 

away by Milli-Q water. Then the petri dish was filled with phosphate buffered 

saline (PBS) which contained 2% penicillin-streptomycin (PS) to sterilize it. After 

that the petri dish was kept in a 37 ºC incubator for future cell seeding.  
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3.2.4 Femtosecond laser fabrication of fluorescence-labeled webs 

Fluorescence-labeled webs were fabricated with the same system setup 

and parameters. The only difference was that PEG-RGD-FAM was added to 

PEGDA at 0.5mg/mL to incorporate fluorescent peptide into the webs. After 

laser fabrication, the webs were rinsed 5 times with Milli-Q water for 5 minutes 

each to get rid of the unattached PEG-RGD-FAM. 

3.2.5 Cells maintenance and seeding 

10T1/2 cells (American Type Culture Collection, Manassas, VA?) were 

maintained in Dulbecco’s modified eagle’s medium with high glucose (DMEM) 

(Gibco, North Andover, MA) supplemented with 10% fetal bovine serum (FBS). 

The cells were cultured in an incubator with 5% CO2 concentration and 37 ºC. 

The culture medium was replenished every other day and the cells were splitted 

as necessary.  

Prior to cell seeding, the petri dish with the webs was washed twice with 

PBS. Then it was filled with 3 mL pre-warmed DMEM supplemented with 10% 

FBS and 1% PS. Throughout this process, caution must be taken to keep the 

webs in liquid to prevent them from collapsing. An ethanol-washable marker 

was used to mark the position of the webs on the bottom of the petri dish to 

facilitate cell seeding. A seeding density of 5,000 cells per petri-dish was used 

and the proper cell density was achieved by centrifugation and resuspension of 

cells. A drop of 10 µl medium with proper cell density was carefully added on 
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top of the webs. While adding, the pipette tip was made in touch with the 

surface of the medium to make sure the cells were seeded on the webs. After 

that, the petri dish was left in the biosafety cabinet for 5 minutes to help the 

cells to stabilize.  

3.2.6 Time-lapse imaging 

Time-lapse images were taken in a microscope (Nikon) with a cell culture 

chamber (In vivo Science?) after the cells were seeded on the webs. The CO2 

concentration and the temperature in the cell culture chamber can be 

maintained at 5% and 37 ºC, respectively. The bottom of the chamber was filled 

with DI water to maintain the humidity. The heater of the chamber was turned 

on 4 hours before the time-lapse imaging to achieve a stable 37 ºC 

environment. The petri dish with cells attached to the webs was then fixed on 

the microscope stage by two strips of double side tape. After that, the doors of 

the chamber were closed and the CO2 valve was opened. A 40x objective lens 

was used to take the time-lapse images. Images were taken every two minutes 

at a range of z positions with a step of 2 µm. With the same setup, fluorescent 

time-lapse images were taken to monitor the nucleus activity of the cells. 

Hoechst 33342 was added to the medium at 1 µg/mL for live cell imaging. 

3.2.7 Immunofluorescence labeling 

EdU staining was conducted with the Click-iT® EdU imaging kit 

(Invitrogen, Carlsbad, CA) following the protocol provided by the manufacturer. 
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After the cells were seeded on the web for 12 hours, EdU was added into the 

medium at 10 µM and the cells were cultured in the incubator for another 12 

hours. After the incubation, the medium was removed and the sample was fixed 

with 0.5 mL of 4% formaldehyde in PBS for 15 minutes at room temperature. 

Then the formaldehyde was removed and the petri dish was rinsed twice with 1 

mL of 2% BSA in PBS for 5 minutes each. After being permeablized with 1mL 

of 0.5% Triton X-100 in PBS for 20 minutes, the sample was again rinsed twice 

with 1 mL of 2% BSA in PBS for 5 minutes each. Then the sample was 

incubated in the Click-iT® reaction cocktail which contained Click-iT® reaction 

buffer, CuSO4, Alexa Fluor® azide, and reaction buffer additive for 30 minutes at 

room temperature, protected from light. After the reaction cocktail was removed, 

the sample was rinsed once again with 1 mL of 2% BSA in PBS for 5 minutes.  

PBS was then used to wash the sample for DNA staining. The sample 

was incubated with 2 mL of 5 µg/mL Hoechst 33342 in PBS for 30 minutes at 

room temperature, protected from light. Then the Hoechst solution was 

removed and the sample was washed twice with 3 mL of PBS.  

For focal adhesion staining, the sample was first blocked for 60 minutes 

in blocking buffer containing 2% bovine serum albumin (BSA), 0.3% Triton X-

100, and 97.7% PBS. Then primary antibody solution, which was 0.5% 

monoclonal anti-vinculin in blocking buffer, was applied onto the sample and the 

sample was incubated overnight at 4 ºC. After being rinsed three times in PBS 
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for 5 minutes each, the sample was incubated in the secondary antibody 

solution consisting 1% Alexa Fluor 647 goat anti-mouse IgG in blocking buffer 

for 60 minutes at room temperature. The sample was once again rinsed three 

times in PBS for 5 minutes each. All steps were protected from light. After the 

immunofluorescence staining process, the sample was kept in 4 ºC and 

protected from light.  

3.3 Experiment design and results 

3.3.1 NPR web design and fabricaiton 

Figure 3.2A highlights the geometry and dimensions of unit-cell type; the 

reentrant and cut missing rib designs for NPR behavior. Structural support 

beams were incorporated at the ends of each web structure, to ensure that the 

structure is suspended, and cell will be able to apply strains and freely move the 

structures (figure 3.2B). Similar structure made on a flat surface, can be 

actuated by addition/removal of water, and could be moved by the cells, 

however, in order to study effects of cell movement only on the web, we have to 

suspend the structure between two supporting beams.The reentrant structure 

(figure 3.2A) is formed by changing the four side angles (angle ) between the 

vertices (ribs) in a six-sided honeycomb (hexagon), with some additional 

modifications 126, 138.  Two rib lengths, L1 and L2, constrain the dimensions of the 

unit-cell, including angle  (the value of angle  is set by the rib-length ratio and 

is not arbitrarily set), and the ratio of the two rib lengths has a sizable influence 
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on Poisson’s ratio.  The dimensions used are shown in figure. Varying angle  

alters the magnitude of Poisson’s ratio, which gives Poisson’s ratio its strain-

dependent response. Two-photon polymerization within the concentrated focal 

region was used to fabricate both the supporting structures as well as the 

suspended web structures. A Ti:sapphire femtosecond laser is tightly focused 

onto the appropriate z plane in the volume of the photosensitive PEGDA 

prepolymer, and 3D structures were fabricated by moving the stage in XYZ 

(figure 3.3). PEG biomaterial was chosen, because of it high water content and 

biocompatibility  and tunable mechanical properties 97, 139. Photosensitive 

prepolymer solution was prepared by adding biocompatible initiator, lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and acrylate-PEG RGDS 

peptide to 20% PEGDA (80% DI water) solution.  Methacrylated glass surface 

was coated with 20% PEGDA solution without the peptide, to prevent cell 

adhesion onto the glass surface.   

Visualization of the web-structures using scanning electron microscopy 

(SEM) resulted in collapsed web structures, even with critical point drying 

technique.  As a result, the suspended structures were visualized by introducing 

PEG-RGD-FAM in the prepolymer solution (figure 3.2B).   

3.3.2 Cell experiment 

To evaluate cell response, 10T1/2 cells were seeded on the web 

structures and cell movement was monitored using time-lapse microscopy 
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technique. 10T1/2 are anchorage dependent cells, an embryonic fibroblast cell 

line that differentiates into perivascular cells in vivo, typically used to stabilize a 

functional microvascular network. As cells move on NPR web structures, they 

apply forces to the underlying substrate with focal adhesions, and deform the 

web in various configurations (figure 3.4A). The webpoints deformed by the 

cells return to the original position, when cells disengage and stop applying 

forces. The NPR web responds and accommodates strains due to different 

cellular forces as shown in the schematic (figure 3.4C). On the NPR web, the 

web points have the ability to move significantly (∆y = -6 to +12microns; ∆x = -3 

to +4) as compared to PPR web points (∆y=-1 to +2) and (∆x=-3 to +2) (figure 

3.4B). When a NPR unit cell expands in the x and y axis; for every 0.9µm X 

displacement, there is a corresponding increase in Y by ~8µm (figure 2A).  Web 

movement seen in PPR web, is the noise in the system, caused by the 

suspended nature of web in liquid medium. In the unit-cell models of re-entrant 

or NPR structure (figure 2A), the position and arrangement of the ribs relative to 

one another engender a negative Poisson’s ratio by virtue of a combination of 

rib bending (flexure), stretching, and hinging (angular deformations) 123, 126, 138, 

140.  The degree to which each structure deforms depends on unit-cell 

geometry, the bulk material properties of the ribs and the direction of loading.  

According to the simple hinging model reported by Gibson and Ashby 140, axial 

strain causes solely a change in angle  while the magnitude of the negative 

Poisson’s ratio depends upon both  and the ratio L2/L1, where the rib length 
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ratio is assumed to stay.  For L2/L1 = 1.33, which gave an undeformed angle  

of approximately 40°, the hinging model yields a theoretical Poisson’s ratio of 

approximately -1 at zero strain that linearly decreases to about -0.7 for axial 

strains of 0-0.2. However, since multiple cells apply forces in many different 

directions on the NPR web, the Poisson ratio change depending on proximity to 

cell/s and force transmission from other cells on the web (figure 3.4C). Some 

web points experience cellular pulling forces from adjoining cells on the web, 

while others experience inward pulling forces by the cell, while webpoints with 

no cellular forces remain neutral. Since Poisson ratio is calculated by 

measuring the transverse displacement of web points when axial forces are 

applied, for this particular case, it is difficult to measure the Poisson’s ratio of 

the overall structure, since each NPR unit cell feels stresses from all the cells 

on the web, applied in a variety of XY directions. Therefore, idealized Poisson’s 

ratio of unit auxetic structures were calculated by assuming the force 

application on either X or Y axes, and are the results are denoted by ƲXY and 

ƲYX (figure 3.4D). Since the overall displacement in Y axis is larger, we get 

higher NPR for NPR-XY, but both XY and YX Poisson ratios are negative as 

expected. On auxetic webs, any cellular force is easily transmitted to other 

webpoints away from the source, because of the of local biaxial 

expansion/compression behavior. Fluorescent time-lapse images were also 

taken to monitor the nucleus activity of the cells using Hoechst 33342. The 

images clearly demonstrate the movement of cells on NPR and PPR webs.  
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3.3.3 Immunofluorescence staining results 

Immunofluorescence staining was carried out to evaluate placement of 

cell adhesion sites by labeling for actin and focal adhesion sites using 

monoclonal anti-vinculin, as well as cell proliferation using EdU staining, on 

NPR and PPR web structures (figure 3.5). On NPR web, the cells seem to 

spread almost immediately after seeding, evident from actin staining (white 

arrow) (figure 3.5A-C).  Cells tend to be randomly oriented. The pseudopods of 

the spread cells do not align along the suspended NPR struts, a feature 

typically seen with surface topographies on surface. Cell on PPR web are not 

able to spread in the first two hours, and most of the cells adhere to the support 

structures, however, some spreading is seen at later time points (>3hours). 

Cells adhere to the suspended (figure 3.5D, E) web structures through integrin-

mediated adhesions. Figure 3.5G-H shows vinculin labeling throughout the 

cells, which indicated small (< 0.25μm) nascent adhesions while strong labeling 

on some of the locations indicate larger (>1μm) focal adhesions. The 

optimization of fabrication conditions can be used to manipulate number of FA 

formation, by controlling the number of adhesion site growth, since the cells can 

only bind to the web structures, and any change in the resolution of the width 

will result in change in the formation of FAs.  This can be potentially used as a 

way to have direct control over adhesion sites. Variety of micron and nano-

scale topographies can be fabricated using this technique, to evaluate cell 

response such as cytoskeleton formation, spreading, and proliferation.  
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3.3.4 Abnormal cell divisions 

Abnormal cell divisions were observed on the NPR web region (figure 

3.6). Cell division, a critical aspect of all multicellular organisms, requires 

segregation of chromosome facilitated by physical division of the cytoplasm, 

resulting in separate daughter cells. In normal cell division, during telophase, 

the cleavage furrow ingresses resulting in compression of the central spindle to 

form an intercellular microtubule bridge called the midbody. The midbody is 

severed, resulting in the final separation of daughter cells. On NPR webs, 

cleavage furrow ingression began normally; however, the resulting daughter 

cells remain attached to each other for the duration of the experiment (~12 hrs). 

In one case, (figure 3.6A-F) one cell resulted in formation of a long structure, 

and probably underwent apoptosis after being unable to complete abscission. In 

another case (figure 3.6G-L), midbody regressed after failing to separate, giving 

rise to a multinucleated cell, then reentered mitosis however the midbody 

persisted, and did not break off after the onset of cytokinesis. In another case 

where fluorescent time-lapse images were taken (figure 3.6M-R), two nascent 

daughter cells moved on the web hand by hand, all the while maintaining the 

midbody connection. Since cell division failure can cause genetic instability, 

ultimately leading to cancer141 researchers have elucidated molecular 

mechanism of abnormal cell division using several midbody components. 

Cytokinesis failure and associated behavior has been reported following 

depletion of components of the cortical cytoskeleton, such as anillin, septins, 
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formins142-144. Our observations suggest that similar unusual cell division can be 

induced solely by the NPR structure, in absence of any manipulations to the cell 

components. Arrows indicate symmetric as well as asymmetric furrow formation 

during cell division on NPR webs. During cell movement, bleb formation and 

constantly extending and retracting protrutions are also seen on NPR webs. 

NPR property affect the spatial distribution of adhesive contacts a cell 

experiences during cell division and movement. The unusual cell response 

most probably affects recruitment of specific proteins involved in cell adhesion, 

actin polymerization and microtubule stabilization.  

3.4 Conclusions 

Normal tissue cells probe elasticity as they anchor and pull on their 

surroundings, and respond through cytoskeletal reorganization and associated 

processes. Cells adhere to solid substrates that range in stiffness from soft to 

rigid and that also vary in topography and thickness. NPR web and similar web 

of various geometry, shapes, as well as resolution, in terms of both the 

thickness as well as width, can be used for evaluating cells response on a web. 

Most tissue cells not only adhere to but also pull on their microenvironment and 

thereby respond to the mechanical properties of substrates in ways that relate 

to elasticity, however so far only one component of elasticity, i.e. elastic 

modulus has been investigated. This work potentially opens doors to evaluating 

Poisson’s ratio by keeping the bulk elastic modulus constant.  Researchers 

have investigated cell behavior on substrates with gradient elastic modulus100, 
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however, using this technology, a gradient Poisson’s ratio web can be 

fabricated, which is able transmit cellular forces across a range of Poisson’s 

ratio on a single substrate. We hope that this technique will be used by 

researchers to investigate effects of altering the Poisson’s ratio on variety of 

cellular aspects including morphology, gene expression, migration using 

different cell types.  The methodology developed in this work will foster 

experiment and contribute to the broad field of mechano-biology.   
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Figure 3.1 Schematic drawing of negative Poisson’s ratio and positive Poisson’s 
ratio 

The elastic property can be comprehensively expressed by the elastic modulus 
and the Poisson’s ratio. Schematic shows a positive Poisson’s Ratio (PPR) 
materials contracting transversally when axially stretched, while a Negative 
Poisson’s Ratio (NPR) material expanding in both the axial and transverse 
directions. 
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Figure 3.2 Bright field and fluorescent images of NPR and PPR webs 

(A) Re-entrant honeycomb configuration was adopted as the uni-cell geometry 
for the NPR web, while an additional strut modification to the NPR structure 
served as the positive control. Schematic shows that with axial strains, (Green 
arrows), the unit-cell exhibits a NPR response (Red arrows), by virtue of the 
position and arrangement of the struts relative to one. (B) NPR and PPR over-
hanging web structures were fabricated with side supports. Figure shows the 
optical and confocal image of the suspended structures in PEGDA biomaterial. 
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Figure 3.3 Schematic design of the femtosecond laser fabrication setup 

 

 

 

 

 

 

 

 



49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 NPR and PPR webs moved by cells 

(A) The suspended structure exhibit NPR behavior as a 10T1/2 cell moves 
across the web structure. White arrow indicates the direction of movement with 
associated time-stamps. (B) Frame-to-frame trajectory of multiple webpoints (in 
microns) after 10T1/2 cell seeding on web structures. This analysis represents 
data pooled from different locations on the web structures for 2 hours with 8 min 
interval. (C) Schematic showing the different forces on the webpoints. (D) 
Graph shows idealized Poisson’s ratio with application of strains in X and Y 
direction.  Since the overall displacement in Y axis is larger, we get higher NPR 
for NPR-XY, but both XY and YX Poisson ratios are negative as expected. 
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Figure 3.5 Immunofluorescence staining of 10T1/2 cells on NPR and PPR webs 
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(A)-(F) Two daughter cells had difficulty separating from each other and one 
daughter cell became snake-like cell; (G)-(L) Three nucleus appeared in the cell 
after the daughter cells could not separate from each other; (M)-(R) Live 
nucleus staining time-lapse images of two daughter cells could not detach from 
each other.  

 

 

Chapter 3, in part, is in preparation for submission as: Zhang W, Soman 

P, Meggs K, Qu X, Chen S. Influence of Negative Poisson’s Ratio on Cell 

Movement and Division 

 

 

Figure 3.6 Abnormal cell divisions on NPR webs in both bright field and 
fluorescent views 
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CHAPTER FOUR:                                        

Femtosecond laser-assisted optoporation for drug and gene 

delivery into single mammalian cells 
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4.1 Introduction 

Traffic of molecules in and out of living cells is tightly regulated by the 

plasma membrane. This barrier of phospholipid bilayer is generally selective 

against hydrophilic and charged molecules as well as various macromolecules 

including nucleic acids, peptides and proteins 145. Targeted and reversible 

permeabilization of the plasma membrane is of paramount interest in today’s 

biology and biotechnology. For example, to analyze the behavior of drugs and 

substrates or inhibitors for certain enzymes or to localize cellular proteins by 

fluorescence-based immunocytochemistry, the delivery of the given reagents or 

antibodies into the cell interior is an absolute prerequisite. Ideally, these 

observations should be made in the intact “live” cells to harness the most 

reliable and biologically relevant data 146-148. However, such real-time 

observations can be challenging as seen in cellular imaging, in which most of 

the commonly used techniques requires fixation and detergent-based 

membrane permeabilizaion to deliver the antibodies or dyes into the cell interior 

149. 

Transfection of cultured mammalian cells is also one of the 

indispensable techniques in biomedical research laboratories. Hydrophilic DNA 

molecules are commonly introduced into cells using either liposomal or cationic 

chemical delivery vehicles, viral vectors, or physical permeabilization such as 

electroporation 69, 150. Liposomal delivery and electroporation are sometimes 

also used for the injection of compounds other than nucleic acids 64, 151, 152. 
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These methods allow manipulations and analyses of intact cells. However, in 

most cases, cells are treated as a population and the produced data only 

represents the average of the whole group. Single-cell manipulation and 

analyses has been drawing attention recently since It is well accepted that there 

are cell-to-cell variabilities in many biological aspects, and analyses of 

individual cells could often provide a wealth of information 153. As the notion of 

lab-on-a-chip (LOC) 153 and lab-in-a-cell (LIC) 154 emerged as devices for high 

throughput single cell analyses, there is an immediate need for a quick, efficient 

and versatile method to deliver extrinsic compounds and reagents into single 

cells. 

Optical-poration or optoporation has recently been receiving much 

attention as a promising method for easy and efficient delivery of extrinsic 

compounds into single live cells. Femtosecond laser can produce a tiny, 

submicrometer-sized pore, which lasts for a fraction of a second, at a defined 

location on the plasma membrane of a target cell to facilitate introduction of 

membrane impermeable substances such as foreign DNA. Femtosecond laser 

has been used by several groups for a number of cell lines, reporting cell 

viabilities from 50% to 100% using a variety of impermeable substances 70-77. 

Laser optoporation is compatible with standard microscopy optics, coverslip 

configuration, microfluidic applications. Single cell manipulation using the 

femtosecond optoporation technique could have far reaching consequences in 

the field of bioengineering, tissue engineering and stem cell therapy 72. 
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There is, however, a major hurdle towards establishing the point-and-

shoot cellular optoporation with femtosecond laser: the process must be 

standardized for each specific cell line. Several parameters such as (a) 

exposure time (b) laser power and (c) location of irradiation need to be 

characterized for best and reproducible results. Optimization of these variables 

can be daunting and time-consuming since the focused laser has to be 

manually aligned onto the plasma membrane of several, if not dozens of, cells. 

Also in many experiments using live cell culture, the specific cells treated with 

the laser have to be re-located after several hours or days of incubation to 

investigate the effects of genes, indicators, antibodies and other compounds 

introduced into the target cells 70, 72. Lack of standardization seems to be the 

reason for discrepancies in previously reported values for laser parameters. 

Most laboratories only specify the laser power and exposure time, which 

worked for the group, using their specific equipments and set-up. Most 

contemporary laser ablation studies are still conducted on systems assembled 

in-house based on different types of lasers and vary dramatically in their 

designs. Often, this results in disagreements between groups regarding the 

type of instrumentation needed for a particular task. In this work, we present a 

detailed experimental study on standardization of the protocol for the 

femtosecond laser-assisted optoporation using human embryonic kidney (HEK) 

cells.  
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4.2 Materials and methods 

4.2.1 Cell culture and preparation 

All optoporation experiments were performed using 35 mm petri dishes 

with poly-D-lysine coated glass bottom of 10 mm diameter and 0.17 mm 

thickness (Model Number: P35GC-0-10-C, MatTek Corporation, Ashland, MA). 

A 4 X 4 square grid with each square area of about 200 μm X 200 μm was 

manually scratched on the bottom side (outside) of each dish using a tungsten 

carbide scriber. Human embryonic kidney (HEK) 293H cells were maintained in 

Dulbecco’s Modified Eagle Media (DMEM, Invitrogen, Carlsbad, CA) with 10% 

v/v Fetal Bovine Serum (FBS, Atlanta Biologicals, Norcross, GA) and 1X 

Antibiotic/Antimycotic Solution (Cellntec, Switzerland) in a humidified incubator 

at 37C with 5% CO2. Cells were seeded on the glass bottom dish with 1 mL 

culture medium without phenol red and grown for 48 hours to achieve 10-30 % 

confluency before laser treatment. 

4.2.2 Laser instrumentation set-up 

Figure 1 shows the experimental setup of the femtosecond laser assisted 

optoporation. Ti:sapphire femtosecond laser (Vitesse, Coherent Inc. Santa 

Clara, CA) used for optoporation experiments produce 100-femtosecond 

duration pulses at with a central wavelength of 800 nm at 80 MHz frenquency. 

The femtosecond laser beam was expanded by a homemade 2X beam 

expander before it was focused on the cell membrane by a 100X oil-immersion 



57 
 

 

objective lens (N.A. = 1.3, Fluar, Carl Zeiss MicroImaging, Inc. Thornwood, NY) 

which was mounted in an inverted microscope (Olympus IX81, Olympus 

America Inc., Center Valley, PA). Laser power was measured by a power meter 

(PowerMax 500D, Molectron Detector Inc. Portland, Oregon) before laser beam 

entered the objective lens. The power switch of the laser beam was controlled 

by an electrical-motorized shutter (Edmund Optics Inc. Barrington, NJ). A built-

in piezoelectric step motor in the microscope controlled the vertical position of 

the laser focal point. The glass bottom dish containing cultured HEK cells was 

mounted on the stage of the microscope, and the horizontal movement of stage 

was actuated by two perpendicularly placed step motors (Newport Inc. Irvine, 

CA) with a moving resolution of 50 nm. The optoporation process was 

monitored in situ by a charge-coupled device (CCD) camera (Q-imaging; 

Rolera-XR; Q-16467). To find the position of laser focal point, we tuned the 

laser to very low energy (about 3 mW) and shot the laser at an empty area of 

the dish. A bright spot indicating the position of laser focal point was noted on 

the moniter connected to the CCD camera. A marker was used to label the 

center of the bright spot – the focal point. Before laser optoporation, the specific 

area of the targeted cell was moved to the center of laser focal point. The 

desired laser power for optoporation of the HEK cell membrane was selected by 

rotating the laser beam attenuator as measured by the laser power meter. The 

laser exposure time of the cell was selected by programming open duration of 

the mechanical shutter. The term ‘targeted cell’ in this paper refers to single 
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HEK cells at the corners of each square grid. Cells adjacent to the targeted 

cells were not treated by the laser and served as the control population (Refer 

figure 1b,c). 

4.2.3 Optoporation using femtosecond laser 

SYTOX® Green nucleic acid stain (10 µM, Invitrogen, Carlsbad, CA) was 

added to the culture medium before each optimization experiment. Targeted 

cells were irradiated with varying laser parameters. An optical attenuator was 

used to adjust the laser average power in a range of 10 mW to 100 mW with 10 

mW increments. The exposure time was varied from 10 ms to 100 ms with 10 

ms increments. Targeted cells were re-located using the square grid and 

fluorescence signal was monitored for 1 hour after irradiation. Viability of the 

cells after laser exposure was determined by staining the non-viable cells with 

0.5% Trypan Blue (Sigma-Aldrich), 40 minutes post-laser-treatment. For each 

condition, 3 or more different cells were tested. 

For the transfection experiments, plasmid DNA pEGFP-N1 (9 μg/mL, 

4.7kb, molar mass 2.9 MDa, Clontech, Mountain View, CA) was added to the 

culture medium and the cells were irradiated at 60 mW for 35 ms. Targeted 

cells were imaged after 24-48 hours of incubation using Nikon Eclipse TE2000-

S microscope equipped with a FITC HyQ filter (Chroma Technology, Bellows 

Falls, VT). The images of fluorescent cells were photographed using NIS-

Elements BR software version 3.0 (Nikon Instruments, Melville, NY) with the 
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exposure of 3 seconds and the gain of 1.00X. The cells without laser irradiation 

were used as negative controls to assess the background auto-fluorescence. 

4.3 Results and discussion 

4.3.1 Cell survival with varying laser parameters 

The average laser power that can be used in the femtosecond laser 

optoporation experiments is critical and must be determined in advance. In 

general, the average laser power should be in a range that is low enough to 

avoid the cell damage but sufficient to induce perforation on the plasma 

membrane. The laser power and the exposure time at the threshold of the cell 

damage vary from one cell line to another. We tested the viability of HEK cells 

after laser irradiations at varying parameters to estimate the range of the laser 

power and the exposure time that the cells can tolerate. We used both direct 

physical observation of their morphology and differential staining using Trypan 

blue to access the viabilities of laser-treated cells. Cells were permanently 

damaged and died immediately after laser exposures at higher than 70 mW, 

even if they are irradiated for a very short time (Figure 2a). For the power range 

between 50-70 mW, the cells died only when the exposure time exceeded 50 

ms. When the average laser power was set to 40-50 mW, some cellular 

morphological changes were observed such as membrane blebbing (“bubbles”) 

with the exposure time exceeding 50 ms. However, when the laser irradiation 

time was reduced to the range of 20-40 ms, the temporary membrane blebbing 
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healed shortly after the treatment and the irradiated cells survived (Figure 2b). 

When the laser average power was reduced to less than 20 mW, no cellular 

change was observed even after a very long exposure time (100 ms). 

4.3.2 Optimization of laser conditions for cellular optoporation 

We further optimized the parameters for cellular optoporation by 

monitoring the influx of a fluorescent indicator into the targeted cells. A 4 x 4 

suare grid was fabricated on the bottom-sidde (outside) of the growth area (see 

Materials and Methods for details) to systemetically compare multiple 

combinations of laser power and exposure time. Single HEK cells at the corners 

of each square grid were identified as targeted cells and cells adjacent to the 

targeted cells served as the control population. Cells were irradiated with 

varying exposure parameters in the presence of SYTOX Green reagent. 

SYTOX is a small molecule-based dye which is impermeable to the intact 

plasma membrane of live cells. Upon entering the cells, the dye binds to nucleic 

acids and produce fluorescence signal. The optimal and most reproducible 

results were obtained from the laser exposures at 60 mV for 35 ms.  As shown 

in Figure 3, an increase of fluorescence inside the cell was observed as a 

function of time, indicating successful perforation of the plasma membrane. The 

SYTOX dye mainly accumulated in the nucleus as expected. 

As control, no sign of dye uptake was observed by the adjacent non-

treated cells, indicating that the laser exposure on the plasma membrane is 
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reqired to change the membrane permeability. Also, no change was observed 

when the laser focus was in the vicinity of the cell but not on the cell. The cells 

were negative to the Trypan blue stain which verifies the recovery of membrane 

integrity and overall cell viability after laser treatment.  

Another often neglected experimental parameter is the location of laser 

focus on the cell-membrane. Force mapping using atomic force microscope 

(AFM) have demonstrated significant differences in properties of protruding and 

stable edges of 3T3 fibroblasts in culture 155. Active edges of 3T3 cells are 

flatter (average heights = 0.4–0.8 mm) and are softer (elastic modulus = 4 kPa), 

while stable edges are thicker (average height = 2 mm) and stiffer (elastic 

modulus = 12 kPa). Optoporation experiments in this work also demonstrate 

differences in the protruding and stable edges of HEK cells in culture (Figure 

4c). Successful optoporation was achieved on the protruding edge of the cells 

using 60 mW laser power and 35 ms exposure time, however, the power had to 

be increased to 70 mW to achieve optoporation of stable edges of HEK cells. 

This underscores the significance of choosing specific location on cell 

membrane while conducting optoporation experiments. 

When the laser exposure time was decreased to 30 ms, the influx of 

SYTOX into the targeted cells was observed, however the intensity of the 

fluorescence (Figure 4d) was decreased compared to figure 3f. This result 
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indicates that the total amount of dye introduced into the cell was reduced at the 

exposure time of 30 ms compared to 35 ms. 

We then increased the exposure time to 40 ms at laser power at 60 mW), 

membrane blebbing was observed within the target region indicating some cell 

damage (Figure 5). In most cases, when 2 or more bubbles are present for 

longer than 10 min post-exposure, the cell membrane is compromised based on 

the Trypan blue staining. However, when the size of the bubble is about 1 

micrometer or less in diameter, most cells recover within 10 min of laser 

treatment with no signs of membrane damage. A summary of results are shown 

in Figure 6.  

4.3.3 Transfection of HEK cells by femtosecond laser-asisted cellular 

optoporation 

We used the optimized laser paremeter (laser power = 60 mW; exposure 

time = 35 ms) to perform DNA transfection experiments with HEK cells.  Cells 

were irradiated in the presence of plasmid DNA pEGFP-N1 in the culture 

medium and then returned to the incubator. Targeted cells were identified by 

using the grid as described in the methods section 24-48 hours post-treatment. 

Positive expression of GFP in the irradiated cells and their daughter cellls after 

cell division indicates that the plasmid DNA was successfully introduced into the 

cell interior by optoporation treatment (Figure 7). No fluorescence was observed 

in the surrounding cells not exposed to the laser. 
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4.4 Conclusions 

In this work, we used both a membrane impermeable fluorescent dye 

and a plasmid DNA carrying the coding sequence for green fluorescent protein 

(GFP) to analyze the entry of extrinsic molecules into the target cells. We 

simulated the near infrared (NIR) femtosecond laser ablation process and 

demonstrated that the transient perforation produced by the process can be 

smaller than the size of the laser focal volume. The standardization of laser 

parameters should result in more reproducible results for any particular cell line.      
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Figure 4.1 Schematic laser setup for optoporation 

(a) Schematic representation of the laser set-up for opto-poration of targeted 
single HEK cell. (b) A grid was fabricated by a tungsten carbide scriber on the 
under-side of a glass-bottom culture dish. HEK cells were then seeded and 
grown to approximately 10-30% confluency. HEK cells in focus on the top side 
of the culture chamber. (c) Grid in focus on the underside of the culture dish. 
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Figure 4.2 Bright field images of laser treated HEK cells: Trypan Blue (0.5%) 
was added to the culture medium 40 minutes after laser treatment to test cell-
viability. Trypan Blue is a membrane-impermeable differential dye that stains 
dead cells but not live cells. 

(a) High laser exposure (power = 80 mW; exposure time = 10 ms) on targeted 
HEK cell stained with Trypan blue. Presence of trypan blue indicates that the 
integrity of the HEK plasma membrane has been compromised. (White arrow) 
(b) HEK cell survive after optimal laser exposure (power = 60 mW; exposure 
time = 30 ms).  
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Figure 4.3 Bright field images (a, b, c) and fluorescence images (d,e,f) of intact 
HEK cells optoporation experiment in the presence of SYTOX dye. 

The position of the laser focal spot is marked by the lightning symbol. White 
arrow points to the targeted cell. Laser power = 60 mW; Exposure time = 35 
ms. (a)(d) Before laser irradiation; (b)(e) Fluorescence is observed inside the 
HEK cell 10 min after laser optoporation; (c)(f) Syrox labels only the nucleus of 
the cell, which can be clearly seen in the figure, 20 min after optoporation.  
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Figure 4.4 Bright field (a,c) and fluorescence images (b,d) of an HEK cells after 
laser treatment in the presence of SYTOX dye. 

The position of the laser focal spot is marked by the lightning symbol. (laser 
power = 60 mW; exposure time = 30 ms) (a,b) 10 min post-exposure (c,d) 20 
min post-exposure. Fluorescence labeling the nucleus was observed 20 min 
after laser optoporation. Square in (c) = stable edge; circle in (c) = protruding 
edge 
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Figure 4.5 Morphological changes of two HEK cells (laser power = 60 mW; 
exposure time = 40ms) post-irradiation at the marked positions 

(a,d) 0 min after laser treatment; (b,e) 10 min after laser treatment. Excessive 
local swelling of the plasma membrane was observed in both cells. (c,f) 20 min 
after laser treatment. SYTOX dye is seen inside the cell, however it does not 
bind to only the nucleus. Both the cells were determined to be non-viable based 
on Trypan blue staining. 
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Figure 4.6 Summary of femtosecond-optoporation results using HEK cell line 
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Figure 4.7  HEK cell transfection using femtosecond laser 

Four HEK cells were optically transfected with plasmid DNA pEGFP-N1. (a,c) 
Brightfield images. (b,e) Florescence images. (c,f) Superimposed images. 

 

 

Chapter 4, in part, is a reprint of material that is published as: Soman P*, 

Zhang W*, Umeda A, Zhang Z, Chen S. Femtosecond Laser-Assisted 

Optoporation for Drug and Gene Delivery into Single Mammalian Cells. Journal 

of Biomedical Nanotechnology 2011; 7 (3): 334-41   *Shared first author
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CHAPTER FIVE:                                                 

Integrated two-photon polymerization with nanoimprinting for 

direct digital nanomanufacturing  
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5.1 Introduction 

Nanoimprint lithography (NIL) techniques have been regarded as parallel 

nanofabrication methods for high-resolution and high-aspect-ratio features 156-

162. NIL has the potential to significantly impact many applications in areas 

including photonic crystals for high-brightness LEDs, biochemical sensors, and 

large format display polarizers 163-165. To successfully imprint nanostructures 

using NIL, a rigid mold capable of nano-patterning thermal or photo-curable 

materials over a large area with high accuracy and repeatability is crucial. 

Unfortunately, fabricating nanoimprinting molds in silicon or quartz, the two 

most commonly used materials, usually requires costly and often unavailable 

cleanroom equipment and time-consuming steps, including e-beam lithography 

(EBL) and reactive ion etching (RIE) 166-169. A recent development is to make 

multiple polymer molds from a single master-silicon or -quartz mold to save time 

and cost. Polymer molds have desirable and easily tunable bulk and surface 

properties that are well-suited for the nanoimprinting process 170, 171. However, 

because this fabrication process requires a master mold, the whole process is 

still costly and time-consuming. 

In this paper, we demonstrate the plausibility of creating a low-cost 

polymer nanoimprinting mold by using the two-photon polymerization (TPP) 

technique, which avoids the need of making silicon or quartz molds entirely. 

TPP induced by femtosecond laser irradiation in photopolymers has been 

demonstrated for its ability to fabricate intricate nanoscale structures 172, 173. 
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During TPP, the photopolymer simultaneously absorbs two photons to activate 

the chain reaction of polymerization. Only the central portion of the laser beam 

with high energy intensity is able to induce such two-photon absorption, due to 

the Gaussian distribution of the energy intensity over the laser beam cross 

section. Therefore, TPP is able to break the diffraction limit which restrains the 

resolution of photo-polymerization fabrication. Sub-100 nm features have 

already been successfully fabricated by TPP 174. The advantages of TPP over 

EBL include the low cost for capital equipment and TPP’s virtual absence of any 

proximity effect which restrains the distance that structures can be placed from 

each other through the EBL process 175.  

Despite its many advantages, TPP is an extremely slow serial (point-by-

point) fabrication process, which has precluded it from being used in the mass 

production of nanostructures176-178. This work, by using TPP to make reusable 

nanoimprinting molds, indirectly enables the utilization of TPP in mass 

production. The TPP technique does not require costly cleanroom facilities or 

time-consuming processes, thus costing less than the traditional mold-

fabrication methods. Moreover, a variety of polymers can be used to make such 

molds, which ensures that it is relatively easy to obtain the desirable bulk and 

surface properties for polymer molds suitable for different imprinting projects.  

Poly (ethylene glycol) diacrylate (PEGDA) was patterned in our study to 

demonstrate the imprinting capacity of the polymer molds made by TPP. 

PEGDA is a Food and Drug Administration (FDA) approved, PEG-based 
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hydrogel that has been widely utilized in the fabrication of tissue-engineering 

scaffolds with microscale structures 179, 180. However, research efforts to make 

nanoscale structures in tissue engineering scaffolds using PEGDA have been 

relatively lacking, despite of the fact that the in vivo stimuli of cells are in 

nanoscale 27, 181-184. This work will bridge this gap by transferring nanostructures 

into PEGDA through a polymer mold. 

5.2 Materials and methods 

5.2.1 Material preparation for TPP 

 The photopolymer we used for the TPP fabrication was dipentaerythritol 

pentaacrylate (DPPA, Sartomer Inc., Exton, PA), used as received. We chose 

this acrylic polymer based on several considerations. First, DPPA is fast curing, 

as a result of the existence of five acrylate groups in each of its molecules. 

Second, its abrasion resistance and flexibility with hardness characteristics 

make it a very suitable material for molds. Third, DPPA has one hydroxyl group 

in each molecule, so a fluorosilane layer, which promotes releasing in the 

imprinting process, can covalently bond onto its surface.  

To increase the TPP rate of DPPA, 1% photoinitiator (Irgacure 819, Ciba 

Specialty Chemicals, Tarrytown, NY) was thoroughly mixed with DPPA by 

heating the mixture in 80 °C silicone oil (Fisher Scientific Inc., Pittsburgh, PA). 

To activate the chain reaction of TPP, the photopolymer must simultaneously 

absorb two photons, whose effect is equivalent to absorbing a single photon of 

half the wavelength. Besides, the photopolymer must be transparent to the 
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laser beam to eliminate single photon polymerization which may reduce the 

fabrication resolution. Therefore, a suitable photopolymer for TPP induced by 

an 800 nm laser should have high absorption at 400 nm and negligible 

absorption at 800 nm. To verify that DPPA with 1% photoinitiator is such a 

suitable photopolymer, the absorption spectra of DPPA with 1% photoinitiator 

and 0% photoinitiator, respectively, were measured by a spectrophotometer 

(Cary 5000 UV-Vis-NIR, Varian, Inc., Palo Alto, CA). As Figure 1 shows, DPPA 

with 1% photoinitiator had a high absorption rate at a wavelength of 400 nm, a 

fact apparently attributable to the photoinitiator because DPPA with 0% 

photoinitiator did not exhibit such a strong absorption rate at 400 nm. In 

addition, both DPPA with 1% and 0% photoinitiator had no natural absorption at 

the spectral region near 800 nm, which demonstrated that the single photon 

polymerization could not occur in these materials under near infrared (NIR) 

femtosecond laser irradiation.  

The DPPA structures produced by TPP need to adhere onto a glass 

substrate--the mold substrate--during the TPP process in order to be used as 

the imprinting mold. The mold substrates (Fisher Scientific Inc., Pittsburgh, PA) 

were cleaned for 8 minutes in piranha solution consisting of a 2:1 mixture of 

sulfuric acid and hydrogen peroxide, washed by deionized (DI) water, and dried 

by high-pressure nitrogen. To enhance the adhesion with DPPA, the substrates 

were then treated for 5 minutes in a 1-mM solution of 3-trichlorosilyl propyl 

methacrylate (TPM, Fluka Chemicals, Milwaukee, WI) in a 4:1 mixture of 
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heptane (Fisher Scientific Inc., Pittsburgh, PA) and carbon tetrachloride (Sigma-

Aldrich Inc., Milwaukee, WI). Subsequently, the substrates were washed by 

carbon tetrachloride and dried by nitrogen. Finally, in order to get rid of the 

chlorhydric acid generated in the previous step and the residual water on the 

surface, the substrates were soaked in DI water for 2 minutes and then baked 

on a hot plate (Super-Nuova, Barnstead Thermolyne Corporation, Dubuque, IA) 

at 100 °C for 5 minutes. 

5.2.2 TPP fabrication process 

Figure 2 shows the experimental setup for TPP fabrication. The 

excitation source for TPP was a Ti:sapphire femtosecond laser (Vitesse, 

Coherent Inc., Santa Clara, CA) producing 100-femtosecond duration pulses 

with a central wavelength of 800 nm at a repetition rate of 80 MHz. The laser 

beam was expanded by a 2X beam expander to overfill the incidence aperture 

of a 100X oil-immersion objective lens (N.A. = 1.3, Fluar, Carl Zeiss 

MicroImaging, Inc., Thornwood, NY) which focused the laser beam into the 

volume of DPPA. The laser power employed for the fabrication was 5 mW, 

measured by a power meter (PowerMax 500D, Molectron Detector Inc., 

Portland, Oregon) before the laser beam entered the objective lens. The power 

switch of the laser beam was controlled by an electrical-motorized shutter 

(Edmund Optics Inc., Barrington, NJ). The vertical position of the laser focal 

point was controlled by the movement of a vertically-mounted step-motor 

(Newport Inc., Irvine, CA). The fabrication process was monitored in situ by a 
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charge-coupled device (CCD) camera (CV-S3200, JAI Inc., San Jose, CA). The 

mold structures were generated by moving a motorized stage (Newport Inc., 

Irvine, CA), which held the glass substrate, at a speed of 50 µm/second.  

5.2.3 Post-treatment of the mold 

 Within 5 minutes of being fabricated by TPP, the mold was developed in 

ethanol (Decon Labs Inc., King of Prussia, PA) for 3 minutes to wash away 

uncured photopolymer. After the development process, there were still some 

residual acrylate groups on the surface of the mold that might bond with the 

imprinted material and hinder mold detachment. To remove these acrylate 

groups, the mold was then soaked in a solution of 1% photoinitiator (Irgacure 

2959, Ciba Specialty Chemicals, Tarrytown, NY) in DI water and was irradiated 

with a UV lamp (OmniCure S2000, Exfo Life Sciences & Industrial Division, 

Mississauga, Ontario, Canada) for 2 minutes.   

To facilitate detachment of the mold during the imprinting process, it was 

crucial to grow a releasing layer on the mold surface. Fluorosilane was chosen 

as our releasing-layer material because it is highly hydrophobic, as a result of 

its low surface energy. Figure 3 shows the schema of the silanization process. 

First, two glass petri dishes, containing several drops of silicon tetrachloride and 

the mold, respectively, were placed in a vacuum oven (Isotemp Vacuum Oven 

Model 280A, Fisher Scientific Inc., Pittsburgh, PA) for 2 hours. During this 

process, a layer of silicon tetrachloride (Acros Organics, Morris Plains, NJ) was 

grown on the mold surface, as Figure 3 (a) illustrates. Then the mold was 
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soaked in DI water for 2 minutes, during which time the chlorine ions of silicon 

tetrachloride were replaced by hydroxyl groups of water molecules, as Figure 3 

(b) shows. This replacement greatly increased the number of hydroxyl groups 

on the mold surface, making it easier for fluorosilane molecules to bond onto it. 

After that, the mold was baked on a hot plate at 100 °C for 10 minutes to 

strengthen the newly formed layer of hydroxyl groups by forming -Si-O-Si- 

bonds between adjacent silicon tetrachloride molecules, as illustrated in Figure 

3 (c). Next, a layer of fluorosilane -- tridecafluoro-1,1,2,2-tetrahydrooctyl-1 

trichlorosilane (TFTT, United Chemical Technologies Inc., Bristol, PA) was 

grown on the mold surface following similar steps as the ones used for growing 

silicon tetrachloride, with the only difference being that TFTT, instead of silicon 

tetrachloride, was placed onto one of the two glass petri dishes. Finally, the 

mold was again soaked in DI water for 2 minutes and baked on a hot plate at 

100 °C for 10 minutes. Figure 3 (e) and (f) illustrate the reactions that occurred 

in those two steps. After the fluorosilane had been successfully grown on the 

mold, the mold was stored in a vacuum desiccator (Desi-Vac, Fisher Scientific 

Inc., Pittsburgh, PA).  

5.2.4 Imprinting in PEGDA 

The imprinting process was conducted in a mask aligner (SUSS MA-6, 

SuSS Microtech, Munich, Germany), following the procedure outlined below. 

The procedure is discussed in detail in Ref 185. Firstly, PEGDA (MW 258, 

Sigma-Aldrich Inc., Milwaukee, WI) was thoroughly mixed with 1% Irgacure 
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2959 through 5-minute sonication (Branson Ultrasonics Corporation, Danbury, 

CT) to increase its cross-linking rate. The glass sample substrate was treated 

with TPM to improve its adhesion with PEGDA, following the same procedure 

as the one used to treat the mold substrate during the material-preparation 

stage. Next, the mold was secured on the sample stage of the mask aligner by 

two strips of 100-µm-thick sticky tapes. The sample substrate that served as a 

transparent dummy mask was similarly affixed onto a glass dummy plate by two 

sticky tapes. The tapes on the mold and the sample substrate also served as 

spacers that protected the mold from being damaged during the imprinting 

process by preventing their direct contact with each other. Subsequently, the 

glass dummy plate with the sample substrate affixed on it was mounted to the 

mask holder of the mask aligner by vacuum suction so that the glass substrate 

was directly above and facing the mold. Lastly, a drop of PEGDA was deposited 

on the mold surface by a glass pipette. The sample stage was then lifted 

upwards until the tapes on the mold and on the sample substrate contacted 

each other. Due to the mold’s hydrophobic surface, PEGDA could not 

immediately fill in the nanoscale structures on the mold immediately after the 

contact, so it was allowed to spread for 3 minutes before the application of UV 

irradiation. PEGDA was then irradiated by 365 nm UV light for 30 seconds. 

After the exposure, the mold was detached from the sample substrate by the 

automatic descent of the sample stage. After the imprinting process, the mold 

was taken from the sample stage and could be used in subsequent imprinting 

processes without any further surface treatment. 
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5.3 Results and discussion 

A scanning electron microscope (SEM, Supra 40VP, Zeiss, Carl Zeiss 

SMT Inc., Peabody, MA) was employed to examine the mold and the PEGDA 

structures obtained by the imprinting process. The parallel lines--the patterns of 

the mold--remained intact and firmly attached to the mold substrate after having 

completed multiple imprinting processes, as figure 4 (a) shows. The width and 

height of each line is 400 nm and 1.2 µm, respectively, and the distance 

between adjacent lines is 5 µm. The width and depth of the structures 

fabricated by TPP is determined by the laser power, the laser scanning speed, 

the concentration of photoinitiator in photopolymer, and the molecular structure 

of photopolymer. Figure 4 (b) presents a side view of the parallel lines and 

provides a direct view of the height of the lines. Figure 4 (c) and (d) show that 

the imprinted PEGDA structures consist of parallel trenches of the same 

dimensions and spacing as the parallel lines on the mold, thus demonstrating 

that our imprinting process accurately transferred the patterns on the DPPA 

mold to PEGDA over a large area. While the widths and the spacing of the 

trenches can be easily measured from the top-view SEM image on Figure 4 (c), 

the height of the trench cannot be obtained that way. Nor can it be obtained by 

an atomic force microscope (AFM) scan because the trench is too narrow for 

the AFM tip to approach. Therefore, to measure the height of the trenches, the 

cross-sectional view of the trenches, as shown by Figure 4 (d) was needed. The 

trenches were perpendicularly cut by a scalpel to expose their cross section. 

Because cutting on bare PEGDA surface will generate debris near the cut that 
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may obstruct the cross-sectional view of the trench, a 6 nm-thick layer of Pt/Pd 

alloy was deposited on the PEGDA surface before cutting to prevent debris.  

Our work demonstrates that imprinting molds made by TPP could 

successfully transfer nanoscale patterns to photo-curable hydrogel—PEGDA. In 

order to pattern PEGDA in mass production with high fidelity, the mold must be 

able to detach easily and completely from the imprinted sample with no residual 

PEGDA left on it after each imprinting. This goal was achieved in our work by 

the pre-treatment of the mold substrate that enhances its adhesion with DPPA 

and by the post-treatment of the mold which prevents its adhesion with PEGDA 

during the imprinting process. During the post-treatment of the mold, to facilitate 

the detachment of the mold from the imprinted structures, it was crucial to grow 

a layer of silicon tetrachloride on the mold surface before growing the releasing 

layer of fluorosilane. This is because silicon tetrachloride tripled the number of 

hydroxyl groups on the mold surface so that a much denser layer of fluorosilane 

was able to bond onto it. Whitesides et al. reported another method to increase 

the number of hydroxyl groups on the polymer surface by transforming some 

methyl groups of the polymer to hydroxyl groups via RIE 186. This technique 

promises to be an alternative for the post-treatment of the polymer mold surface 

since it is simpler than the silicon tetrachloride treatment used in our 

experiment.  

Our TPP imprinting technique could be used to make nanoimprinting 

molds from a variety of materials. Most acrylic photopolymers whose surface 
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properties could be modified by the post-treatments can be patterned by TPP to 

create nanoimprinting molds. Moreover, some fluoro-based polymers such as 

perfluoropolyether (PFPE) have intrinsic ultralow surface energy, as a result of 

which molds made of such materials have inherent anti-attaching ability so they 

can imprint without any surface treatment. Previous studies have demonstrated 

the superior imprinting capability of PFPE nanoimprinting molds made from a 

master silicon mold by UV polymerization 187, 188. We purpose that PFPE can 

also be patterned by TPP to make nanoimprinting molds, which will further 

simplify the fabrication procedures depicted in this paper.  

5.4 Conclusions 

A polymer nanoimprinting mold was created by the femtosecond laser 

induced TPP. Because the etching step is removed from the mold fabrication 

process and no costly EBL facility is employed, TPP method is faster, easier, 

and less costly than the fabrication processes using the traditional silicon or 

quartz molds. The mold was treated with a series of silanization processes to 

facilitate the detachment of the mold from the imprinted materials. PEGDA was 

patterned by the mold to demonstrate its imprinting capacity. The SEM images 

of the mold and the imprinted PEGDA patterns show that a group of 400 nm-

wide parallel lines were successfully transferred to PEGDA with high accuracy 

over a large area, thus demonstrating the feasibility of making nanoimprinting 

molds by TPP. More intricate nanoimprinting molds can be made by the TPP 

technique because it is relatively easy for TPP to create smaller features with 
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arbitrary geometry. We believe the integration of TPP with NIL will significantly 

reduce the cost and time-to-production for direct, digital nanomanufacturing.  
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Figure 5.1 Absorption spectra of DPPA with 1% photoinitiator and with 0% 
photoinitiator 

There is no absorption near 800 nm in either solution and there is strong 
absorption in DPPA with 1% photoinitiator near 400 nm.  
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Figure 5.2 Experimental setup of two-photon polymerization 

 

 

 

 

 

 



86 
 

 

 

 

 

 

 

 

 

 

Figure 5.3 Schematic diagram of the post-treatment of the mold surface 

(a) silicon tetrachloride reacted with the hydroxyl groups on the mold surface; 
(b) the mold was soaked in DI water and the number of hydroxyl groups on the 
mold surface greatly increased as the chlorine ions of silicon tetrachloride were 
replaced by hydroxyl groups in water molecules; (c) the mold was annealed on 
a hot plate at 100 °C to stabilize the layer of hydroxyl groups by forming -Si-O-
Si- bonds between adjacent silicon tetrachloride molecules; (d) tridecafluoro-
1,1,2,2-tetrahydrooctyl-1 trichlorosilane reacted with the hydroxyl groups on the 
mold surface, RF = (CH2)2(CF2)5CF3; (e) the mold was once again soaked in 
DI water; (f) the mold was annealed on a hot plate at 100 °C. 
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Figure 5.4 SEM images of the imprinted PEGDA structures and the DPPA mold 
after imprinting 

(a) DPPA mold of 400 nm-wide lines with a pitch of 5 µm, (b) side view of the 
DPPA mold, (c) imprinted PEGDA structures of 400 nm-wide trenches with a 
pitch of 5 µm, (d) perspective view of the PEGDA trench cross section; the inset 
is the vertical view of the trench cross section. 

 

Chapter 5, in part, is a reprint of material that is published as: Zhang W, 

Han L-H, Chen S. Integrated Two-Photon Polymerization with Nanoimprinting 

for Direct Digital Nanomanufacturing. Journal of Manufacturing Science and 

Engineering 2010; 132 (3): 030907-5 
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CHAPTER SIX:                                                

Summary and future work 
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6.1 Summary  

In this thesis I have demonstrated the application of a femtosecond laser 

in the investigation of in vitro cell-environment interaction. In chapter three, 

femtosecond laser induced two photon polymerization was employed to 

develop suspended web structures which exhibit positive and negative 

Poisson’s ratio (NPR), based on analytical models. NPR webs demonstrate 

biaxial expansion/compression behavior, as one or multiple cells apply local 

forces and move the structures. In recent years, cell response to surface rigidity 

has been extensively studied by modulating the elastic modulus of hydrogels. In 

the context of biomaterials, Poisson’s ratio, another fundamental material 

property has been not explored, primarily because of challenges in tuning the 

Poisson’s ratio in biological scaffolds. We also demonstrated abnormal cell 

division on NPR web structures.  

In chapter four, focused near-infrared (NIR) femtosecond laser pulses 

were used to transiently perforate the cell membrane of targeted human 

embryonic kidney (HEK) cells and the uptake of extrinsic molecules into the 

targeted cells were observed. Several experimental parameters such as laser 

power, exposure time, and the location of laser irradiation were optimized using 

a membrane impermeable fluorescent dye. The optimized parameters were 

used to investigate the entry of a plasmid DNA carrying the coding sequence for 

green fluorescent protein (GFP) into the target cells. Femtosecond-assisted 
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optoporation combined with a lab-on-a-chip device can be potentially used in 

high-throughput screening of targeted cells. 

In chapter five, we demonstrated the plausibility of integrating two-photon 

polymerization (TPP) with nanoimprinting for direct, digital nanomanufacturing. 

TPP offers manufacturing of nano-molds at a low cost, while the nanoimprinting 

process using the nano-molds enables massively parallel printing of 

nanostructures. A Ti:sapphire femtosecond laser (800 nm wavelength, 100 fs 

pulse width, at a repetition rate of 80 MHz) was used to induce TPP in 

dipentaerythritol pentaacrylate to fabricate the nanoimprinting mold with 400 nm 

wide line array on a glass substrate. The mold surface was silanized by 

tridecafuoro-1,1,2,2-tetrahydrooctyl-1 trichlorosilane to facilitate the detachment 

of the mold from the imprinted material. This mold was then used to fabricate 

PEGDA patterns. A spectrophotometer and a scanning electron microscope 

(SEM) were used to characterize the materials and nanostructures.   

6.2 Future work 

We have demonstrated for the first time the influence of Poisson’s ratio, 

one of the fundamental material properties, on cell behavior. Equally 

importantly, we conducted the earliest research on cell response to suspended 

web structures. Since both research areas have not been explored before, it is 

a totally new territory with lots of unknowns. What we have accomplished in this 

thesis may just be the end of the beginning of the research in this field.   
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Theoretically, a large variety of cell behavior can be investigated on 

negative Poisson’s ratio (NPR) web structures. Nevertheless, the differentiation 

of stem cell on NPR webs would be particularly interesting. It has been 

demonstrated that many properties of the underlying substrate such as the size 

of the pattern189, the geometry38, and the elasticity47 were able to direct the 

stem cell differentiation, and those properties directed the fate of stem cell 

mechanically through the mechano-signal transduction. Therefore, it is 

reasonable to hypothesize that the Poisson’s ratio, which also influences cell 

behavior through mechano-signal, may be able to direct stem cell differentiation 

as well. 

Another application worth trying is the influence of NPR webs on the 

efficiency of drug and gene delivery. It was demonstrated that the phenotypic 

change of cells medicated by micro- or nano- featured substrates could 

substantially improve the transfection efficiency of nonviral gene delivery190-195. 

As we have observed in the cell experiments on NPR webs, there was 

interesting phenotype change of cells on the webs. Thus it is likely that the NPR 

webs might change the gene transfection efficiency as well.  

The challenge in further research of the negative Poisson’s ratio webs 

would be to find a suitable polymer to make the web. The PEGDA we use in the 

experiment is soft enough and can be easily pulled by cells, however, it does 

not have enough resilience to withstand the cell pulling force for an extended 
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time while being incubated in the 37ºC cell culture environment. In the 

experiment we found that the cells could significantly deform and ruin the web 

structure after longer than 3 days’ incubation. Therefore, future work will have to 

first focus on testing and characterizing the suitable biomaterials. Moreover, it is 

easier to fabricate larger suspended web structures with high resilience 

polymer, so that more cells can be seeded on a single web and fewer webs are 

needed to generate statistically significant data, which will potentially expedite 

the research process.  
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