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ABSTRACT 

 

Stimuli responsive polymers (SRP) are of great interest in the bioengineering 

community due to their use in applications such as drug delivery and tissue 

engineering. One example of an SRP is poly(N-isopropyl acrylamide) or pNIPAM. 

This SRP has the capability of changing its conformation with a slight 

temperature change: adherent mammalian cells spontaneously release as a 

confluent cell sheet, which can be harvested for cell sheet engineering purposes. 

Since its initial use in 1968, many researchers have used pNIPAM to obtain a cell 

sheet composed of their cell type of interest. The differing protocols used for 

these diverse cell types, such as the conditions used for cell detachment, and the 

varying methods used for derivatizing substrates with pNIPAM have all led to 

conflicting reports on the utility of pNIPAM for cell sheet engineering purposes, 

as well as the relative cytotoxicity of the polymer.  

In this work, some of the key inconsistencies in the literature and previously 



ix 

unaddressed challenges when utilizing pNIPAM films are overcome for the 

purpose of rapid generation of cellular constructs, specifically spheroids. 

Pertinent characteristics of low temperature detachment are investigated for their 

effect on the kinetics of cell detachment. In addition, a novel, inexpensive method 

for obtaining pNIPAM films for mammalian cell detachment, combining pNIPAM 

with a sol-gel, was optimized and compared to plasma polymerization deposition. 

Furthermore, proper storage conditions (e.g. temperature and relative humidity) 

for these films were investigated to increase stability of the films for using tissue 

culture conditions. To increase the speed of generation of cell sheets, 

electrospun mats and hydrogels with a high surface area-to-volume ratio were 

developed. The result is a platform appropriate for the rapid formation of cellular 

constructs, such as engineered tissues and spheroids for cancer cell research. 
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Chapter 1. Introduction 

1.1 Impact of cancer 

Cancer is a disease that affects populations around the globe (see Figure 

1.1).1 Currently, cancer claims over 570,000 lives every year in the United States 

alone, which accounts for approximately 1 in 4 deaths.2 In 2010, the National 

Institute of Health (NIH) estimates that there were approximately 1.5 million new 

cancer cases. In addition, cancer led to an estimated $263.8 billion in expenses 

for direct (treatment, cost of care, etc) and indirect (loss of economic output) 

costs in the United States. Due to these statistics, there is an obvious concern 

and need to understand, control, and treat cancer. 

1.2 Traditional methods for studying cancer therapeutics 

1.2.1 Characteristics of cancer 

The study of cancer is a complex task. This is primarily due to the fact that 

“cancer” is not a single disease, but rather a group of diseases characterized by 

the uncontrollable growth and migration of abnormal cells.2 Currently, several 

treatment studies are focused on the underlying mechanism of the growth and 

migration of these abnormal cells, with the aim of formulating treatments that 

target the source of the problem. 3-5 One such study that is underway focuses on 

epidermal growth factor receptor, or EGFR, which is upregulated (i.e., over 

expressed) in cancers such as lung, pancreatic, and breast cancers.4, 6, 7 
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Figure 1.1: Global occurrences of new cancer cases in 2007 by the American 

Cancer Society.1 

EGFRs are a family of transmembrane tyrosine kinases, including EGFR, 

HER2, HER3 and HER4. They are normally present as a cell-surface receptor to 

aid in the process of cell proliferation. In cancer cells, these receptors are over 

expressed, in particular EGFR, leading to uncontrollable proliferation, increased 

survival due to anti-apoptotic mechanisms, invasion, angiogenesis potential, and 

development of distant metastasis.6 Thus the ability to control the expression of 

EGFR has offered a method for slowing, or stopping, the proliferation and 

migration of these cells.  

Two classes of molecules, monoclonal antibodies and tyrosine kinase 
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inhibitors, have been developed that target EGFR, as shown in Figure 1.2. One 

class consists of monoclonal antibodies that attach to the extracellular domain of 

the receptor, inhibiting binding for the natural ligands.5, 8 The other class targets 

the intracellular domain, acting as inhibitors of the tyrosine kinase region, 

competing with and preventing ATP from binding with the region.5, 8  

 

Figure 1.2: EGFR is a transmembrane protein, extending through the cell 

membrane. EGFR inhibitors target the pathway in one of two ways; either by 

blocking the extracellular receptor from the natural ligands (left), or blocking the 

intracellular tyrosine kinase region (right).5 

1.2.2 2D in vitro models to study cancer therapeutics  

Once a potential treatment for cancer is formulated, it will be tested for its 

effectiveness and safety. Most drug discovery studies rely on 2D systems for 
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initial testing, followed by animal testing. This two-tiered process has been 

implemented primarily because the 2D studies could not accurately predict in 

vivo responses.9-18 Although these studies have not been very successful in 

predicting in vivo responses, they have been incredibly useful in molecular 

targeting experiments, starting in the 1990’s.19, 20 Since that time, an enormous 

amount of information about expression levels of proteins, mutational status of 

genes, and RNA levels has been discovered using these experiments.  

Table 1.1: Percentage of significant genes upregulated when comparing cell line-

to-tumor, cell line-to-normal, and tumor-to-normal from breast and ovary tissues. 

Table adapted from Ertel et al. demonstrates that cell lines have mutated and are 

no longer representative of the normal or cancerous tissues due to upregulation 

of specific genes. 

 % Genes Upregulated 
Comparison Breast Ovary 
Cell line-to-tumor 66 41 
Cell line-to-normal 61 62 
Tumor-to-normal 10 14 

 

However, there are many reasons that 2D cultures have failed to predict 

clinically relevant results. Many of the cells used in these studies have been 

immortalized and passaged several times.21 With each passage, or sub-culturing, 

of the cells, tumor cells that rapidly proliferate and survive on tissue culture 

polystyrene (TCPS) are selected. The resulting selected cells will no longer be 

representative of the original tumor (see Table 1.1). In fact, cell lines developed 

from breast tissue have a 61% upregulation of genes when compared to normal 
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cells and 66% upregulation when compared to tumor cells. The upregulated 

genes are responsible for cell processes involved in proliferation. Therefore, cell 

lines will be extremely sensitive to treatments that target rapidly dividing cells, 

which may lead to an overestimate of the drug’s efficacy. 22, 23   

For 2D studies, cells that are of interest to tumor research are used. These 

cells typically are adherent, and will attach to a substrate in a monolayer (see 

Figure 1.3). Traditional methods to harvest cells for analysis from a substrate 

include enzymatic digestion and physical scraping.24 A morphological change in 

the cells is seen when utilizing either of the these harvesting techniques, possibly 

due to a disruption in the cellular membrane or the glycocalyx.24-27 In addition, 

both of these methods damage the extracellular matrix (ECM), shown in Figure 

1.3.  

The ECM is an intermediate layer between cells and the surface. The ECM 

relays signals to the cells, including whether to grow and proliferate or to begin 

programmed cell death (apoptosis). Furthermore, many transmembrane proteins 

(including EGFR) extend into the ECM, so when the ECM is damaged, the 

information that could be gained from studying the ECM is also lost. Traditional 

methods for cellular analysis such as a flow cytometery require that individual 

cells be suspended in solution. Therefore, usually cells are released using trypsin 

prior to analysis. It is likely that harsh treatment of the cells leads to a great deal 

of information, that would be found by studying the ECM, is not translated in the 

study.  
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Figure 1.3: Schematic illustrating traditional cell harvest methods. Initially, the 

cells are attached to a substrate via the ECM (a) and are harvested using one of 

the two traditional harvesting methods, including physical scraping (b, left) and 

enzymatic digestion (b, right). These techniques result in cell aggregates or the 

disassociation of cell-cell interactions, as seen by the bright field images post-

harvest (c). In addition, these methods also damage the underlying extracellular 

matrix (d), as shown in the fluorescent images of extracellular proteins. Image 

adapted from Canavan et al.24  

Beyond the issues related to cell culture techniques, when the cells are 

exposed to potential therapeutics, there are major differences in the exposure 

time and concentration. 28 Furthermore, there are differences in the rate of 

change of the concentration, metabolism, tissue penetration, and excretion, since 

there is no 3D microenvironment available in a monolayer of cells.9-18, 21, 28-35 In a 
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3D microenvironment, cells obtain information from soluble signals and 

surrounding cells in all directions through a concentration gradient that is 

dependent on the structure of the extracellular space and the 3D architecture, as 

shown in Figure 1.4. 34, 36 These signals dictate whether the cells proliferate or 

enter apoptosis, thus drug screening that focus on cell proliferation and death will 

not accurately predict the drug activity in vivo. 37-39 To mimic these 3D 

microenvironments, animal models are used as the second tier in this process.  

 

Figure 1.4: Schematic of a cell (pink) in a 3D microenvironment, to illustrate the 

complexity of the environment. Cells have cell-cell interactions, cell-matrix 

interactions, and concentration gradients that dictate cell signaling. Image 

adapted from Milotti et al.34 

1.2.3 In vivo models to study cancer therapeutics 

Animal models remain the most relevant tool for understanding how a tumor 

will respond. However, there are numerous drawbacks to in vivo tests, including 

various ethical dilemmas. Jeremy Bentham applied ethical utilitarianism to animal 

rights, arguing that the advancements made using animal testing are irrelevant if 
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these sentient beings were suffering.40 To address these types of concerns, the 

US has passed several laws (including the Animal Welfare Act of 1966) to 

enforce humane treatment of animals used for testing.41  

 

Figure 1.5: Image adapted from a study by Olson et al. on the ability of animal 

models to predict human toxicity (HT). Models included dogs, primates, rats, 

mice, guinea pigs, and rabbits. Combining all of the species resulted in ~70% 

predicative value for corresponding HT.42 

Furthermore, animal testing is expensive. It is estimated that in the US, animal 

testing is costing taxpayers ~$9 billion dollars per year.43 Part of this cost 

includes animal upkeep, which can last for several months, while waiting for a 

tumor to develop in the model. From an industrial standpoint, the main price is 

time lost when these models do not accurately predict the performance of drugs 

in humans.  
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Table 1.2: Comparison of patient and xenograft response (R) or lack of response 

(NR) to vinorelbine+cisplatin (regimen A). This table (adapted from Dong, et al.) 

shows that although the xenograft model was 75% predictive of tumor resistance, 

they were only 67% predictive of patient sensitivity to regimen A.44 

Case Patients Xenografts 
 Clinical Outcome Disease-free time (mo) Response to regimen A 

1 Recurrence 2 NR 
2 Recurrence 16 NR 
3 Recurrence 24 NR 
4 Recurrence 11 NR 
5 Metastasis 5 NR 
6 Metastasis 11 NR 
7 Recurrence 11 R 
8 No recurrence >24 NR 
9 No recurrence >24 NR 
10 No recurrence >40 R 
11 No recurrence >38 R 

 

A study investigating the effectiveness of predicting human toxicity using a 

range of models demonstrated that only ~70% of the models were effective (see 

Figure 1.5).42 When studying the application of animal models for predicting 

human therapy, animal models tend to be more accurate at determining 

resistance to a drug than sensitivity. In one study, tumor resistance prediction in 

mice versus humans was found to be 75% accurate, but mouse models could 

only predict 50% sensitivity to the drug (see Table 1.2). 44 The variance between 

drug interactions in animals and humans is largely due to the differences in drug 

metabolism, pharmacokinetics, and pharmacodynamics.45-47 The limited 

predictive power of many animal models leads to a significant number of Phase II 

clinical trials that fail. 37, 39, 46, 48 In fact, 89% of the studies that pass preclinical 

testing fail to gain FDA approval (see Figure 1.6), typically after ~$400 million 
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dollars of investment. 49-51  

 

Figure 1.6: Attrition rate of cancer therapeutic compounds from 1991-2000 in the 

US and in Europe.52 

In an attempt to make these models more predictive, cancer studies have 

turned to genetically engineered mouse and xenograft models (see Figure 1.7).51 

Xenograft models are obtained by surgically inserting cells or tumor fragments 

into mice.53 Although a study comparing 2D cultures, animal testing, and patient 

data demonstrated that patient derived xenografts accurately predicted 

resistance in patients by 97% and sensitivity by 90%, these models are not easy 

to obtain.54 Only 40-60% of tumors inserted into mice actually grow, and the 

microenvironment in immunodeficient mice lack the natural bacterial flora and 

immune system, which have been shown to affect carcinogenesis.55, 56 57-60 The 
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genetically engineered mouse models are more predictive of the tumor 

microenvironment found in humans, as the mice are not immunodeficient. 46, 51, 54 

However, there have been limited studies on the potential predictive power of 

these methods.61 One reason is tumor development can take several months 

before the model is available for testing. In addition, these models have 

spontaneous, multifocal tumor development, which can lead to inconsistent 

response to potential therapeutics. 46 

 

Figure 1.7: Mechanisms for obtaining mice as animal models for cancer studies. 

Xenografts, shown in route (a), are obtained when cells or tumors are 

transplanted into a mouse. Route (b) illustrates the manipulation of genes to 

initiate tumor development. Image adapted from Sharpless et al.52 

1.2.4 3D in vitro models to study cancer therapeutics 

One potential approach to avoid the limitations associated with animal testing 

is to use an alternate method for drug testing, to eliminate many candidates 
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before animal testing is required. The best way to do this is to establish an in 

vitro system that mimics the 3D microenvironment in vivo, thereby increasing the 

efficacy of pre-screening, thus decreasing the number of animal studies required. 

Examples of 3D systems that have been used for this very purpose included 

multiple layers of cells cultured on top of porous membranes, matrix embedded 

cells, hollow fiber bioreactors, and microfluidic devices. 9, 62-76 These have been 

designed to study cell invasion, drug transport, migration, and therapy resistance. 

All of these models mimic aspects of the tumor environment, and have been 

used for understanding these different aspects.  

1.3 Spheroids for studying cancer therapeutics  

1.3.1 Relevance of spheroids 

Spheroids, or small sphere-shaped cell aggregates, have been widely 

accepted as a reliable, physiologically relevant model for 3D tumor studies.77 

Spheroids display a number of growth characteristics and pathophysiological 

features of avascular tumor nodules, as shown in Figure 1.8. These features 

include an oxygen, nutrient (glucose), and waste (lactate) gradient. In addition, 

similar to an avascular tumor, spheroids over 500 µm have a necrotic core with a 

gradient in the cell cycle. 
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Figure 1.8: Schematic illustrating gradients in spheroids that are 

pathophysiologically relevant, and similar to in vivo, avascular tumors.78 

Spheroids in the literature have been referred to as tumoroids, spheres, 

aggregates, and organoids. 9, 78-85 A spheroid is well-packed with a spherical 

geometry, which can be easily transferred, and maintains cell-cell and cell-matrix 

interactions.78 The problem is that not all of the aforementioned terms necessarily 

refer to a spheroid in that they do not maintain all of the characteristics of a 

spheroid. In some cases, the spheres or aggregates are loosely packed which 

causes the loss of cell-cell and cell-matrix interactions.  

Spheroids were first introduced into cancer research in the 1970’s. Sutherland, 

et al., used spheroids to study radiobiology.86-89 The original model developed by 

Sutherland is still used today, but in the 1990’s was expanded to include 

additional therapeutic research areas.90 These models have evolved to better 
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predict human response by including such benefits as the use of human cells.9 

Today these systems are used for negative selection in drug screening, since 

many drugs are known to be less efficient in a 3D environment. Spheroids are 

useful for determining whether a treatment will be efficient in penetrating a tumor, 

and if it is not, then there is no reason to do further testing.78, 91-95 Recently, 

spheroids have gained recognition as positive selection tools as well, as they do 

demonstrate pathophysiological traits similar to in vivo tumors.  

Although spheroids cannot replace animal testing, they are useful models for 

pre-animal testing once an acceptable drug is found. This system accurately 

reflects tumor tissue conditions, and is suitable for entry into routine drug testing. 

In addition, these spheroids would be beneficial for studies that are currently 

underway to adapt flow cytometers to analyze 3D tissues.96  

1.3.2 Current methods to obtain spheroids 

Current methods to obtain spheroids rely on forcing cells that are normally 

adherent into suspension, causing the cells to aggregate. This is typically 

achieved either by culturing cells in a stirred suspension or on a substrate that 

does not promote cell adhesion (e.g., soft agar).9 For instance, the rotating wall 

vessel, or NASA bioreactor shown in Figure 1.9, mimics a microgravity 

environment. Although useful, the complex set-up and expense of the NASA 

bioreactor seem to outweigh the only demonstrated advantage: reduced sheer 

stress.97 Thus, the spinner flask method has remained as one of the most 

appealing methods of spheroid formation, where it is possible to maintain nutrient 
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delivery (see Figure 1.9). Recently, developments in spheroid formation include 

using microarrays for spheroid initiation and microfluidic devices. 98-106 Using a 

microarray of collagen islands for initial cell attachment in a sea of PDMS, up to 

5,000 uniform spheroids can be formed in a 35 mm well plate.107-109 Microfluidic 

devices can be utilized to form spheroids as well as for testing potential 

therapeutics with the formed spheroids.99, 106, 110  

Although all of the methods mentioned above have been reliable in forming 

spheroids they all result in spheroids with a wide size distribution (>12% 

variation). Current methods for obtaining homogeneous spheroids include sieves, 

sedimentation, and flow cytometry sorting.9 Sieves and sedimentation, while 

relatively rapid and inexpensive, do not provide a narrow size distribution. Using 

flow cytometry does provide a uniform size distribution, but requires expensive, 

specialized equipment. In addition, it is a relatively slow process, as the 

introduction of spheroids suspended in solution must be halted approximately 

every 5 minutes to ensure the spheroids remain suspended for flow through the 

flow cytometer. One method to control size is directing cell growth on a 2D 

substrate, limiting the number of cells that will be incorporated in the resulting 3D 

spheroid. The limiting factor in turning a confluent sheet into a cell aggregate is 

removing the cells from the culture substrate. As previously discussed, traditional 

methods for harvest damage the ECM. In addition, both of these methods 

damage cell-cell junctions, thus they are not useful for recovering aggregates.24 
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Figure 1.9: Current methods for fabricating spheroids, including (a) NASA 

bioreactor, (b) rotating flasks, (c) agitation of flasks with an orbital shaker, (d) 

spinner flask, (e) hanging drop, and (f) agar plate. Image adapted from Friedrich 

et al.9 

1.3.3 Forming spheroids using pNIPAM 

One method that has been employed for controlled cell growth and release is 

cell culture on poly(N-isopropyl acrylamide) (pNIPAM) treated substrates. 

PNIPAM is a thermoresponsive polymer that becomes relatively more hydrophilic 

at room temperature than it is at 37 ˚C (i.e., biologically relevant temperature).26 

Cells will adhere and proliferate on this polymer at 37 ˚C. When the temperature 

is shifted below 32 ˚C (the polymer’s lower critical solution temperature), the cells 

spontaneously detach as an intact cell sheet (see Figure 1.10C).111 Although a 

significant number of publications utilize pNIPAM substrates for mammalian cell 

culture applications, there are many inconsistencies in the literature. (See 

Appendix I for a representative list of pNIPAM deposition methods used for cell 

culture and inconsistencies between the studies.) 
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Figure 1.10: PNIPAM is relatively hydrophobic at 37 ˚C, or body temperature, 

and mammalian cells will attach to these substrates in a monolayer. At 25 ˚C the 

polymer is hydrophilic, and the previously attached cells will detach in a confluent 

sheet. This is shown in panel (c) with cells that have been false colored blue 

(adapted from Canavan et al.) 27 PNIPAM has been used previously to obtain 

spheroids, but the resulting spheroids were not uniform and asymmetric (image 

adapted from Takezawa et al.)112 

The ability to harvest intact cell sheets from pNIPAM has led to a great deal of 

research for tissue engineering applications (e.g., corneal reconstruction 

implants113 and cardiac tissue grafts114). There have been fewer studies 

published on the use of pNIPAM to create spheroids (see Figure 1.10D).112,115 

Very little work has been done to control the size of the spheroids below 400 µm 

using pNIPAM substrates.116,117 In addition, much of this research has resulted in 

asymmetric aggregates, which took as long as 3 weeks to form. 112 (See 
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Appendix II for a list of spheroids formed using pNIPAM substrates) 

1.4 Summary  

In this work, the use of pNIPAM to rapidly generate spheroids within a narrow 

size distribution will be investigated (described in Chapter 8). Prior to its use to 

generate spheroids, pertinent characteristics of low temperature detachment 

(e.g. temperature of experiment and type of media used for detachment) are 

investigated for their effect on the kinetics of cell detachment (described in 

Chapter 3). In addition, a novel, inexpensive method for obtaining pNIPAM films 

for mammalian cell detachment, combining pNIPAM with a sol-gel, was 

optimized (described in Chapter 4). This method of deposition was compared to 

plasma polymerization deposition for use with mammalian cells (described in 

Chapter 5). Furthermore, proper storage conditions (e.g. temperature and 

relative humidity) for these films were investigated to increase stability of the 

films use in tissue culture conditions (described in Chapter 6). As this work 

progressed, it was hypothesized that mass transfer was the primary limitation in 

cell detachment when using pNIPAM films, thus electrospun mats with a high 

surface area to volume ratio were utilized to improve cell detachment (described 

in Chapter 7). The work presented herein demonstrates and overcomes 

challenges that were previously unaddressed when utilizing pNIPAM films. The 

result is a platform appropriate for the rapid formation of spheroids. Table 1.3 

presents each of these contributions as well as a reference to the journal in 

which the work first appeared.  
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Table 1.3: Summary of significant results discussed in this dissertation, the 

corresponding chapter, and the original publication location. *Submitted; **In 

preparation for submission  

Chapter Title Significant Results Published In 

3 

The Effects of Cell 
Culture Parameters 
on Cell Release 
Kinetics from 
Thermoresponsive 
Surfaces 

The most reliable, rapid 
cell detachment occurs in 
4 ˚C serum free media 

Journal of Applied 
Biomaterials and 
Biomechanics111 

4 

A Low-Cost, Rapid 
Deposition Method 
for “Smart” Films: 
Applications in 
Mammalian Cell 
Release 

A novel, inexpensive 
method for mammalian cell 
detachment, combining 
pNIPAM with a sol-gel, 
was optimized, showing 
0.35wt% pNIPAM was 
ideal 

ACS Applied 
Materials & 
Interfaces118 

5 

Effect of Polymer 
Deposition Method 
on 
Thermoresponsive 
Polymer Films and 
Resulting Cellular 
Behavior 

Deposition of pNIPAM 
using plasma 
polymerization yields films 
that have the best 
thermoresponsive and 
mechanical properties, as 
well as minimal impact on 
cellular viability and 
function 

Langmuir119 

6 

Effect of Substrate 
Storage Conditions 
on the Stability of 
“Smart” Films Used 
for Mammalian Cell 
Applications 

Deposition of pNIPAM with 
a sol-gel and plasma 
polymerization result in 
biocompatible substrates, 
that are stable when stored 
at 25 ˚C, low relative 
humidity conditions 

Biomacromolecules*

120 

7 

Electrospinning 
Biodegradable 
“Smart” Substrates 
for Harvest of Intact 
Mammalian Cell 
Sheets 
 

Electrospun mats from 
high molecular weight 
pNIPAM support 
mammalian cell 
attachment, growth, and 
rapid detachment due to 
the 3D structure 

Journal of Applied 
Polymer Science** 

8 

Thermoresponsive 
Films for Rapid 
Formation of Tumor 
Models 

PNIPAM substrates with 
3D masks produce 
uniform, size tunable 
spheroids 

Journal of 
Biomedical 
Research** 
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Chapter 2. Experimental Methods 

2.1 PNIPAM  

2.1.1 Characteristics and applications 

Stimuli-responsive polymers (SRP) are employed by the biomedical 

community in tissue engineering,1 drug delivery,2 and biosensing.3 Specifically, 

poly(N-isopropyl acrylamide) (pNIPAM) is a SRP commonly used for biomedical 

applications and was the topic of the recent review by Cooperstein, et al.4 

PNIPAM has the unique characteristic of being thermoresponsive near 

physiologically relevant temperatures (see Figure 2.1).  

 

Figure 2.1: Below the lower critical solution temperature (LCST), around room 

temperature, pNIPAM is relatively hydrophilic (blue on left). Above the LCST, at 

physiologically relevant temperatures, the polymer is relatively hydrophobic, and 

will collapse on a surface when it is tethered to it (red on right, tethered on 

bottom). 

At 37 ˚C, the polymer is relatively hydrophobic, and biological cells will readily 
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grow on a substrate coated with pNIPAM. By decreasing the temperature beyond 

the lower critical solution temperature (LCST) to room temperature, the polymer 

becomes relatively hydrophilic. The polymer swells below the LCST, and 

adhered cells detach spontaneously in a confluent cell sheet.5 This polymer 

response has previously been used for a wide range of bioengineering 

applications, including tissue engineering6, 7 and protein separation.8, 9 

2.1.2 Deposition methods 

Depending on the application, the method used to deposit the pNIPAM film 

may be altered to achieve the desired properties, as reviewed by Da Silva.10 For 

instance, to study interactions of bacteria with pNIPAM, many groups have used 

self-assembled monolayers (SAMs) of NIPAM.11 For microfiltration applications, 

pNIPAM has been deposited using atom transfer radical polymerization 

(ATRP).12 Although these methods produce uniform films, they are most efficient 

and predictable on a flat surface, such as a glass slide, and are dependent on 

surface chemistry to initiate deposition. Other groups have used electron beam 

ionization to deposit pNIPAM for tissue engineering applications.13 This method 

also requires a flat substrate for deposition. In addition, the film thickness of 

electron beam ionization deposition of pNIPAM must be controlled very carefully. 

When a film deposited using this method is too thick (>20 nm), the cells do not 

attach to the coated substrate, but if the film is too thin (<10 nm), cells do not 

detach (see Figure 2.2).14 (See Appendix I for a list of commonly used deposition 

methods.) 
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Figure 2.2: Bovine artery endothelial cells on pNIPAM substrates that are 15.5 

nm (left) and 29.3 nm (right), illustrating that film thickness directly affects cell 

attachment. Scale bars are 200 µm. Image adapted from Aikyama et al.121 

In this work, several methods for depositing and processing pNIPAM for use in 

mammalian cell culture, including pNIPAM deposition with a sol-gel (spNIPAM), 

plasma polymerization (ppNIPAM), electrospinning (espNIPAM), and hydrogels 

(hpNIPAM), were investigated. Each of these methods has its strengths and 

specific uses for different applications, and will be discussed in the following 

sections. 

2.2 PNIPAM processing for mammalian cell applications 

2.2.1 Surface preparation  

Prior to coating any surface, all surfaces, besides commercially available pre-

sterilized tissue culture polystyrene (TCPS) well plates, were cleaned as follows. 

Round glass cover slips (Ted Pella) and square cover slips (VWR) were cleaned 

by first submerging the surfaces into a 50% methanol (Honeywell Burdick and 

Jackson, Muskegon, MI), 50% hydrochloric acid (VWR International, West 



23 
 

 
Chester, PA) solution for 30 minutes, followed by rinsing each surface copiously 

with DI water and drying with nitrogen. Silicon wafers were prepared with a 

solvent wash, where the surfaces are ultrasonicated sequentially in 

dichloromethane (Honeywell Burdick and Jackson, Muskegon, MI), acetone 

(Honeywell Burdick and Jackson, Muskegon, MI), and methanol for 10 minutes 

and then dried with nitrogen. Once the surfaces are cleaned, they are stored until 

coated in Petri dishes under nitrogen sealed with Parafilm.  

2.2.2 spNIPAM 

 Depositing pre-polymerized pNIPAM is of interest for many reasons, including 

the ease and speed of the process. As shown in Chapter 4, deposition of pre-

polymerized pNIPAM is not stable for long-term cell studies without incorporating 

a sol-gel, made using tetraethyl orthosilicate (TEOS).118 In addition, as shown in 

chapter 6, TEOS is not cytotoxic, stabilizes the pNIPAM onto substrates during 

cell studies, and does not complicate the process, resulting in a rapid, 

inexpensive method to obtain pNIPAM-coated substrates.120 

Preparation of spNIPAM films follows a previously described method.118 A 

solution was prepared with 35 mg of pNIPAM (MW ~40,000 purchased from 

Polysciences, Inc, Warrington, PA), 5mL of distilled water, and 200 µL of 1 

Normal HCl were mixed, and a weight percentage of pNIPAM was determined. In 

a separate container 250 µL TEOS sol (1 TEOS (Sigma-Aldrich, St. Louis, 

MO):3.8 ethanol:1.1 water:0.0005 HCl), 43 µL distilled water, 600 µL ethanol 

were mixed and weighed. To obtain 0.35wt% pNIPAM in sol, demonstrated to be 
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the ideal ratio for mammalian cell studies in chapter 4, the appropriate amount of 

the pNIPAM solution was added to the TEOS solution in order to achieve the 

desired weight percentage (ex. 3.5g pNIPAM solution added to 996.5g TEOS 

sol).  

 

Figure 2.2: Spin coater used for co-depositing pNIPAM with a sol-gel, resulting 

in spNIPAM films. 

100-200 µL of the prepared solution was evenly distributed on clean surfaces 

placed on a spin coater (see Figure 2.3), model 100 spinner from Brewer 

Science, Inc. (Rolla, MO). The surfaces were then spun at 2000 rotations per 

minute for 60 seconds.  The surfaces were stored under nitrogen in a Parafilm 

covered Petri dish until either used for surface analysis or cell culture tests. 

2.2.3 ppNIPAM  

Plasma polymerized pNIPAM substrates offer advantages not seen in the 
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spNIPAM surfaces, including films that are sterile.122, 123 Since solvents are not 

used for this process, sterility is maintained which is an important consideration 

when dealing with biological cells, and thus this method promises to be extremely 

beneficial for biomaterial applications. As demonstrated in Chapters 5 and 6, 

because ppNIPAM does not rely on solvent evaporation, it produces pinhole free 

films, which enhance cell sheet growth on them.119, 120 

 

Figure 2.3: Plasma reactor chamber, with an oxygen plasma. Samples are 

placed inside the chamber in front of the first electrode. 

Plasma polymerization was performed in a reactor chamber fabricated to our 

design specifications by Scientific Glass (Albuquerque, NM) shown in Figure 2.4 

following a method previously described.124, 125 N-isopropyl acrylamide (99%) 

was purchased from Acros Organics (Geel, Belgium). To ignite a plasma in the 

chamber, two 2.5 cm copper electrodes are connected to a Dressler (Stolberg, 

Germany) matching network and a 13.56 MHz Cesar radio frequency (RF) power 

generator from Advanced Energy (Fort Collins, CO). Prior to depositing pNIPAM, 
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surfaces were treated with an Ar etch and coated with a CH4 adhesion promoting 

layer. Ar flows into the reactor chamber at 15sccm at 390mT. The RF generator 

ignites the plasma at 40W for 2 minutes. This step etches the surface, preparing 

the surfaces for the following deposition of methane. Methane is deposited as an 

adhesion promoting layer for pNIPAM. The methane flows into the reactor at 2 

sccm at 140 mT. The plasma is ignited at 80 W for 5 minutes. Finally, the 

monomer line is opened to allow the gaseous monomer to flood the reactor. The 

pressure is maintained at 140mT. During the pNIPAM deposition, the power 

setting of the RF generator is slowly decreased from 100W to 0W over 35 

minutes. These settings were previously characterized by a former master’s 

student for the optimal films for biological cell release from the final surfaces.124 

After the samples are removed from the reactor, they are rinsed with cold DI 

water in order to remove any uncrosslinked NIPAM from the surface, and dried 

with nitrogen. The surfaces are placed in a plastic Petri dish, evacuated with 

nitrogen, and sealed with Parafilm. The samples are then stored in a desiccator 

until surface analysis or cell culture is performed.     

2.2.4 espNIPAM  

Electrospinning is a popular method for creating cell scaffolds for tissue 

engineering applications. In part, this is due to the fact that this is an inexpensive 

method for creating surfaces with fibers on the size scale of the extracellular 

matrix (ECM).  In addition, the mats produced using this method result in 

surfaces with a high surface area to volume ratio. This is a characteristic that is 
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very important when working with pNIPAM. Kwon et al. showed that pNIPAM 

deposited using electron beam ionization onto porous membranes overcame the 

mass transfer limitation normally seen with 2D films, and cell detachment was 

achieved in 30 minutes as opposed to 2 hours (see Figure 2.5).126 Using this 

same reasoning, espNIPAM was utilized to create a porous substrate that would 

rapidly swell and result in quick cell detachment.  

 

Figure 2.4: Schematic illustrating water penetration of pNIPAM films on TCPS 

(a) and pNIPAM-coated porous membranes (PM) (b), where there is rapid cell 

detachment from (b). Image adapted from Kwon et al.126 

Electrospinning occurs when a solution that is extremely volatile is pumped 

through a charged needle, and a voltage drop pushes the solution toward a 

collection plate. While in the needle, the solution becomes charged. When the 

static charge of the drop exiting the needle overcomes the surface tension, the 

solution is pulled toward the grounded collection plate. In the void between the 
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needle and the collection plate, the solution begins to evaporate and the 

remaining solid, which the final mat will be comprised of, is accelerated in a 

whipping action towards the collection plate (shown in Figure 2.6). The collected 

mat is comprised of micro to nanometer fibers of the polymer that was in the 

initial solution.  

 

Figure 2.5: Schematic illustrating how the solution within the syringe is pulled to 

the target during electrospinning.127 On the left, there is the needle attached to 

the syringe, and on the right, the target. Between the needle tip and the target, 

the solution begins to evaporate the volatile liquid, leaving only the pNIPAM solid, 

which is collected on the target. 

The use of both low (MW ~40,000 Da purchased from Polysciences, Inc, 

Warrington, PA) and high (MW ~300,000 Da, Scientific Polymer, Ontario, NY) 

molecular weight pre-polymerized pNIPAM powders was investigated to 

determine which would best support cell sheet growth and detachment using an 

electrospinning device that was built in house (see Figure 2.7).128  
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Figure 2.6: Electrospinning setup to produce espNIPAM mats.  

Solutions of 10, 20, and 50 wt% of pNIPAM in methanol were loaded into 5 mL 

plastic syringes fitted with a 18, 21, or 30 gauge needle (Small Parts Inc, Seattle, 

WA). The syringes were then loaded into a NE-300 syringe pump (New Era, 

Farmingdale, NY) and the solution delivered at a constant rate of 3.5 mL/hr. The 

voltage source that is connected to the needle on the syringe was set at 15 kV, 

with the target 15 cm from the needle, and mats were collected on an aluminum 

foil covered copper plate over a period of 5 or 10 minutes to vary the mat density. 

The mats were then placed in a vacuum oven to remove any residual methanol 

and then either stored until characterization or attached to well plates with 

vacuum grease for cell studies.  

2.2.5 hpNIPAM 

Hydrogels offer advantages similar to espNIPAM, in that they have a larger 

surface area exposed to surrounding medium than tethered films. In addition, 
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they swell to approximately 3 times their original size rapidly upon temperature 

shifts below the LCST. Furthermore, hpNIPAM is easy to tailor to a specific size 

and shape, including monodispersed microgels. Finally, these gels can be rapidly 

fabricated with minimal equipment. 

The procedure necessary to polymerize pNIPAM into a hydrogel was 

previously described.129 Briefly, 9.4% (w/v) NIPAM, 0.7% (w/v) ammonium 

persulfate (Acros Organics, Geel, Belgum), and 0.64% (w/v) N,N’-

methylenebisacrylamide (Sigma-Aldrich, St. Louis, MO), were mixed in 10 mL of 

Millipore ultra pure (18 mΩ/cm) water. This solution was then immersed in an ice 

bath to reduce the temperature. Once the solution had cooled, a 1:5 

tetramethylethylenediamine (TEMED) (Sigma-Aldrich, St. Louis, MO) to water 

solution was added drop wise to accelerate cross-linking at this reduced 

temperature. Once the gel was formed, it was cleaned via temperature cycles 

through the LCST in fresh water.  

2.3 Surface Analysis 

2.3.1 XPS 

X-ray photoelectron spectroscopy (XPS) is a quantitative technique that can 

be used to determine the elemental composition, bonding environments, and 

relative thickness of a surface. The surface is irradiated with mono-energetic X-

rays (photons) causing photoelectrons to be emitted. (See Figure 2.8)  

This process corresponds to the following equation: 
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KE = hν– BE – φ    Equation 2.1 

where KE is the kinetic energy of the emitted photoelectrons, hν is the energy 

of the photon, BE is the binding energy of the emitted photoelectron, and φ is the 

work function of the device. The kinetic energy is measured using an electron 

energy analyzer, which allows for the calculation of the binding energy.  

 

Figure 2. Schematic illustrating the function of an XPS instrument. X-rays are 

bombarded onto a surface, and electrons are ejected from the top 100A, then 

collected at the detector. The kinetic energy of each electron is measured, and 

can then be related to the binding energy, which is specific to each element. 

Electrons can escape from approximately the top 100 Å of the surface. From 

the binding energy and intensity of the photoelectron peak (based on the number 

of photoelectrons detected) the identity of the elements in the surface, the 

chemical state of each element, and the quantity of each element with an error of 

about 5-10% may be determined.130-132 The survey spectrum will allow for the 

determination of elements that are present as well as the elemental composition 

(atomic %), while a high resolution spectrum will allow for the determination of 
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elemental binding environments.  

All XPS spectra were obtained using a Kratos Axis-Ultra DLD spectrometer 

(see Figure 2.9). This instrument has a monochromatized Al Kα X-ray and a low 

energy electron flood gun for charge neutralization. X-ray spot size for these 

acquisitions was on the order of 300x700 µm (Kratos 'Hybrid' mode). Pressure in 

the analytical chamber during spectral acquisition was ~5 x 10-9 Torr. Pass 

energy for survey spectra was 80 eV and 20 eV for high-resolution  carbon 1s 

spectra.  

 

Figure 2.7: A Kratos Axis-Ultra DLD spectrometer. 

 CasaXPS software (Manchester, UK) was used to analyze data. Core-level 

spectra peaks were fit using the minimum number of peaks possible to obtain 

random residuals. A 70% Gaussian/30% Lorentzian line shape was used to fit 

the peaks, and a linear function was used to model the background (see Figure 

2.10). 



33 
 

 

 

Figure 2.10: Data collected from XPS. The large spectrum is a survey with the 

elemental data and the inset is high resolution C1s with binding environments. 

2.3.2 ToF-SIMS  

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) uses a pulsed 

primary ion beam (e.g., Ar+, O-, Cs+, or Ga+) to remove atoms and molecular 

fragments (secondary ions) from the top 10-20 Å of a surface (see Figure 2.11). 

The secondary ions are separated by their velocity, which is proportional to the 

mass to charge ratio (m/z) as determined by the amount of time the ions take to 

reach the analyzer (i.e., time of flight).  
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Figure 2.1: Schematic illustrating a primary ion beam bombarding a surface, as 

is done in ToF-SIMS, causing secondary ion fragments to be released from the 

surface. The secondary ions are separated by their velocity, which is dictated by 

the size of the fragment. 

Both positive and negative spectra may be obtained using the mass to charge 

ratio versus the number of secondary ions at that ratio. See Figure 2.12 for a 

positive spectrum. Mass to charge (m/z) ratios of up to 10,000 Daltons can be 

detected using ToF-SIMS.133 This technique has a detection limit of parts per 

billion and a mass resolution of over 10,000 m/Δm. Because of the high 

sensitivity, it is a valuable technique for surface sensitive applications, such as 

plasma processes.  
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Figure 2.12: Positive ion spectrum obtained using ToF-SIMS. 

ToF-SIMS spectra were acquired at the University of Washington using an 

IonTof ToF-SIMS 5 spectrometer (see Figure 2.13) with a 25 keV Bi+ ion source 

in the pulsed mode and operated with at a current of 0.35 pA.  Spectra were 

acquired for positive secondary ions over a m/z range of = 0 to 500. Secondary 

ions of a given polarity were extracted and detected using a reflectron time-of-

flight mass analyzer. Spectra were acquired using an analysis area of 0.01 mm2. 

Positive ion spectra were calibrated using CH3
+, C2H3

+, C3H5
+, and C7H7

+ peaks.  

Calibration errors were kept below 10 ppm. Mass resolution (m/∆m) for a typical 

spectrum was between 8000 to 10,000 for m/z = 27 (pos). Statistically relevant 

data were obtained by repeating all procedures three times, with each replicate 

consisting of three surfaces and each surface analyzed in three different sites 

along the surface. 
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Figure 2.8: An IonToF ToF-SIMS 5 spectrometer. 

2.3.3 PCA  

Principle component analysis, or PCA, is a tool that can be used to determine 

differences in extremely complicated data sets. Since ToF-SIMS results in 

spectra with thousands of peaks, and each experiment was done in triplicate, the 

data set was large and did not readily reveal conclusions about the surfaces. 

Multivariate analysis techniques, such as PCA, are useful in these situations to 

determine what components are the most varied within the data, and how these 

data correlate between samples. 134, 135 

PCA was performed using PLS Toolbox version 2.0 (Eigenvector Research, 

Manson, WA) for MATLAB (Math-Works, Inc., Natick, MA). All spectra were 

mean-centered before running PCA. A “complete” peak set was constructed 

containing all of the major peaks that were previously found to be indicative of 
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pNIPAM. Selected peaks, such as CH3, were then normalized to the total ion 

intensity to account for the fluctuations in secondary ion yield between different 

spectra. PCA was then used to capture the linear combination of peaks that 

described most of the variation within the data set. From this, both “scores” and 

“loadings” plots were obtained.  

 

Figure 2.9: Scores (top) and loadings (bottom) plots from PCA. 

The scores plot (see Figure 2.14, top) is a graphical representation of the 

primary differences in a sample set. The loadings plot (see Figure 2.14, bottom) 

allows for the user to decipher the scores plot by showing what fragments 

caused the separation.  

2.3.4 Contact Angle  
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As previously stated, the relative wettability of pNIPAM is dependent on its 

temperature. At temperatures below the LCST, pNIPAM is hydrophilic. At 

temperatures above its LCST, pNIPAM becomes relatively more hydrophobic. 

Contact angles were taken to determine the surface wettability of ppNIPAM on Si 

as well as on a Si control chip. These experiments utilized a technique known as 

captive (or inverted) bubble. The surface is placed upside down in a quartz cell 

filled with ultra pure water (18 mΩ/cm) from a Millipore Academic unit. Using a 

syringe with an inverted needle, an air bubble is placed on the surface, and the 

angle between the drop and the surface is measured. (See Figure 2.15)  

 

Figure 2.10: Schematic of inverted contact angle measurements on the left, 

showing an air bubble on a substrate, and the angle that is measured. On the 

right, a snapshot of an air bubble on a pNIPAM substrate. 

An Advanced Goniometer model 300-UPG (ramé-hart instrument co., 

Mountain Lakes, NJ) with an environmental chamber and DROPimage Standard 

program was used to measure inverted bubble contact angles in ultra pure water 

(18 mΩ/cm). Contact angles were taken at room temperature (~23 ˚C) and 37 ˚C 

using the Temp Controller model 100-500 connected to the environmental 

chamber. Statistically relevant data were obtained by repeating all procedures 
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three times, with each replicate comprised of three surfaces, with each surface 

analyzed in three different sites along the surface. The contact angles were 

compiled and compared above and below the LCST to determine changes in 

wettability (see Figure 2.16). 

 

Figure 2.11: Compiled contact angle data on a blank glass slide, illustrating no 

change of wettability when the temperature is shifted from above (red) to below 

(blue) the LCST, as expected on a substrate that is not thermoresponsive. 

2.3.5 AFM  

Atomic force microscopy (AFM) is a scanning probe microscopy that has been 

shown to achieve resolution on the order of fractions of a nanometer. Using AFM, 

the user can determine thickness, surface roughness, topography, and Young’s 

modulus with minimal initial sample preparations. In addition, these 

measurements can be taken in either liquid cells or in air at different 

temperatures, making it an ideal method of characterizing pNIPAM surfaces. As 

shown in Figure 2.17, a probe connected to a cantilever rasters the sample. 

Simultaneously, a laser reflects off of the cantilever onto a detector, which 
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records deflections in the cantilever.  

 

Figure 2.12: Schematic illustrating the function of an AFM instrument. A probe 

connected to a cantilever rasters the surface. In tandem, a laser reflects off of the 

cantilever onto a detector. 

Force measurements and imaging were performed in the laboratory of Prof. 

David Keller at UNM using a Veeco Nanoscope IIIa controller (Plainview, NY) 

and J type scanner. (See Figure 2.18) An O-ring and fluid cell containing the 

AFM cantilever was then set on top of the sample. Degassed nanopure water 

was injected into the fluid cell and the film was allowed to equilibrate with the 

water for 30 minutes. The temperature was controlled with infrared heat lamps 

directed at the AFM. The entire apparatus was then placed in a Plexiglas 

enclosure on an isolation setup. There was a minimum of thirty minutes between 

temperature changes.  
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Figure 2.13: A Veeco Nanospec AFM. 

Veeco software version 6.1 (Plainview, NY) was used to collect data. A silicon 

nitride cantilever, MSCT-UNM Veeco Probes, with a spring constant of 0.02 N/m 

was used for all force-distance and imaging results (see Figure 2.19). Statistically 

relevant data were obtained by repeating all procedures three times, with each 

replicate using three surfaces, analyzing in three different sites per surface. 
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Figure 2.14: Topographical data of a spNIPAM substrate collected with AFM. 

2.4 Cell Culture  

2.4.1 General cell harvest  

Various cell types were used in this work depending on the focus of the 

chapter. For instance, bovine aortic endothelial cells (BAEC) and MC3T3-E1 

fibroblasts are cell lines that are commonly used in pNIPAM studies, and these 

cell lines were used as proof of concept in Chapters 3-7.111, 118-120, 136 Once it was 

determined that the surfaces supported normal cell growth, alternate cell lines 

commonly used for spheroid formation were substituted in Chapter 8. These cells 

include EMT6 (rat carcinoma), OVCA 429 (human ovary tumor cells), and SKOV 

(human ovary tumor cells). (See Appendix III for a complete list of cell types used 
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in this work.) Each of these cells were rinsed, and then harvested via enzymatic 

digestion, using 0.25% trypsin-EDTA from Gibco (Carlsbad, CA). All cells were 

grown in media purchased from Hyclone™ on TCPS. Once 70-90% confluent, 

the cells were harvested and seeded onto samples. Cells were incubated at 37 

°C, 95% relative humidity, and 5% CO2.  

2.4.2 BAECs  

Bovine aortic endothelial cells (BAEC) were cultured in Dulbecco’s Modified 

Eagle Medium supplemented with 10% fetal bovine serum, 1% 

penicillin/streptomycin, 4.5 g/L glucose, 0.1 mM MEM nonessential amino acids, 

and 1 mM MEM sodium pyruvate. BAECs were obtained from Genlantis (San 

Diego, CA). Figure 2.20 shows healthy BAECs that have been cultured according 

to the above procedure. 

 

Figure 2.20: Bright field microscopy image of normal BAECs. Scale bar is 100 

µm. 
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2.4.3 MC-3T3E1  

These mouse fibroblast cells, a generous gift from Elizabeth Hedberg-Dirk, 

were cultured in Alpha Modified Eagle Medium supplemented with 10% fetal 

bovine serum and 1% penicillin/streptomycin. Figure 2.21 shows healthy 3T3s 

that have been cultured according to the above procedure. 

 

Figure 2.15: Bright field microscopy image of normal 3T3s. 

2.4.4 EMT6  

These rat carcinoma cells, a generous gift from James Freyer, were cultured 

in Alpha Modified Eagle Medium supplemented with 10% fetal bovine serum and 

1% penicillin/streptomycin. Figure 2.22 shows healthy EMT6s that have been 

cultured according to the above procedure. 
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Figure 2.16: Bright field microscopy image of normal EMT6s. 

2.5 Cell detachment  

2.5.1 Cell detachment methods 

Cells were detached a number of different ways, depending on the surface 

type and the objective of the experiment. For applications such as determining 

cell detachment from wells (Chapter 3), the cells were allowed to detach without 

assistance. Once the optimum conditions for cell detachment were achieved, 

cells were detached with assistance using a poly(vinylidene fluoride) or PVDF 

superstrate to maintain a cell sheet that could be relocated to a new well, as in 

Chapter 7. 

2.5.2 Unassisted detachment  

Cells were cultured until ~95% confluent (approximately 2-4 days). The media 

was removed, and 4°C serum-free media was added to each well, since a 



46 
 

 
previous investigation indicated this facilitated the fastest release from pNIPAM 

(see Figure 2.23).111 The culture plate was then placed on a shaker platform for 2 

hours (spNIPAM and ppNIPAM surfaces) or 5 minutes (espNIPAM), and 

observed via light microscopy (Nikon F100, Melville, NY) with a 20x objective. 

Images were captured at 3 locations, on 3 separate surfaces, and repeated 3 

times before and after cell detachment using Spot Advanced software (Sterling 

Heights, MI). Images were analyzed with NIH ImageJ, using the Cell Counter 

plug-in, to determine the approximate percentage of cells that detached. 

 

Figure 2.23: Bright field microscopy image of BAECs detaching without 

assistance from spNIPAM substrates, after the temperature has been reduced 

across the LCST. 

2.5.3 Assisted detachment  

Cells were cultured until confluence (approximately 2-4 days). Medium was 

removed until there was only a thin film on the cells. A sheet of PVDF was laid on 

top of the cell sheet and the plate was incubated at 37 ˚C for 30 minutes, to allow 
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the cells to attach to the PVDF. 4 ˚C serum-free media was added to each well, 

since a previous investigation indicated this facilitated the fastest release from 

pNIPAM.111 The culture plate was then placed on a shaker platform for 30 

minutes, at which point the PVDF was slowly peeled from the substrate with the 

cells (see Figure 2.24).  

 

Figure 2.24: Schematic illustrating PVDF transferring cells. PVDF (pink) is used 

as a superstrate (top left). When cells detach from a pNIPAM substrate (top 

right), PVDF can be used to transfer the cells to a new substrate. As this bond 

between the PVDF and cells is not strong, when the cells are anchored to a new 

substrate (bottom), the PVDF can easily be peeled away from the cells. 

The cells were then placed in another well plate and incubated for 30 minutes 

with minimal media. The remainder of the serum containing media was added to 

the well plate and the PVDF released from the cells. The cells were observed via 

light microscopy (Nikon F100, Melville, NY) with a 20x objective. Images were 

captured at 3 locations, on 3 separate surfaces, and repeated 3 times before and 

after cell detachment using Spot Advanced software (Sterling Heights, MI). 

Images were analyzed with NIH ImageJ, using the Cell Counter plug-in, to 
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determine the approximate percentage of cells that detached. 

2.6 Cell analysis 

2.6.1 Cytotoxicity  

The pNIPAM-coated surfaces need to be able to maintain cell growth and, 

thus, cannot leach any cytotoxic chemicals into the medium. Cytotoxicity tests 

are used to determine if components from the pNIPAM surface are leaching into 

medium. Cells are initially grown on TCPS to ensure normal attachment and 

proliferation, followed by replacement media that has been exposed to the 

substrate of interest at normal cell culture conditions for 24 hours. The cells are 

exposed to this medium for 24 hours in various concentrations determining if 

there was anything in the substrate that would impart cytotoxicity to the cultured 

cells.  

In this case, pNIPAM surfaces were submerged in normal growth medium for 

24 hours and incubated at cell growth conditions. The treated medium was then 

collected. Simultaneously, cells were grown at normal conditions until ~60% 

confluent. The medium on these cells was replaced with 100%, 10%, 1%, and 

0% treated medium. The cells were then cultured for another 24 hours in the 

treated medium. Cell viability was determined using a commercial LIVE/DEAD® 

for mammalian cells fluorescence assay from Invitrogen. Calcein AM is 

membrane permeant, and is cleaved by live cells, producing a cytoplasmic green 

fluorescence. Ethidium homodimer-1, on the other hand, is membrane 

impermeant, targeting nucleic acids in cells that have compromised membranes, 
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allowing dead cells to have a red fluorescence. To verify results, live controls (0% 

treated media) and dead controls (incubated in 0% treated media, followed by 

incubation in 70% methanol for one hour) were used for comparison. Figure 2.25 

shows a fluorescent image of the live control that has been false colored using 

Spot Image. 

 

Figure 2.25: Fluorescent microscopy image of live 3T3s that have been false 

colored green. 

2.6.2 Biocompatibility  

Once it was verified that pNIPAM treatment surfaces did not leach any 

cytotoxic compounds, it was necessary to ensure that the cells would attach and 

proliferate onto surfaces, thus ensuring the surfaces were biocompatible. This 

test is pertinent to any study that requires cell attachment. In addition, since 

Akiyama et al. has determined that there is a crucial film thickness of pNIPAM 

films that results in surfaces that are not biocompatible, it was necessary to 
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investigate the biocompatibility of the surfaces used for this work.121  

The cells were then grown on pNIPAM substrates to assess cell attachment 

and proliferation. The cells were seeded at a low density and their viability was 

checked using the LIVE/DEAD® assay explained in the previous section at 6 

hours (attachment), 24 hours, and 72 hours (proliferation). (See Figure 2.26) Live 

controls (blank TCPS substrate) and dead controls (blank TCPS substrate, 

treated with 70% methanol for one hour) were used to verify results. 

 

Figure 2.26: Fluorescent microscopy images taken at 6 (left), 24 (middle), and 

72 (right) hours after seeded onto a ppNIPAM substrate. Cell attachment and 

proliferation indicate that the surfaces are biocompatible. Scale bar is 100 µm. 

2.6.3 CellTrackerTM   

Many of the pNIPAM substrates prepared for mammalian cell culture are 

opaque at physiologically relevant temperatures (37 ˚C). In order to image these 

cells, and ensure proper attachment and proliferation, the cells must be tagged 

with a fluorescent marker. This can be done prior to seeding the cells or once the 

cells have attached. The latter option is less desirable for several reasons, 

including there is no way to ensure cell attachment to the substrate. In addition, if 

the substrates are extremely sensitive to environmental cues, such as pNIPAM 



51 
 

 
substrates, it is difficult to do the procedure necessary to fluorescently label the 

cells without inducing thermoresponse in the substrate. Primarily due to this 

limitation of post-seeding labeling, CellTracker™ was used to tag cells prior to 

seeding surfaces. 

CellTracker™ Green CMFDA (5-cholormethylfluorescein diacetate) was 

purchased from Invitrogen. CellTracker™ CMFDA has the unique property of 

being nonfluorescent until it interacts with intracellular esterases, as shown in 

Figure 2.28. CellTracker™ is initially membrane permeable, but transforms into 

an impermeable product, thus will not pass freely to neighboring cells. However, 

this probe is inherited in daughter cells for multiple generations, allowing for 

researchers to use this probe as a test of viability and proliferation. 

 

Figure 2.17: CellTracker™ requires a two-step intracellular reaction in order to 

be fluorescent. Although the dye may react initially with glutathione, intracellular 

esterases are necessary to complete the reaction. (Figure adapted from 

Invitrogen product information) 

CellTracker™ is delivered as a powder, which is used to make a 10 mM stock 

solution in DMSO and frozen. Prior to use, the stock solution is thawed and a 25 

µm solution in serum free media is prepared, and replaces the media in the flask 

of confluent cells. The probe is incubated with the cells at cell culture conditions 
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for 60 minutes, and then replaced with normal growth media for 30 minutes. The 

cells are then rinsed with DPBS and harvested. Figure 2.29 shows cells that 

have been labeled with CellTracker™.  

 

Figure 2.18: Fluorescent microscopy image of EMT6 cells with CellTracker™ 

probe. Scale bar is 100 µm.  

 



53 
 

 
Chapter 3. The Effects of Cell Culture Parameters on Cell 

Release Kinetics from Thermoresponsive Surfaces  

Initially published by Reed, J.A.; Lucero, A.E.; Cooperstein, M.A.; and 

Canavan, H.E. in Journal of Applied Biomaterials and Biomechanics.111 

3.1 Introduction 

As was discussed in Chapter 1, the thermoresponsive nature of pNIPAM has 

made it of great interest to the bioengineering community. One area in which 

pNIPAM has been used extensively is for the reversible adhesion of mammalian 

cells.13-25 It has been demonstrated that many mammalian cell types attach to 

grafted pNIPAM in a similar fashion as when exposed to tissue culture 

polystyrene (TCPS): the cells proliferate into a confluent sheet. However, when 

the temperature of the cell culture is dropped below the LCST of the polymer, the 

cells will detach and can be harvested for tissue engineering applications. This is 

in contrast to cells grown on TCPS, which will not detach using a temperature 

drop, instead requiring enzymatic digestion (via trypsin) or mechanical scraping 

to remove them.26  

Since its initial demonstrations in 1968, many researchers have applied the 

technique of low-temperature liftoff to obtain their cell type of interest.137 To date, 

bovine aortic endothelial, human dermal fibroblasts, Madin-Darby canine kidney, 

L929 mouse fibroblast, neonatal rat cardiomyocytes, primary parenchymal 

hepatocytes, human dental papilla fibroblasts, MC3T3-EI mouse calvaria 
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osteoblasts, MEC human cholangioadenocarcinoma, and many other cells have 

all been demonstrated to release from pNIPAM-treated surfaces.138  

In addition to their use of different cell types, these researchers have used 

different conditions to initiate cell release from pNIPAM. For instance, in some 

cases, serum free media (SFM) is used to stimulate detachment,139 while others 

have used media with serum (MWS).26, 139  

Another variable optimized was the temperature at which the “pop off” solution 

(e.g., MWS or SFM) is used, which ranges from slightly below the LCST of 

pNIPAM (i.e. 25 ˚C) to far below the LCST (4 ˚C).139 In some of these published 

papers, rationale is given for why a particular parameter was chosen. For 

instance, Okano et al. used 20 ˚C MWS, reasoning that it was above the 

metabolically inactive temperature for cells (<4 ˚C).24-27, 140-142 However, in most 

cases, there is no mention of the reason that a particular solution or temperature 

was utilized for cell detachment.  

Furthermore, the amount of time required to achieve 100% detachment of the 

cells is rarely reported.126 The time required to detach adherent cells from 

pNIPAM is an important parameter to consider, as it affects not only experimental 

planning (i.e., how much time must be budgeted for cell release in a given set of 

experiments), but also in some cases experimental outcome (cells that are 

detached while still metabolically active may alter their expression of 

transmembrane proteins of interest).  

In this work, the cell culture parameters were investigated to determine which 
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parameters initiate the most rapid release of cells from pNIPAM. A novel 

technique was used to obtain pNIPAM surfaces for this work based on a spin-

coated solution containing pNIPAM and tetraethyl orthosilicate (spNIPAM). 

Following characterization of the spNIPAM substrates using traditional surface 

chemistry techniques (e.g., X-ray photoelectron spectroscopy, XPS; and contact 

angle measurements), identical populations of bovine aortic endothelial cells 

(BAECs) were grown to confluence on pNIPAM-treated glass slides. At 

confluence, the media used to culture cells was exchanged for one of four 

solutions [serum free media (SFM), media with serum (MWS), Dulbecco's 

phosphate-buffered saline (DPBS), and serum free media with a DPBS wash 

(DPBS/SFM)].  The temperature of each solution used was also varied from 

above the LCST of pNIPAM (37 ˚C), below the LCST (25 ˚C), and far below the 

LCST (4 ˚C). The cells were then observed using light microscopy and the time 

required to achieve 100% cell detachment was recorded. From these results, it 

was concluded that the fastest, most reliable release of BAECs occurred well 

below the LCST of the polymer at 4 ˚C in serum free media.  

3.2 Experimental Methods 

The majority of the experiments carried out herein follow the procedures 

outlined in Chapter 2, including spNIPAM deposition, XPS, contact angle 

goniometry, and cell culture. Three repetitions of all experiments, producing three 

surfaces, were performed. Each surface was analyzed in three spots, for a total 

of 27 analyses. 
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3.2.1 Cell detachment parameters  

BAECs were cultured for 2 days to allow cells to become confluent. The media 

was removed and the respective solution (DPBS, serum-free media, culture 

media, or trypsin) at 4 ˚C, 25 ˚C, or 37 ˚C was added to each well. The culture 

plate was then placed on a shaker platform and timed for complete cell 

detachment as visualized via light microscopy. If complete cell detachment was 

not achieved with in a hour, the time was extrapolated from the number of cells 

remaining on the surface. Extrapolations resulting in extremely long time periods 

were set to 2000 minutes for data plotting purposes.  

3.3 Results  

3.3.1 Surface analysis  

PNIPAM-treated surfaces have been deposited using a variety of techniques, 

including co-grafting pNIPAM with other polymers,143 immobilizing pNIPAM by 

photolithography,144 by polymerizing pNIPAM with previously activated 

surfaces,123 and by vapor-phase deposition of plasma polymerized NIPAM 

(ppNIPAM).118, 145, 146 Regardless of the preparation technique used, the 

detachment of cell sheets have been observed.  

In this work, pNIPAM films were generated by spin-coating a solution 

containing high molecular weight pNIPAM with tetraethyl orthosilicate (TEOS), 

referred to as spNIPAM throughout the rest of this text. Rao et al. initially utilized 

this method for the purpose of creating thermoresponsive membranes, and 
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characterization for the purpose of mammalian cell culture will be further 

explored in Chapter 4.24-26, 122, 138 This technique was chosen for deposition as it 

is a relatively inexpensive method to produce many replicates and works with 

different substrate chemistries, including glass slides (for the transparent nature 

of which enabled visualization of cell cultures via light microscopy), as well as 

silicon chips (the smaller dimensions of which were used to increase replicates 

for surface analysis). 

Table 3.1: Major elemental relative atomic percentages from XPS for spNIPAM 

surfaces. n=9 for spNIPAM surfaces with a standard deviation of less than 2%. 

Relative Atomic % 

Description C O N Si 

Theoretical 75.0 12.5 12.5 0 

spNIPAM 42.3 36.6 5.8 15.2 

Prior to their use for in vitro cell culture, the chemical composition of the 

spNIPAM substrates was characterized. Previously, it was demonstrated that 

XPS is an excellent tool to verify the surface chemistry of thin pNIPAM films,121, 

122 as the technique is sensitive to the upper ~20-100 Å of a film. As with the 

previous studies, survey spectra were obtained to provide elemental analysis of 

the pNIPAM films. Because the underlying substrates are silicon chips, the 

presence and amount of nitrogen detected are indicative of successful pNIPAM 

film deposition. Since the technique used in this work employs co-deposition of 

pNIPAM with tetraethyl orthosilicate [TEOS, Si(OC2H5)], the elemental 
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composition of the films (42.3% carbon, 36.6% oxygen, 5.8% nitrogen) differs 

from that predicted from the stoichiometry of the monomer (75% carbon, 12.5% 

oxygen, 12.5% nitrogen). (See Table 3.1) To a lesser extent, the same effect is 

observed in the high resolution carbon data, as the C-O bonds from TEOS 

component contribute to the peak at 286.8 eV, resulting in 20.6% (experimental) 

versus 16.7% (theoretical) composition of C-OH/C-N for these films.  (See Table 

3.2 and Figure 3.1). 

Table 3.2: Relative atomic percentages from high resolution C1s for spNIPAM 

surfaces. n=9 for spNIPAM surfaces with a standard deviation of less than 3%. 

Relative Atomic % 

Description C-H (285) C-OH/C-N (+1.8) N-C=O (+3.0) 

Theoretical 66.7 16.7 16.7 

spNIPAM 64.4 20.6 14.9 

In addition to characterizing the surfaces’ elemental composition, the 

thermoresponse of the films was measured via contact angle measurements. 

This technique is sensitive to the change in wettability of the films in response to 

temperature. As previously mentioned, when pNIPAM surfaces are cooled below 

the LCST of the polymer (~32 ˚C), they become relatively more hydrophilic. As 

indicated in Figure 3.2, there is a significant difference (~15˚) in the contact 

angles taken from the pNIPAM surfaces bracketing the LCST of the polymer (25 

and 37 ˚C). This result is consistent with comparable measurements using 

plasma polymerized NIPAM (an 11˚ increase) and silane-grafted NIPAM (a 12.7˚ 
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increase).147, 148 When the pNIPAM surfaces are further cooled below the LCST 

from 25 to 4 ˚C, there is little change in the contact angle, most likely due to the 

fact that both temperatures fall below the physical transition temperature of 

pNIPAM. In contrast to the pNIPAM substrates, no change is observed in the 

contact angles obtained at 4, 25 and 37 ˚C from the control silicon blank 

substrates.  

 

Figure 3.1: Representative high resolution XPS C1s spectrum of spNIPAM 

surfaces. The peak at 288.0 eV indicates N-C=O, verifying pNIPAM deposition 

on the surface.  
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Figure 3.2: Contact angles show hydrophobicity change due to temperature shift 

in spNIPAM surfaces (right) as compared to control Si chips (left). Student t-test 

proves that above the LCST of pNIPAM (37 ˚C, black), spNIPAM surfaces are 

relatively more hydrophobic than spNIPAM surfaces below the LCST (4 ˚C, 

white; and 25 ˚C, grey) with 99% confidence.  

3.3.2 Kinetics of BAEC release  

At culture temperature (37 ˚C), the response of BAECs to spNIPAM surfaces 

is similar to glass controls; the BAECs have the cobblestone morphology 

indicative of a confluent sheet of BAECs. (See Figure 3.3, upper right and lower 

right corners). After the cells achieved confluence, the medium was replaced with 

a new solution to initiate detachment, such as serum-free media (SFM), media 

with serum (MWS), Dulbecco's phosphate-buffered saline (DPBS), or serum free 

media with a Dulbecco's phosphate-buffered saline wash (DPBS/SFM). The 

solution itself was either above (37 ˚C), below (25 ˚C), or well below (4 ˚C) the 

LCST of the polymer. Representative microscopy images from BAECs rinsed 

using SFM at all three temperatures are presented in Figure 3.3.  
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Figure 3.3: Representative cell adhesion and detachment images obtained from 

BAECs on blank glass (top and top middle rows) and spNIPAM surfaces (bottom 

and bottom middle rows). Cells grown to confluence (i.e., before rinse) have a 

cobblestone morphology. Following rinse with SFM at 4 (left column), 25 (middle 

column), or 37 ˚C (right column), aggregated clumps of cells detach from 

spNIPAM surfaces (indicated by asterisk). A cell that is still attached to the 

surface is indicated by an arrow. Best release was observed at 4 ˚C on spNIPAM 

surfaces. 

Detachment times are compiled in Figures 3.4 and 3.5, as well as Table 3.3, in 

which they are compared to those obtained from cells detached using trypsin (a 
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conventional technique for cell detachment,24, 26, 27, 139 which is provided as a 

standard positive control for comparison).   

 

Figure 3.4: Time required for 100% BAEC detachment from control (grey) and 

spNIPAM (white) surfaces using media with serum (MWS), serum free media 

(SFM), DPBS, and SFM with a DPBS wash at 4 (a), 25 (b), or 37 ˚C (c). 

Asterisks are used, where it is not obvious, to indicate a difference between the 

control and spNIPAM surfaces that was 95% significant or more determined 

using a student t-test. The most significant difference occurred at 25 ˚C. 

Above the LCST of the polymer (37 ˚C), it is evident that cells do not detach 



63 
 

 
from spNIPAM or the control glass blanks using the SFM solution within the 

experimental time frame (2000 minutes). (See Figure 3.3, right column; Figure 

3.4c; and Table 3.3). The same is true for cells rinsed with MWS: no appreciable 

cell detachment is observed from either spNIPAM or the control glass blanks. 

These results are consistent with previous reports that the solution used must be 

below the LCST of the polymer to stimulate detachment.149, 150 However, it was 

surprising to note that both the spNIPAM and the control glass blank surfaces 

rinsed with DPBS or DPBS/SFM at 37 ˚C release cells (within 34 and 62 minutes, 

respectively). One possible explanation for this result is that DPBS does not 

contain calcium or magnesium, both of which are known to promote cell 

attachment.139 As the BAECs had been cultured using serum containing both 

calcium and magnesium, use of DPBS in this step may therefore create an ionic 

imbalance. This may result in the release of calcium and magnesium from the 

cells, thereby promoting cell detachment, even though the solution is above the 

LCST of the polymer. 

 

Figure 3.5: Comparison of BAEC release time from spNIPAM coated surfaces at 

4 (light grey) and 25 ˚C (dark grey). Student t-test proves that all 4 and 25 ˚C 

release times are more than 99% significantly different. SFM at 4 ˚C proved to 

have the best release time. 
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Below the LCST of the polymer (25 ˚C), BAECs were released from the 

spNIPAM substrates using each of the solutions tested in under an hour. (See 

Figure 3.3, top middle row; Figure 3.4b; and Table 3.3) Of the solutions tested, 

release using SFM was the fastest at 37 minutes. The most likely explanation for 

why detachment initiated using SFM is more rapid than using MWS is that SFM 

does not contain additives normally found in serum (e.g., growth factors) that 

promote cell adhesion/resist cell detachment. In contrast with the results 

obtained at 37 ˚C, no cell detachment is from the control glass blanks using any 

of the solutions tested (including DPBS and DPBS/SFM) within the experimental 

time frame.  

When well below the LCST of the polymer (4 ˚C), there is release from 

spNIPAM-coated surfaces. (See Figure 3.4a) When MWS is used to initiate 

detachment, the time for release is 13 minutes faster at 25 ˚C than at 4 ˚C. (See 

Figure 3.5) This result is consistent with observations by Okano that extremely 

cold MWS slows cell detachment.139 When DPBS is used to initiate detachment, 

the difference in release time is even more striking, as it is 13 minutes faster at 4 

˚C than at 25 ˚C. However, the time frames for release using DPBS/SFM and 

SFM are actually faster at 4 ˚C than at 25 ˚C (8.8 minutes and 6.8 minutes, 

respectively). These results indicate that for SFM and DPBS/SFM, detachment is 

faster at 4 ˚C than at 25 ˚C, contradicting the hypothesis that cells must be near 

normal cell culture temperatures and remain metabolically active to achieve pop 

off.  
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Table 3.3: BAEC release times when 4 ˚C solutions were used during cellular 

release on blank glass slides (controls) and spNIPAM surfaces. Cell release 

using trypsin/EDTA is provided as a positive control for comparison. There is a 

large difference between the controls and the spNIPAM surfaces, indicating that 

the pNIPAM thermoresponse is causing cellular release. The most efficient cell 

release was achieved using SFM. 

Solution Surface Release Time (min) 

Control 407.1 ± 0.2 
SFM 

spNIPAM 36.1 ± 0.3 

Control 294.5 ± 0.2 
DPBS rinse, SFM 

spNIPAM 37.6 ± 0.3 

Control 2000 ± 0.6 
DPBS 

spNIPAM 228.9 ± 1.0 

Control 280.5 ± 0.6 
MWS 

spNIPAM 57.4 ± 0.6 

Control 5.5 ± 0.8 
.25% Trypsin/EDTA 

spNIPAM 5.6 ± 1.0 

 

3.4 Conclusions 

This work presents a study of the effect of the solution and temperature used 

to initiate cell detachment from pNIPAM on the time required to achieve 100% 

detachment of cells.  The pNIPAM films used in this work were generated using a 

novel technique using a spin-coated solution containing pNIPAM (“spNIPAM”). 
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The fastest, most reliable release of cells occurred below the LCST of the 

polymer at 4˚C in serum free media (SFM). This result contradicts previous 

findings by Okano, et al., that cell release is significantly slower at 4 ˚C versus 25 

˚C.118 However, the authors of that work used media with serum (MWS) instead 

of SFM, which, as presented, results in slower detachment than SFM in general. 

In some cases, it may be desirable to stop cell metabolism at the time of 

detachment (e.g., to “freeze” protein expression prior to subsequent analysis). In 

such cases, the use of extremely cold SFM would be ideal.  
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Chapter 4: A Low-Cost, Rapid Deposition Method for 

“Smart” Films: Applications in Mammalian Cell Release 

Initially published by Reed, J.A.; Lucero, A.E.; Ista, L.K.; Bore, M.; López, G.P.; 
and Canavan, H.E. in ACS Applied Materials & Interfaces.151 

4.1 Introduction 

PNIPAM has been utilized for the controlled attachment and release of 

bacteria,152,153 biosensors,154 and tissue engineering.155 All of these applications 

first require the deposition of pNIPAM onto a cell culture substratum. There are 

many methods used to polymerize NIPAM, such as free radical polymerization 

using a variety of initiators and solvents,156,157,158 or redox initiation using a 

variety of initiators and accelerators.159,160 Free radical polymerization, or ATRP, 

has the advantages of mild reaction conditions, the ability to use a wide range of 

monomers, and is insensitive to impurities, such as water, that are present during 

the reaction.161,162 Electron beam irradiation is a process that can be completed 

in mild conditions (e.g., room temperature, in water, at physiological pH), allows 

for high depth penetration, and does not need crosslinking or initiator agents.163 

The disadvantages to the techniques described above are that the surface that is 

coated usually has to be a flat surface (in the case of pouring and drying a 

solution164), or is dependent upon a specific surface chemistry (in the case of 

activated substrates165 and ATRP166). A review of some common deposition 

methods used for to create pNIPAM films was recently published by Da Silva.145 

Most of the aforementioned methods require expensive equipment and long 
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deposition times. In addition, system calibration for these methods can be 

extensive and time intensive. Recently, Rao et al. patented a novel low-cost 

method for the rapid co-deposition of pNIPAM with a tetraethyl orthosilicate 

(TEOS) based sol-gel (spNIPAM).146,132 That work focused on the use of 

spNIPAM for the thermoresponsive membranes, with no investigation of their use 

for mammalian cell culture. In this work, spNIPAM is adapted for the reversible 

adhesion of mammalian cells, and explore its applications for bioengineering. 

Following characterization of these substrates using traditional surface chemistry 

techniques (e.g. X-ray photoelectron spectroscopy, XPS; and contact angle 

measurements), identical populations of bovine aortic endothelial cells (BAECs) 

were grown to confluence on treated glass slides. From these results, it was 

concluded that 0.35 wt% pNIPAM/TEOS (or 0.35 wt% spNIPAM) surfaces 

demonstrated the best thermoresponse and cellular response, thus generating 

affordable pNIPAM substrates. In addition, the current method only requires 

TEOS, pNIPAM and minor instrumentation (spin coater ~$5K) compared to 

~$35K for an RF plasma reactor.  

4.2 Experimental Methods 

The majority of the experiments carried out herein follow the procedures 

outlined in Chapter 2, including pNIPAM deposition, XPS, contact angle 

goniometry, and cell culture. Three repetitions of all experiments, producing three 

surfaces, were performed. Each surface was analyzed in three spots, for a total 

of 27 analyses. 
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4.2.1 Sol-gel and pNIPAM preparation  

35 mg of pNIPAM, 5 mL of distilled water, and 200 µL of 1 Normal HCl were 

mixed, and a weight percentage of pNIPAM was determined. This solution is 

referred to as “pNIPAM only.” In a separate container 250 µL TEOS sol (1 

TEOS:3.8 ethanol:1.1 water:0.0005 HCl), 43 µL distilled water, 600 µL ethanol 

were mixed and weighed. This solution is referred to as “TEOS only.” To obtain 

different weight percentages of pNIPAM in sol, the appropriate amount of the 

pNIPAM solution was added to the pure TEOS in order to achieve the desired 

weight percentages for spNIPAM surfaces (ex. 3.5g pNIPAM solution added to 

996.5g TEOS sol).  

4.2.2 Sol and pNIPAM deposition  

100-200 µL of the prepared solution was evenly distributed on clean surfaces 

placed on a spin coater, model 100 spinner from Brewer Science, Inc. (Rolla, 

MO). These surfaces were then spun at 2000 rpm for 60s.  The surfaces were 

stored under nitrogen in a Parafilm covered Petri dish until either used for a) 

surface analysis, or b) cell culture tests. 

4.3 Results and Discussion 

4.3.1 Characterization of surfaces  

The spNIPAM surfaces are composed of a sol-gel (TEOS) and pNIPAM. To 

affect mammalian cell release, verification that the LCST occurred between room 

temperature (~25 ˚C) and cell culture temperature (~37 ˚C) was necessary.  
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Contact angle measurements, shown in Figure 4.1, indicate that there is a 

difference in the wettability of spNIPAM surfaces when the temperature is shifted 

from above the LCST (i.e. 37 ˚C) to below the LCST (i.e. 25 ˚C). However, the 

only statistically significant change, 13˚ ± 7˚, was seen on 0.35 wt% spNIPAM 

surfaces. As expected, TEOS and control surfaces showed no statistically 

significant changes. The absence of a statistically significant contact angle 

change on the other surfaces suggests a lack of intact pNIPAM on the surface, 

possibly from delamination of the films. 

 

Figure 4.1: Contact angles show hydrophobicity change due to temperature shift 

from room temperature (25 ˚C in white) to culture temperature (37 ˚C in grey). A 

statistically significant change is demonstrated on 0.35 wt% spNIPAM surfaces, 

indicated with an asterisk. 

The elemental composition determined via XPS indicated the presence of 

nitrogen on spNIPAM and pNIPAM only surfaces, thus verifying the presence of 

NIPAM (see Table 4.1). A similar trend is illustrated in the high resolution carbon 

spectrum (see Table 4.2 and Figure 4.2) with the C-OH/C-N peaks. Theoretical 
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values determined from the stoichiometry of the monomer (75% C, 12.5% O, 

12.5% N) closely match those from the pNIPAM only surfaces (71.8% C, 11.9% 

O, 9.9.% N, 6.4% Si), with the exception of the Si peak. Unlike the spNIPAM 

surfaces that have Si from TEOS, the Si peak on pNIPAM only surfaces most 

likely arises from the underlying Si chip. As there is a Si peak, the film thickness 

is less than 100 Å (the approximate sampling depth of the technique).122  

Table 4.1: Major elemental relative atomic percentages from XPS comparing 

spNIPAM and control surfaces. n=9 for all surfaces, with a standard deviation of 

less than 3%. 

Relative Atomic %  

C N O Si 

Theoretical 75.0 12.5 12.5 0.0 

0.3wt% 32.4 3.0 45.9 18.6 

0.35wt% 34.9 4.2 41.8 19.0 

0.4wt% 33.2 3.7 43.9 19.2 

pNIPAM 71.8 11.9 9.9 6.4 

TEOS 35.5 0.0 47.9 16.6 

Blank Si 8.3 0.0 40.5 51.1 
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Table 4.2: Relative atomic percents from high resolution C1s comparing 

spNIPAM and control surfaces. N=9 for all surfaces, with a standard deviation of 

less than 3%. 

Relative Atomic %  

CH (285eV) CO/CN(+1.5) O=C-N(+3.0) 

Theoretical 66.7 16.7 16.7 

0.3wt% 61.7 27.5 10.8 

0.35wt% 60.0 27.0 13.0 

0.4wt% 59.7 28.7 11.6 

pNIPAM 65.0 22.3 12.7 

TEOS 47.0 53.0 0.0 

Blank Si 95.4 4.6 0.0 

 

4.3.2 Cellular response  

At 37 ˚C, cells adhered and proliferated equally well on all surfaces. After 

decreasing the temperature to 4 ˚C, cells were detached, with the most cell 

detachment occurring on 0.35 wt% spNIPAM surfaces (see Figure 4.3 and Table 

4.3). This correlates with the observation that 0.35 wt% spNIPAM also had only 

significant contact angle change. In addition, while preparing the sol-gel/pNIPAM 

for deposition, it was observed that in the 0.4 wt% spNIPAM mixtures the 

pNIPAM would precipitate out.  
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Figure 4.2: Panel of representative high resolution XPS C1s spectra for 

spNIPAM only, 0.4 wt% spNIPAM, 0.35 wt% spNIPAM, 0.3 wt% spNIPAM, and 

TEOS only. The top four spectra all look similar, with peaks at 286.5 and 288 eV 

indicating successful deposition of pNIPAM. 

This observation would explain a lack of thermoresponsive pNIPAM on the 
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surfaces. In contrast, control surfaces composed of TEOS and blank glass cover 

slips did not release cells.  All surfaces with pNIPAM demonstrated some cell 

detachment with the least detachment on pNIPAM only surfaces. This suggests 

co-deposition with TEOS enhances cell release, possibly by stabilizing the films 

and inhibiting delamination. It is also interesting to note that cells released from 

the center of surfaces in the form of aggregated clumps, as indicated in Figure 

4.3 by asterisks. This phenomena is further investigated in Chapter 5. This is in 

contrast to other deposition methods, such as plasma deposited pNIPAM 

(ppNIPAM), where the cells release in confluent sheet starting at the edges of the 

surfaces.167  

Table 4.3: Bovine aortic endothelial cell release from spNIPAM (shaded grey) 

and control surfaces. n=9 for all surfaces with a standard deviation of less than 

2%. 

Surface % Cell Release 

0.3wt% 39.3 

0.35wt% 75.3 

0.4wt% 65.1 

pNIPAM 30.4 

TEOS 0.0 

Blank Glass 0.0 
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Figure 4.3: Representative cell images after cell detachment procedure showing 

the most cell detachment from 0.35wt% spNIPAM. The arrow indicates a cell is 

stall attached to the surface. There was no cell detachment on the blank control 

slide and moderate detachment from 0.3wt% and 0.4wt% spNIPAM surfaces. 

The asterisks indicate aggregated clumps of cells that are releasing from the 

surface. 
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4.4 Conclusions 

A method developed by Rao et al. was successfully adapted for the deposition 

of pNIPAM for bioengineering applications. Using this pNIPAM in conjunction 

with a sol-gel was found to be instrumental in maintaining film integrity during 

experimentation, where thermoresponse and cell detachment properties were 

tested. This method allowed for relatively inexpensive and quickly fabricated 

surfaces. Determination of the amount of pNIPAM to sol-gel demonstrated that 

0.35wt% spNIPAM surfaces had both the best thermoresponse and cell release. 

Cells detach from the spNIPAM surface as isolated cells or aggregated clumps, 

which may limit the utility of this technique for cell sheet engineering, where intact 

sheets are desired. However, this technique is a simple and affordable 

alternative to previously described pNIPAM deposition methods for those 

applications that do not require intact cell sheets, such as protein 

preconcentration or biofouling release. 
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Chapter 5: Effect of Polymer Deposition Method on 

Thermoresponsive Polymer Films and Resulting Cellular 

Behavior 

Published by Reed, JA; Love, S.; Lucero, A.E.; Haynes, C.; Canavan, H.E. in 

Langmuir.140 

5.1 Introduction 

As was discussed in Chapter 2, pNIPAM has been used for a wide range of 

applications. Depending on the application, the method used to deposit the 

pNIPAM film may be altered to achieve the desired properties, as reviewed by 

Da Silva.10 Many techniques exist for the deposition of pNIPAM films (e.g., 

electron beam ionization,168 grafting by UV,169 and atom transfer radical 

polymerization161, 170), but not all are compatible with cell culture, which is 

performed using sterile, optically transparent tissue culture polystyrene (TCPS) 

plates. In addition, few direct comparisons have been made between these 

methods to determine which method is most ideal for use with mammalian cells. 

In this work, two methods of deposition: plasma polymerization (ppNIPAM)15 and 

deposition of pNIPAM with a sol-gel (spNIPAM)16 are compared. These 

techniques were optimized separately15, 16 (see Chapter 4 and Lucero’s thesis171) 

to ensure that the ideal conditions for both were used to perform the comparisons 

made in the current work. Additional surface characterization including time-of-

flight secondary ion mass spectroscopy (ToF-SIMS) and atomic force microscopy 
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(AFM) were performed to determine the source of the differences in these two 

deposition methods. Furthermore, cell response to these surfaces was examined 

using carbon-fiber microelectrode amperometry (CFMA) to assess exocytosis 

function. From surface characterization of the resulting substrates, it was found 

that successful deposition of pNIPAM may be achieved using either deposition 

method, but AFM revealed a difference in topography that could explain why the 

cells responded differently depending on the deposition method. Amperometry 

studies indicate that mammalian cells grown on ppNIPAM behave more similarly 

to cells grown on uncoated glass, suggesting that ppNIPAM is more applicable 

for mammalian cell studies. From these results, it was concluded that deposition 

of pNIPAM using plasma polymerization yields films that have the best 

thermoresponsive and mechanical properties, as well as minimal impact on 

cellular viability and function.  

5.2 Experimental Methods 

The majority of the experiments carried out herein follow the procedures 

outlined in Chapter 2, including pNIPAM deposition, XPS, AFM, contact angle 

goniometry, and cell culture. Three repetitions of all experiments, producing three 

surfaces, were performed. Each surface was analyzed in three spots, for a total 

of 27 analyses. 

5.2.1 MAMC cell culture 

MAMC cells used as they have been fully characterized for amperometry 

experiments. This cell culture was performed in the laboratory of Prof. Christy 
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Haynes at the University of Minnesota (UMN). Primary culture murine adrenal 

medullary chromaffin cells (MAMC) were harvested from wild-type brown male 

mice (C57BL/6J, Jackson Laboratories, Bar Harbor, ME) less than 4 months of 

age, as previously described.19 Briefly, following euthanasia both adrenal glands 

were located and excised; then, cortical tissue was removed to reveal the 

medullary tissue. The medullary tissue was digested with neutral protease 

(Worthington Biochemical Corporation, Lakewood, NJ) for 30 minutes, rinsed 

with DMEM/F12 media (Hyclone, Logan, UT), triturated to create a cell 

suspension and then plated. All mice handling was done in accordance with the 

University of Minnesota Institutional Animal Care and Use Committee practices 

established under approved protocol #0509A75006. 

5.2.2 Carbon-fiber Microelectrode Amperometry (CFMA)  

This work was conducted at the University of Minnesota by our collaborators 

Sara Love and Christy Haynes. Exocytosis is used by the cell to excrete vesicles 

containing proteins and lipids, as shown in Figure 5.1. Using CFMA these 

exocytosis events are monitored using a microelectrode to collect a wealth of 

information. (See Figure 5.2 and 5.3) For instance, the spike frequency detected 

is an evaluation of the number of exocytosis events. When this value from cells 

on a surface are compared to a control surface that the cells would normally 

grow on, the spike frequency can be used to infer vesicle fusion events. If the 

spike frequency is higher on a coated substrate, this means that there has been 

a cytoskeletal reorganization that has led to more exocytosis events, or over 
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activation of the cell, which would be undesirable if these cells needed to model 

“normal” cells.  

 

Figure 5.1: Exocytosis, as illustrated above, is the fusion of vesicles from inside 

of the cell with the membrane of the cell, to release proteins and lipids.133 

 

 

Figure 5.2: Schematic of CFMA, where a stimulating pipette encourages 

exocytosis, while an electrode collects information on each exocytosis event. 

The number of molecules released, Q, describes the magnitude of signaling 

response while the average t1/2, or full-width at half-maximum, describes the 
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kinetics of exchange between the vesicle and extracellular space. These two 

features provide insight into specific components of exocytosis. If the t1/2 is 

perturbed that would mean that the surface is affecting the extracellular space in 

a manner that is reducing the kinetics of release by changing the osmolarity 

gradient.  

 

Figure 5.3: A single peak from CFMA data illustrating each element that is 

analyzed. The t1/2 (peak half width) is related to the time for full fusion of vesicles 

with the cell membrane and Q (area) corresponds to the number of molecules 

released. Each peak (or spike) represents an exocytosis event. 

Q is calculated by Faraday's law, shown in Equation 2, 

     Q=nNF,     Equation 2.2 

where Q is the charge, n is the number of electrons in the oxidation (2 for 

epinephrine), N is the number of moles of epinephrine secreted and F is 

Faraday's constant). If Q is perturbed, the number of molecules released from 

each exocytosis event is changed. A similar problem is seen when there is a 

change in spike frequency, indicating that the exocytosis events are not 

consistent with normal cell growth. By examining these three specific 

characteristics, average Q, t1/2, and frequency, one can determine if there are 
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alterations to normal cell signaling via exocytosis, after exposure to coated 

surfaces fabricated using various deposition methods. 

To conduct these studies, carbon-fiber microelectrodes and stimulating 

pipettes were fabricated in-house at University of Minnesota, following previously 

published methods.16 A single carbon fiber (Amoco, Greensville, SC) was 

aspirated into a glass capillary (AM Systems, Carlsberg, WA). It was then pulled, 

trimmed, epoxied (Epoxy Technology, Billerica, MA) and cured. (See Figure 5.4) 

Electrodes were beveled at 45˚ using a diamond polishing wheel and soaked in 

isopropyl alcohol saturated with activated carbon for a minimum of 10 minutes 

prior to use.  

 

Figure 5.4: Carbon fiber in a glass capillary, to form a microelectrode for CFMA. 

Microelectrode experiments were performed, as described previously,17-20 on a 

Nikon® Eclipse TE2000U inverted microscope (Nikon USA, Melville, NY) 

equipped with Burleigh PCS500 piezoelectric micromanipulators (EXFO 

Photonics Solutions Inc, Mississauga, Ontario). Cell medium was removed from 
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the Petri dish and was replaced with warmed Tris buffer (300 mM sodium 

chloride, 12.5 mM trishydroxymethylaminomethane, 8.4 mM potassium chloride, 

5.6 mM R-D-glucose, 4.5 mM calcium chloride, and 4.2 mM magnesium 

chloride). The temperature of the dish was maintained at 37°C with a TC-324B 

single channel temperature controller (Warner Inst, Hamden, CT) throughout 

experiments. The stimulating pipette was positioned approximately 30 to 50 µm 

from the cell being examined, and exocytosis was stimulated using a 3-second-

bolus of 60 mM K+, delivered using a 1.5 psi nitrogen pulse. The microelectrode 

was held at +700mV vs. Ag/AgCl reference electrode to oxidize only secreted 

epinephrine/norepinephrine while current was monitored. Recording began three 

seconds prior to stimulation of exocytosis and data was collected for a total of 30 

seconds. The current recording was obtained using an Axopatch™ 200B 

potentiostat (Molecular Devices, Inc., Sunnyvale, CA) where oxidation current 

was low-pass Bessel filtered (5 kHz) and amplified (20 mV/pA). This was 

collected using a home-built breakout box in combination with Tarheel 

Electrochemistry software run in LabVIEW™ (National Electrochemistry Suite 

software module in LabVIEW, National Instruments, Austin, TX). Exocytosis 

release was monitored from multiple cells in a dish within two hours of removal 

from incubation conditions, which typically resulted in traces from 5 to 15 cells 

per culture dish. 

5.3 Results and Discussion 

pNIPAM has many potential applications, thus there are many methods of 
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deposition used to tailor the coating to each use. For example, SAMs and ATRP 

deposition methods are used for bacterial studies, while electron beam ionization 

is used for tissue engineering. Each of the aforementioned techniques results in 

different surface characteristics. For instance, the change in wettability of these 

pNIPAM surfaces yield contact angles between 5˚-65˚.32-34 Since differences in 

surface characteristics can influence cell attachment, proliferation, and release,35 

a multiple surface analysis approach was used to compare the two deposition 

methods of interest, followed by cellular response studies, to verify that these 

surfaces are biocompatible and support the maintenance of normal cellular 

functions. 

Previous work has investigated two promising pNIPAM deposition methods, 

including plasma polymerization (ppNIPAM)15 and deposition of pNIPAM with a 

sol-gel (spNIPAM).16 Using these two methods, it was observed that there are 

distinct differences in the cell response to the substrate coatings, and it was 

hypothesized that pNIPAM deposition must not only be altered to fit the 

substrates and surface chemistries necessary for the desired application, but 

also to obtain the least altered cell response. To test this hypothesis, this work 

compared the two methods currently used to deposit pNIPAM for applications 

using mammalian cells. 

5.3.1 Surface characterization  

XPS was used to ensure that pNIPAM was successfully deposited, regardless 

of deposition method. The presence of nitrogen in the elemental XPS data (see 
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Figure 5.5) demonstrates that both ppNIPAM and spNIPAM deposition methods 

resulted in pNIPAM substrates. The ppNIPAM substrates more closely mimicked 

the theoretical relative atomic percentages that were determined from the 

monomer structure. However, this is mainly due to the large presence of silicon 

in the spNIPAM surfaces, since this method requires the use of a silicon-based 

sol-gel (TEOS). The amide (288 eV) and amine (286 eV) peaks on the XPS high 

resolution C1s spectra also indicated pNIPAM deposition (see Figure 5.6). Unlike 

in the elemental XPS data, the high-resolution C1s spectra of spNIPAM and 

ppNIPAM were very similar, thus supporting the fact that the relative atomic 

percentages for spNIPAM in Figure 5.5 were different from ppNIPAM and 

theoretical values due to the Si peak from the sol-gel. 

 

Figure 5.5: XPS elemental analysis of ppNIPAM (dark grey), spNIPAM (light 

grey), and blank Si controls (white). The presence of N1s on the ppNIPAM and 

spNIPAM surfaces indicates successful deposition of pNIPAM. When compared 

to the theoretical composition determined from the NIPAM monomer (black), 

ppNIPAM is most similar. 
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Figure 5.6: XPS high resolution C1s spectra of a blank Si control (top), spNIPAM 

(middle), and ppNIPAM (bottom) films. Presence of amide and amine peaks 

confirm pNIPAM deposition using both ppNIPAM and spNIPAM deposition 

methods. 

ToF-SIMS was used to further characterize the surfaces. While XPS can 

determine the molecular bonding environments present and the elemental make 

up of a substrate, ToF-SIMS is useful for analyzing the molecular fragments 

present. 134, 135 However, due to the complex data sets generated via ToF-SIMS, 

it is common to use PCA to analyze the data (see Figure 5.7).  

The PC2 scores plot demonstrates that there is a distinct difference between 

the two deposition methods. However, as was shown with XPS, the difference is 

primarily due to the TEOS fragments. There are pNIPAM fragments in both the 

ppNIPAM and spNIPAM substrates (e.g. 43 and 57 m/z). However, the spNIPAM 

surfaces are characterized by more fragments from initial monomer (MW=114), 

while the ppNIPAM substrates tend to have more fragments with high molecular 
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weight (e.g.156 m/z). The plasma used to deposit the ppNIPAM is high energy, 

thus resulting in larger fragments than those from the spNIPAM substrates where 

a pre-polymerized pNIPAM was used. 

 

Figure 5.7: PCA scores (top) and loadings (bottom) of ToF-SIMS data collected 

from ppNIPAM (triangles) and spNIPAM (asterisks) films. There is a distinct 

separation between the data obtained from samples prepared by the two 

deposition methods, which is due to the silicon based sol-gel (TEOS) used for 

spNIPAM deposition. 

5.3.2 Thermoresponse  

Contact angles were used to determine if there was a change in wettability 

above and below the LCST (see Table 5.1). Both spNIPAM and ppNIPAM 

surfaces demonstrated a change in hydrophobicity when the temperature was 
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shifted from 37 ˚C to 25 ˚C.  

Table 5.1: Contact angles for ppNIPAM, spNIPAM, and blank Si control 

surfaces, obtained above (right) and below (left) the LCST. Both ppNIPAM and 

spNIPAM demonstrated thermoresponse. There was no observable change on 

the Si controls. 

 25 ˚C 37 ˚C 

Blank Si Control 43 ± 2 44 ± 2 

spNIPAM 49 ± 6 62 ± 5 

ppNIPAM 24 ± 4 43 ± 9 

 

There was a larger shift in the ppNIPAM substrates (19 ± 10˚) than in the 

spNIPAM substrates (13 ± 8˚), a property that may be beneficial when working 

with mammalian cells, although a shift in contact angles does not always reflect 

cell response (see Lucero thesis). 24, 139 

Further investigation of thermoresponse showed a difference in the 

topography of the surfaces above and below the LCST as revealed by AFM 

analysis (see Figure 5.8).  Above the LCST, at cell culture temperature, both 

types of surfaces are relatively smooth. Obviously, the spNIPAM surfaces that 

were spun cast onto substrates are rougher than the plasma deposited surfaces 

due to the manner of deposition. However, when the polymer swells below the 

LCST, there are significant differences in the topography depending on the 

deposition method. 
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Figure 5.8: AFM images of ppNIPAM (left) and spNIPAM (right) substrates 

imaged in water above (top) and below (bottom) the LCST. At 37 ˚C, the surfaces 

are relatively smooth. However, when the temperature is shifted below the LCST, 

spNIPAM surfaces are extremely rough. 

The spNIPAM surfaces appear to have large islands of aggregated and 

swollen pNIPAM that create ~200 nm features, with an RMS of 6.8 ± 1.8. The 

ppNIPAM surfaces remain relatively flat, with only ~12 nm features, and an RMS 

of 1.1 ± 0.1. This is due to the fact that the ppNIPAM surfaces are entirely 

pNIPAM that is tethered to the substrate, and the spNIPAM has a copolymer that 

the pNIPAM is separating from upon the change in temperature. This separation 

was imaged when ToF-SIMS data was collected, and is shown in Figure 5.9. 
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Figure 5.9: Positive ion figure from ToF-SIMS of spNIPAM surface clearly 

showing physical separation.  

5.3.3 Mammalian Cell Culture  

BAECs were cultured and proliferated on bare glass, spNIPAM and ppNIPAM 

substrates. MAMCs were unable to be used for cell detachment studies, as they 

are primary culture cells that do not proliferate in culture. Previous work suggests 

that cell-cell interactions have been shown to assist in cell release from 

pNIPAM.36 Upon changing the temperature to below the LCST, the cells from the 

pNIPAM coated surfaces did begin to detach from the surfaces; however, the 

form of detachment varied depending on the deposition method (see Figure 

5.10). The spNIPAM surfaces released in small aggregates of cells, consistent 

with the topographical changes seen using AFM where only large islands on the 

surface swelled. In contrast, the ppNIPAM surfaces release as full cell sheets, 

with only a few cells remaining on the surfaces. The uniformity in surface 
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topography along with the larger shift in contact angles likely determined the 

success in cell detachment seen using this deposition method. 

 

Figure 5.10: Bright field microscopy images of BAECs cultured on spNIPAM 

(middle), ppNIPAM (bottom), and blank glass control (top) surfaces. The cells 

attached and proliferated above the LCST (left) on all surfaces. After the 

temperature was shifted to 4 ˚C (right), as expected there was no cell release 

from the control surfaces. There was complete cell detachment from ppNIPAM 

surfaces as a sheet, but aggregated clumps of cells detached from spNIPAM 

films. (Black scale bars = 100 µm) 

5.3.4 CFMA Exocytosis Response  

CFMA results indicate that these surface coatings do not have an impact in 
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exocytosis, as there were no perturbations in the average spike frequency for 

any of the coating conditions (p>0.05, data not shown). Despite this result, cells 

were found to have altered exocytosis function after 24 hours of culture on both 

types of pNIPAM surfaces, as shown in Figure 5.11. 

 

Figure 5.11: CFMA results from cells cultured on glass (white) and TEOS (black) 

control substrates, as well as spNIPAM (light grey) and ppNIPAM (dark grey) 

substrates. Perturbations in exocytosis for average charge (Q) and spike half-

width (t1/2) were revealed to change with surface deposition method, with more 

perturbations for the spNIPAM deposition. Statistical significance is denoted with 

* as calculated using a students t-test, where p was < 0.05. 

In both conditions where pNIPAM surfaces were used, there was a 

corresponding increase in the spike t1/2, 35 and 47% increase for plasma or spin 

coated surfaces, respectively, indicating that exchange between the vesicle and 

extracellular space was slowed (p<0.05). As this process gives insight into the 

release kinetics of the matrix unfolding within the average vesicle, it appears that 

matrix expansion is inhibited by the presence of the pNIPAM coating, yielding 

slower release of vesicular content into the extracellular space. As the exchange 
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between vesicles and extracellular space is driven by a variety of forces, 

including an osmolarity gradient, the presence of a surface coating is likely to 

perturb this local environment and thus the driving forces of exchange. This was 

compared to a TEOS only-coated control, where an increase in t1/2 was not seen, 

indicating that this alteration was specifically a result of the presence of a 

pNIPAM coating (p>0.05).  

Additionally, in the case of cells incubated on spNIPAM, there was also an 

impact on the average spike area, which is related to the total number of 

molecules released (see Average Q in Figure 5.11). The presence of the 

spNIPAM coating lead to an increase in the number of molecules secreted from 

the average vesicle, going from 960,000 to 1.3 x 106 molecules, a 35% increase 

(p<0.05). Considering that there are approximately 22,000 vesicles within a 

single chromaffin cell, if they all released at this augmented level, a single cell 

would be releasing 4.5 x 109 more chemical messenger molecules. For tissue 

engineering applications, this type of hyper-activated state and exaggerated 

release could lead to dire consequences for the resultant tissues. For example, if 

instead of MAMCs, the engineered tissue contained cells secreting a 

neurotransmitter like histamine, hundreds to thousands of cells releasing 35% 

more molecules of histamine would certainly be detrimental to normal growth in 

this pro-inflammatory state.  

These CFMA results suggest that pNIPAM coatings do have effects on the 

maintenance of normal cell functions during mammalian cell culture in a 
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deposition-dependent manner. During CFMA studies, it was also clear that there 

were qualitatively fewer cells in the TEOS only (control) and spNIPAM conditions. 

This suggests that while both deposition methods can support cell culture, 

ppNIPAM surfaces allow more normal cells to grow while having a smaller impact 

on each cell’s function.  

5.4 Conclusions  

In this work, the differences in surface properties and cellular response of two 

pNIPAM deposition methods were compared.  Using a multi-technique approach, 

including XPS and ToF-SIMS, the surface chemistry of films deposited using 

both deposition methods were analyzed, demonstrating successful deposition of 

pNIPAM. In addition, using AFM and contact angle measurements, it was 

demonstrated that thermoresponse was maintained. Topographical differences in 

the surfaces showed that, although both spNIPAM and ppNIPAM-coated 

substrates were relatively smooth above the LCST, there was significant 

roughness on spNIPAM substrates below the LCST. Finally, as these surfaces 

were primarily fabricated for mammalian cell studies, cell attachment, 

proliferation, detachment, and critical cell exocytosis function were analyzed. It 

was found that cells did proliferate on surfaces coated using both methods of 

deposition, with the most cell detachment from the ppNIPAM surfaces. 

Additionally, although cells grow on pNIPAM-coated surfaces obtained from both 

methods, there were significant changes in the cell densities and perturbations in 

cellular communications (as measured using CFMA) on spNIPAM surfaces. 
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Overall, cells cultured on ppNIPAM surfaces provided cellular responses, 

including both cell survival and function, most similar to cells cultured on 

uncoated glass. 

From these results, it is clear that although pNIPAM can be successfully 

deposited using different techniques and maintain thermoresponse, the 

deposition method influences coating uniformity and behavior which, in turn, 

determine which deposition method is appropriate for the desired application. For 

instance, although both spNIPAM and ppNIPAM substrates both successfully 

release mammalian cells, for applications such as cell sheet engineering, cell 

culture using ppNIPAM substrates would be preferable, because maintenance of 

normal cellular function is more successful using ppNIPAM surfaces. In contrast, 

spNIPAM is a simple, inexpensive method of deposition that may be more 

appropriate for applications not requiring confluent (and unperturbed) cell sheets, 

such as protein separation. In summary, the work reported herein demonstrates 

that plasma deposition of pNIPAM is most useful for any application requiring an 

even topography, similar response across the substrate, and/or cells with 

minimal functional perturbations. 
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Chapter 6: Effect of Substrate Storage Conditions on the 

Stability of “Smart” Films Used for Mammalian Cell 

Applications 

Submitted for publication by Reed, J.A.; Bluestein, B.M.; Canavan, H.E. in 

Biomacromolecules, February 21, 2011. 

6.1 Introduction 

To date, there has been limited development in the United States of 

engineered tissues from cell sheets harvested from pNIPAM due to an 

uncertainty of the mechanism behind the cell release.27 Currently, it is unknown if 

pNIPAM detaches from the underlying substrate and is transferred with the cells 

upon cell detachment, which would raise concern as to whether pNIPAM is 

biocompatible (see Figure 6.1).169, 170, 172-187 Most of the research performed on 

the polymer focuses on the material characteristics, but do not assess the 

biocompatibility of the tethered polymer. In fact, there are very few studies on the 

cytotoxicity of pNIPAM.188 Furthermore, the few studies that do exist report 

conflicting conclusions. One thing that is clear is that the monomer is toxic.157, 161, 

166, 169, 170, 189 Thus, if there were any monomer remaining in a pNIPAM film for 

incubation of cells, the surface would engender questions about its 

biocompatibility as the monomer could potentially leach into the surrounding 

cellular environment. Furthermore, any instability of a pNIPAM film could lead to 

cytotoxicity, thus the method of deposition could affect the biocompatibility.  



97 
 

 

 

Figure 6.1: Schematic illustrating possible mechanisms of cell detachment from 

pNIPAM. Above the LCST, cells attach to pNIPAM-coated surfaces (top, left). 

When the temperature is shifted below the LCST, the polymer swells, and the 

cells detach either by disruption of the cells (top, right), the ECM (bottom, left), or 

the film (bottom, right).   

There are many methods for depositing pNIPAM onto a substrate, including 

atom transfer radical polymerization (ATRP), electron beam ionization, and 

solution deposition.167 In the previous chapter, two methods of deposition 

(plasma and co-deposition with a sol-gel) were compared, demonstrating that 

both were technically appropriate for obtaining thermoresponsive pNIPAM films. 

However, the surfaces that were co-deposited with a sol-gel seemed to cause 

some disruption in cell activity.112 In that work, it was concluded that the cell 

behavior variation could be due to film instability, causing chemicals to leach out 
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from the surface. Takezawa et al. have previously stored their surfaces below the 

LCST before use, to ensure film stability.118, 125, 167  

The current study investigates the stability of both plasma polymerized and 

sol-gel co-deposited pNIPAM substrates for the amount of time required to obtain 

confluent cell sheets. As the ultimate goal is to use these substrates as cell 

culture platforms and thus film stability is required, claims that the conditions of 

surface storage affect the stability of pNIPAM films were also investigated. Thus 

in this work, a comparison of the two methods of deposition to determine if there 

is film instability was investigated, as well as if this instability can be avoided by 

altering the storage of the films pre-cell culture by assessing film chemistry, 

thermoresponse, cytotoxicity, and biocompatibility. 

6.2 Experimental Methods  

The majority of the experiments carried out herein follow the procedures 

outlined in Chapter 2, including pNIPAM deposition, XPS, contact angle 

goniometry, biocompatibility, cytotoxicity, and cell culture. Three repetitions of all 

experiments, producing three surfaces, were performed. Each surface was 

analyzed in three spots, for a total of 27 analyses. In addition, XPS and contact 

angle goniometry were performed on substrates after they were conditioned 

according to the parameters described below. XPS analysis was performed on 3 

of the 4 conditions, described below, providing the information necessary to 

compare the 2 variables of interest (storage temperature and humidity). 

6.2.1 Storage of surfaces  
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After modification the surfaces were stored at 25 ˚C with low humidity 

conditions (30% relative humidity), 25 ˚C with high humidity conditions (90% 

relative humidity), 37 ˚C with low humidity conditions, or 37 ˚C with high humidity 

conditions. Surfaces were stored in these conditions for at least 24 hours before 

use. 

6.2.2 Delamination study  

Coated silicon chips were used for surface analysis. These surfaces were 

submerged in DPBS for 2 hours and 48 hours to compare to cell response. Each 

silicon chip was rinsed thoroughly with Ultrapure water (18 MΩ) and dried with 

nitrogen after submersion in DPBS.  

6.3 Results and Discussions 

6.3.1 Initial conditions  

Using XPS, it was confirmed that there was successful deposition of pNIPAM 

using both the spNIPAM and ppNIPAM deposition methods. As demonstrated by 

the relative atomic percentages (see Table 6.1), before submerging the surfaces 

in DPBS, all surfaces are relatively similar to the theoretical values (75% C, 

12.5% O, and 12.5% N) calculated from the composition of the monomer. It 

should be noted that spNIPAM surfaces differed from theoretical values due to 

the presence of Si at 7-20%, which arises from the use of TEOS sol. In addition, 

pure pNIPAM would be composed of 66.7% CH/CC (285 eV), 16.7% amide (286 

eV), and 16.7% amine (288 eV) bonds. The high resolution C1s spectra in Figure 
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6.2 and the data in Table 6.2 illustrates that spNIPAM (68.7% CH/CC, 17.1% 

amide, and 14.2% amine) and ppNIPAM (62.1% CH/CC, 20.8% amide, and 

17.1% amine) surfaces have similar bonding environments to the theoretical 

values, as demonstrated previously, proving deposition of pNIPAM in each 

case.27, 167  

 

Figure 6.2: XPS high resolution C1s spectra of ppNIPAM (top) and spNIPAM 

(bottom) films after storage in 25˚C, low humidity (left) and 37˚C low (middle) and 

high (right) humidity conditions. All surfaces have the bonding environments 

indicative of pNIPAM deposition, including CH/CC (285eV), CN/CO (286eV), and 

O=CN (288eV). 
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Table 6.1: XPS survey data of ppNIPAM (top), spNIPAM (middle), and blank 

control Si chips (bottom) stored at 25˚C low humidity (left), 37˚C low  (middle) 

and high humidity (right) conditions before submersion in DPBS for 0 (white), 2 

(light grey), or 48 (dark grey) hours. PpNIPAM surfaces remained stable 

regardless of storage conditions. SpNIPAM surfaces were not stable over time, 

and the storage conditions affected the final surface composition. (n=9, standard 

deviation <5) 
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Table 6.2: XPS High Resolution Carbon data of ppNIPAM (top) and spNIPAM 

(bottom) stored at 25˚C low humidity (left), 37˚C low  (middle) and high humidity 

(right) conditions before submersion in DPBS for 0 (white), 2 (light grey), or 48 

(dark grey) hours. All surfaces maintain carbon binding environments indicative 

of pNIPAM deposition, regardless of storage conditions. (n=9, standard deviation 

<5) 

 

Using contact angle goniometry, it was confirmed that the surfaces, prior to 

exposure to DPBS, were thermoresponsive (see Table 6.3). The thermoresponse 

at 0hr for both ppNIPAM and spNIPAM at all temperatures and relative humidity 

values follow the desired trend of higher contact angles above the LCST and 

lower contact angles below the LCST.  PpNIPAM surfaces stored at 25 ˚C with 

low humidity change in contact angle across the LCST (~17˚, with the standard 

deviation for all ppNIPAM contact angles at 0hr < 3.0˚). While spNIPAM surfaces 

had a 6.4˚ change in contact angle (standard deviation for all spNIPAM contact 
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angles at 0hr are < 2.5˚). The control surfaces stored at 25 ˚C with low humidity 

showed no statistical change across the LCST; as expected, the controls 

followed this trend throughout the experiment regardless of storage temperatures 

and relative humidity values. The controls did exhibit an increase in hydrophilicity 

after storage in DPBS for 48 hours, due to a film of trace salts. However, the 

surfaces were not thermoresponsive across the LCST.  

With a shift to a higher relative humidity, ppNIPAM surfaces are still 

thermoresponsive, although the change in the contact angle across the LCST 

decreased compared to 0 hour (7.7˚ vs. 17˚ respectively). This could be due to 

increased incorporation of water in the film when stored at high humidity 

conditions. The spNIPAM surfaces remained relatively stable with a 6.3˚ change. 

When the temperature was shifted to 37 ˚C at low humidity, ppNIPAM surfaces 

exhibited about a 5.9˚ change in contact angle, and spNIPAM exhibited a 9.3˚ 

change in contact angle. At 37 ˚C ppNIPAM and spNIPAM surfaces remained 

stable with 8.7˚ and 9.1˚ changes in contact angle respectively when the humidity 

value was shifted to a higher relative humidity. This indicates that although the 

surfaces were all stored at different temperatures and relative humidity 

conditions, the surfaces had a 5˚-10˚ change in contact angle before submersion 

in DPBS, with thermoresponse that is similar to what has been previously 

reported. 112  
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Table 6.3: Contact angles for ppNIPAM (top), spNIPAM (middle), and blank 

control Si surfaces (bottom) at all storage conditions taken above and below the 

LCST. Control surfaces show no thermoresponse, while ppNIPAM and spNIPAM 

surfaces before submersion in DPBS (0hr) were thermoresponsive. PpNIPAM 

surfaces maintained thermoresponse after 48 hours in DPBS, while spNIPAM 

surfaces showed either no thermoresponse or reverse thermoresponse. N=9 with 

a standard deviation less than 3, except for those marked with asterisk where the 

standard deviation is less than 5. 

 

6.3.2 Surface stability  

Over the 2 day period necessary to obtain confluent cell sheets, ppNIPAM 
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surfaces appear chemically stable, showing no statistically relevant deviation in 

relative atomic percentage of species present initially (62.1% C, 20.8% N, and 

17.1% O) regardless of the storage conditions. In addition, high resolution C1s 

spectra indicate that carbon species present also remained statistically 

unchanged, despite the storage condition or time exposed to DPBS (see Figure 

6.2 and Table 6.2).  

The relative humidity of the storage condition has very little influence on 

surface chemistry, as illustrated by the lack of change on spNIPAM films that 

were highly influenced by temperature. Above the LCST, regardless of humidity, 

the surface chemistry of spNIPAM films begin to deviate from the theoretical 

pNIPAM with a 5.0% and 12.3% increase in Si and O2 and a 14.6% and 2.7% 

decrease in C and N respectively. This indicates that the pNIPAM maybe 

delaminating from the surface, and there is more Si (from either the underlying 

substrate or the sol-gel) than pNIPAM present on the surface. Below the LCST, a 

similar trend is seen with a decrease in 5.2% C and a 4.3% increase in Si, but 

there is not statistically relevant shifts in O or N. 

PpNIPAM surfaces retained a 5˚-12˚ change in contact angle across the 

LCST, with the most change seen on the ppNIPAM films stored at 25 ˚C with low 

relative humidity. As importantly, there was no statistical difference in 

thermoresponse seen by changing the storage conditions of the ppNIPAM 

surfaces. 

The results also show that the thermoresponse for ppNIPAM films was most 
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affected by humidity, while spNIPAM films were affected by storage temperature. 

Furthermore, the best thermoresponse was seen on ppNIPAM surfaces that 

were stored at 25 ˚C and low humidity.  Obviously, these results indicate that 

temperature is affecting the stability of the films. Takezawa et al. found that 

pNIPAM films air dried onto a substrate are also more stable when stored below 

the LCST (it should be noted that humidity was not a variable for their 

experiments).125 

In contrast, the spNIPAM surfaces appear to lose the thermoresponsive 

characteristic of pNIPAM regardless of storage conditions. In fact, at the time 

when these surfaces would need to be thermoresponsive to obtain cell sheet 

release (2 days), the surfaces have reversed thermoresponse (a -6˚ to 0˚ 

change). As early as 2 hours after submersion in DPBS, the surfaces have 

drastically reduced thermoresponse, dropping from a 6˚-9˚ change to a 2˚-6˚ 

change. These results indicate that there is a change in the spNIPAM films’ 

characteristics almost immediately, possibly due to the delamination of the film.  

From these results, it appears that ppNIPAM surfaces remain stable 

chemically and maintain thermoresponse during the experimental time frame that 

is consistent with cell culture. This would suggest that the ppNIPAM surfaces 

should have a better cell detachment than the spNIPAM surfaces. However, as 

determined by Lucero et al., thermoresponse is not always a reliable indicator of 

cell response. 111  

6.3.3 Cell adhesion  
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BAECs were cultured using previously described technique.190 Cells attached 

to ppNIPAM surfaces within 2 hours of seeding, comparable to blank control 

surfaces. However, images obtained 2 hours after seeding the cells indicate that 

the cells are less likely to attach to spNIPAM surfaces stored below the LCST 

initially (see Figure 6.3, middle row).  

 

Figure 6.3: Bright field microscopy images of BAECs obtained 6 hours prior to 

cell seeding on ppNIPAM (top), spNIPAM (middle), or blank control glass 

surfaces (bottom). Within 6 hours, there was normal cell attachment onto 

ppNIPAM and control surfaces, but minimal adhesion to spNIPAM surfaces.   
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Figure 6.4: Bright field microscopy images of BAECs after 48 hours of incubation 

on ppNIPAM, spNIPAM, and control glass surfaces. Cells grown on ppNIPAM 

grew to confluence within 48 hours. However, on spNIPAM surfaces the cells did 

not spread or proliferate to confluence on any of the surfaces, where the 37˚C 

low humidity storage condition for these surfaces demonstrated the least cell 

attachment. 

Eventually, cells grew to confluence on all surfaces, suggesting that deposition 

and storage method do not affect the long term cell growth of the surfaces. Since 

the cells do ultimately attach to the surfaces (as shown in Figure 6.4), and 

surface analysis suggests that there is a change in the surface chemistry, the 

cells are most likely attaching after the surface changes for all surfaces except 

those stored above the LCST in low humidity conditions. In this case, there is still 
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limited cell attachment with many cell aggregates, indicating that these adherent 

cells would rather attach to each other than the substrate. Due to the 

aforementioned lack of cell attachment, the viability of the cells on the surfaces 

was analyzed. 

6.3.4 Cytotoxicity  

A cytotoxicity study was completed to investigate the effect of the pNIPAM 

leaching into the media. This was done by incubating the ppNIPAM and 

spNIPAM surfaces from each storage condition at cell culture conditions with 

media for 24 hours.190 Since it was clear from surface analysis that there was 

disruption of the spNIPAM surfaces, anything that would leach out from the 

surfaces would be collected in this treated media. Therefore, if either the 

spNIPAM or ppNIPAM surfaces are leaching out something that is harmful to the 

cells, when the treated media is used during incubation with normal, healthy 

cells, the cells should no longer be viable. In this case, BAECs were incubated 

with 100%, 10%, 1%, and 0% treated media to determine if there was any 

cytotoxic chemicals leaching into the treated media, as well as to determine what 

amount of the cytotoxic chemicals would decrease cell viability. As shown in 

Figure 6.5, even when del cells were incubated with 100% treated media, there 

was no adverse effect on viability for either spNIPAM or ppNIPAM surfaces. The 

cells remained viable, staining green with a LIVE/DEAD® assay, with the highest 

possible amount of the leached chemicals.  
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Figure 6.5: Fluorescent microscopy images showing live (green) and dead (red) 

BAEC after 24 hours of incubation with 100% treated media extracted from 

ppNIPAM (top), spNIPAM (middle), or blank control glass surfaces (bottom). All 

conditions maintained normal cell growth resulting in live cells after being 

exposed to treated media. 

6.3.5 Biocompatibility  

Finally, the cells were monitored at different time points when cultured directly 

on the substrates to see which storage conditions would be the most 

biocompatible, or which surfaces supported cell growth and proliferation. BAECs 

were seeded at a low density and incubated for 6 hours, 24 hours, and 72 
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hours.126 Again, a LIVE/DEAD® assay to determine whether the cells that were 

present at each time point were viable. As previously mentioned, there was 

minimal cell attachment to the spNIPAM surfaces initially (see Figure 6.6). 

However, after 24 hours, all surfaces have some cell attachment and 

proliferation. At this time point, spNIPAM surfaces appeared to be less 

populated, with fewer cells attached, than the ppNIPAM surfaces, regardless of 

the fact that both surfaces were seeded with approximately the same number of 

cells. The most cell attachment for spNIPAM surfaces at 24 hours was on 

surfaces stored at 37 ˚C, low humidity. These were also the surfaces that had 

lost all thermoresponse at 2 hours, and thus have delaminated to the point that 

the cells can better anchor to the substrate.  By the final time point at 72 hours, 

the cells were most confluent on ppNIPAM substrates previously stored at 25 ˚C, 

low humidity. As seen in Figure 6.6, all surfaces stored at 25 ˚C resulted in 

substrates that permitted for normal cell attachment and morphology as opposed 

to substrates stored at 37 ˚C, regardless of humidity. However, all surface 

conditions were technically biocompatible, resulting in eventual cell attachment, 

normal cell morphology, and limited apparent cell death.  
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Figure 6.6: Fluorescent microscopy images of live (green) and dead (red) 

BAECs on ppNIPAM (top), spNIPAM (middle), and control (bottom) surfaces 

during the biocompatibility study at 6 and 72 hours of exposure to the surfaces. 

Cells attached and proliferated most on ppNIPAM surfaces.  

These results illustrate that all of the surfaces, regardless of deposition 
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method and storage conditions, can be used for mammalian cell culture. Thus, 

even if the surfaces are delaminating, this is not affecting the growth or viability of 

the cells when compared to control substrates. However, since the primary use 

for these substrates is to generate cell sheets, which require intact pNIPAM films, 

ppNIPAM surfaces prove to be most useful. In the interest of thoroughness, five 

cell lines were tested for biocompatibility via culturing them on ppNIPAM films 

after storage at 25 ˚C with low relative humidity. All five cell lines showed normal 

adherence and viability and it was concluded that ppNIPAM films stored in this 

manner were biocompatible, and ideal for tissue engineering applications 

(Appendix IV). 

6.4 Conclusions 

Although it is possible to deposit pNIPAM using spin coating (spNIPAM) and 

plasma (ppNIPAM) deposition, the pNIPAM films clearly are affected by both 

deposition method and storage conditions. Over time, it was found that the 

spNIPAM surfaces are unstable, regardless of storage conditions. Interestingly, 

at temperatures below the LCST, the surfaces begin to resemble pure pNIPAM 

substrates, while surfaces stored above the LCST quickly lose thermoresponse 

and chemical environments indicative of a pNIPAM substrate. This surface 

change also affects cell attachment, resulting in limited attachment until the 

surfaces better resemble their final state. Since the ppNIPAM surfaces are more 

stable over time, regardless of the storage conditions, these surfaces have more 

cell attachment and normal cell morphology, making them more useful for cell 
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sheet engineering applications. In addition, storage below the LCST creates 

more stable surfaces for mammalian cell applications. Although humidity seems 

to only slightly affect surface chemistry, thermoresponse, and cell studies for 

ppNIPAM surfaces, there is a slight preference of cells to surfaces stored in low 

humidity conditions.  
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Chapter 7. Electrospinning pNIPAM for Mammalian Cell 

Culture Applications 

Manuscript in preparation for publication by Cicotte, K.N.; Reed, J.A.; DeLora, 

J.A.; Canavan, H.E.; Hedberg-Dirk, E.L.    

7.1 Introduction 

Many deposition methods for pNIPAM have been explored for the purpose of 

mammalian cell culture and harvest, as described in Chapter 2. One limitation to 

many of these techniques is the relatively slow detachment of cell sheets from 

pNIPAM substrates. For instance, it has been reported to take up to 80 minutes 

for a cell sheet cultured on a 35 mm plate derivatized with pNIPAM using an 

electron beam ionization technique to detach from its culture substrate.126 This 

slow release is most likely due to the limited access of hydrating water to flat (2-

Dimensional) films, such as pNIPAM-treated Petri dishes, which results in slow 

swelling of the film at room temperature.  

Previously, Kwon et al., demonstrated that one method to overcome this 

problem is to provide a surface that has a high surface area to volume ratio, such 

as a porous substrate.191 The method described in that work relied on pNIPAM 

copolymerized with polyethylene glycol (PEG) using electron beam ionization on 

PVDF membranes to accelerate the hydration of hydrophilic pNIPAM chains, and 

resulted in cells that were released in 20 minutes for tissue engineering 

applications. In this work, an alternative method for the formation of highly porous 
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pNIPAM materials for rapid cell release was explored. Namely, rather than 

treating a porous membrane with pNIPAM (which relies on the derivatization of a 

relatively non-reactive paper-based material with pNIPAM), instead porous mats 

that were composed entirely of pNIPAM via electrospinning (espNIPAM) were 

created for mammalian cell culture applications.  

Electrospinning is an established technique for the fabrication of polymeric 

mats with nano to micron sized fibers. Electrospinning has been previously used 

to fabricate numerous biomaterial mats from natural (chitosan) and synthetic 

(PLLA) materials.192 Recently, Okuzaki et al. created thermoresponsive 

espNIPAM mats, although the mats were not used for cell culture applications.193  

Briefly, electrospinning uses a voltage drop to form fibers in the void between 

a needle and a collection plate. The solution begins to evaporate and the 

remaining solid, which comprises the resulting mat, is accelerated in a whipping 

action towards the target.128 Importantly, the mats should be sufficiently porous to 

allow for rapid hydration to the whole surface (vs. only the apical surface of a 

pNIPAM-treated Petri dish, or the edges of a pNIPAM-treated membrane).  

In this work, we investigated the use of an electrospinning device that was 

built in house.194 The electrospinning technique pioneered by Rockwood et al., 

was optimized for cell culture applications, by varying characteristics such as the 

molecular weight (MW) of the pNIPAM powder used, the gauge of the needle 

used, and collection time.192 Prior to their use for cell culture, the mats’ chemistry, 

thermoresponse, and topography/morphology were assessed using secondary 
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electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), 

XPS, and microscopy. Subsequent to the material characterization, the suitability 

of the espNIPAM mats was assessed by seeding them with EMT6 and MC3T3-

E1 cells, and incubating them at cell culture conditions to allow cell sheet 

formation. Due to the hydrophilic nature of the polymer at low temperatures and 

the large surface area, we found that when the cells were confluent and the 

temperature was changed to ~25 ºC, the mat swelled rapidly, resulting in a 

detached cell sheet that could be used for tissue engineering and cancer cell 

biology applications.  

7.2 Experimental Methods 

The majority of the experiments carried out herein follow the procedures 

outlined in Chapter 2, including espNIPAM processing, XPS, cytotoxicity, 

CellTracker™, and cell culture. Three repetitions of all experiments, producing 

three surfaces, were performed. Each surface was analyzed in three location, for 

a total of 27 analyses.  

7.2.1 FTIR 

FTIR was carried out at Sandia National Laboratory using a Nicolet™ 6700 

FT-IR (Thermo Electron Corporation) equipped with a continuum microscope. 

OMNIC™ Software (ThermoScientific) parameters included selecting a 

transmission ESP accessory, detector (DTGS KBr) and beamsplitter  (XT-KBr). 

  Sample preparation for pNIPAM included making a 1 mg/ml solution in 
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methanol (MeOH) and drop casting the solution on a KBr plate (Aldrich), and for 

electrospun mats (espNIPAM) the spectra was recorded as spun (neat).  Data 

were collected for 64 scans at a resolution of 4, from 400-4000 cm-1.  Spectra 

were exported as an .asc file and analyzed in Excel (Microsoft Corp.).  All 

Spectra were normalized to the C=O stretching at 1640 cm-1. 

7.2.2 SEM 

SEM analysis was performed with a Zeiss Supra 55VP Field Emission Gun 

SEM at Sandia National Laboratory. The samples were sputter coated with AuPd 

in an Edwards S150B sputter coater for 12 seconds. Imaging was done with 2 to 

5kV acceleration voltage, depending on how the sample was reacting (i.e. 

charging).  Image acquisition was performed with SmartSem software provided 

by Zeiss. Image analysis utilized Image J to determine the diameter of fibers in 

the mats.  

7.2.2 Thermoresponse  

The thermoresponse of the mats were tested using a CO2 microscope stage 

incubator from Okolab (Naples, Italy). Using the Okolab software, the 

temperature of the stage incubator was held constant at temperatures ranging 

from 26 ˚C to 40 ˚C. Within the incubator, mats were exposed to water and 

observed via light microscopy (Nikon F100, Melville, NY) and a 10x objective.  

7.2.3 Transfer of harvested cells  

The above assays made it clear that cells would attach normally on pNIPAM 
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substrates. It was still unclear, however, whether the harvested cell sheets were 

intact and would proliferate normally if transferred to a new substrate. To assess 

the condition of the cells, they were detached, aided by PVDF as described in 

Chapter 2, and relocated into a new well. Cells were monitored for 24 hours.  

7.3 Results and discussions  

7.3.1 Preparation of mats 

EspNIPAM mats were fabricated by adapting a previously published 

method,191, 193 although that publication is focused on the fabrication of 

espNIPAM mats using only a singular set of parameters (polymer concentration 

vs. voltage). In this work, we adapted a number of conditions, including MW, 

needle gauge size, and mat collection time. These parameters were chosen as 

they would affect mat density and fiber size, which are important considerations 

when using the mats for cell culture.194  

Briefly, both high molecular weight (HMW, ~300 kDa) and low molecular 

weight (LMW, ~40 kDa) pNIPAM were prepared as a 10 wt% solution in 

methanol. Mats were produced using a generic electrospinning set up with 

collection on a target in the horizontal position (Figure 7.1). Various stainless 

steel, blunt tip needle gauges, including 15 (ID = 1.372 mm), 21 (0.495 mm), and 

30 (0.140 mm), as well as various collection times (5 and 10 min) were 

compared.  



120 
 

 

 

Figure 7.1: Schematic of the electrospinning design used for making espNIPAM 

mats, with a high voltage source attached to the tip of a needle. A 10wt% 

pNIPAM/methanol solution is pumped out of the syringe, and pulled toward the 

horizontal grounded target. 

We found that uniform, “dog bone”-shaped fibers on the order of <1 µm in 

diameter were generated from each of the variations on the technique, as shown 

in the SEM images (see Figure 7.2).191 In particular, there appeared to be no 

statistical difference in fiber diameter, regardless of needle gauge (Figure 7.3). 

However, mat thickness was found to depend linearly on collection time: by 

increasing collection time from 5 min to 10 min, mat thickness increased from 12 

to 24 µm.  
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Figure 7.2: SEM images of espNIPAM mats spun for 5 (top) or 10 (bottom) 

minutes, using a 15 (left), 21 (middle), or 30 (right) gauge needle. Scale bars for 

larger view images are 100 µm and are 2 µm for the inset pictures. 

 

Figure 7.3: Fiber diameters measured using SEM and Image J, showing that 

regardless of gauge size (15, left; 21, middle; 30, right) the fiber diameters are 

statistically the same. In addition, the fiber collection time does not affect the fiber 

diameter (5 minutes in dark grey, 10 minutes in light grey). 
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7.3.2 Elemental characterization of mats    

In order to ensure that the as spun pNIPAM fibers had the same chemistry as 

its powderized pNIPAM precursor, FT-IR and XPS were performed on each of 

the LMW and HMW powder, as well as the spun mat. (See Figure 7.4) Close 

observation of FT-IR spectra generated from the three samples show that the 

characteristic functional groups of pNIPAM are present in all three without major 

shifts. For instance, the presence of C=O stretching at ~1645 cm-1, CH3 

asymmetric stretching at ~2970 cm-1, and N-H stretching at ~3301 cm-1 are 

present in all three spectra. One obvious difference of the three spectra is the 

relatively high background of the espNIPAM mat, which can be attributed to the 

thickness of the sample. These results indicate that the bulk of the espNIPAM 

mats’ chemistry closely resembles that of its powderized pNIPAM precursor, thus 

the processing of the mats has not altered the resulting chemistry.  
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Figure 7.4: FTIR of high (HMW, solid) and low (LMW, short dashes) molecular 

weight pNIPAM powders, as well as a HMW espNIPAM mat (long dashes). All 

samples have similar stretches associated with pNIPAM. 

To confirm the chemistry of the espNIPAM mats, they were analyzed using 

XPS. It should be noted that as the size of the fibers generated using each of the 

needles is on the order of a micron, it is well below the resolution of the XPS; 

therefore, the films generated using different needle size were not tested by XPS. 

As shown in Table 7.1 and Figure 7.5, the elemental composition of the 

espNIPAM mats generated from HMW and LMW polymers closely resemble the 

theoretical values expected from pNIPAM. The mats generated from HMW 

pNIPAM were 78.6% C, 11.3% N, and 10.1% O; whereas mats generated from 

LMW pNIPAM were 79.0% C, 10.2% N, and 10.8% O. These results are within 
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the experimental error of the instrument (~2-5% for elemental survey spectra), 

and are nearly identical to the structure predicted by the stoichiometry of the 

NIPAM monomer (75% C, 12.5% O, and 12.5% N), thus verifying the 

composition of the espNIPAM mats. Observation of the high resolution C1s 

spectra further confirms that the electrospun mats have the same chemical 

species as pNIPAM, including hydrocarbon (at 285 eV), as well as equal 

amounts of amine and amide characteristics (at +1.5 and 3.0 eV). (See Figure 

7.5)  

Table 7.1: Relative atomic percentages of high (HMW) and low (LMW) molecular 

weight espNIPAM mats from XPS, as compared to theoretical values for 

pNIPAM. 

Relative Atomic %  
C N O 

Theoretical 75.0 12.5 12.5 
HMW 78.6 11.3 10.1 
LMW 79.0 10.2 10.8 
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Figure 7.5: High resolution C1s spectra of low (LMW) and high (HMW) molecular 

weight espNIPAM mats. Both mats have amide and amine peaks, indicative of 

pNIPAM. 

7.3.3 Thermoresponse of mats 

Having established that espNIPAM mats generated from HMW and LMW 

pNIPAM retained the proper chemistry, they were tested to ensure 

thermoresponsive characteristics remained intact. As the topography of the mats 

varies widely due to the overlapping fibers that make up the mat, contact angle 

goniometry was not a sufficient technique for the observation of the mats’ 

thermoresponse. Instead, the mats were held stable at temperatures ranging 

from 40 ˚C to 26 ˚C and imaged using an inverted microscope. (See Figure 7.6) It 

was found that the LMW mats were not stable, dissolving immediately in water. 

However, the mats formed from the HMW powder were stable in solution, and 

demonstrated reversible thermoresponse. Upon hydration above the LCST (~31 

˚C), the HMW espNIPAM mats originally collapsed, but rapidly (within 5 minutes) 
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swelled when the temperature shifted below the LCST. These results indicate 

that the HMW espNIPAM mats are more useful for reversible cell attachment, 

thus were the only espNIPAM mats further investigated.  

 

Figure 7.6: Bright field microscopy images of espNIPAM mats initially below the 

LCST (29 ˚C, left), collapsing when the temperature changes to above the LCST 

(33 ˚C, middle). When the temperature is lowered below the LCST again (right), 

the mat reversibly swells. 

7.3.4 Cell response 

As previously mentioned, there are conflicting results in the literature as to 

whether the method used to fabricate pNIPAM substrates may influence whether 

the resulting films are biocompatible or not. For this reason, HMW espNIPAM 

mats generated were assessed for cytotoxicity. As described in Chapter 2, this 

process includes incubating the mat in normal growth media at cell culture 

conditions for 24 hours in order to identify whether there are any substances that 

may leach into the media, interfering with cell viability and proliferation. This 

treated media will replace media on cells that are ~60% confluent. After 24 hours 

of exposure to the treated media, cells remained 99% viable and proliferated, 

thus the mats were not toxic to the cells and could potentially be used for rapid 
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cell detachment experiments. (See Figure 7.7)  

 

Figure 7.7: Fluorescent microscopy image of 3T3s stained with LIVE/DEAD® 

after exposure to espNIPAM treated media for 24 hours. Cells remain viable, 

verifying espNIPAM is not cytotoxic. Scale bar is 100 µm. 

Initially, cells were seeded onto the mats at a high ratio (100,000 cells/well for 

3T3s and 50,000 cells/well for EMT6) to ensure cell attachment and rapid cell 

proliferation. As it was extremely difficult to see the cells on the mats in their 

collapsed state (i.e., opaque), observation of cellular behavior was achieved 

using fluorescent microscopy (using CellTracker™) rather than bright field or 

phase contrast microscopy (as described in Chapter 2). Briefly, CellTracker™ 

was used to view the 3T3s on the mats 24 hours after seeding, as shown in 

Figure 7.8. The temperature was then shifted below the LCST using the 

traditional method (exchange with cold media, as described in Chapter 2), to 

determine if the cells would detach from the mats.  
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Figure 7.8: Fluorescent microscopy image of 3T3 cells tagged with 

CellTracker™, allowing images of the cells to be taken through the opaque 

espNIPAM mat above the LCST (left) and after the cells have detached below 

the LCST (right). Scale bar is 100 µm. 

Figure 7.8 illustrates that, subsequent to the shift below the LCST of the 

polymer, the cells detach from their espNIPAM mat substrates. It is interesting to 

observe that although both 3T3 and EMT6 cells detached from mats, the 3T3 

cells did not spread and proliferate to the same extent as EMT6 cells. It is also 

interesting to note that such a disparity in the adhesion and proliferation of these 

cell types has not been observed for plasma polymerization. There was a 

disparity in the adhesion of EMT6 and BAEC cells on spNIPAM substrates, 

resulting in EMT6 spheroid development on these substrates. 

Due to their rapid growth, EMT6 cells were used in the remaining experiments 

to determine which characteristics of the mats would support cell sheet 

attachment/detachment. Although it was established using SEM that the gauge 

diameter did not change the size distribution of the resulting fibers within 
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espNIPAM mats (see Figure 7.3), the mats produced using a 30 gauge needle 

supported cell sheets better than the other mats (see Figure 7.9).  

 

Figure 7.9: Bright field microscopy images of EMT6 cells that have released 

from espNIPAM mats after the temperature was shifted below the LCST. Cells 

released from mats collected for 5 minutes (a) and 10 minutes (b and c), 

produced with 21 gauge needles (a and b) as well as 30 gauge needles (c). Mats 

with smaller, denser fibers (c) supported cell sheets, and resulted in intact cell 

sheet detachment. Scale bars are 100 µm. 

These results are consistent with previous work, indicating that dense, small 

fibers create a mat that has lower interfiber distance, thus minimizing cell 

penetration into the mat, forming a mat that is perceived by the cells as a 2D 

substrate, thus supporting cell sheet formation.46 

Having demonstrated that the cell sheets may be released in an unassisted 

manner from espNIPAM mats generated from HMW pNIPAM, the ability to 

relocate the cell sheet into a new well using a PVDF superstrate was tested. To 

achieve assisted cell transfer, a PVDF superstrate was attached to the apical 

surface of EMT6 cells cultured atop espNIPAM mats. As a negative control, the 

same procedure was attempted using a PVDF membrane to transfer replicate 
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cells cultured atop blank TCPS (no pNIPAM). The temperature was changed 

below the LCST, and the mats were removed from the well, with cells still 

attached. These cells were relocated into a new TCPS well, after which the 

PVDF membrane was removed. The cells were imaged 24 hours after their 

transfer to assess their proliferation.  

As shown in Figure 7.10, the cells that were detached from the espNIPAM 

mats using PVDF readily attached to the new TCPS well. These results indicate 

that when cells are detached from the espNIPAM films assisted by PVDF 

membranes, their ECM remains intact, and promotes the adhesion of the cells to 

their new culture substrate. In contrast, the cells that were removed from blank 

TCPS wells using PVDF, and were thus peeled from the substrate as opposed to 

being detached with pNIPAM, did not attach to a new culture substrate after 24 

hours of relocation. 
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Figure 7.10: Bright field microscopy image of cells that have been transferred to 

a new well with PVDF superstrates from thermoresponsive espNIPAM mats 

(right) and control TCPS (left). Cells from the espNIPAM mats have retained their 

ECM and rapidly attach when transferred, as opposed to the control. Scale bars 

are 100 µm. 

7.4 Conclusions  

In this work, electrospinning was utilized for the fabrication of highly porous, 

thermoresponsive pNIPAM substrates. These substrates were then optimized for 

the fabrication of biocompatible mats for reversible cell adhesion. After varying 

the parameters used during electrospinning, the resulting espNIPAM mats were 

characterized. It was demonstrated that espNIPAM mats generated using the 

technique retain the same chemistry as the pNIPAM powder, as well as its 

reversibly thermoresponsive behavior near physiologically relevant temperatures. 

Although both LMW and HMW pNIPAM powders were capable of producing 

espNIPAM mats, due to concerns over cytotoxicity and complete collapse of 

LMW espNIPAM mats, only the HMW espNIPAM mats were appropriate for 

mammalian cell culture.  
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Interestingly, although both cancerous and non-cancerous cells readily formed 

cell sheets on the mats, the non-cancerous cell lines attached, but did not form 

cell sheets. As importantly, this method yielded faster cell release than many 

other methods reported in the literature: 80% of the cells detached within 5 

minutes from the mats when the temperature was shifted below the LCST (as 

opposed to 80 minutes for electron beam ionization). Using EMT6 cells, it was 

shown that small, dense fibers better supported cell sheet formation. 

Interestingly, we found that, regardless of the gauge of the needle used when 

spinning the mat, similar fiber distribution was produced. However, the 

espNIPAM mats generated from the 30 gauge needles were more dense, and 

more suited to cell sheet detachment. This indicates that mats generated using 

these parameters will be ideal for cell sheet engineering and cancer cell biology 

studies. 
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Chapter 8. The Rapid Formation of Spheroids Using a 

“Smart” Polymer 

Manuscript in preparation for publication by Reed, J.A.; DeLora, J.A.; 

Bluestein, B.M.; Freyer, J.P.; Canavan, H.E.  

8.1 Introduction 

At present, drug discovery studies rely heavily on tumor models for testing. As 

described in Chapter 1, traditionally animal models are employed, which can take 

up to several months for a tumor to grow.78, 91-95 To avoid the ethical dilemmas 

associated with animal models, and to expedite the research process, spheroids 

have become an increasingly popular tumor model alternative.9, 96  

One of the most commonly used methods for forming spheroids is seeding 

cells on an agar plate.195 In this method, normally adherent cells will instead 

attach to each other (as opposed to the agar plate), forming the desired 

spheroids. Another method includes forcing the cells into suspension with a 

spinner flask, where the cells will, again, attach to each other.24, 27 (See Figure 

8.1) Several other techniques use similar approaches to form spheroids by 

creating an environment where the only surface available for cell attachment is 

another cell. These techniques are discussed further in Chapter 1.  

However, these methods present the drawback that they begin with cells that 

have recently been trypsinized. This enzyme treatment results in cells that lack 

cell/cell junctions, as well as the associated ECM layer. As previously mentioned, 
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pNIPAM has been used extensively for the non-destructive removal of cells from 

surfaces, and has been demonstrated to preserve cell/cell interactions, as well as 

many proteins (e.g., laminin, fibronectin, and collagen) of the ECM.112 Recently, 

pNIPAM has been used to generate and release cell sheets that can ultimately 

fold to form spheroids.116, 117 To date, the cell sheets detached from pNIPAM 

substrates that have been used have been very large, resulting in a significant 

period of time between the detachment of cells from the pNIPAM substrate and 

the full spheroid formation (up to 3 weeks).129   

In this work, pNIPAM hydrogels (hpNIPAM) were used to create platforms 

appropriate for rapid, healthy cell sheet release for the purpose of spheroid 

formation. These gels have significantly more surface area exposed to the 

surrounding media than either spNIPAM or ppNIPAM substrates. As discussed in 

Chapter 7, this is a significant benefit allowing for rapid cell detachment. Due to 

this result in apparent pNIPAM surface area, the hpNIPAM substrates quickly 

swell when the temperature is shifted below the LCST. Using these substrates, 

spheroids have been formed in 28 hours, making this method ideal for rapid 

generation of spheroids. (See Figure 8.1) 

8.2 Experimental Methods 

The majority of the experiments carried out herein follow the procedures 

outlined in Chapter 2, including hpNIPAM processing, cytotoxicity, CellTracker™, 

and cell culture. Three repetitions of all experiments, producing three surfaces, 

were performed. Each surface was analyzed in three spots, for a total of 27 
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analyses.  

 

Figure 8.1: Methods for obtaining spheroids. On the top, a monolayer of cells is 

trypsinized and split either onto agar medium (left), into a spinner flask (middle), 

or onto a hpNIPAM gel (right). Although spheroids begin to form within 12 hours 

using traditional methods, it can require up to 3-7 days (left) or 1-3 weeks 

(middle) to form spheroids on the order of ~500 µm or larger. Spheroids of any 

size can be formed using hpNIPAM within ~28 hours after splitting the cells 

(right). 

8.2.1 FTIR 
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FTIR was carried out at Sandia National Laboratory using a Nicolet™ 6700 

FT-IR (Thermo Electron Corporation) equipped with a continuum microscope. 

OMNIC™ Software (ThermoScientific) the bench setup included selecting a 

transmission ESP accessory, detector (DTGS KBr) and beamsplitter  (XT-KBr). 

  Sample preparation was limited and hpNIPAM gels were imaged as prepared 

(neat) using the microscope attachment in reflective mode.  Data were collected 

for 64 scans at a resolution of 4, from 400-4000 cm-1.  Spectra were exported to 

an .asc file and analyzed in Excel (Microsoft Corp.).  All Spectra were normalized 

to the C=O stretching at 1640 cm-1. 

8.2.2 Thermoresponse  

The thermoresponse of the gel was tested using a CO2 microscope stage 

incubator from Okolab (Naples, Italy). Using the Okolab software, the 

temperature of the stage incubator was held constant at temperatures ranging 

from 26 ˚C to 40 ˚C. Within the incubator, gels were exposed to water and 

observed via light microscopy (Nikon F100, Melville, NY) using a 10x objective.  

8.2.3 PDMS wells 

Polydimethylsiloxane (PDMS) wells were fabricated in a two step process. 

First, two thin PDMS films were made. Sylgard® 184 base and curing agent 

(Dow Corning, Midland, MI) were mixed at a 10:1 ratio, and poured into a 24 well 

plate as a thin film. The films were cured at 70 ˚C for 45 minutes. One of the 

PDMS films was removed from the 24 well plate and a 6 mm hole was punched 
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out using a biopsy punch (Sklar Instruments, West Chester, PA). The two films 

were attached using an oxygen plasma treatment at 60W for 20 seconds. The 

result was a 6 mm well made entirely of PDMS, which is highly mobile, and will 

discourage cell attachment.  

8.2.4 Determination of spheroid size  

Spheroids were measured using light microscopy (Nikon F100, Melville, NY) 

with a 10x objective. Images were captured and measured using Spot Advanced 

software (Sterling Heights, MI). 

8.3 Results and Discussions  

8.3.1 Characterization of gels 

Characterization of the hpNIPAM substrates was necessary to ensure the 

appropriate chemistry and characteristics were maintained through the 

processing of hpNIPAM. FT-IR, as shown in Figure 8.2, of the hpNIPAM gels 

found stretches that are indicative of pNIPAM, including C=O and N-H stretching 

at 1645 cm-1 and 3301 cm-1 (indicative of Amide I and Amide II stretching, 

respectively). These functional groups, in addition to the CH2 and CH3 

asymmetric stretching (found at 2970 cm-1), indicate that the functional groups 

expected to be present in pNIPAM are present in the hpNIPAM gels. 
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Figure 8.2: FTIR of hpNIPAM gels, with stretches indicative of pNIPAM. 

Further characterization included testing the gels for thermoresponse. This 

process was completed using monodisperse microgels fabricated with a 

previously established procedure.172, 185, 187, 196, 197 Briefly, the water/monomer 

solution was injected into a microfluidic device. Using oil to create an emulsion, 

the water/monomer solution was focused, as shown in Figure 8.3.  
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Figure 8.3: Schematic of microfluidic device utilized to form monodisperse 

pNIPAM microgels. A monomer/water solution is introduced to the device at point 

A. Oil was introduced at point B, creating an emulsion at the tip of the capillary 

within the device, forming monodisperse droplets of monomer/water within the 

bulk oil phase. At point C, oil with the initiator (which was soluble in both water 

and oil) was introduced, resulting in monodisperse pNIPAM microgels at point 

D.129 

Once monodisperse microgels were produced, an initiator was introduced to the 

system to initiate cross-linking, resulting in monodisperse pNIPAM microgels 

appropriate for testing the gel’s thermoresponse. The sizes of the gels were 

measured using microscopy, and the results are presented in Figures 8.4 and 

8.5. Above the LCST, the gels were relatively uniform, with an average diameter 

of 100-150 µm. (See Figure 8.4) When monitored in water while the temperature 

of the system was reduced below the LCST, the gels swelled up to 3 times their 

original size, or ~375 µm in diameter. (See Figure 8.5) It is also interesting to 

note that the size dispersity of the gels increases greatly at lower temperature 

(+/- 100 µm at the lowest temperature), as evidenced by the error bars in Figure 

8.5. 
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Figure 8.4: Microgels were imaged above the LCST and measured using Spot 

Image® software. The gels were monodisperse (~100-150 µm) above the LCST. 

 

Figure 8.5: Microgels were monitored across the LCST. The gels swelled to 3 

times their initial size when the temperature was shifted below the LCST. 

8.3.2 Cell response    
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As it has previously been stated, there is some discussion in the literature as 

to whether pNIPAM substrates are cytotoxic; of the 5 published papers that 

demonstrate some apparent cytotoxicity, Neuro2A are cells grown in contact with 

gels fabricated using an initiator such as polyethylene imine (PEI), which has a 

similar structure to tetramethylethylenediamine (TEMED), which was used in this 

study.108Therefore, the potential cytotoxicity of the gels was tested to ensure that 

cells would survive contact with this material. Immediately after making the gels, 

a biopsy punch was used to create substrates that would fit inside a 96 well 

plate. These gels were then exposed to media for 24 hours. When this treated 

media was exposed to healthy 3T3s and EMT6s, cell viability decreased. (See 

Figure 8.6) If, however, the gels went through 10 cycles above and below the 

LCST in fresh water prior to making the treated media, cells survived exposure to 

the treated media. (See Figure 8.7) This indicates that residual NIPAM monomer 

and TEMED initiator needed to be removed before these substrates were 

suitable for mammalian cell culture. 
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Figure 8.6: Fluorescent microscopy images of 3T3 (left) and EMT6 (right) cells 

after 24 hours of exposure to media treated with uncleaned hpNIPAM. Scale bar 

is 100 µm. 

 

Figure 8.7: Fluorescent microscopy images of 3T3 (left) and EMT6 (right) cells 

after 24 hours of exposure to media treated with cleaned hpNIPAM. Scale bar is 

100 µm. 

Using this “clean” hpNIPAM, cells were tagged with Celltracker™ and seeded 

densely (100,000 cells/well for 3T3s and 50,000 cells/well for EMT6) onto the 

gels. It was found that the non-cancerous 3T3s were less likely to attach to the 

gels, instead forming spheroids. (See Figure 8.8) The cancerous EMT6 cells, on 
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the other hand, readily attached to the gels. These results are consistent with the 

findings in Chapter 7 that EMT6 cells are more likely to attach and proliferate on 

pNIPAM films with 3D topography than 3T3s.  

 

Figure 8.8: Fluorescent microscopy image of CellTracker™ tagged 3T3 cells on 

a gel. The cells have formed a spheroid on the gel. Scale bar is 100 µm. 

8.3.3 Spheroid formation 

Before shifting the temperature below the LCST, gels were transferred to 

PDMS wells, to encourage cell sheets to fold into spheroids as opposed to 

attaching to the underlying substrate. When the temperature was reduced below 

the LCST, cells and spheroids detached from the gels, and into the PDMS wells. 

Trypsinized cells were also seeded into similar PDMS wells to determine if 

release from hpNIPAM substrates was superior to using PDMS wells alone to 

form spheroids (as was done by Tekin et al.).9 As 3T3s were already spheroids, 

the EMT6 cell sheets were of primary interest.  
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Figure 8.9: Fluorescent microscopy images of CellTracker™ tagged EMT6 cells 

immediately after (left), 4 hours after (middle), and 48 hours after (left) cell sheet 

release from hpNIPAM. Scale bar is 100 μm. 

Following detachment of the EMT6 cells from the hpNIPAM substrates, the 

sheets formed a spheroid of ~120 µm diameter within 4 hours. (See Figure 8.9) 

Over the next 20 hours, the spheroid became more compact. The spheroids 

were monitored over the next 48 hours and measured using Spot Imaging® 

software. Although the 3T3s formed spheroids directly on the hpNIPAM gels, 

they were considerably more uniform at 96 µm ± 28. The cell sheets that 

detached were less uniform, resulting in a large standard deviation of resulting 

spheroid sizes, at 107 µm ± 69.  

The trypsinized cells, however, did not form spheroids. Instead, the cells 

attached to the underlying PDMS. (See Figure 8.10)  

 



145 
 

 

 

Figure 8.10: Fluorescent microscopy image of CellTracker™ tagged EMT6 cells 

that were trypsinized and transferred to a PDMS well. Within 4 hours of transfer, 

the cells had attached to the PDMS. 

8.4 Conclusions  

In this work, hpNIPAM substrates were characterized and adapted for use as 

mammalian cell culture platforms. Rapid swelling of the gels as the temperature 

shifted across the LCST proved useful in producing quick cell detachment. Cells 

released as spheroids or as cell sheets, depending on cell type. The cancerous 

(EMT6) cells that released as sheets folded into spheroids within 4 hours of 

detachment. Regardless of cell type, spheroids were produced within 28 hours of 

seeding gels. Although, not uniform, with further control over the area on which 

the cells can attach, rapid production of uniform spheroids of a desired size could 

be obtainable with this method. 
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Chapter 9. Conclusions and Future Directions 

9.1 Conclusions 

PNIPAM has been used for a variety of applications, including tissue 

engineering,1 drug delivery,2 and biosensing.3 Due to the interest by the 

biomedical engineering community, there has been a substantial amount of work 

published. In fact, to date, there are over 500 publications on pNIPAM for 

bioengineering applications. However, there are many inconsistencies in the 

literature, including the type and temperature of solution used for cell 

detachment. In this work, some of the inconsistencies in the literature and 

challenges that were previously unaddressed when utilizing pNIPAM films are 

overcome for the purpose of rapid generation of cellular constructs, specifically 

spheroids. 

9.1.1 Optimizing parameters for rapid mammalian cell detachment 

Pertinent characteristics of low temperature detachment, including the 

temperature and type of media used for detachment, were investigated for their 

effect on the kinetics of cell detachment, as described in Chapter 3. This work 

presented a study on the effect of the solution and temperature used to initiate 

cell detachment from pNIPAM on the time required to achieve 100% detachment 

of cells. The fastest, most reliable release of cells occurred below the LCST of 

the polymer at 4 ˚C in serum free media (SFM).  

In addition, a novel, inexpensive method for obtaining pNIPAM films for 
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mammalian cell detachment, combining pNIPAM with a sol-gel, was optimized 

(described in Chapter 4). A method developed by Rao et al. was successfully 

adapted for the deposition of pNIPAM for bioengineering applications. Using this 

pNIPAM in conjunction with a sol-gel was found to be instrumental in maintaining 

film integrity during experimentation. Determination of the amount of pNIPAM to 

sol-gel demonstrated that 0.35 wt% spNIPAM surfaces had both the best 

thermoresponse and cell release. This technique is a simple and affordable 

alternative to previously described pNIPAM deposition methods for those 

applications that do not require intact cell sheets, such as protein 

preconcentration or biofouling release. 

9.1.2 Development of novel deposition methods for reliable, controllable cell 

detachment 

Deposition of pNIPAM with a sol-gel was compared to plasma polymerization 

deposition for use with mammalian cells, as described in Chapter 5. In this work, 

the differences in surface properties and cellular response of two pNIPAM 

deposition methods were compared. It was clear that although pNIPAM could be 

successfully deposited using different techniques and maintain thermoresponse, 

the deposition method influences coating uniformity and behavior which, in turn, 

determines which deposition method is appropriate for the desired application.  

Furthermore, proper storage conditions (e.g., temperature and relative 

humidity) for these films were investigated in Chapter 6 to increase stability of the 

films for using tissue culture conditions. Although it is possible to deposit pNIPAM 
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using spin coating and plasma deposition that is thermoresponsive, the surfaces 

clearly are affected by both deposition method and storage conditions. Over time, 

it was found that the spNIPAM surfaces are unstable, regardless of storage 

conditions. In contrast, the ppNIPAM surfaces are more stable over time, 

regardless of the storage conditions, these surfaces encourage more cell 

attachment and proliferation. Furthermore, ppNIPAM films were demonstrated to 

be more benign toward cell behavior than alternative pNIPAM films (e.g., 

reduced cytotoxicity and better biocompatibility). All of these characteristics lead 

to the conclusion that ppNIPAM surfaces are more useful for cell sheet 

engineering applications.  

9.1.3 Processing pNIPAM for increased mass transfer and accelerated cell 

detachment 

Electrospun mats with a high surface area to volume ratio were utilized to 

improve cell detachment in Chapter 7. Cells attached to the mats, and would 

detach within 5 minutes from the mats when the temperature was shifted below 

the LCST. The espNIPAM mats, with small, dense fibers, are appropriate for cell 

sheet detachment, with an intact ECM, making these mats ideal for cell sheet 

engineering. 

An alternate substrate for rapid cell release was investigated in Chapter 8. 

Hydrogel substrates were characterized and adapted for use as mammalian cell 

culture platforms. Rapid swelling of the gels as the temperature shifted across 

the LCST proved useful in producing quick cell detachment. The harvested cells 
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were transferred into PDMS wells, to encourage spheroid formation. Regardless 

of cell type, spheroids were produced within 28 hours of seeding gels, compared 

to the 72 hours required for alternative spheroid processing techniques. The 

result is a platform appropriate for the rapid formation of spheroids.  

9.2 Future directions 

9.2.1 Rapid formation of uniform and co-cultured spheroids 

In Chapter 8, spheroids were obtained rapidly using hpNIPAM. However, the 

spheroids were not uniform in size, thus requiring a secondary step for relatively 

homogeneous models. Focusing the size of the hydrogel exposed to the cells will 

address this drawback. By forcing the cells to only settle in a designated area, 

the number of cells that will form the resulting cell sheet will be better controlled. 

One method for doing this is to use a non-fouling “well” (e.g., from PDMS) to 

encapsulate the gel, exposing only the area of interest to the cells.  

The use of PDMS for focusing cell attachment/detachment can also be used 

with the other methods of pNIPAM deposition discussed, including plasma 

deposition. However, to increase the rate of cell detachment, porous surfaces as 

opposed to solid substrates would need to be coated with ppNIPAM, as 

demonstrated with electron beam ionization by Kwon, et al.  

Furthermore, previous work has shown tumorigenic cells affect the 

proliferation of non-tumorigenic cells. Using either of the above methods, 

spheroids can be produced to track the cell growth and proliferation over time, 
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thus allowing the opportunity to study the effect of tumorigenic cells on non-

tumorigenic “surrounding tissue.” Spheroids with multiple cell types are typically 

made by seeding a known mixture of the cells onto surfaces.106, 109 This method 

does not allow for control over the exact proportion of cells in each spheroid. One 

advantage of using cell sheets harvested from pNIPAM is control over the 

proportion of cells, since sheets of different cell types can either be layered, or 

cells can be seeded onto a primary, confluent sheet of cells. This control allows 

for a more complete understanding of the tumor model, and thus of the 

relationship between cell behavior and environmental or chemical factors.  

9.2.2 Spheroid production and testing within microfluidic devices 

Membrane coated ppNIPAM substrates could also be very useful when using 

microfluidic devices for spheroid formation and testing. Torisawa et al. formed 

spheroids with a microfluidic device using cell resistant surfaces to force cells to 

aggregate.99 Hsiao et al. has used a similar format to create co-cultured 

spheroids.198 If instead, cells were encouraged to attach within the device onto a 

ppNIPAM-coated membrane, a cell sheet could be detached and fold into a 

spheroid. This would offer the advantage of rapidly forming more uniform 

spheroids within the device.  

In addition, these spheroids could easily be transferred to a testing platform 

within the device. Park et al., used the control available within a microfluidic 

device to control exposure of cells to different environments.199 The spheroids 

formed within a device could then be forced into different environments (e.g., 
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oxygen enriched vs. oxygen depleted) for more fundamental investigations, or 

into potential treatments. This platform offers the advantage of utilizing small 

quantities of the drugs being tested, as well as the ease of testing combinations 

of drugs at different ratios.200  

9.2.3 Thermoresponsive microgels for harvesting individual cells 

As mentioned in Chapter 1, EGFR is a transmembrane protein that is 

upregulated in cancer cells. If the ECM, which will house the extracellular 

moieties of this protein, is damaged using traditional cell harvesting techniques, it 

is logical to assume that these proteins are also damaged. This would result in 

skewed data when these proteins are examined using a technique such as flow 

cytometry, which requires individual cells in suspension for analysis. Since 

pNIPAM harvesting results in cells detaching with an intact ECM, individual cell 

release from these substrates would be necessary for investigating these 

proteins. One way to obtain individual cells is to create microgels of pNIPAM that 

are only large enough for a single cell to attach. Once attached, the temperature 

could be lowered across the LCST, and individual cells would detach with their 

ECM and transmembrane proteins intact. In addition to cancer research, 

individual cells with an intact ECM analyzed via flow cytometry could reveal a 

wealth of information regarding this buried biological interface.  

9.2.4 Hydrogels incorporated with fluorescent nanopaticles 

Traction force microscopy (TFM) has previously been used as a method for 

obtaining information about the forces exerted by a cell on a substrate. PNIPAM 
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hydrogels are perfect platforms for this research, due to their flexibility, which 

mimics the substrates that are traditionally used for TFM studies (thin silicon 

films).201 These forces could also help explain why cells detach as a sheet from 

pNIPAM substrates, as the mechanism of detachment is still unknown. 

 

 



153 
 

 
Appendix I 

Representative table of deposition methods utilized for mammalian cell culture, 
showing inconsistencies in literature. 

Deposition 
Method 

Cell Type Cytotoxic Pop-off 
Solution 

Temperature 
of Cell 

Detachment 

Form of Cell 
Detachment 

Electron Beam 
Ionization112 

Bovine 
Aortic 

Endothelial 
Cells 

N/A Normal 
Growth 
Media 

10 ˚C N/A 

Solution Dried on 
a Substrate183 

Hepatocyte N/A Normal 
Growth 
Media 

15 ˚C Sheet 

Free Radical 
Polymerization197 

MC3T3-E1 Yes202 
/No121 

Normal 
Growth 
Media 

15 ˚C Sheet 

UV 
Polymerization27 

Bovine 
Carotid 
Artery 

Endothelial 
Cells 

N/A Normal 
Growth 
Media 

20 ˚C Sheet 

Plasma 
Polymerization120 

Bovine 
Aortic 

Endothelial 
Cells 

No118 Serum 
Free 

Media 

25 ˚C Sheet 

Spun Cast with 
Sol-Gel120 

Bovine 
Aortic 

Endothelial 
Cells 

No112 Serum 
Free 

Media 

4 ˚C Aggregates 
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Appendix II 

Spheroids formed using pNIPAM substrates. 

Cell type Diameter  Deposition 
method 

Patterning? Co-culture 

Dermal fibroblasts 203 600 µm Pour/dry 
w/collagen 

No No 

Human dermal 
fibroblasts115,163,163 

400-1000 
µm 

Pour/dry w/ 
collagen 

Yes/No115, UV No 
 

TIG-7 cells115 400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Human dermal fibroblasts 
(CCD-922Sk)115 

400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

IMR-90 cells115 400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Human uterine cervical 
fibroblasts115 

400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Human skin fibroblasts115 400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Human embryo cells115 400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Human dental papilla 
fibroblastic cells115 

400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Rat calvaria osteoblastic 
cells115 

400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

MC3T3-E1 cells115 400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Rat mesangial cells115 400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Human aortic intimal smooth 
muscle cells115 

400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Human neonatal medial 
smooth muscle cells115 

400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 

Rat parenchymal 
hepatocytes116,117,116 

400-1720 
µm 

Pour/dry w/ 
collagen 

Yes/No115, 
Yes, UV117, 

etched with a 
needle204 

Yes 

Rat parenchymal 
haepatocytes117 

1000 µm ATRP No Yes 

Rat non-parenchymal 
hepatocytes 116,116 

570-1720 
µm 

Pour/dry w/ 
collagen 

Yes/No115, 
etched with a 

needle 

Yes 

Mouse parenchymal 
hepatocytes120 

400-950 
µm 

Pour/dry w/ 
collagen 

Yes, UV No 
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Appendix III 

Complete list of cells used in this work. 

Cell Name Source Cancerous? 
Growth 

Media 

Doubling 

Time (hrs) 

Bovine Aortic Endothelial 

Cells (BAEC) 
Cow No DMEM 18 

MC3T3-E1 Mouse No α-MEM 18 

EMT6 Rat Yes α-MEM 12 

OVCA429 Human Yes MEM 40 

OVCA433 Human Yes MEM 40 

SKOV Human Yes RPMI 36 
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Appendix IV 

Fluorescent microscopy images of cytotoxicity testing (green=live, red=dead) for 

BAEC, EMT6, OVCA429, OVCA433, and SKOV cells grown in ppNIPAM treated 

media. 
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