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Abstract

This dissertation focuses on the characterization of two surfaces: mixed self-assembled

monolayers (SAMs) of hexa(ethylene glycol) and alkyl thiolates (mixed SAM) and

poly(N -isopropylacrylamide) (PNIPAAm). The synthesis of hexa(ethylene gylcol)

alkyl thiol (C11EG6OH) is presented along with the mass spectrometry and nuclear

magnetic resonance results. The gold substrates were imaged prior to SAM for-

mation with atomic force micrscopy (AFM). Average surface roughness of the gold

substrate was 0.44 nm, 0.67 nm, 1.65 nm for 15, 25 and 60 nm gold thickness, re-

spectively. The height of the mixed SAM was measured by ellipsometry and varied

from 13 to 28 Å depending on surface mole fraction of C11EG6OH. The surface mole

fraction of C11EG6OH for the mixed SAM was determined by X-ray photoelectron

spectroscopy (XPS) with optimal thermal responsive behavior in the range of 0.4 to

0.6. The mixed SAM surface was confirmed to be thermally responsive by contact

angle goniometry, 35◦ at 28 ◦C and ∼55◦ at 40 ◦C. In addition, the mixed SAM
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surfaces were confirmed to be thermally responsive for various aqueous mediums by

tensiometry. Factors such as oxygen, age, and surface mole fraction and how they

affect the thermal responsive of the mixed SAM are discussed. Lastly, rat fibrob-

lasts were grown on the mixed SAM and imaged by phase contrast microscopy to

show inhibition of attachment at temperatures below the molecular transition. Qual-

itative and quantitative measurements of the fibroblast adhesion data are provided

that support the hypothesis of the mixed SAM exhibits a dominantly non-fouling

molecular conformation at 25 ◦C whereas it exhibits a dominantly fouling molecular

conformation at 40 ◦C.

The adhesion of six model proteins: bovine serum albumin, collagen, pyruvate

kinase, cholera toxin subunit B, ribonuclease, and lysozyme to the model thermally

responsive mixed SAM were examined using AFM. All six proteins possessed adhe-

sion to the pure component alkyl thiol, in contrast possessed no adhesion to the pure

component C11EG6OH SAM at both temperatures examined, 25 and 40 ◦C. The pro-

tein adhesion data to the mixed SAM also supports the hypothesis that the mixed

SAM displays a non-fouling molecular conformation at 25 ◦C whereas it displays a

dominantly fouling molecular conformation at 40 ◦C.

Advancing contact angles obtained through tensiometry were used to find the

surface free energy of the mixed SAM before and after the thermal response using

the van Oss-Good-Chaudhury method. The surface tension values obtained, 42 and

38 mN/m for 22 and 40 ◦C, respectively, are not dissimilar enough with regard to

error to make conclusions. In a similar manner, the surface free energy of another

mixed SAM composed of alkyl and trimethylamine thiolates was also calculated.

PNIPAAm brushes grown on a silicon substrate by atom-transfer radical poly-

merization (ATRP) were imaged by AFM and characterized by XPS. The height of

the resulting brushes could be controlled from ∼5 to 55 nm by reaction time. A

thermal response was observed for polymer brushes with a length greater than 20
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nm. For polymer brush lengths greater than 20 nm, the static contact angle at 22 ◦C

was 35◦ and varied from 60 to 80◦ at 40 ◦C. The thermal response was also observed

using the captive bubble method.

Force-distance curves of the PNIPAAm brushes were taken with an unmodified

silicon nitride AFM cantilever at incremental temperature steps. At room tempera-

ture the force-distance data was fit to the Alexander-de Gennes model resulting in a

hydrated polymer length of 235 nm. The Young’s modulus was calculated using the

Hertz model and changed from ∼80 MPa at 26 ◦C to ∼350 MPa at 40 ◦C. The sol-

vent condition of the Alexander-de Gennes model was set to the case of good solvent

and showed close match to the force-distance data at 26 ◦C. The match was not as

close when the solvent condition was set to theta solvent condition and compared to

the force-distance data at 40 ◦C.

Finally, the effective diffusion coefficients of a dye were obtained for the uptake,

encapsulation, and release from a lipid bilayer coated mesoporous particle using a

mathematical solution to the experimental system. The resulting effective diffusion

coefficients are: 1*10−12 m2/s, 0.4*10−12 m2/s, and 0.7*10−12 m2/s for uptake, en-

capsulation, and release, respectively. The particles are characterized by scanning

electron microscopy and nitrogen adsorption measurements. In contrast to our hy-

pothesis, the lipid bilayer did not completely inhibit diffusion of the rhodamine dye

from the particles when encapsulated.
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Chapter 1

Introduction

Mankind realized the need to control bioadhesion as early as 2000 years ago, when

the Phoenicians and Carthaginians applied pitch, or distilled wood tar, to the bottom

of ships to prevent biofouling by algae and other marine organisms [15]. Since that

time, ship builders have attempted to prevent bioadhesion by using materials such

as lead sheathed wood, copper paneling and nails, arsenic and sulfur mixed with oil,

and tributyl-tin [15]. Today the need to control bioadhesion on ship hulls is even

greater. In fact, the United States Navy spends millions of dollars a year to clean

Navy ship hulls in order to maintain streamline efficiency, which saves fuel, allows for

faster travel, and minimizes the production of greenhouse gases [15, 16]. However,

many of the methods currently used to control this type of bioadhesion are toxic to

the environment and regulatory action will soon end their usage [15, 17]. As a result,

scientists are actively seeking solutions to replace the toxic compounds currently used

to prevent the biofouling of marine vessels.

Bioadhesion also plays a critical role in the medical field, where for example,

the bioadhesion of bacteria on transplant devices can lead to biofouling [18], one

million infections per year (2004) [19], and in some cases, death [20]. When a foreign
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material is implanted into a patient, an adsorbed protein layer develops around the

device [21, 22]. Once this occurs, the biofouled device may fail or be rejected by the

body. This type of biofouling may also cause transplant devices to have a shorter

operational period in the body than their designed functional life.

Not all bioadhesion is detrimental to human life; indeed, without bioadhesion

multicellular life would not be possible [23, 24, 25]. Cell-to-cell adhesion is necessary

to give rise to the ordered structure of tissue, from which organs are composed.

Because of the integral role bioadhesion plays in nature, scientists now realize the

potential uses for bioadhesion if it can be controlled and manipulated. In more recent

years bioadhesion has been used to grow human tissue into organs, which have been

successfully transplanted in human patients [26].

Currently, medical scientists are working to develop a surface from which skin

cells can adhere, grow, and be released when needed for skin grafts [27, 28, 29].

The development of such a surface has many obvious benefits and could be used to

treat a variety of different conditions, including: burns, melanoma, tattoo removal,

psoriasis, and skin infections. The same surface could be used to selectively adsorb

and release proteins on demand, which may then be used in biometric identification,

proteomics, protein separation, and biosensing. A stimuli responsive surface capable

of controlling bioadhesion could also be used to prevent the biofouling of ship hulls

and transplanted devices. Indeed, the potential uses for a stimuli responsive material

capable of controlling bioadhesion are nearly limitless.

In order to create a stimuli responsive surface capable of controlling bioadhesion,

it is desirable to first study the chemical and physical changes of the surface before

and after the stimuli response. These changes are important because they may

indicate what factors influence bioadhesion. In turn, these factors may be used not

only to predict and control the stimuli response regulating bioadhesion, but also to

develop new materials with similar stimuli responsive properties.
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To better understand the chemical and physical changes of a surface before and

after the stimuli response, we qualified and quantified the characteristics of two

model thermally responsive materials before and after the stimuli response. The

two model thermally responsive materials used for this study are, a mixed self-

assembled monolayer (SAM) of hexa(ethylene glycol) thiolate (C11EG6OH) and

dodecane thiolate (C11CH3), and atom-transfer radical polymerized (ATRP) poly-

(N-isopropylacrylamide) (PNIPAAm). We selected these two model surfaces because

both surfaces are easy to characterize and reproduce.

Chapter 2 presents the characterization of the mixed C11EG6OH/C11CH3 SAM.

To understand the thermal response of the mixed C11EG6OH/C11CH3 SAM, the thin

film was characterized using both physical and chemical methods. In addition, the

thin film was characterized by the growth of rat fibroblasts using several controls.

We confirmed that the mixed SAM is thermally responsive by using two different

methods: a change in contact angle goniometry and tensiometry using various buffer

solutions. Chapter 2 also reports on our observations on the stability of the thiols,

composing the mixed SAM.

Chapter 3 examines the bioadhesion of several proteins to the thermally respon-

sive mixed C11EG6OH/C11CH3 SAM using atomic force microscopy (AFM). Chapter

3 presents the data collected from the force of bioadhesion of several model proteins

to the model stimuli responsive surface at temperatures above and below the mole-

cular transition of the thermally responsive mixed SAM. Chapter 3 concludes with

a discussion on the many forces that influence protein bioadhesion to a thermally

responsive surface.

Chapter 4 calculates the surface free energy of two mixed SAMs using the Lewis

acid-base (LAB) method. The surface free energy was calculated for the thermally

responsive mixed C11EG6OH/C11CH3 SAM above and below the temperature at

which it is thermally responsive. The surface free energy was also calculated for
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an alkyl and trimethylamine thiolates mixed SAM surface at a single temperature

because the alkyl and trimethylamine thiolates mixed SAM surface is not thermally

responsive.

Chapter 5 reports on the physical and chemical characterization of the thermally

responsive material, PNIPAAm. Chapter 5 describes the growth of the PNIPAAm

polymer from a silicon surface using ATRP. Surface characterization of the PNIPAAm

polymer confirms the polymer growth, its thermal response, and chemical identity.

Chapter 6 presents the characterization of PNIPAAm by AFM. The AFM was

used to study the polymeric properties of the polymer thin film, and confirm the ther-

mal response of PNIPAAm. The Alexander-de Gennes model was used to examine

the solvent condition, steric force profiles, and surface free energy of PNIPAAm.

In Chapter 7 a mathematical solution to the diffusion process was used to quantify

the diffusion from a lipid encapsulated mesoporous particle. A mesoporous particle

covered with a lipid vesicle, that models a biosensor or living cell, was used to study

mass transport before, during, and after lipid bilyer encapsulation. The mesoporous

particles used in the experiment were characterized by scanning electron microscopy

(SEM).

There are several means to study bioadhesion to model stimuli responsive sur-

faces. The work contained within this dissertation only scratches the surface of a vast

field of study. This work examines some of the factors that influence bioadhesion.

It is our hope that this work may be useful to scientists and researchers working to

control bioadhesion.
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Chapter 2

Mixed Self-Assembled Monolayers

as Model Thermally Responsive

Bioadhesive Surfaces

2.1 Introduction

Generally speaking, bioadhesion is the attachment of biological objects, such as pro-

teins, carbohydrates, lipids, bacteria, and other cells to a surface. To understand how

bioadhesion is affected by the surface to which an object adheres, this study used

stimulus responsive surfaces that are easy to reproduce and characterize. A stim-

uli responsive surface is important because it may be used to control bioadhesion.

For example, it was first observed that by mildly heating a mixed self-assembled

monolayer (mixed SAM) of hexa(ethylene glycol) alkyl thiolate (C11EG6OH) and

dodecane thiolate (C11CH3), proteins will adsorb, whereas the adsorption of proteins

to a mixed SAM of C11EG6OH/C11CH3 will be inhibited when cooled [2].

This chapter begins by reviewing the most current and relevant literature on the
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C11EG6OH SAM. It then describes the synthesis of the C11EG6OH thiol molecule

that was used in the creation of the mixed SAM. Next, it details the formation of

thermally responsive mixed SAM. This explanation is followed by a discussion of

the factors that influence the thermal responsive behavior of mixed SAM. Finally,

this chapter examines how the mixed SAM influences fibroblast adhesion. This study

does not characterize the mechanism for the thermal responsive behavior of the mixed

SAM. This chapter will provide a researcher with all the information necessary to

reproduce and further scientific studies on the thermally responsive mixed SAM.

It is a well established fact that poly(ethylene glycol) modified surfaces resist

adsorption of proteins [30]. However, the molecular mechanism for protein resistance

to poly(ethylene glycol) surfaces is not well understood. Whitesides et al. specu-

lated that a shorter chain length of ethylene glycol would aid in understanding the

protein resistant properties of poly(ethylene glycol) [31]. C11EG6OH was synthe-

sized and used to form SAMs; the resulting SAMs were characterized with X-ray

photoelectron spectroscopy, water contact angle goniometry, and ellipsometry [31].

It was later confirmed that pure C11EG6OH SAM also resists protein adsorption [32].

In another study, the length of the ethylene glycol section of the thiol was changed

from one segment to six, to examine how it affected protein adsorption [2]. The

shorter ethylene glycol molecule is now known to resist the adsorption of proteins

like poly(ethylene glycol), but the mechanism for protein resistance to C11EG6OH

is still not well understood.

Spectroscopic examination of the SAM provides molecular information about

the protein resistant properties of C11EG6OH SAM. Using sum frequency genera-

tion spectroscopy (SFG), X-ray photoelectron spectrosopy (XPS), and Fourier trans-

formed infrared spectroscopy (FTIR), it was found that pure C11EG6OH SAMs can

have two types of molecular conformation [1]. The two types of molecular conforma-

tion observed in C11EG6OH are illustrated in Figure 2.1. One conformation is helical,
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with the molecule rotating around a central axis with guache bonds [2]. The other

is an all trans conformation, where the ethylene glycol section of the C11EG6OH

molecule is elongated [2].

Figure 2.1: Molecular conformation states of the C11EG6OH molecule in a single
component SAM, taken from Harder, et al. [1]

In a later study it was found that the molecular conformation of the ethylene

glycol section of the molecule is dependent on the lateral packing density of the

SAM [33]. In that study, the trans conformation was found to occur only on SAMs

on a silver substrate; while the guache conformation was found predominently on

SAMs formed on a gold substrate. Surfaces that exhibit an all trans molecular con-

formation allow protein adsorption, while surfaces that hold the helical conformation

resist protein adsorption [1]. The cross-sectional area of the helical conformation of

the C11EG6OH molecule is 21.3 Å whereas the trans conformation is 17.1 Å, the

change in height of the two conformations has not been observed [1]. These results

were confirmed with atomic force microscopy (AFM) on methoxytri(ethylene gylcol)

(EG3Me) SAM. The EG3Me SAM on silver containing the trans molecular confor-

mation exhibited adhesion to a fibrinogen coated AFM cantilever [6]. In contrast,

EG3Me SAM containing the guache conformation on gold exhibited no adhesion to

a fibrinogen coated AFM cantilever [6].
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In 2001, an examination of temperature dependent protein adsorption was studied

using gold and silver C11EG6OH SAMs [34]. In that study, it was shown that the

SAMs of C11EG6OH resisted protein adsorption from 0 ◦C to 80 ◦C. This study is

significant because it demonstrates that a component of the mixed SAM is resistant

to protein adhesion at many different temperatures. By contrast, the thermally

responsive mixed SAM described above shows protein resistance only at temperatures

below 32 ◦C [3].

Molecular simulation is another method by which to study resistance to protein

adsorption by the C11EG6OH molecule. In one study that used Monte Carlo simu-

lations, it was shown that water molecules penetrate into the C11EG6OH SAM only

in the helical conformation; while the all trans conformation was shown to resist wa-

ter molecule penetration [35]. The amount of hydrogen bonding between the water

medium and surface, and the resulting hydrophilicity, is important to protein resis-

tance [36]. Pertsin et al. believe that this phenomenon is the reason why C11EG6OH

in the helical conformation resisted protein adsorption. Pertsin et al. posit that

tightly bound water molecules hydrating the C11EG6OH molecule may act as a bar-

rier against the adsorption of proteins [35]. As a result, proteins may interact with

the hydrating water layer while never coming into contact with the C11EG6OH mole-

cule. The interface between water and C11EG6OH was also studied using a computer

model, resulting in the same conclusions [37].

While a single component SAM can resist bioadhesion, mixed component SAMs

can be manipulated to control bioadhesion. In one study, SAMs similar to C11EG6OH

were synthesized from a SAM of carboxyl terminated thiolates. The partial reaction

created a mixed SAM of carboxyl terminated and ethylene gylcol terminated thi-

olates. The resulting mixed SAM showed resistance to protein adsorption. This

resistance is attributed to the shielding of the shorter carboxyl groups by the longer

ethylene glycol molecule in the mixed SAM [38]. Prime et al. created a mixed SAM
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of C11EG6OH and C11CH3 to examine the effect of protein adhesion on surface mole

fraction. This study resulted in two very important findings. First, it was discovered

that there is a specific mole fraction of C11EG6OH above which the surface resisted

protein adhesion. Second, it was shown that the protein adsorption of pyruvate ki-

nase is temperature dependent. Figure 2.2 shows the results of the protein adhesion

to the mixed SAM of C11EG6OH and C11CH3. These results led our research group

to hypothesize that the mixed SAM surface might be thermally responsive. A col-

laborative effort between our research group and Michael Grunze’s showed by SFG

spectroscopy and contact angle that the mixed C11EG6OH/C11CH3 SAM was ther-

mally dependent [3]. The reversible protein adsorption to the mixed SAM surface

can be seen in Figure 2.3. Ellipsometric measurements show protein adsorbing at 37

◦C, and after a rinse step shows no adsorption at 25 ◦C.

Figure 2.2: Thickness of pyruvate kinase adsorption at various temperatures and
surface mole fractions of C11EG6OH in a mixed SAM measured by ellipsometry,
taken from Prime et al. [2]

9



Chapter 2. Mixed SAMs as Thermally Responsive Bioadhesive Surfaces

Figure 2.3: Reversible adsorption of the protein lysozyme on the mixed C11EG6OH,
C11CH3 SAM surface measured by ellipsometry, taken from Balamurugan, et al. [3]

Balamarugan et al. posited that the change in protein adhesion to the surface

is due to the change in molecular confirmation of the C11EG6OH molecule, and not

the result of dehydration [3]. Rather, Balamarugan et al. posit that dehydration

of the C11EG6OH molecule would result in changes in SFG spectra, which were not

observed. I hypothesize that the protein resistant helical confirmation is dominantly

present in the mixed SAM at 25 ◦C, while the non-protein resistant trans confirma-

tion is dominantly present in the mixed SAM at 37 ◦C.

2.2 Materials and Methods

Materials Gold (99.999%) 1-3 mm spheres came from Plasmaterials. Chromium

rods were aquired from the Mathius Company. C11EG6OH was synthesized as pre-

viously described [32] or purchased from Prochimia, Poland. Dodecane thiol 98%,

decane thiol 98%, undecane thiol 98%, hexadecane thiol 98%, benzene thiol 98%,
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Dulbecco’s phosphate buffered saline (PBS) salt 1x, pH 7.4, and Tris buffer were

purchased from Aldrich Chemicals and used as recieved. Ethanol (absolute, 200

proof;) Aaper Alcohols and Chemical Company. Artificial sea water (ASW) pro-

duced in house using 24.6 g sodium chloride, 0.67 g potassium chloride, 1.36 g

calcium chloride dihydrate, 6.29 g magnesium sulfate septahydrate, 4.66 g magne-

sium chloride hexahydrate, 0.18 g sodium bicarbonate, and Nanopure water, pH

adjusted to 8.0 using HCl. Nanopure water (18.3 MΩ/cm) produced in-house.

Tris(hydroxymethyl)aminomethane (TRIS) buffer pH adjusted to 7.4 using HCl.

Materials characterization Ellipsometry was performed with an M-44 ellip-

someter from J.A. Woolam Co. The thickness of the SAM layer was measured at least

3 times on different areas of the sample and the average taken. Sessile drop contact

angles were taken with a Rame-Hart contact angle goniometer. Temperatures were

controlled with a heating ribbon and monitored by a thermocouple. Tensiometer

measurements were performed with a Kruss K-100. An external water circulating

bath was used to control the temperature of the tensiometer fluid vessel. Tensiometer

measurements in each solvent were performed at room temperature (22◦C) recording

the advancing and receding contact angles. The advancing contact angles are used

throughout this work. An external temperature bath raised the surface tension ap-

paratus and test solution temperature to 40 ± 1 ◦C. Atomic force microscopy images

were taken with a Veeco Nanoscope IIIa instrument with software version 4.31 and

a silicon nitride cantilever, nominal radius of 10 nm, on a vibration isolation system.

C11EG6OH synthesis The reaction for synthesis of hexa(ethylene glycol) thiol

is shown in Figure 2.4. The first step was to add undecane bromide and hexa(ethylene

glycol) in dry DMF and let reaction occur in nitrogen environment for 24 hours.

Products were purified by column chromatography over silica in ethyl acetate. Step

1 products were dissolved in deoxygenated methanol and reacted in a UV-quartz

vessel for 6 hours. Products were purified by column chromatography over silica in
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chloroform/methanol 2:1 by volume. Step 2 products were dissolved in deoxygenated

methanol at 60 ◦C and HCl was added and let react for 24 hours. Products were

purified by column chromatography over silica in ethyl acetate. Mass spectrometry

showed a large amount of a material at 957.0 m/z ratio. This molecule was likely

C11EG6OH disulfide which was reduced as follows. C11EG6OH thiol was dissolved in

tetrahydrofuran (THF) and a 5 molar excess of lithium aluminum hydride (LiAlH4)

was added and let react for 2 hours. Reaction was stopped by placing reaction vessel

in an ice bath. Products were separated by separatory funnel using chloroform.

Figure 2.4: C11EG6OH thiol synthesis
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Analysis of C11EG6OH thiol synthesis

Nuclear magnetic resonance (NMR) spectroscopy was performed after all syn-

thesis steps by a Bruker NMR spectrometer at the Univeristy of Heidelberg, Ger-

many. All spectra were taken at 300 MHz using deuterated chloroform as the solvent

(CDCl3). The major peaks from the proton and carbon spectra of the final product

(C11EG6OH) are:

1H NMR (300 MHz, CDCl3):

1.2-1.4 (m, 14H), 1.30 (t, J=7.7Hz, 1H), 1.5-1.6(m,4H), 2.48(quart, J=7.4Hz, 2H),

3.35 (s,3H), 3.41 (t, J=6.8Hz, 2H), 3.5-3.6 (m,4H), 3.6-3.7 (m,20H)

12C NMR (300 MHz, CDCl3):

δ 24.6, 26.0, 29.4, 34.0, 61.6, 70.5, 76.6, 77.0, 77.4

Mass spectrometry was performed after all synthesis steps using matrix-assisted

laser desorption/ionization (MALDI) with a Bruker Biflex spectrometer at the Uni-

veristy of Heidelberg, Germany. The major peaks from the mass spectrum of the

final product (C11EG6OH) are:

MS (MALDI): m/z 172, 190, 491 [C11EG6OH thiol], 696, 957 [C11EG6OH disul-

fide, trace]

SAM preparation SAMs were prepared as previously described [3]. Glass mi-

croscope slides (Schott AG or VWR) were rinsed with ethanol and sonicated for 15

minutes. Slides were placed in Piranha etch, 75% H2SO4 25% H2O2, for 2 hours.

Slides were thoroughly rinsed with water (18.3MΩ/cm) and kept in a sealed con-

tainer with water until metal evaporation. Slides were thoroughly dried and 3 nm of

titanium or chromium was deposited on the slides, followed by the desired amount
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of gold. 30 nm of gold was used for optically transparent slides and 200 nm for

non-transparent slides. Optically transparent slides were used in cellular observa-

tions, while the non-transparent slides were used in characterization. A solution of

2.5 mM C11EG6OH was created with deoxygenated ethanol. A solution of 2.5 mM

C11EG6OH and CH3 were created using a 95:5 (vol/vol) ratio. The gold slides were

cleaned by UV ozone cleaning for 2 hours if not fresh from metal evaporation. The

gold slides were then placed in the mixed thiol solution and left overnight. The

slides were removed from solution and rinsed with ethanol and dried in a stream of

nitrogen.

Rat fibroblast growth and incubation REF-52 established rat fibroblasts

were kindly provided by the Spatz research group at the University of Heidelberg in

their sixth cell culture passage. The supply strain of fibroblast was kept in standard

incubation conditions (37 ◦C, 5% CO2) in Dulbco’s Modified Eagle Medium (DMEM)

with 5% Fetal Bovine Serium (FBS) and 0.1% antibiotics (100 U/ml penicillin, 100

g/ml streptomycin, and 0.25 g/ml amphotericin B). The cell line was split weekly,

10% of the cells were used to innoculate a virgin growing vessel while the remainder

was used for cell loading on experimental samples. Seeding densities were on the

order of 60,000 cells per centimeter calculated via a cell images from the culture

flask. Trypsin was used to enzymatically remove the fibroblasts from the growth

plate. Fibroblasts were used from their sixth to fifteenth cell culture passage. DMEM

and trypsin were kept at 37 ◦C prior to usage. The SAM surfaces were removed from

the thiol solution and rinsed with 70% ethanol three times, before rinsing with 37

◦C DMEM three times. Fibroblasts were then seeded on the test surfaces. All rat

fibroblast manipulations were performed in a sterile laminar flow hood, with sterilized

tweezers, and sterile pipettes and tips. Samples were kept in incubation conditions,

either 37 or 29 ◦C 5% CO2, until observation.

Rat fibroblast characterization to the mixed C11EG6OH/C11CH3 SAM
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A Ziess phase contrast microscope was setup so that images could be captured on a

CCD camera mounted to the microscope. A movable x-y micropositioning stage was

setup so multiple areas of the SAM surface could be examined by the microscope. The

stage also doubled as a heating element where the temperature could be controlled

from 22 to 60 ± 0.1 ◦C and was set to the incubation temperature used in the

experiment.

XPS characterization of post DMEM samples Mixed SAMs of C11EG6OH

and C11CH3 were created as previous described. A DMEM solution was created with

10% FBS. Three samples were placed into this solution and allowed to sit for 24 hours,

48 hours and 72 hours at 37 ◦C. After the samples were removed from solution they

were thoroughly rinsed with 1x PBS solution and dried in a stream of nitrogen and

stored in a hermetically double sealed container with nitrogen. Samples were shipped

to NESAC/BIO at the University of Washington for XPS analysis.

XPS spectra of the DMEM stored samples were taken on a Kratos Axis-Ultra

DLD spectrometer. 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 300 x 700mm (Kratos ’Hybrid’ mode). Pressure

in the analytical chamber during spectral acquisition was less than 5 x 10−9 Torr.

Pass energy for survey and detail spectra was 80 eV. Pass energy for high resolution

scans was 20 eV. The take-off angle (the angle between the sample normal and

the input axis of the energy analyzer) was 0◦ (0 degree take-off angle @ 100 Å

sampling depth). Three areas per sample were analyzed per sample per experiment.

The Kratos Vision2 software program was used to determine peak areas and to

calculate the elemental compositions from peak areas. The binding energy scale for

identification of elements was calibrated using the C 1s peak set to 285.0 eV. All

sample handling and sample cutting was done with double solvent cleaned tweezers

and scissors. The solvents used were acetone and methanol (both HPLC grade). All
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sample handling utensils were cleaned before and after sample handling. Fit peaks

were constrained by a full width half maximum value between 1.2 and 2 eV.

2.3 Results and Discussion

2.3.1 Mixed C11EG6OH/C11CH3 SAM characterization

The gold surfaces without SAMs present on the surface were characterized by AFM.

The three thickness of gold are shown on glass coverslips, shown in Figure 2.5. The

coverslips were used because they were assured by the manufacturer to be smoother

than glass microscope slides. As the gold thickness increases, the ’rolling hills’ topog-

raphy becomes more apparent. The average surface roughness of the gold thickness

are: 0.44 nm, 0.67 nm, 1.65 nm for 15, 25 and 60 nm gold thickness, respectively.

This value was calculated by the AFM software over the entire surface scan, peak to

valley height difference.

Mixed C11EG6OH/C11CH3 surfaces were sucessfully created and characterized via

ellipsometry, contact angle goniometry, and XPS. The ellipsometric thickness varied

from 13 Å for pure C11CH3 to 28 Å for pure C11EG6OH. The ellipsometric values

are exactly consistent with those reported by Pale Grosdemange et al., 13 ± 2 Å for

C11CH3 and 28 ± 2 Å for C11EG6OH SAMs [31]. Sessile (static) drop contact angles

varied from 110◦ for pure C11CH3 SAM to 26◦ for pure C11EG6OH. The value for

the methyl terminated SAM is identical to that reported in the literature, 110◦ [39].

The contact angle for the C11EG6OH SAM is slightly lower than the reported values:

34-38◦ advancing contact angle and 22-25◦ receding contact angle [31] and 39◦ sessile

[3]. If this value of the sessile drop is not truely static (but was evaporating during

the time of measurement), it would be closer to the receding angle measurement.

The measurement was taken in Albuquerque, where the relative humidity averages
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Figure 2.5: AFM micrographs of three gold deposition thickness on glass coverslips.

20%; thus evaporation and a receding angle measurement are likely.

The XPS spectra for the mixed C11EG6OH samples are shown in Figure 2.6. The

pure C11CH3 SAM is shown with a red curve, having a peak at 285 eV. The pure

C11EG6OH is shown in gold, with a peak at 285 eV and another peak at 286.8 eV.

The volume fractions of each thiol solution are shown as an inset on the graph in
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ascending order of C11EG6OH to C11CH3. The nearly 2 eV distance between the

peaks is consistent with the reported literature [31], although there is a 0.5 eV shift

in peaks to higher energy for the alkyl and ether carbons in our spectra. The shift

is from the data fitting of the C 1s peak to 285.0 eV. The surface mole fraction

of C11EG6OH can be calculated from the XPS spectra in Figure 2.6. The area of

the carbon or oxygen peaks can be used to determine the surface loading of the

SAM, Equation 2.1 [2]. The area of the fitted peaks of the high resolution carbon

spectra are used to calculated the surface mole fraction of C11EG6OH. These values

are displayed in Table 2.1. A very similar result can be obtained when the elemental

peaks are fit to the survey spectrum using CasaXPS software. The results can be

seen in Table 2.3. Table 2.2 shows the high resolution carbon 1s composition.

χOEG =
AreaO1s(Unknown− CH3)

AreaO1s(OEG− CH3)
(2.1)
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Figure 2.6: XPS spectra of the various volume fractions of commercial obtained
C11EG6OH mixed with C11CH3.

From the data in Figure 2.6 and Table 2.1 it is observed that very high volume

fractions of C11EG6OH thiol solution result in nearly 1:1 surface mole fraction. I

believe this result comes from two factors: 1) the C11EG6OH molecule being more

soluble in ethanol than C11CH3, and 2) the C11EG6OH molecule being bulker and

having a slow diffusion coefficient. When the gold surface is place in solution the

two thiols are in competition for surface binding sites. The less soluble and faster

diffusing C11CH3 molecule has a faster binding rate than C11EG6OH, thus the higher

volume fraction are needed to yield a 1:1 surface mole ratio.

It is possible to calculate the thickness of the SAM using the decrease in area of
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Table 2.1: Surface loading of C11EG6OH thiol calculated from XPS in Figure 2.6
vol % Carbon 1s Oxygen 1s

C11EG6OH thiol % C11EG6OH surface loading %C11EG6OH surface loading
100 100 100
95 76 84
90 65 70
80 53 62
70 45 49
60 38 43
50 32 39
0 0 0

Table 2.2: Elemental composition from XPS survey spectra of the various SAMs,
n=3, standard deviations are less than 2%

SAM C % O % N % S %
C11CH3 100 0 0 0

50 73 26 0 0
60 81 19 0 0
70 70 30 0 0
80 63 37 0 0
90 56 44 0 0
95 49 51 0 0

C11EG6OH 45 54 0 0

the Au 4f peak measured by XPS. The attenuation of the Au 4f peak comes scattering

of the photoelectrons which can be described by modifying Beer-Lambert’s Law. The

modification to Beer-Lambert’s Law is:

Ia = Ioexp(
−d

λKE

cosθ) (2.2)

where Ia is the attentuated photoelectron signal from the unknown SAM thick-

ness, Io is the photoelectron signal from a gold surface with no SAM present, d is

the unknown SAM thickness, λKE is the wavelength at a set energy, and θ is the

take-off angle [40]. The decrease in peak area to SAM height is shown in Figure
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Table 2.3: High Resolution C1s composition from XPS spectra of the various SAMs,
n=3, standard deviations are less than 2%

SAM C-H % C-O %
C11CH3 100 0

50 83.3 16.7
60 77.8 22.2
70 73.4 26.6
80 68.7 31.3
90 57.4 42.6
95 52.3 47.7

C11EG6OH 36.5 63.5

2.7. It is more common to examine the SAM thickness via ellipsometry. While XPS

tends to yield both more accurate and precise values, the results by ellipsometry are

more quickly obtained. The SAM thickness can also be used to determine the mixed

SAM surface mole fraction. The mixed SAM thickness should be between the height

of a pure C11CH3 SAM, 13 Å, and a pure C11EG6OH SAM, 28 Å. Both XPS and

ellipsometry report an averaged thickness value over a sample area containing only

two thicknesses, thus the reported thickness is a measure of the surface mole fraction.

21



Chapter 2. Mixed SAMs as Thermally Responsive Bioadhesive Surfaces

Figure 2.7: Calculation of the thickness of the SAM layer by linear interpolation of
the area of the Au 4f peak, graphic made by Xinyu Cao.

2.3.2 Thermal response of the mixed C11EG6OH/C11CH3 SAM

Figure 2.8 shows the change in contact angle of the mixed SAM containing commer-

cially obtained C11EG6OH. The commercially obtained C11EG6OH contained less

than 5% disulfide and exhibits a relatively large change in contact angle with change

in temperature. The amount of disulfide was calculated by the area of the mass

spectroscopy thiol peak at 491 to disulfide peak at 957 m/z. The change in con-

tact angle at 32 ◦C is also not as sharp as previously published [3], the change is

more gradual and occurs over a span of temperatures from 8 to 10 degrees Celsius.

Several volume fractions yield a thermally responsive surface. Figure 2.9 shows the

reversibility of the change in contact angle for the mixed C11EG6OH/C11CH3 SAM

over several temperature cycles. The thermal response was greatest for the initial
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Figure 2.8: Thermal responsiveness observed by contact angle for commercially ob-
tained C11EG6OH mixed with C11CH3. One sample was used with three sessile drop
measurements, error no greater than 5◦.

thermal cycle and then slightly decreased for the following thermal cycles. It may be

that the SAM is undergoing molecular rearrangement on the gold surface possibly

phase separating. It may also be that the thiolate bond to the gold is being oxidized

to sulfonate, the sulfonate is then easily displaced by another thiol molecule [41].

Another plossible explanation being the degredation of the ethylene glycol section of

the C11EG6OH molecule [4].
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Figure 2.9: Cyclic thermal responsiveness observed by contact angle for commercially
obtained C11EG6OH mixed with C11CH3. One sample was used with three sessile
drop measurements, error no greater than 5◦.

To ensure that the change in contact angle is a property of the surface (and not

due to the temperature dependence of the surface tension of water), a control was run.

The effect of temperature on the contact angle is often minimal, -0.1◦ per Kelvin for

temperature changes of the liquid [42]. It is also known that the value of the surface

tension of a liquid decreases with temperature until the critical temperature, Tc,

where liquid and gas phase are identical [43]. In Figure 2.10 the change in contact

angle on a native silicon surface is measured for a change in temperature. The data

points are the average of three measurements on a single surface with the standard

deviation of measurements as error bars. The contact angle changes by 6◦ over

20 ◦C, which is higher than the prediction of Adamson [42]. The prediction is for

the change of surface tension of water with change in temperature and should be

applicable to any contact angle measurement technique.

The advancing contact angle measured by tensiometry for the various solution
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Figure 2.10: Characterization of thermal drift of the captive bubble contact angle on
a native silicon wafer in nanopure water. One sample was used with three captive
bubble measurements, error report is deviation between measurements.

media can be seen in Figure 2.11. It is interesting to note that the change in contact

angle for water is much smaller than shown in Figures 2.8, 2.9, and 2.20. The method

used to calculate the contact angle in the tensiometer, Wilhelmy plate method, may

have additional influence from the sides of the slide, may be explaining the difference

between the measurement types. However, the change in contact angle becomes

more pronounced for various buffer solutions. The change in contact angle for the

mixed C11EG6OH/C11CH3 SAM surface is about 10 times that of the predicted

value for pure water-surface interactions. These data along with the sum frequency

spectroscopy data published by Balamarugan et al. confirm the thermally responsive

behavior of the mixed SAM surface [3].
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Figure 2.11: Effects of various buffer solutions on advancing contact angle measured
by tensiometry for the mixed C11EG6OH/C11CH3 SAM. The media tested were phos-
phate buffered saline (PBS), water 18.3 MΩ/cm, tris(hydroxymethyl)aminomethane
(TRIS) buffer, and artificial sea water (ASW). One sample was used with three
advancing conctact angle measurements, error report is deviation between measure-
ments.

2.3.3 Rat fibroblast growth on mixed C11EG6OH/C11CH3

SAMs

It was believed that the the mixed C11EG6OH/C11CH3 SAM surface would be a

reversible adhesive to mammalian cells. Rat fibroblasts were grown on the mixed

C11EG6OH/C11CH3 SAM surface along with control surfaces of the individual com-

ponent thiolates and untreated glass in the modified DMEM solution for three days.

The experiment was performed at 37 ◦C and 29 ◦C. To examine the fibroblasts af-

ter the growth period, twelve images were taken that generated a 0.9 by 1.2 mm

rectangular image of the surface. Each test surface was imaged three times by the

method described at random locations. The concatenated images for each surface are
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shown in Figure 2.12. Figure 2.12A is the untreated glass surface. Fibroblast growth

reached confluency on this control and was used as a baseline for fibroblast growth

in normal conditions. Figure 2.12B shows the fibroblast attachment on the C11CH3

surface. The attachment on the C11CH3 surface is less than that of the glass control,

implying the fibroblast attachment was inhibited by the C11CH3 SAM. The fibrob-

lasts on the surface also appear cylindrical in shape and filipodia are more elongated.

Figure 2.12C is the C11EG6OH surface where fibroblast attachment is also inhibited

by the surface chemistry when compared to the glass control. This is consistent with

literature reports for the anti-fouling nature of ethylene glycol molecules. Again the

fibroblasts appear cylindrical and attachment points elongated. Figure 2.12D shows

the fibroblast attachment on the mixed SAM surface. The fibroblast attachment on

the mixed SAM surface appears to be more like the glass control in fibroblast at-

tachment. The appearance of the fibroblasts is also more closely related to the glass

control, in that the fibroblast appear semi-circular and do not exhibit elongated fil-

ipodia connections to the surface. The other two areas examined were consistent

with the concatenated images shown in Figure 2.12.

The same experiment was performed but the incubation temperature was changed

to 29 ◦C resulting in Figure 2.13. Again the experiment was performed on several

surfaces to act as controls for the change in attachment conditions to the thermally

responsive mixed SAM. Figure 2.13A shows the fibroblast attachment on the un-

treated glass. It should be noted that fibroblast growth and attachment is reduced

by the lower incubations temperature. The fibroblasts that did attach showed a

semi-circular growth pattern along with large filipodia on the surface. The C11CH3

terminated thiolate surface is in Figure 2.13B, where fibroblast attachment is again

reduced by the lower temperature yet still shows semi-circular appearance of the

fibroblast. Figure 2.13C is the C11EG6OH surface where fibroblast attachment was

completely inhibited. The mixed SAM surface in Figure 2.13D1 and 2.13D2 show

an interesting phenomena. On some areas examined fibroblast attachment was com-
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Figure 2.12: Fibroblast growth on the various surfaces at 37 ◦C after incubation
for 3 days. A is the untreated glass control, B the pure component C11CH3 SAM,
C the pure component C11EG6OH, D is the mixed C11CH3/C11EG6OH SAM. One
concatentated image is shown of the three images sets taken randomly from entire
surfaces.

pletely inhibited, Figure 2.13D1. In other areas of examination, fibroblast attach-

ment was not completely inhibited, Figure 2.13D2. It is possible that some areas

contain more C11CH3 thiolate and offer more friendly attachment conditions. While

other areas are thermally responsive inhibiting the attachment of the fibroblasts. The

island pattern of fibroblast attachment was seen on several mixed SAM samples.

The island, or patchy, attachment of the rat fibroblasts was also seen at 37 ◦C.

Figure 2.14 shows one of the areas of observation showing both confluent attachment

and attachment inhibition. This patchy attachment gave rise to high error when the

cellular attachment was quantified.
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Figure 2.13: Fibroblast growth on the various surfaces at 29 ◦C after incubation
for 3 days. A is the untreated glass control, B the pure component C11CH3 SAM,
C the pure component C11EG6OH, D1 is one image the mixed C11CH3/C11EG6OH
SAM showing no fibroblast attachment, while D2 is another area imaged showing
fibroblast attachment. One image of the three randomly examined areas is shown,
two images are shown of the mixed C11CH3/C11EG6OH SAM to show the patchy
attachment of the fibroblasts.

The images in Figure 2.12 and Figure 2.13 were quantified by counting the num-

ber of adhered cells and divided by the area of examination, thus the fibroblast cell

density is obtained. Non-attached or dying cells were neglected from count by vi-

sual examination and personal judgement. The values from the three areas of the

concatenated images were averaged, and plotted in Figure 2.15. The large error bar

in the mixed SAM data comes from the comparision of the three positions on the

surface. Some areas allowed fibroblast growth while other areas did not. Because

mixed SAMs of C11EG6OH and C11CH3 allow protein adhesion above the molecular
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Figure 2.14: Patchy fibroblast attachment on the mixed C11CH3/C11EG6OH SAMs
at 37 ◦C after incubation for 3 days.

conformation change (temperatures ¿32 ◦C) [3], something must be changing the

surface chemistry to prevent cell adhesion. This will be discussed in more detail

later in this chapter. The data supports the existing evidence that for temperatures

above the molecular conformational change, proteins adsorb (ie, the binding proteins

present on the fibroblasts), while proteins do not adsorb for temperatures below the

molecular conformational change [3].

In a final experiment to prove our hypothesis, rat fibroblasts were grown for three

days in incubation conditions on each of the test surfaces. The surface was imaged

and the 12 concatenated images are shown in Figure 2.16. The patchy growth of the

rat fibroblasts are observed showing regions of well spread fibroblasts next to areas

displaying dendritic growth.
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Figure 2.15: Quantification of adhered fibroblasts grown at a temperature above, 37
◦C, and below, 29 ◦C the change in molecular conformation to the various SAM
surfaces, C11EG6OH is abbrev. as OEG, C11CH3 abbrev. as CH3, and mixed
C11CH3/C11EG6OH SAM abbrev. as MIXED.

All the test surfaces were gently rinsed with 4 ◦C DMEM solution three times

and reexamined. The glass, and C11CH3 showed no observable changes in cell adhe-

sion after rinsing. The C11EG6OH surface had a small quantity of weakly adhered

fibroblasts on the surface and after rinsing showed complete removal of fibroblasts. It

should be noted that perturbing fibroblasts adhered on the C11EG6OH SAM would

often results in their removal from the surface at any temperature. In support of our

hypothesis, the mixed C11CH3/C11EG6OH SAM showed cell detachment after rins-

ing with 4 ◦C DMEM solution. The entire mixed C11CH3/C11EG6OH SAM surface
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was imaged in a movie that showed nearly complete detachment of the fibroblasts.

Nine images were extracted from that movie and concatenated for Figure 2.17. Fi-

broblasts that did not detach from the surface were observed to sway around a single

pivot point when the surface was perturbed.
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Figure 2.16: Fibroblast growth after 3 days at 37 ◦C in a incubator on mixed
C11CH3/C11EG6OH SAM prior to wash step.

Figure 2.17: Concatentation of nine images taken from a movie examining the entire
mixed C11CH3/C11EG6OH SAM after three gentle rinses with 4 ◦C DMEM solution.
Figure 2.16 is the the surface prior to the rinsing.
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XPS analysis after DMEM immersion

XPS was used to examine the chemical changes that occur in the mixed C11EG6OH/

C11CH3 SAM surface after incubation. Table 2.4 shows the surface composition af-

ter the samples were immersed in DMEM for various periods of time. Sample 1 was

scanned three times in different locations on the surface. It had been immersed in

DMEM solution at 37 ◦C for 1 day. The gold, sulfur, carbon and oxygen are present

in the thiolate. Importantly, any protein adsorbed to the surface would show in the

nitrogen scan. As can be seen there is very little nitrogen on the SAM, implying the

mixed SAM does not absorb protein from the DMEM solution. Sample 2 was kept

in DMEM at 37 ◦C for 2 days. Again is it important to note that there is very little

nitrogen in the elemental composition, implying no protein adhesion to the mixed

SAM surface. The same is true for sample 3 which was kept in DMEM for 3 days at

37 ◦C. It should also be noted the decrease in the oxygen ratio. It is believed that

the OEG molecule first degrades in the ethylene glycol chemistry prior to oxidation

of the sulfur-gold bond. The mechanism of degredation has not yet been elucidated.

The decrease in the oxygen ratio from the first sample, 16, to mid 13 means the

oxygen within the ethylene glycol is rearranging and or possibly leaving in the form

of water. The six segments of the ethylene glycol are slowly reacting, and changing

the chemistry of the molecule and SAM surface properties.

Low resolution XPS scans after the DMEM immersion, not shown, show the

characteristic peaks for the mixed SAMs. The sulfur, carbon, and oxygen bonds

are seen at 164, 285, and 531 eV respectively. The high resolution C 1s spectra for

the mixed SAM surface after 1,2, and 3 days post-immersion in DMEM at 37 ◦C is

shown in Figure 2.18.

High resolution C 1s XPS spectra of the mixed SAM surface are shown in Figure

2.18 for 1, 2, and 3 days post-immersion in DMEM at 37 ◦C. There is a decrease

in the peak intensity for C-H and C-O photoelectrons. This is implying a loss of
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Table 2.4: Chemical composition ,%, of the mixed SAMs after immersion in DMEM
for 1, 2 and 3 days.

Day Au 4f C 1s O 1s N 1s S 2p
1st scan 1 24.3 53.0 16.9 1.9 4.0
1st scan 2 25.5 53.0 15.8 0.0 5.7
1st scan 3 25.6 54.4 15.3 0.8 3.9
Average 25.1 53.5 16.0 0.9 4.5
std. dev 0.7 0.8 0.8 0.9 1.0

2nd scan 1 29.7 50.3 13.2 0.0 6.8
2nd scan 2 32.6 46.7 14.3 0.0 6.5
2nd scan 3 30.6 50.1 13.4 0.0 6.0
Average 31.0 49.0 13.6 0.0 6.4
std. dev 1.5 2.0 0.6 0.0 0.4

3rd scan 1 34.3 45.3 16.2 0.0 4.3
3rd scan 2 35.4 47.5 12.4 0.6 4.1
3rd scan 3 32.6 45.6 14.3 2.4 5.1
Average 34.1 46.1 14.3 1.0 4.5
std. dev 1.4 1.2 1.9 1.2 0.5

thiolates from the gold surface. Interestly, there is a small carboxyl photoelectron

peak present on gold surface. Neither component SAM of the mixed SAM contains

carboxyl carbons it may be the ether carbons present in C11EG6OH are reacting to

become this source of carboxyl photoelectrons. The composition of the SAM surface

from the high resolution C 1s spectra can be seen in Table 2.5.

High resolution O 1s XPS spectra of the mixed SAM surfaces are shown in Figure

2.19 for 1, 2, and 3 days post-immersion in DMEM at 37 ◦C. The area of the O 1s

Table 2.5: High Resolution C1s composition from XPS spectra removal from DMEM
for various times, n=3, standard deviations are less than 2%

Day in DMEM C-H % C-O % O-C=O
1 55.2 38.7 6.1
2 51.5 30.7 3.1
3 36.8 27.6 5.9
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Figure 2.18: High resolution XPS scans of the carbon 1s mixed SAM surface after
immersion in DMEM for 1,2, and 3 days at 37 ◦C.

peak is decreasing with increased immersion time in DMEM, indicating a change in

the amount of oxygen present on the gold surface. The peak at 545 eV is from the Au

4p electrons, which is increasing slightly with DMEM immersion time. The increased

signal from gold electrons comes from the decrease in photoelectron scattering from

the SAM, thus there is a loss thiolates from the gold surface. Sulfate electrons would

be seen around 532 eV. The sulfate peak is close enough to the oxygen peak, within

1 eV, that it may not be separately detectable.
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Figure 2.19: High resolution XPS scans of the oxygen 1s mixed SAM surface after
immersion in DMEM for 1, 2, and 3 days at 37 ◦C.

2.3.4 Degradation of the mixed C11EG6OH/C11CH3 SAM

C11EG6OH thiol is a very environmentally sensitive molecule. C11EG6OH is sensi-

tive to oxygen. Prochimia, a thiol manufacturer, suggests that you do not keep a

C11EG6OH thiol solution for more than 2 weeks before making a fresh solution [44].

During the third step ambient air was still in the rotovap when extracting the sol-

vent from the C11EG6OH product. The heat (40 ◦C) and oxygen during the solvent

extraction (30 minutes) changed the C11EG6OH product from 10% disulfide to 80%
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disulfide as measured by mass spectroscopy before and after solvent extraction. The

disulfides are produced when the two thiol molecules react with the loss of hydrogen

gas.

It was very difficult to create a mixed SAM containing a 1:1 surface loading using

the C11EG6OH containing 80% disulfide. Very high volume fractions of C11EG6OH

were used, although XPS and ellipsometric thickness showed that the surface mole

fraction varied greatly from sample to sample. The mixed SAM surfaces created with

the 80% disulfide did not show and change in contact angle with change in temper-

ature. The failure to obtain a change in contact angle and non-reproducable surface

loading was attributed to the percentage of disulfide in the C11EG6OH batch. To

correct this the disulfide bond was reduced from 80% to about 30% in an additional

step shown in Figure 2.4.

The reduced C11EG6OH containing 30% disulfide was used generate Figure 2.20,

which shows the change in contact angle with temperature. The change in contact

angle is not seen until lower concentrations of C11EG6OH volume fraction. The

contact angle change is also not as large as mixed SAM created from commercially

obtained C11EG6OH.

There is a small range in surface mole fraction of mixed SAM where it is ther-

mally responsive [2]. In Figure 2.2 it is evident that proteins will adsorb below a

C11EG6OH surface mole fraction of 0.4 while not adsorbing at a surface mole frac-

tion above 0.6. Difficultly in reproducing this data may be attributed to shifting

of the C11EG6OH surface mole fraction. It is believed that the EG6OH molecule

in the mixed SAM surface is degrading due to oxidation shifting the surface mole

fraction to the region of non-thermal response allowing protein and cell adhesion.

It is known that molecules of PEO in solution are susceptible to oxidation [45, 30].

After eight days in growth medium, the C11EG6OH SAM has degraded enough to

allow for fibroblast growth while other SAMs continued to prevent fibroblast growth,
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Figure 2.20: Thermal responsiveness observed by contact angle for synthesized
C11EG6OH mixed with C11CH3.

see Figure 2.21. Using XPS, mass spectrometry (MS), and FTIR, Valiokas et al. de-

termined that the C11EG6OH SAM first degrades by loss of the oligomer section and

then detachment of the alkylthiolate [46]. While other SAMs are less susceptible to

oxidation and degradation, only the mixed C11EG6OH/ C11CH3 SAM is thermally

responsive.
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Figure 2.21: Images of rat fibroblasts on various SAM surfaces. The rat fibroblasts
growing outside the initial non-SAM circles on each surface show how the passivated
areas degrade with time, tri(ethylene gylcol) is the right most image set. Image taken
from Luk et al. [4]
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The age of the C11EG6OH thiol also matters. It was discovered that 1 year old

C11EG6OH was a waxy yellowish-white solid. The C11EG6OH had been stored at

room temperature in argon during its non-usage. Its NMR and MS spectra confirmed

that it was C11EG6OH. This C11EG6OH created a SAM and had contact angles

consistent with literature. Yet, it was not thermally responsive when mixed with

C11CH3 at any surface coverage ratio and any temperature tested.

Another factor is the age of the SAM. Mixed C11EG6OH/C11CH3 SAMs would

show a larger change in contact angle the sooner they were tested after removal from

the solution of creation. If the SAMs were dried and kept in nitrogen container for

an a week or more they would exhibit a smaller change in contact angle change with

temperature or show none at all. We believe the the thiol molecules on the the

surface of the gold would start to phase separate. It is known that the upper most

layer of gold atoms is mobile allowing for diffusion of thiolate molecules within the

SAM [47]. It has also been shown that SAMs can phase separate [48]. The thiolates

would have a driving entropic force to phase separate creating islands of C11EG6OH

and C11CH3 molecules. This hypothesis was never confirmed spectroscopically but

in experiments with rat fibroblasts the cells had preference to specific areas. This

observation tended to support the phase separation hypothesis. The phase separation

hypothesis can be verified by examining changes in the mixed SAM with tunneling

force microscopy with time.

The underlying surface roughness may also affect the molecular transition of

C11EG6OH. Microscope slides are fairly rough by their nature of manufacture, while

coverslips were assured to us to be much smoother. It was discovered that thermally

responsive C11EG6OH/C11CH3 SAMs on coverslips would show a larger change in

contact angle than that on microscope slides.

The amount of gold deposited onto a surface also may effect in the arrangement

and molecular transition of the C11EG6OH/C11CH3 SAM. AFM measurements show
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that evaporated gold will give a “rolling hills” topography to the surface. The average

roughness, from AFM scans, for a 15 nm surface is 4.4 Å. 25 nm gold has a average

roughness of 6.7 Å. 60 nm gold has a average roughness of 16.5 Å. This hypothesis

was never tested but was believed to be a factor in thermal response.

Observations of the thermal response of the mixed C11EG6OH/C11CH3 SAMs

were made at seven minute intervals. The microscope slides or coverslips were placed

on the goniometer stage and allowed to thermally equilibrate for the seven minutes.

The selection of seven minutes was arbitrary and was believed to be enough time

for thermal equilibrium to be obtained by the samples. The seven minutes is not

necessarily the time for the mixed C11EG6OH/C11CH3 SAM to exhibit the thermal

response. At the elevated temperatures, when the water drop is evaporating, the con-

tact angle should be obtained quickly to avoid observing the receding contact angle.

It was seen by myself, Xinyu Cao, Linnea Ista, and the researchers the University of

Gotenberg, Sweden that the thermal responsive contact angle was more a gradual

change over a 10 ◦C temperature range than the very sharp transition temperature

published [3].

Volume fractions of the C11EG6OH thiol solution and C11CH3 solution should be

95:5. This ratio of solution gives a surface loading of each thiol of about 50:50 as

confirmed by XPS oxygen ratios and ellipsometric thickness. The thermally respon-

sive nature of C11EG6OH can be observed beyond this range from about 97.5% to

93% and possible lower volume fractions as seen in Figure 2.8. There appears to be

a small window in which the kinetic rates of thiol attachment to the gold surface will

give a equal surface loading of both thiolates. The C11EG6OH molecule has a higher

solubility in ethanol than the C11CH3 giving a slower rate of adsorption and thus re-

quiring a higher concentration. In the self-synthesized C11EG6OH there existed more

contaminants and disulfide C11EG6OH than the commercially obtained C11EG6OH

so the thermal responsive change in contact angle was not as large and sometimes
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not present in similar volume fractions as seen in Figure 2.20. The cyclic nature of

the thermal responsiveness can be seen in Figure 2.9. The change in contact angle

appears to be decreasing with each thermal cycling. An interesting experiment not

performed, would be to see how many cycles the mixed C11EG6OH/C11CH3 SAM

would exhibit before the thermal responsive nature is no longer observed. We hy-

pothesize that chemical changes are occuring in the C11EG6OH molecule, similar to

those seen in Figures 2.18 through 2.19, that will eventually lead to loss of thermal

response.

It was hypothesized that changing the length of the alkyl backbone of the C11CH3

molecule in the mixed SAM would change the thermal responsive property. Dodecane

thiol was changed to decane thiol (C-10) and also undecane thiol (C-11). No change

was observed in the thermal responsive nature of the mixed SAMs at similar volume

ratios. Contact angles along with the change in contact angles were the same as

those in the C11CH3 mixed SAMs.

It was hypothesized that changing the C11CH3 molecule to a molecule of larger

radial size would change the thermal responsive property. When benzene thiol was

mixed with C11EG6OH the contact angle varied from 30 degrees (pure C11EG6OH)

to 65 degrees (pure benzene thiol). There was no thermal responsive behavior in any

of the volume fractions tested.

2.4 Conclusion

The gold coated slides were characterized by AFM to show an increasingly rough sur-

face as the gold thickness increased. After deposition of the thiols on the gold, the

resulting SAMs were characterized by ellipsometry and contact angle goniometry, and

show evidence of SAM formation. Two methods were given to calculate the surface

fraction of the C11EG6OH molecule present in the mixed C11EG6OH/C11CH3 SAM.
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The mixed C11EG6OH/C11CH3 SAMs were confirmed as reversibly thermally respon-

sive surfaces. The factors that made for a thermally responsive surface were also dis-

cussed along with degredation of the SAM surfaces. How the mixed C11EG6OH/C11CH3

SAM surface affect rat fibroblast growth was also qualitatively and quantitatively

shown. Lastly, the mixed SAM surfaces were characterized by XPS after exposure

to experimental conditions.
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Chapter 3

Use of Atomic Force Microscopy in

Quantification of Bioadhesion on

Thermally Responsive Mixed

Self-Assembled Monolayers

3.1 Introduction

This chapter reports on the adhesion of model proteins to mixed hexa(ethylene gly-

col) thiolate (C11EG6OH) and dodecane thiolate (C11CH3) self-assembled monolay-

ers (SAMs) above and below their molecular transition. It should be noted that the

mixed C11EG6OH/C11CH3 SAM surface was confirmed to be thermally responsive by

contact angle goniometry before any protein adhesion experiments were performed.

The Results and Discussion Section of this chapter can be loosely divided into

six parts. The first part explains the choice of proteins used in my experiments.

The second part examines the surface topography of the mixed C11EG6OH/C11CH3
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SAMs before the protein adhesion experiments were performed. The third part

discusses the force distance curves, data processing, and observations made during

experimental controls. The method used to calculate the area of interaction for an

unmodified cantilever to the mixed C11EG6OH/C11CH3 SAMs is described in the

fourth part. The fifth part shows the protein adhesion data of the model proteins

to the mixed SAM in the form of adhesion force histograms and sequencial adhesion

force data. The sixth part concludes with an analysis and comparison of the data

obtained with relevant data from literature.

Protein adsorption is a critical initial event when a foreign body comes into con-

tact with a living fluid such as blood [49, 50]. To understand bioadhesion the study

of protein adsorption to surfaces is critical. A good review of protein adsorption at a

solid-liquid interface is given by Malmsten [49]. A more detailed review of the factors

that influence protein adhesion is also presented by Malmsten [51]. Because there

are so many factors involved in protein adsorption, a model to predict adsorption is

quite complex and statistical in nature [50]. Researchers do not agree about what

characteristic inherent in a protein or a surface determines protein adhesion. It is

believed that most important factors in protein adhesion are: surface free energy

[52], surface wettability [53], different functional endgroups [54], residence time [55],

loading force [55], buffer medium [56], electrostatic effects [56], and pH [55].

Intermolecular forces can be classified into three loose categories, including: cova-

lent or chemical bonding forces, electrostatic forces or Coulumb forces, and polariza-

tion forces. While covalent forces are necessary for chemical bonding, covalent forces

are not as relevant in protein adsorption as electrostatic and polarization forces,

and will not be discussed in this chapter. An electrostatic force originating from

a molecules’ charge creates a permanent dipole within the molecule, which leads

to further fractionation of the dipole charge. Polarization forces arise from dipole

moments, which are induced by electric fields, nearby charges or permanent dipoles.
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Polarization is particularly important for protein adhesion because all intermolecular

interactions in a solvent medium involve polarization forces.

The van der Waals forces are a grouping of attractive and repulsive forces arising

from polarization forces. The van der Waals forces are composed of three forces,

including: (1) dipole-dipole forces, (2) induced dipole-induced dipole forces and (3)

instantaneous induced dipole-induced dipole. Hydrogen bonding, a special case of

dipole-dipole interaction, is one of the most important intermocular forces. Hydrogen

bonding dictates the folding of proteins, the solubility of proteins in solution, and

the wetting of surfaces. Thus, the hydrogen bond and its related hydrophobic effect

are key in protein adhesion to surfaces. A favorite quote describing the hydrophobic

effect is, “Water simply loves itself too much to let some substances get in the way”

[57].

When considering what forces dominate protein adhesion to a thermally respon-

sive surface, it is important to remember that the SAM surface of interest here have

a hydrophobic C11CH3 thiolate and a hydrophilic C11EG6OH thiolate. In addition,

each protein examined may be charged, or not, polarized, have regions of hydropho-

bicity and hydrophilicity, and may exhibit all of the intermolecular forces at the same

time. For these reasons, it is very difficult to extract which forces are determinative

in protein adhesion.

Most protein adsorption experiments determine only if protein is present or not.

For example, ellipsometry measures the thickness of an adsorbed protein thin film

on a surface, thereby indicating whether adhesion has occurred. However, there

are several indirect ways to quantify the bioadhesive force to a thermally responsive

material. Five such methods are discussed below. One method is to use a centrifugal

force device to remove adherent cells using a rotating disk in a liquid medium [58].

This device is good for obtaining the force necessary for removing cells but not

applicable to protein removal. A second method for finding the force of adhesion of
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cells is by using shear stress in a laminar flow fluid device [59]. Again this device is

good at calculating the force necessary for removing cells, but is not applicable to

proteins. A third method, surface plasmon resonance (SPR), uses a modification of a

laminar flow cell and can detect protein adsorption and displacement. It was shown

using a SPR device that no protein adsorbed to a mixed SAM of oligo(ethylene glycol)

methyl methacrylate and C11CH3, although SPR provides no information on the

force of protein adsorption [60]. SPR may only be used on substrates that exhibit a

plasmon resonance upon light irradiation [61]. Such substrates are typically confined

to metals such as gold or silver. A fourth method, quartz cyrstal microbalance

(QCM), also uses a laminar flow cell and is often used to detect adsorption rates of

proteins onto a crystal surface. The QCM has been used to show protein adsorption

on quartz crystal modified thiolate surfaces of hydroxyl and methyl termination [62].

However, the QCM does not allow for direct measurement of the force of protein

adsorption to surfaces. The force needed to remove the protein from the surface

must be calculated from shear stress relationships from fluid flow rate. A fifth method

used to measure protein adsorption utilizes a surface force apparatus (SFA). SFA was

used to show the force of adhesion of a mussel foot protein to mica [63]. This was

an impressive quantification of a very strong adhesive protein common in nature.

However, SFA is not a very common instrument. The area of interaction is large

in comparison to the subject of inspection, and the substrates must be very smooth

half cylinders, typically mica [57]. The limitations in the methods described above,

require a more readily available device to measure directly protein adhesion.

The most commonly used device to measure molecular scale force is the AFM

[64, 65, 66]. AFM has been used to measure the adhesive force between two bovine

serum albumin (BSA) proteins, BSA and a SAM, and BSA and a dextran modified

surface [67]. Wang et al. attempted to reproduce what occurs naturally between

proteins and surfaces of different chemical composition. AFM has also been used to

quantify the protein adhesive force to SAMs. A large comparison of seven surface
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bound proteins and their interactions with eight SAM modified AFM tips, including

tri(ethylene gylcol), were examined [53]. In that study, Sethuraman et al. provided

a very thorough examination of the interaction possibilities in bioadhesion. The

thiolate terminal groups were intended to represent the many possible chemical sur-

faces for bioadhesion found in nature, while the proteins were used as models for

cellular adhesion molecules. AFM has been used to measure the forces between two

proteins, albumin and fibronectin, to PNIPAAm above and below the temperature

required for a change in molecular conformation [68]. This was an important work

because it showed that AFM can detect the force of adhesion between the protein

and PNIPAAm substrate, and confirmed that the PNIPAAm substrate used was

thermally responsive. Another important work showed the adhesive force between a

PNIPAAm surface and BSA at steps of two degrees during the change in molecular

conformation [5]. The force curve obtained can been seen in Figure 3.1. At temper-

atures lower than the LCST, approximately 24 ◦C, the adhesive force of the BSA

protein to PNIPAAm is zero, but as the temperature increases, the protein exhibits

an adhesive force to the PNIPAAm surface.
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Figure 3.1: The adhesive force of a BSA coated AFM tip measured during the LCST
of PNIPAAm measured by AFM, taken from Cho et al. [5]

To determine the adhesive force between the model proteins and the mixed

C11EG6OH/C11CH3 SAM above and below the molecular transition, we used a sim-

ilar method to that of Cho et al. by physically adsorbing proteins to an AFM can-

tilever and observing the adhesive force above and below the molecular transition to

mixed C11EG6OH/C11CH3 SAMs. We hypothesize that using AFM the difference

in adhesive force of the six proteins will be observed above and below the molecular

transition to thermally responsive mixed C11EG6OH/C11CH3 SAMs. To our knowl-

edge, there are no published studies on the protein adhesive forces between a mixed

SAM of C11EG6OH and C11CH3.

3.2 Materials and Methods

Materials Circular microscope coverslips, 11 mm in diameter, were obtained from

VWR. Gold (99.999%) 1-3 mm spheres used in metal evaporation were acquired from
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Plasmaterials. Chromium rods were purchased from Mathius Company. C11EG6OH

was purchased and used as receieved from Asemblon, Redmond, WA. Dodecane thiol

98%, phosphate buffered saline (PBS), collagen from bovine achilles tendon (C9879-

1G), lysozyme from chicken egg white grade VI (L2879), ribonuclease A from bovine

pancreas (R6513-10MG), pyruvate kinase from rabbit muscle Type III (P9136-1KU),

cholera toxin subunit B were purchased from Sigma-Aldrich Chemicals.

The gold coated circular microscope coverslips were prepared as described in

chapter 2. Mixed SAMs of C11EG6OH/C11CH3 were created as described in chapter

2.

Protein solutions were created at 1 mg/mL in PBS buffer 1x pH 7.4 and passed

through a 0.2 micron syringe filter, stored at 4 ◦C, and degassed in low vacuum for a

minimum of 30 minutes prior to usage. Buffer solutions were degassed by exposure

to low vacuum for a minimum of two hours.

Characterization Ellipsometry was done with an M-44 ellipsometer from J.A.

Woolam Co. The thickness of the SAM layer was measured at least 3 times and

the average taken. Sessile drop water contact angles were taken with a Rame-Hart

contact angle goniometer. The temperature was controlled with a heating ribbon

and monitored by a thermocouple.

Silicon nitride AFM cantilevers (MSCT-UNM nominal tip radius 10 nm) were

purchased from Veeco Probes. Force measurements were carried out with a Veeco

Nanoscope IIIa Atomic Force Microscope on SAM prepared circular gold coated

coverslips in a standard fluid cell filled with 1x phosphate buffered saline (PBS).

Tip movements and data collection were collected with Veeco program version 6.1.

Protein was physically adsorbed onto the AFM cantilever by placing a drop of 1

mg/mL protein solution on the cantilever for 15 minutes. An O-ring and fluid cell

containing the AFM cantilever was then set on top of the sample. Degassed PBS was
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Table 3.1: List of proteins and properties used the adhesion to mixed SAM experi-
ment.

Bovine Collagen Pyruvate Cholera toxin Ribonuclease Lysozyme
serum albumin kinase subunit B A

PI 4.7 8.3 6.3 6.6 7.8 11
Mw 66.4K 300K 237K 12K 14K 14.5K
Charge at pH
7.4

+ - + + 0 -

Protein “Soft” “Soft” “Soft” “Hard” “Hard” “Hard”
Behavior*
* see text

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

for 10 minutes. The force sensitivity was updated for each cantilever prior to data

collection. Tip-sample force was calculated using a spring constant of the cantilever

of 0.02 N/m as provided by the manufacturer. Force-distance curves collected at

room temperature (22 ◦C) were performed in ambient conditions. Force-distance

curves at 39 ◦C were performed in a plexiglass container with heat lamps connected

to variable voltage and monitored with a thermocouple placed near the fluid cell.

Force-distance curves were performed at 0.1 Hz scan rate, and 0.5 nN depression

force. The x and y coordinates were moved 50 nm for each force-distance curve.

3.3 Results and Discussion

The model proteins used in this experiment are listed in Table 3.3. They were

chosen because they are the standard proteins used in many adsorption to studies

[3, 2, 32, 54, 53, 67, 69]. The proteins have positive, negative, and neutral charges

at the experimental pH of 7.4. They have different sizes, shapes, and behaviors.

Proteins displaying large conformational changes on adsorption can be referred to

as ‘soft’ [49, 51]. Proteins undergoing limited or no conformational changes upon

adsorption are referred to as ‘hard’ [49, 51]. The structures of the proteins used along

with their dimensions are presented in the Appendix. The amino acid composition
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of each protein is also provided in the appendix of this work.

The water contact angles of mixed C11EG6OH/C11CH3 SAMs were measured at

different temperatures. Static water contact angles at 22 ◦C were 32 ± 4◦, while

contact angles at 40 ◦C were 52 ± 6◦. The change in contact angle verifies that the

mixed C11EG6OH/C11CH3 SAM has thermally responsive properties.

The mixed C11EG6OH/C11CH3 SAM surface was imaged by AFM to confirm

that the topography had not changed when switching to the circular glass cover-

slip. Figure 3.2 shows the mixed C11EG6OH/C11CH3 SAM surface. The mixed

C11EG6OH/C11CH3 SAM surface is very similar to the mixed C11EG6OH/C11CH3

surface characterized in chapter 2; the roughness and topography are nearly identi-

cal. The rolling hills topography of the gold is again observed. Although great care

was taken to keep the sample free of contamination the larger and higher islands are

likely dust particles. The exact composition of the larger islands is not known. The

SAM surface was reconstructed into a 3D-topography map in Figure 3.3. Again the

rolling hills can be seen with an occasional dust particle on the surface.

Figure 3.2: AFM micrograph of a mixed SAM surface on the gold coated circular
coverslip, taken in air.
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Figure 3.3: 3D reconstruction of a mixed C11EG6OH/C11CH3 SAM surface on a gold
coated circular coverslip.

In order to ensure adhesion and other phenomena are not observed as noise, a

force curve from a bare AFM tip into a hard glass surface was recorded, shown in

Figure 3.4. A straight line was fit to the data that yielded a standard deviation

of 5 pN. Any measurement above 5 pN has a realistic force interaction between

the cantilever and surface. The same experiment was performed at 39 ◦C, which

confirmed that the noise was about 5 pN. At 39 ◦C, AFM signal noise can increase

because of laser drift off the detector. The drift arises from the temperature changing

the index of refraction in several positions: the fluid cell, the fluid within the cell,

air between sample, and detector. Care was taken to keep the noise about 5 pN at

39 ◦C by adjustment of the detector position.

A typical force-distance curve for an AFM tip with an adsorbed protein (BSA)

without adhesion is shown in Figure 3.5. This result is typical of what is observed

for protein coated tips at 22 ◦C. Extension occurs when the cantilever is pushed

into the surface via the piezo electric drive motor. Retraction occurs when the

sample is moved away from the cantilever and returned to its starting position.
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Figure 3.4: Force-distance curve of a bare AFM tip into a hard glass surface at 22
◦C, standard deviation is 5 pN.

The AFM recorded cantilever deflection as a function of an arbitrary position. The

software calculated the force via the spring constant of the AFM cantilever and force

sensitivity calibration. The distance scale was set to zero at the point of maximum

force. The force was set to zero at large tip-sample distances. The maximum force

applied in this graph was about 550 pN.

Figure 3.6 shows an interesting phenomenon of compression of the material be-

tween the AFM cantilever and glass surface. In the extension curve at about 300 pN

the force drops in a step and then continues to increase after the step. It is possible

that this might be the compression of the protein, although this phenomenon has

been observed in data collected without protein on the cantilever. It is also pos-

sible that this compression is compression of the mixed C11EG6OH/C11CH3 SAM

layer. The hexa (ethylene glycol) groups extending above the methyl groups might

be displaced or compressed prior to the compression of the rest of the SAM layer.

The decrease in force might also be from the compression of the gold layer. The
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Figure 3.5: A typical force curve at 22 ◦C on the mixed C11EG6OH/C11CH3 SAM
with BSA coating on the AFM cantilever.

step decrease in force indicates that it is unlikely that the gold layer was compressed

because gold normally follows a linear compression.

An important factor in adhesive force is the surface area of interaction between the

two opposing surfaces. The area of interaction can be both illustrated and calculated.

A schematic of the surface with cantilever drawn to scale is shown in Figure 3.7. The

cartoon shows that many thiolates are interacting with the cantilever. The exact

number of thiolates can be calculated, using the model of Johnson-Kendall-Roberts

(JKR) [70, 39]. The contact radius, a, for compliant materials (or materials of similar

composition) is

a =

(
3πγR2

K

)1/3

(3.1)

where γ is the surface tension of the SAM, R is the radius of the AFM cantilever,
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Figure 3.6: A force curve at 22 ◦C exhibiting a “compression” of the layer underneath
the AFM cantilever (C11EG6OH/C11CH3 SAM with BSA on the AFM cantilever).

where K is,

K =
2

3

E

1− ν2
(3.2)

E is the Young’s modulus of the SAM, and ν is the Poisson ratio. The Young’s

modulus of the SAM is essentially that of bulk gold [66, 39].

EAu−SAM =
(EAutAu + ESAM tSAM)

tAu + tSAM

≈ EAu (3.3)

The Young’s Modulus and Poisson ratio of Gold is 78 GPa, and 0.4498, respec-

tively [71]. On the opposing surface the packing density per molecule on a SAM

surface is 0.2 nm2 [72, 39].

Using this calculation, we estimate that 63 thiolates interact with the bare can-

tilever during a force-distance curve. The force of interaction between the AFM
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cantilever and SAM surface can be approximated by the sum of 63 short-range in-

termolecular interactions over a radius of 10 nm. It should be noted that this ap-

proximation is for a flat substrate. The values may be slightly more or less due to

the 2 nm gold roughness.

Figure 3.7: Schematic of the AFM cantilever and SAM to scale.

It is not as easy to understand how a protein modified cantilever and SAM in-

teract. For one, it is not known how many proteins adsorb on the cantilever surface

and in what conformation. It may be that the proteins absorb to the surface in their

native conformation, although after the first force-distance curve this may probably

no longer be the case. Denaturing of the protein on the cantilever will be discussed

in more detail later in this chapter.

An example of an atypical adhesion force which are observed in a minority of

measurements is shown in Figure 3.8. This is atypical because adhesion was most
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often not observed at 22 ◦C. Of the 25 force curves performed for BSA on the mixed

C11EG6OH/C11CH3 SAM at 22 ◦C, only one force-distance curve showed adhesion.

There is another interesting artifact present Figure 3.8. In that Figure, the force

increases from 5 nm to 20 nm, and then decreases to zero at 40 nm. This artifact is

the result of the Fabre-Perot interference of the gold-coated backside of the cantilever

and the gold coated surface of the coverslip. As the cantilever travels away from the

surface, the laser intensity changes due to interference produced from laser light

reflected off the SAM. The increase and decrease in force is only an optical effect and

is disregarded in our analysis.

Figure 3.8: An atypical adhesion force curve at 22 ◦C of BSA on the mixed
C11EG6OH/C11CH3 SAM with BSA coating on the AFM cantilever.

Figure 3.9 shows the typical force distance curve for adhesion of BSA to the mixed

C11EG6OH/C11CH3 SAM at 39 ◦C. Thermal drift of the surface away from the AFM

cantilever is why the extension curve start and retraction curve end do not match

up. Even though the AFM was placed in a temperature controlled environment to

minimize thermal drift effects, thermal drift was still present.
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Figure 3.9: A typical force distance curve showing the adhesion of BSA to the mixed
C11EG6OH/C11CH3 SAM at 39 ◦C

The force-distance curve in Figure 3.5 is very similar in nature to the force-

distance curve between fibrinogen on an all helical C11EG3Me SAM formed on gold

shown in Figure 3.10 a) [6]. The two curves are similar in that they both do not

exhibit any van der Waals attractive force upon approach and there is also no ad-

hesion to the surface upon retraction. This is in contrast to Figure 3.10 b) which

contains the all trans conformation of C11EG3Me which exhibits both van der Waals

attractive forces upon approach and adhesion between protein and SAM surface upon

retraction. Yet, Figure 3.9 and Figure 3.10 b) support of the evidence that above

the molecular transition temperature the C11EG6OH within the mixed SAM is dis-

playing a more all trans conformation behavior. It is not known exactly why some

force-distance curves have a single adhesion release, such as Figure 3.5, and why

others have multiple release events, Figure 3.10 b. The lack of information about

the number of proteins on the AFM cantilever, the protein conformation, AFM tip

shape, and substrate surface features make interpretation of the force-distance curves
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difficult. It may be that the protien releases from the surface only to interact with

other proteins. These interactions would have a different adhesive force at longer

distances. It is also possible that the proteins are denaturing during compression

and as the proteins unravel present different adhesive forces between AFM cantilever

and substrate.

Figure 3.10: Force-distance curves between fibrinogen and the C11EG3Me SAM on
gold (a) and silver (b). The C11EG3Me molecule displays the helical conformation
on the gold surface, while displaying the all trans conformation on the silver surface.
Force-distance curves were performed in the temperature range of 27 to 30 ◦C. Image
taken from [6].

Figure 3.11 shows the double adhesion of collagen to the mixed C11EG6OH/C11CH3

SAM. The adhesion force was measured as the total force of the two adhesion steps.

This is evidence that the proteins might be denaturing from the force-distance curves.

At the start of the cantilever retraction the protein adheres to both surface and can-

tilever. As the cantilever retracts the protein stays attracted to both surfaces keeping

61



Chapter 3. Bioadhesion to Thermally Responsive Surfaces

the cantilever at the same distance, this gives rise to the first attractive force. When

the protein unravels, it releases the cantilever, showing the first step decrease in force.

As the cantilever continues to travel away from the surface, the protein continues

to unravel presenting a constant force on the cantilever. As the protein reaches an

unraveling maximum, it releases from either the cantilever or the surface giving the

last step decrease in force. Also seen in this figure is a small offset in zero value of

force. The offset is due to thermal drift of the surface away from the cantilever during

the force-distance curve. This double adhesion or possible denaturing of the protein

was also seen for all the other proteins used in this experiment. Double adhesions

tended to be the most prevalent yet multi-adhesion retractions where also observed.

Figure 3.11: Plot of the double adhesion, or denaturing, of collagen to the mixed
C11EG6OH/C11CH3 SAM at 39 ◦C

In order to verify the change in protein adhesion on the thermally responsive

mixed C11EG6OH/C11CH3 SAMs is not a characteristic of either individual SAM, a

series of controls were performed. The adhesive force between the pure component

SAMs was examined at both 22 ◦C and 39 ◦C. The adhesive force is defined as the
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lowest value of the force before cantilever snap-back. For each protein, 15 to 20

force curves were obtained on a single sample. This quantity was chosen because

of observed protein loss from the tip (at high temperatures) around the 20th force-

distance curve. The data is reported in histograms of adhesive force between the

SAM and protein adsorbed cantilever. The controls for the experiment can be seen

in Figure 3.12. Figure 3.12 a) is the adhesive force histogram to the pure component

C11EG6OH SAM at 22 ◦C, b) is the adhesive force histogram to the pure component

C11EG6OH SAM at 39 ◦C. This figure shows that, in the majority of cases no adhesion

between the BSA protein and the C11EG6OH surface was observed. This is consistent

with published findings that the C11EG6OH SAM passivates the surface to protein

adhesion [2]. In Figure 3.12 d) the pure component C11CH3 SAM shows a number of

adhesions with ∼ 20 pN in magnitude. There is a tail to the histogram with adhesion

forces up to 200 pN, which may be due to the denatured protein interacting with the

hydrophobic surface. The same trend is seen in Figure 3.12 d) when the temperature

is raised to 39 ◦C and BSA adheres to the C11CH3 SAM. It should be noted that

neither pure component SAMs showed significant change in protein adhesion at the

two temperatures.
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Figure 3.12: BSA adhesion to the pure component SAMs at high and low temper-
ature, where a) is the C11EG6OH at 22 ◦C, b) is the C11EG6OH at 39 ◦C c) is the
C11CH3 at 22 ◦C, and d) is C11CH3 at 39 ◦C.

Figure 3.13 shows the histograms of protein adhesion force at 22 ◦C for BSA, col-

lagen, pyruvate kinase, cholera toxin subunit B, Ribonuclease A, and lysozyme. The

majority of the force-distance curves exhibited no adhesion to the mixed C11EG6OH/C11CH3

SAM. These results are consistent with the hypothesis that the protein does not ad-

here to the mixed C11EG6OH/C11CH3 SAM surface at temperatures below the mixed

C11EG6OH/C11CH3 SAM’s molecular transition. It may be that the protein is dena-

turing to some extent during each force distance measurement. The extent of protein

denaturing may give rise to the ocassional spurious adhesion event measured.
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Figure 3.13: Adhesion force histograms of the various proteins to the mixed
C11EG6OH/C11CH3 SAM at 22 ◦C, where a) is bovine serum albumin, b) is col-
lagen, c) is pyruvate kinase, d) is cholera toxin subunit B, e) is ribonuclease A, and
f) is lysozyme.

65



Chapter 3. Bioadhesion to Thermally Responsive Surfaces

Figure 3.14: Adhesion force histograms of the various proteins to the mixed
C11EG6OH/C11CH3 SAM at 39 ◦C, where a) is bovine serum albumin, b) is col-
lagen, c) is pyruvate kinase, d) is cholera toxin subunit B, e) is ribonuclease A, and
f) is lysozyme.

Figure 3.14 shows the histograms of protein adhesion at 39 ◦C, for BSA, col-

66



Chapter 3. Bioadhesion to Thermally Responsive Surfaces

lagen, pyruvate kinase, cholera toxin subunit B, ribonuclease A, and lysozyme. In

contrast to the measurements at 22 ◦C, the majority of the force-distance curves

exhibited adhesion to the mixed C11EG6OH/C11CH3 SAM. The experiment was

stopped when the force-distance curves showed 5 sequential non-adhesion events.

It was assumed that at this point, the protein was displaced from the cantilever,

because prior experiments showed no adhesion between a bare cantilever and the

mixed C11EG6OH/C11CH3 SAM. The last 5 non-adhesion force curves were not in-

cluded in these data. These results are consistent with the hypothesis that protein

adheres to the mixed C11EG6OH/C11CH3 SAM at temperatures above the mixed

C11EG6OH/C11CH3 SAM’s molecular transition.

The majority of the adhesion strength lay below 100 pN; forces above 100 pN

tended to be in the tail of the adhesive force population. Because the protein was

dislodged from the cantilever, large sets of data were hard to acquire, making statis-

tical analysis of the data difficult. Comparison to other protein on SAM studies is

difficult because the surface chemistry of this mixed C11EG6OH/C11CH3 SAM is so

unique. Futhermore, physical adsorption of the protein to the cantilever is different

from the chemical attachment performed by other researchers. This will be discussed

in more depth later in this chapter.

For temperatures above the molecular transition, the oligo ethylene glycol thiolate

no longer has tightly bound water acting as a barrier to protein adhesion [3]. Thus,

the molecule is less hydrophilic and the displaced water molecules allow for protein

adhesion to the SAM surface.

Figure 3.15 shows the protein adhesion force measurements in sequence for the

various proteins to the mixed C11EG6OH/C11CH3 SAM at 39 ◦C. The first data point

in each of these curves gives information on the initial adhesion, when the protein

is most likely to be in its native conformation. The sequential data points provide

information about the adhesive forces for the protein when it maybe denaturing upon
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the AFM cantilever. It has been shown that proteins can denature when exposed to

hundreds of picoNewtons of force [64]. The force exerted in the experimental force-

distance curves is approximately 500 pN. As the protein denatures during the force-

distance curves, it may expose new regions of the protein that may be hydrophilic

or hydrophobic in nature. It then follows that the adhesion trend will vary from

force-distance curve to force-distance curve.

It is difficult to observe a correlation between protein size and adhesive force to

mixed C11EG6OH/C11CH3 SAM surface. A comparison of lysozyme and collagen

adhesion shows that both negative proteins tend to have peak adhesion strength in

the tens of piconewtons and have no different in force-distance trends, Figure 3.14

and 3.15, b and f. The same is true for the positive proteins BSA and pyruvate

kinase, Figure 3.14 and 3.15, a and c.

The same difficulty in observing a correlation is seen between protein charge and

adhesive force. Collagen and pyruvate kinase, which are about the same molecular

weight but of opposite charge, have similar adhesion forces and show no similar trends

in sequencial force distance data, Figure Figure 3.14 and 3.15, b and c. The same

is true for BSA and lysozyme, which are both about the same size but of opposite

charge. Again the difficultly is present with ribonuclease A and lysozyme, a neutral

and negative protein of similar size, Figure 3.14 and 3.15, e and f.

After the initial force-distance curve, it is believed that the proteins start to de-

nature. Again it is difficult to observe a correlation between exposed amino acids

and adhesive force and force trend for the proteins. Any correlation between col-

lagen, which has the highest hydrophobic amino acid ratio, and the other more

hydrophilic amino acid loaded proteins is difficult to argue. The ratio of hydrophilic

to hydrophobic amino acid composition for the various proteins are: collagen (1:2),

pyruvate kinase (1.2:1), CTB (1.5:1), BSA (1.6:1), lysozyme (1.7: 1), and ribonucle-

ase A (2.4:1).
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Until this point it was assumed that there is a single protein on the AFM can-

tilever. This is unlikely. There is probably a random number of proteins on the

cantilever. The proteins are also likely in a distribution of configurations. The sto-

chastic nature of the protein loading on the AFM cantilever makes it very difficult

to observe and correlations between multiple variables.

Before the experimental values discussed above are compared to those obtained

from literature, the attachment methods should be examined. Both a chemically

bound protein and physically adsorbed protein on a cantilever will experience similar

intermolecular forces. In both experiments, the protein can denature. Arguably, it

is not known whether it is more realistic to chemically attach or physically adsorb a

protein to an AFM cantilever. If the first force-distance curve denatures a protein,

then both a chemically and physically adsorbed protein will encounter the same

intermolecular forces at the SAM. If the forces between the cantilever and protein

are greater than the forces between the tip and surface, the protein will remain

on the cantilever. If the forces between the cantilever and protein are equal to

the forces between the protein and surface, then the protein will adhere to both

surfaces. This occurred on the mixed SAM at 39 ◦C where the protein was adsorbed

strongly enough to both the cantilever and surface that it may have denatured as

the cantilever was retracted. For cantilevers with chemically bound proteins, it is

not necessary to consider the force between the cantilever and protein. As previous

stated, where the extension (press force) for chemically bound proteins is greater

than a couple hundred piconewtons then the protein can denature on the cantilever.

Thus, the physically adsorbed protein data and chemically bound protein data can

be compared. It is still not known what configuration or conformation the protein

is in during any experiment at any given time. It should also be noted that only

semiquantitative analysis of the force-distance data is possible due to the unknown

precision of the cantilever spring constant and tip radius [6].
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Figure 3.15: Sequential adhesion force measurements as a function of run number for
the various proteins to the mixed SAM surface at 39 ◦C. a) is bovine serum albumin,
b) is collagen, c) is pyruvate kinase, d) is cholera toxin subunit B, e) is ribonuclease
A, f) is lysozyme. Measurements were terminated in each case after five consecutive
measurements of no adhesion.
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Various protein adhesion values from various surfaces relevant to the mixed

C11EG6OH/C11CH3 SAM experiment have been taken from literature and presented

in Table 3.3. The most important experimental variables that may determine the

force of adhesion between a protein and surface are listed along with the source of

the data. In an attempt to normalize all of the experimental data, the protein adhe-

sive force was divided by the radius of the AFM cantilever used in the experiment.

The first value in the table is a reference value of adhesion of a bare cantilever to a

methyl terminated surface. All of the experiments in Table 3.2 were performed at

room temperature (22 ◦C). In addition, all of the proteins were chemically attached

to the AFM cantilever. From the table, it may be observed that the adhesion force is

in the tenths of nN/nm irregardless of scan rate, contact time, and press force. There

is a value in the table where the AFM cantilever had no point, thus the adhesive

force is quite large and could not be ratioed to tip radius. The tipless cantilever

has a large surface area giving rise to a larger force of adhesion than in other ex-

periments with a pointed cantilever. It may also be observed that the C11EG3OH

surface is three oligo ethylene gylcol units shorter than C11EG6OH, but should still

passivate the surface to protein adhesion [73]. In contrast, passivation is not seen

and in one value the force of adhesion to the C11EG3OH surface is greater than that

to the methyl SAM. To make comparison even more difficult, passivation is seen on

the methoxytri(ethylene glycol) EG3Me SAM on gold, yet not on EG3Me SAM on

silver [6]. The exact reason for the inconsistency found in the literature is not known.

It may be that the different experimental parameters may have influenced the re-

sults, in combination with the lack of knowledge of the amount of protein present

on the AFM cantilever, cantilever geometry and nature of the surface during each

force-distance curve.

There is some consistency between these experimental results, because the adhe-

sive force of fibrinogen to the methyl SAM, 0.12 and 0.10 nN/nm, is nearly identical

even though other experimental parameters were different. Before comparing our
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Table 3.2: Table of protein adhesion forces to SAM surfaces at 22 ◦C with experi-
mental parameters taken from literature.

AFM tip Surface Medium Scan Rate Contact Time Press Force Adhesion Force Reference
Bare CH3 Air 1 Hz < 1 sec 0 to 80 nN 0.30 nN/nm [39]
Ribonuclease
A

CH3 PBS 0.1 Hz 10 sec 6 nN 0.06 nN/nm [53]

Lysozyme CH3 PBS 0.1 Hz 10 sec 5 nN 0.12 nN/nm [53]
Pyruvate
kinease

CH3 PBS 0.1 Hz 10 sec 5 nN 0.14 nN/nm [53]

Fibrinogen CH3 PBS 0.1 Hz 10 sec 5 nN 0.12 nN/nm [53]
Ribonuclease
A

EG3OH PBS 0.1 Hz 10 sec 5 nN 0.12 nN/nm [53]

Lysozyme EG3OH PBS 0.1 Hz 10 sec 5 nN 0.05 nN/nm [53]
Pyruvate
kinease

EG3OH PBS 0.1 Hz 10 sec 5 nN 0.20 nN/nm [53]

BSA no point CH3 PBS 4 Hz < 1 sec 11 nN 0.87 nN [67]
Albumin CH3 PBS 3.2 Hz < 1 sec 2 nN 0.10 nN/nm [74]
IgG CH3 PBS 3.2 Hz < 1 sec 2 nN 0.08 nN/nm [74]
Fibrinogen CH3 PBS 3.2 Hz < 1 sec 2 nN 0.10 nN/nm [74]
Fibrinogen CH3 PBS 0.5 Hz 2 sec 0.8 nN 0.10 nN/nm [6]
Fibrinogen EG3Me-Au PBS 0.5 Hz 2 sec 0.8 nN no adhesion [6]
Fibrinogen EG3Me-Ag PBS 0.5 Hz 2 sec 0.8 nN 0.02 nN/nm [6]

experimental results to the literature discussed here, it should be noted that the ad-

hesive force is a function of many experimental parameters. These parameters were

described in the introduction to this chapter.

The data collected in Table 3.3 was taken from the force-distance data presented

earlier at 39 ◦C. We collected approximately 20 adhesion force values for each protein-

surface interaction, from which we selected the most frequently occuring adhesion

force values for the the table. First it should be noted that the press force used

in collecting our data was in most cases an order of magnitude smaller than those

found in the literature. The scan rate and contact time are similar in value to

those in the literature. It is also noticed that our force of adhesion values are in the

thousandths of nN/nm, which is two orders of magnitude smaller than those reported

in the literature. This may be because of experimental factors that contribute to

the adhesion force. The difference may also arise from the fact the protein is not

chemically attached to the cantilever. The source of the adhesion force value should

also be considered in comparison to the literature values. The adhesion force in Table
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Table 3.3: Table of protein adhesion forces to the SAM surfaces at 39 ◦C.
AFM tip Surface Medium Scan Rate Contact Time Press Force Adhesion Force
BSA CH3 PBS 0.1 Hz 10 sec 0.5 nN 0.002 nN/nm
BSA EG6OH PBS 0.1 Hz 10 sec 0.5 nN no adhesion
BSA mixed PBS 0.1 Hz 10 sec 0.5 nN 0.002 nN/nm
Collagen mixed PBS 0.1 Hz 10 sec 0.5 nN 0.004 nN/nm
Pyruvate
kinase

mixed PBS 0.1 Hz 10 sec 0.5 nN 0.010 nN/nm

CTB mixed PBS 0.1 Hz 10 sec 0.5 nN 0.002 nN/nm
Ribonuclease
A

mixed PBS 0.1 Hz 10 sec 0.5 nN 0.002 nN/nm

Lysozyme mixed PBS 0.1 Hz 10 sec 0.5 nN 0.008 nN/nm

3.3 is from a population of adhesion values, which range from zero to 0.026 nN/nm.

The data taken from literature were extracted from a single force-distance curve. The

literature did not report any statistical measurements of the force-distance curves

of the protein to the various surfaces. The difference in values could be from the

unknown effect of temperature on the adhesive force. It is also possible that our

thermally responsive mixed C11EG6OH/C11CH3 SAM cannot be directly compared

to SAMs that are not thermally responsive.

3.4 Conclusion

The data presented in this chapter are consistent with the hypothesis that there is

a change in protein adhesive force to the mixed C11EG6OH/C11CH3 SAMs above

and below the molecular transition. We have shown semi-quantitatively that protein

adhesion can be controlled by the thermally repsonsive mixed C11EG6OH/C11CH3

SAM surface. This chapter provided a description of the numerous factors, surface

properties, and intermolecular forces that may govern protein adhesion. The mixed

C11EG6OH/C11CH3 SAM used in this section were confirmed to be thermally re-

sponsive. The results of the mixed C11EG6OH/C11CH3 SAM characterization by

AFM and contact angle goniometry were shown to be similar to the characterization

results described in chapter 2. The force-distance data were described along with
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the method used to process the data. The population of force-distance data was

given along with a sequencial presentation of each protein force-distance curve. The

data of the adhesive force of the protein to the various SAMs were presented and

compared with relevant values taken from literature.
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Chapter 4

Lewis Acid-Base Surface Energies

of Mixed Self-Assembled

Monolayers

4.1 Introduction

Researchers are looking to find a determining factor that can predict bioadhesion

to surfaces. It is widely held that surface free energy is a determining factor in

bioadhesion [75, 76, 77, 78, 79, 52, 80]. Often confusing at first, surface free energy

(J/m2) is interchangable with surface tension (N/m) [57, 80]. To examine the surface

free energy of bioadhesion, the surface free energy can be separated into the sum of

three parts: (1) the surface tension for the adhering species with surface, (2) the

surface tension between medium and adhering species, (3) and the surface tension

of the solid surface and medium. To stay consistant with published literature, the

adhering species will be labeled (B) for bacteria, the medium will be (W) for water,

and (S) for substrate. Thus, the surface free energy of bioadhesion can be written
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[14],

∆G = γBS − γBW − γSW (4.1)

where γBS is the surface tension between bacteria and substrate, γBW is the

surface tension between bacteria and water, γSW is the surface tension between water

and substrate. To find the surface free energy of bioadhesion the surface tension

between the substrate and water must be found.

Over the last century, many different models have been used to measure surface

energy via contact angle, including: the Zisman method [81], the Good-Garifalco

method [82], the Fowkes method [83], the Geometric mean method (Owens-Wendt

method) [84], the Wu method [85], the Equation of State method, and the van

Oss-Good-Chaudhury method (Lewis acid-base model) [86]. For a comprehensive

comparison of these models, see the work of Sharma and Rao [79].

For the purposes of this research, the Lewis acid-base model (LAB) was used

because it has been argued that this model best describes hydrogen bonding, a

critical factor in bioadhesion [14]. It should be noted that the LAB model has been

criticized for using incorrect water parameters [87] and failing to yield solutions to

all, rather than only some, solvents [79]. The corrected parameters result in only a

small change in final free energy values when compared to the original parameters

[80].

In the LAB model, a Lewis acid compound accepts a pair of electrons from a

Lewis base. Figure 4.1 shows how the lone electron pair on ammonia, a Lewis base,

is donated to the incoming proton, a Lewis acid.
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Figure 4.1: Example of the Lewis acid-base interacts

The surface tension can be represented as the sum of the Lifshitz-van der Waals

(LW) surface tension and the acid-base (AB) surface tension,

γ = γLW + γAB. (4.2)

The acid-base component of the surface tension can be expanded further into

individual components,

γAB
i = 2

(
γ+

i γ−i
)1/2

(4.3)

where γ+
S is the acidic component of the surface tension, and γ−S is the basic

component of the surface tension.

The following Equation 4.4 shows the LAB model:

γL (1 + cosθ) = 2
(
γLW

S · γLW
L

)1/2
+ 2

(
γ+

S · γ−L
)1/2

+ 2
(
γ−S · γ+

L

)1/2
(4.4)

where γL is the surface energy of the liquid, θ is the contact angle of the liquid

phase on the solid phase, γLW
S is the Lifshitz-van der Waals surface energy of the

solid, γLW
L is the Lifshitz-van der Waals surface energy of the liquid. In order to

use this model the contact angle of three liquids must be obtained on the surface,

one of the liquids must be an apolar species while the other two polar. An ideal

choice of polar liquids would have a large acidic surface tension while the basic

surface tension is very weak. The other polar liquid should have a strong basic

77



Chapter 4. Lewis Acid-Base Surface Energies of Mixed Self-Assembled Monolayers

surface tension and weak acidic surface tension. There are three sets of combinations

that are less sensitive to solvent choice when used in the LAB model, they are:

(water, glycerol, bromonapthalene), (water, diiodomethane, glycerol), and (water,

diidomethane, formamide) [80].

For an apolar species, where the acid and base components are 0, Eq. 4.4 sim-

plifies to,

γLW
S =

γ2
L (1 + cosθ)2

4γLW
L

. (4.5)

For diiodomethane, where Liftshitz-van der Waals energy is equal to the surface

energy of the liquid, further rearrangement yields,

γLW
S =

γL (1 + cosθ)2

4
. (4.6)

To obtain the γ+
S and γ−S the system of three equations must be solved with the

contact angles and parameters from the three probe liquids.

Our research group hypothesizes that surfaces with varied acid-base energies will

exhibit different bioadhesion. For this chapter we hypothesize that varying the

surface mole fraction of N,N,N-Trimethyl-10-undecenylammonium chloride thiol

(NMe3) relative to C11CH3 will change the surface energy and result in increased

or decreased bacterial adhesion. To test our hypothesis, we used the LAB model to

characterize two mixed SAM surfaces: C11EG6OH/C11CH3 and NMe3/C11CH3. In

the next phase of our research, Linnea Ista will examine the attachment of bacteria

to the NMe3/C11CH3 SAM. We selected NMe3 because the end ammonium group

possesses a positive charge and should be Lewis basic, whereas C11EG6OH has an

end group that possesses a lone pair of electrons and should be Lewis acidic.
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4.2 Materials and Methods

N,N,N-Trimethyl-10-undecenylammonium chloride thiol (NMe3) and hexa(ethyl-

ene glycol) thiol (C11EG6OH) were purchased from Prochimia, Poland and were

used in 1mM ethanic solutions. 1-dodecanethiol 98% (C11CH3), formamide 99%, di-

iodomethane 99.5%, were purchased from Sigma-Aldrich and were used as received.

Nanopure water (18.3 MΩ) was produced in-house.

Microscope coverslips (25mm X 50 mm) were cleaned in piranha etch, 75% H2SO4

25% H2O2 (vol/vol), for 2 hours and then rinsed with copious amount of nanopure

water and dried with a steam of nitrogen. An adhesion promoting layer of chromium

(30 Å) followed by gold layer (300 - 3000 Å) was deposited by thermal evaporation

at 10−6 Torr. The same procedure was repeated for the opposite side. 1 mM NMe3

was mixed with 1 mM CH3 in ethanol to give the desired volume fractions ranging

from pure NMe3 to pure CH3. The slides were then placed in ethanol solutions at

room temperature overnight. The slides were removed from solution and rinsed with

ethanol and dried in a stream of nitrogen.

Equipment Contact angles were then obtained with a Kruss K-100 tensiometer.

Immersion depth was 5 mm into each of the solvents. An external water circulat-

ing bath was used to control the temperature of the tensiometer fluid vessel. Ten-

siometer measurements were recorded for the mixed NMe3/C11CH3 SAM at room

temperature (22◦C) recording the advancing and receding contact angles. The soft-

ware program LabDesk calculated the advancing and receeding contact angles from

the tensiometer force measurements. The six solvents used were: deionized wa-

ter, chloroform, hexadecane, formamide, glycerol, ethyl acetate, bromoform, and

diiodomethane. Only values collected from water, formamide, and diiodomethane

were used in the calculation of the LAB model. For the mixed C11EG6OH/C11CH3

SAM, an external temperature bath raised the surface tension apparatus and test so-
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lution temperature to 40 ± 1 ◦C. The advancing contact angles are used throughout

this work.

XPS scans were performed with a Kratos Axis Ultra spectrometer using an Al

Kα X-ray source. An electron flood gun for charge neutralization and hemispherical

analyzer with eight multichannel photomultiplier detector was employed for analysis.

Three areas per sample were analyzed with a 90 degree take-off angle (TOA), 8-10

nm depth. Area of analysis was 700 x 300 microns in size. Survey spectra (low

resolution wide scan) were acquired at 80 eV pass energy for four minutes. High

resolution spectra were acquired at 20 eV pass energy. The C-C calibrated to 285.0

eV. Fit peaks were constrained by a full width half maxium value between 1.2 and

2 eV. The C-C peak fit was further constrained to a position of 284.9 to 285.1 eV.

4.3 Results and Discussion

The SAM surfaces created with the two thiols, NMe3 and C11CH3, were charac-

terized with XPS, data shown in Figure 4.2. The survey spectrum of the mixed

SAM showed only carbon and gold peaks, the nitrogen, and sulfur peaks were not

distinguishable from background noise. The pure component C11CH3 SAM has a

characteristic carbon-carbon peak at 285 eV. The pure component NMe3 SAM has a

characteristic nitrogen-carbon peak at 287 eV. While this peak may also correspond

to photoelectrons from an ether carbon, it is believed that they are not present in

either SAM. The surface mole fraction can be calculated by comparing the area un-

der the XPS peaks of a mixed NMe3/C11CH3 SAM to that of the pure component

peak areas, as discussed in chapter 2 for the mixed C11EG6OH/C11CH3 SAMs. The

surface mole fraction as a function of NMe3 thiol volume fraction is shown in Figure

4.4. This graph was calculated using the area of the high resolution C 1s carbon-

carbon peak fits of the pure C11CH3 to the pure NMe3. A linear fit between the
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two pure component thiolates results in the surface mole fraction of NMe3. NMe3

is similar to the C11EG6OH molecule in that it is more soluble in solution than the

C11CH3. The same arguements for needing a higher volume fractions of C11EG6OH

presented in chapter 2 can also be applied to mixed NMe3/C11CH3 SAM surface

loading. Thus, volume fractions of almost pure NMe3 would yield an equal ratio of

thiols components on the surface.

Figure 4.2: High resolution XPS spectrum of pure C11CH3 and NMe3 surfaces

The elemental composition from XPS is shown in Table 4.1. Figure 4.3 shows the

high resolution C 1s spectrum of the NMe3 SAM. The predicted atomic composition

of the NMe3 SAM is C-H 69.3% and C-N 30.7%. This is very similar to the observed
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Table 4.1: Elemental composition from XPS survey spectra of the SAMs, one sample
scanned in three areas, standard deviation is less than 2%.

SAM C % O % N % S %
C11CH3 100 0 0 0
NMe3 83.3 0 16.7 0

Table 4.2: High Resolution C1s composition from XPS spectra of the SAMs, one
sample scanned in three areas, standard deviation is less than 2%.

SAM C-H % C-N %
NMe3 69.1 30.9

fits of 69.1% and 30.9% shown in Table 4.2. The peak at 286.8 eV may be from the

photoelectrons of an ether carbon, but the presence of ether carbons in either SAM

is unlikely.

Contact angle goniometry was used to examine the change in wettability of the

surfaces, thus supporting a change in surface chemistry. A single double-sided surface

SAM was used to obtain the contact angles of water, diiodomethane, and formamide

for the various volume fractions are shown in Figure 4.5. The NMe3 SAM surface

should be hydrophilic (sessile drop water contact angle < 15◦ [88]), which is consis-

tent with the data. As the surface mole fraction of NMe3 decreases, the contact angle

increases, showing a increasing hydrophobic character of the surface. A pure com-

ponent C11CH3 surface should have a water contact angle of about 110◦ [39, 89, 90].

The contact angle value for a pure C11CH3 surface, not shown in the graph, was

confirmed by experiment to be 110◦.

Contact angle values obtained in Figure 4.5 and the data in Table 4.3 can be

used with Equation 4.6 to calculate the LAB surface energy of the various SAMs. It

was confirmed that the combination of diiodomethane, water and formamide yielded

solutions to Equation 4.4. Combinations of the other solvents often yielded complex

82



Chapter 4. Lewis Acid-Base Surface Energies of Mixed Self-Assembled Monolayers

Figure 4.3: High resolution XPS spectrum of a pure NMe3 SAM with compositional
fit.

or non-realistic (negative or zero surface energy) results. This is consistent with

literature [79, 80]. The resulting LAB surface energy values are shown in Figure

4.6. The values do not follow a linear combination between the two pure component

SAMs. This is likely because of the non-linear surface loading shown in Figure 4.4.

The error bars shown in the surface energy values are the standard deviation carried

over from the contact angles. The results we obtained for the Liftshitz-van der

Waals energy of a methyl terminated SAM, 17 ± 1 mJ/m2, which are lower than

AFM measurements in air performed by Beach et al., 25 mJ/m2, [39], yet similar
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Figure 4.4: Surface volume fraction compared to the volume fraction used to create
the mixed NMe3/C11CH3 SAM surfaces.

Figure 4.5: Contact angles for various liquid on the mixed NMe3/C11CH3 SAM
surfaces. Error is less than 5◦.
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to those reported by contact angle, 19.3 mJ/m2 [89]. The fabrication methods for

SAMs are different in every laboratory, different metal depositon techniques, different

substrates and surface roughness. The surface irregularities of the gold and glass

substrate determine thiol arrangement on the surface of the gold can give rise to the

differences in calculated free energy values. Of course the model used to calculated

the surface free energy is also a factor in the results. The higher the volume fraction

of NMe3 the higher the surface energy. This is expected because the NMe3 charge

gives rise to charge-dipole and other intermolecular forces which raise the surface

tension of the medium [57].

Figure 4.6: The Lifshitz-van der Waals surface tension for the various fractions of
mixed SAMs

The acid and base surface tension components are shown in Figure 4.7. The

calculated acid and base surface tension of the C11CH3 SAM was zero for both, this

is consistent with literature [39]. As the surface mole fraction of NMe3 increases, the

acidic component of the surface tension stays around zero. Again, the values do not

follow a linear combination between the two pure component SAMs. This is likely
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Table 4.3: Surface tension values used in the calculation of surface free energy of
the mixed SAMs. Values taken from [14] or documentation provided by Kruss for
tensiometry.

Solvent γL(mJm−2) γLW
L (mJm−2) γ+

L (mJm−2) γ−L (mJm−2)
Water 72 21.8 25.5 25.5

Chloroform 38.8 27.15 1.5 0
Hexadecane 51.3 27.47 0 0
Formamide 58.0 39.0 2.28 39.6
Glycerol 64.0 34.0 3.92 57.4

Ethyl acetate 25.95 23.9 0 6.2
Bromoform 41.4 15.0 15.7 3.59

Diiodomethane 50.8 50.8 0 0

because of the non-linear surface loading shown in Fig. 4.4. The basic component

of the surface tension increases with increasing NMe3 surface fraction. This follows

logic, increasing the number of tertiary nitrogen carrying a positive charge increases

the number of electron accepting sites resulting in the increase in Lewis acidic nature.

Figure 4.7: The acid and base surface tensions for the various fractions of mixed
NMe3/C11CH3 SAMs, error is not shown and is no greater than 2 mJm−2
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The full test of the LAB method will come with the results of the bacterial

adhesion to the mixed NMe3/C11CH3 surface. Yet, the various surfaces characterized

tend to stay consistent with the predictions of the model.

4.3.1 Lewis acid-base surface tensions of mixed C11EG6OH/C11CH3

SAMs

Again, the problem of bioadhesion is quite complex. If the LAB model can help

predict resistance to bioadhesion it should be examined. To calculate the acid-base

surface tensions above and below the molecular transition the model must be tested

at 22 and 40 ◦C. The LAB model was used to calculate the acid-base tensions of the

mixed C11EG6OH/C11CH3 SAMs. The resulting values are in Table 4.4.

The change in surface tension should be a linear combination of the two individual

components. The total surface energy being the sum of the individual components

[14]. Figures 4.8, 4.9, and 4.10 show the surface tension, Lewis acid and base surface

tension with a linear fit to show the deviation from the predicted behavior of the

two individual components. In Figures 4.8, 4.9, and 4.10 the colder values shown

in blue correspond to higher values of the surface tension. The measurements at 40

◦C should be lower than the blue values in accordance with the decrease in surface

tension of water. The noise in the data makes verification of the decrease in surface

Table 4.4: Surface tension values of the mixed C11EG6OH/C11CH3 SAMs
SAM and Temperature (◦C) γLW

S (mJm−2) γ+
S (mJm−2) γ−S (mJm−2)

C11EG6OH 22 42 15 13
C11EG6OH 40 38 12 14
C11EG6OH/C11CH3 22 41 12 13
C11EG6OH/C11CH3 40 40 11 13
C11CH3 22 17 0 1
C11CH3 40 19 0 1
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tension difficult.

The calculated surface free energy of a pure C11CH3 SAM at 22 ◦C is 17 ± 2

mJ/m2. This value is in agreement with literature for a methyl terminated SAM

obtained by contact angle, 19.3 mJ/m2 [89]. The calculated value differs slightly

when compared to the surface free energy of a C11CH3 SAM obtained by AFM force

measurements, 25 mJ/m2 [39]. The roughness, purity, and uniformity of the gold

layer underlying the SAM could account for these differences. The models used

to calculate the surface free energy may be the reason why AFM and goniometry

produce different results.

Figure 4.8: Mixed C11EG6OH/C11CH3 SAM surface tension
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Figure 4.9: Mixed C11EG6OH/C11CH3 SAM acidic component of surface tension

Figure 4.10: Mixed C11EG6OH/C11CH3 SAM basic component of surface tension
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4.4 Conclusion

This work was done in collaboration with a coworker who will examine the effects

of these mixed C11CH3/NMe3 surfaces with respect to adhesion of bacteria. The

experimental values calculated for the LAB surface energies of the C11CH3 surface

were consistent with literature. The surface energies increased with increasing mole

fraction of NMe3. The base component of the surface energy stayed near a zero value

for all surface fraction of NMe3, which was expected. The acid component of the

surface energy increased with increasing surface fraction of NMe3, which is again as

expected. The mixed C11EG6OH/C11CH3 SAMs LAB surface energy was examined

above and below the molecular transition. The mixed C11EG6OH/C11CH3 SAM did

not follow a linear trend between the individual SAM surface energies.

90



Chapter 5

Synthesis and Characterization of

Poly(N -isopropylacrylamide) as a

Model Thermally Dependant

Bioadhesive Surface

5.1 Introduction

PNIPAAm is a thermally responsive polymer exhibiting a lower critical solution

temperature (LCST) in water of approximately 32 ◦C [91, 92, 93, 94, 95]. The LCST

is the temperature at which the polymer collapses from a hydrated random coil to a

dehydrated globule, and was first observed by laser light scattering [96]. PNIPAAm

has a hydrophilic amide group, and a hydrophobic isopropyl group, as seen in Figure

5.1.
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Figure 5.1: Chemical structure of PNIPAAm

At temperatures below the LCST, it is believed the polymer in solution is stabi-

lized by the presence of hydrogen bonds between the hydrophilic groups and water,

and by ice-like water structures around the hydrophobic sections of the molecule

[57]. As temperature increases, the hydrogen bonding of the amide group shifts from

occuring between water molecules to occuring with other amide groups. The shift

in hydrogen bonding during the LCST transition was initially observed by FTIR

[97, 95]. The shift in hydrogen bonding causes the precipitation of the PNIPAAm

molecule above the LCST. A similar shift in hydrogen bonding was observed by sum

frequency generation spectroscopy for surface grafted and spin coated PNIPAAm

before and after the LCST [98].

Many of the bulk solution properties of PNIPAAm have been studied by thermal

[91], mechanical [92], structural [94, 99], chemical [95, 100], and optical techniques

[93, 91]. Surface grafted PNIPAAm exhibits a similar molecular conformation change

compared to bulk PNIPAAm at the LCST [5, 101, 102, 68, 10, 103, 104, 105, 106].

The change in molecular conformation of PNIPAAm was first used to elicit the

adhesion and then release of bovine hepatocyctes on a radiation grafted PNIPAAm

Petri dish [107]. Since this first study, many researchers have used the thermal

response of PNIPAAm grafted surfaces to release cell sheets, thus forming a powerful

approach to tissue engineering [92, 108, 27, 109, 110, 104]. PNIPAAm has also

been used to release surface attached marine biofilms [111], and adsorbed proteins
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[112, 101]. The Lewis basic nature of PNIPAAm, which results in hydrogen bonding

to water, is thought to prevent protein adhesion [112]. When PNIPAAm undergoes

the change in molecular conformation, the hydrogen bonding to water is no longer

present and proteins will thus adsorb to a PNIPAAm surface [36, 112]. Water acts as

a moving barrier that prevents protein adsorption [35]. Thus, when the PNIPAAm

molecule collapses and looses hydrogen bonding with water it no longer possesses

this moving barrier against protein adsorption.

There are many methods to graft PNIPAAm to a surface. As indicated above,

surface modification with PNIPAAm was first performed by gamma radiation to a

Petri dish [107]. This method is effective, but few laboratories are set-up for gamma

radiation grafting. PNIPAAm was polymerized within a porous membrane using

ultra-violet radiation, which is safer than gamma radiation, but offers little control

over the polymerization [113]. Plasma polymerization of PNIPAAm (pPNIPAAm)

allows a variety of chemically different surfaces to be grafted [102, 114]. However,

the vacuum equipment and plasma chamber required for this method make plasma

polymerization more expensive than solution chemistry. PNIPAAm can be grown

from SAMs with azo-initiators, but result in poor yield and non-uniform surface cov-

erage [115]. Reversible addition fragmentation chain transfer (RAFT) offers control

of polymerization in bulk solution [116]. As of yet, commercial reagents for using

RAFT to graft to surfaces are not available.

In comparison, ATRP is a living radical polymerization and gives some control

over the degree of polymerization [117]. The initiators needed for ATRP polymer-

ization can be commercially obtained or synthesized [118]. Most studies of surface

grafted PNIPAAm brushes with controlled molecular weight and height use ATRP

[5, 101, 68, 10, 103, 104]. Solution-based ATRP reactions are preferred due to simplic-

ity. ATRP initiator surface density affects the homogeneity, and terminal polymer

thickness [119]. Initiator surface density and reaction method also affect the LCST
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of PNIPAAm [10]. A follow-up study of surface grafted PNIPAAm at low molecular

weight showed that it does not exhibit a thermo-response [103]. It is therefore im-

portant to have a reaction that can control both the surface density of the initiator

and the degree of polymerization. The ATRP reaction can be stopped by oxygen, or

other electronegative atoms and molecules [120]. Therefore it is important to preform

ATRP reactions in a clean, oxygen free environment. Yet, ATRP in air is not im-

possible, adding select reducing agents can reverse the oxidation by oxygen to enable

ATRP to be performed in air [121]. With the reagents commercially available, the

ability to control the degree of polymerization and uniform surface coverage, ATRP

is a preferred method of controlled PNIPAAm surface grafting.

Figure 5.2: Schematic of the ATRP reaction

The ATRP reaction scheme is shown in Figure 5.2. Where ka is the activation

rate, kd is the deactivation rate, and kt is the termination rate. The reaction starts

when a radical is formed from a halogen molecule reacting with a copper-ligand

complex. The polymer propogates by reacting with a monomer. The ATRP reaction

is terminated when radical molecules react.

A method for attaching an ATRP initiator is shown in Figure 5.3. A silicon

oxide surface is hydroxylated and reacted with 3-(trimethoxysilypropyl)-2-bromo-2-
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Figure 5.3: Pre-attachment of initiator to the surface of silicon (left)

Figure 5.4: ATRP reactants

Figure 5.5: PNIPAAm grafted silicon thin film product

methylpropionate. The initiator modified surface is then placed in solution with the

NIPAAm monomer and an aromatic amine catalyst, which promotes radical transfer.

This is shown in Figure 5.4. The bromine leaves to form a short lived radical on the

initiated surface that reacts with the NIPAAm monomer. The bromine will return

to the radical and wait for the next short lived radical transfer. After many of these

short lived radical transfer events the end result is a surface grown PNIPAAm film

shown in Figure 5.5. The number of repeat polymer units, n, is propotional to the

duration of the polymerization reaction.

The useful application of PNIPAAm is often based on PNIPAAm grafted sur-

faces. Surface characterization of grafted surfaces is important for understanding

and controlling PNIPAAm properties. Neutron reflectivity was used to study grafted

PNIPAAm LCST characteristics [105, 106]. Atomic force microscopy (AFM) was

used to confirm the LCST of plasma deposited PNIPAAm [102]. Ellipsometry and
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XPS are the standard techniques used to characterize PNIPAAm modified surfaces

for grafted polymer height and chemical identification, respectively. Contact angle

goniometry can be used to confirm the change in relative hydrophobicity, implying

a change in molecular conformation of the PNIPAAm surface.

ATRP has many variables that can be manipulated to yield a thermally respon-

sive PNIPAAm surface. The goal of this chapter is to understand the variables of

the ATRP raction and characterize the resulting thermally responsive PNIPAAm

polymer brushes. The methods and materials studied in this chapter will be the

foundation for creating reproducable surfaces for experimention on in a later chap-

ter.

5.2 Materials and Methods

N -isopropylacrylamide (NIPAAm) 97%, 2-bromo-2-methyl-propionyl bromide 98%,

(3-amino-propyl)triethoxysilane 98%, triethylamine 99%, Cu(I)Br 99.999%, N,N,N,N,N -

pentamethyldiethylenetriamine (PMDETA), were purchased from Sigma-Aldrich.

Nanopure was produced in house and deoxygenated by bubbling nitrogen for a min-

imum of 2 hours per 500 mL.

Initiator Synthesis ATRP initiator, 3-(trimethoxysilypropyl)-2-bromo-2-methyl-

propionate was purchased from Gelest, or 2-bromo-2-methyl-N -(3-triethoxysilyl-

propyl)propionamide was synthesized in-house following the procedure by Mulvihill

[118]. 1.50 mL (2.79 g, 12.1 mmol) 2-bromo-2-methyl-propionyl bromide was added

drop wise to a solution of 2.00 mL (1.89 g, 8.55 mmol) (3-amino-propyl)triethoxy-

silane and 1.80 mL (1.31 g, 12.9 mmol) triethylamine in 50 mL dry dichloromethane.

The solution was stirred for 14 hours and the precipitate filtered off. The solution

was washed twice with dilute HCl and once with deionized water and dried with

magnesium sulfate. After filtration the solvent was removed in vacuo to yield 3.01 g
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of a brownish transparent oil.

Surface Preparation Silicon wafer were cut into 1 inch squares and cleaned

by a HCl:MeOH solution (1:1 by vol) for 30 minutes. The wafers were then cleaned

by concentrated H2SO4 for 30 minutes. The surface treatment followed by rinsing

with copious amounts of water and dried in a stream of nitrogen.

Initiator attachment 100 microliters of ATRP initiator was dissolved in 50

mL of toulene. Slides were placed in solution and left overnight at room temperature

(22 ◦C). Wafers were rinsed 3 times with toulene and dried in a stream of nitrogen.

ATRP reaction A solution of 1.7 M NIPAAm (5.0 grams, 44 mmol) was created

where the solvent was a 25 mL mixture of MeOH/H2O (1:1 by vol.). Cu(I)Br (7 mg ,

3 µmol) and PMDETA (30 µL, 25 mg, 140 µmol) were added to the NIPAAm solution

and deoxygenated by bubbling nitrogen for 30 minutes and then sealed for transfer

to a glove box. Inside a glove box the wafers were immersed in the polymerization

solution. The polymerization was performed at room temperature for a prescribed

time. To stop polymerization, wafers were removed from the polymerization solution

and rinsed three times with methanol, removed from the glove box, rinsed with

methanol and then water and dried in a stream of nitrogen. The reaction could also

be performed in Schlenk glassware.

Equipment Ellipsometry was done with an M-44 ellipsometer from J.A. Woolam

Co. The thickness of the polymer layer was measured at least 3 times and the

average taken. Sessile drop contact angles were taken with a Ramé-Hart contact angle

goniometer. Temperatures were controlled with a heating ribbon and monitored by

a thermocouple. The surface was modeled as a silicon substrate with an overlaying

Cauchy layer, an index of refraction of 1.4 was used. XPS scans were performed with

a Kratos Axis Ultra spectrometer using an Al Kα X-ray source. An electron flood

gun for charge neutralization and hemispherical analyzer with eight multichannel
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photomultiplier detector was employed for analysis. Three areas per sample were

analyzed with a 90 degree take-off angle (TOA), 8-10 nm depth. Area of analysis was

700 x 300 microns in size. Survey spectra (low resolution wide scan) were acquired at

80 eV pass energy for four minutes. High resolution spectra were acquired at 20 eV

pass energy. Fit peaks were constrained by a full width half maxium value between

1.2 and 2 eV. The C-C peak fit was further constrained to a position of 284.9 to 285.1

eV. Another constraint was done for the C-O and C=0 peak fit, 285.56 to 285.75

and 287.81 to 288.59 eV respectively.

5.3 Results and Discussion

An AFM micrograph was taken of the resulting PNIPAAm grafted silicon surface in

air, shown in Figure 5.6. The surface shows a sporatic network of polymer growth.

The surface roughness is about 20% of the polymer height, which is consistent with

other ATRP grown PNIPAAm surfaces examined by AFM [122, 123]. The silicon

substrate was a polished wafer that had a mirror finish and when measured with

ellipsometry typically deviated in height by 4 Angstroms. The AFM image shows

that the surface is no longer flat. Instead the topography appears to be cylindrical

in nature traveling from top right to bottom left. The bright white area in the lower

right quarter of the micrograph is probably a dust particle that became trapped on

the polymer surface. The top area of the micrograph is much more uniform in both

height and appearance.

The resulting ATRP grown surface is not very homogenous in height. ATRP

chain termination between neighboring polymer chains is a semi-random event. It

is proportional to chain length in that the statistical probability of two neighboring

polymer chains will terminate increases as length increases. Thus, ATRP polymer-

ization will yeild a distribution of polymer lengths [117]. The sporatic and circular
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appearance of the polymer on the surface may be due to the drying process of the

polymer. Attempts to image the PNIPAAm surface in water often resulted in poor

image quality. The hydrated PNIPAAm was very sticky, which would produce nu-

merous image artifacts.

Figure 5.6: AFM micrograph in air of the ATRP grown PNIPAAm surface on a
silicon wafer.

The thickness of the PNIPAAm layer, measured with ellipsometry is plotted

against the polymerization time, can be seen in Figure 5.7. At time zero there is

already a surface thickness which is the thickness of the initiator. The expected value

is 20 Angstroms for the thickness of the initiator, in this figure the initiator thickness

was 43 Angstroms. As the ATRP reaction progresses the polymer height increases,

following a asymptotic curve. The model shown with the data is a kinetic model for

ATRP growth [7].

As the polymer chain length increases the deviations in the measured polymer

height increase. The error (calculated as the standard deviation of three measure-
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Figure 5.7: PNIPAAm thickness measured by ellipsometry as a function of polymer-
ization time, fit is a ATRP kinetics model taken from literature [7]

ments at each time point) deviation arises from two sources, variation in polymer

height and error in the fit of the ellipsometric model. The ellipsometric model pro-

duces larger deviations as the polymer thickness increases but never exceeds 10%.

The index of refraction may also change as a function of polymer height leading to

part of the deviation. The difference between expected initiator height and observed

is the tendency of the initiator to auto-polymerize. Age of the initiator tends to be

the greatest factor in both the thickness of the initial layer and later the success of

the ATRP reaction. It might be that some areas of the silicon surface contain more

initator molecules that others. If this is the case, the subsequent ATRP reaction will

have a more patchy growth leading to areas of higher thickness than other. This

hypothesis can be tested by creating a mixed SAM of silanes where the initiator

surface density can be varied to observe the effect on polymer thickness.

The polymerization height data matches an ATRP surface grafting kinetics model

taken from literature [7]. An assumption in the model is the reaction does not come
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close to completion, and most of the reaction is stopped at low conversion by chain-

chain radical termination. This is a appropriate assumption because the monomer

concentration is typically a thousand fold molar excess. The extreme excess of the

monomer concentration is to keep the chain-chain termination from occuring. The

radical is more likely to encounter a monomer molecule by sheer quantity than a

neighboring chain radical. It is important to keep in mind that the ATRP reaction

has a fast backwards reaction once the radical is formed to return to the bromine

terminated end group. The short lived radical is one of the reasons why ATRP

reactions are more controllable than other radical polymerizations. The kinetic model

is shown in Equation 5.1 [7].

[M ]o − [M ] =
[M ]o kp [R∗]o t

1 + [R∗]o ktt
(5.1)

Where [M ]o is the initial concentration of the monomer, [M ] is the concentration of

the intiator during the reaction, kp is the specific rate of polymerization, kt is the spe-

cific rate of radical termination, [R∗]o is the initial concentration of the radical, and

t is the time. The change in monomer concentration, left hand side of the equation,

can be directly measured as the polymerization height measured by ellipsometry.

The specific reaction rates can be adjusted to fit the experimental data. The initial

concentration of the radical, [R∗]o, is not known but is very small for ATRP reactions.

If the polymerization rate and chain termination rate are the dominant terms, fitting

the data to the experiment becomes much easier. After fitting the model to the data

the polymerization rate, kp, is a hundred fold faster than the termination rate, kt.

This is because of the high concentration of monomer. It would be possible to slow

down the polymer growth, by decreasing monomer concentration, at the expense of

having a shorter terminal polymer length in the same amount of time. To obtain

the maximum polymer chain length, the monomer concentration should be as high

as possible and let the ATRP reaction continue for as long as possible.
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Table 5.1: Elemental composition from XPS survey spectra of initiator surface, one
sample scanned in three areas, standard deviation is less than 2%.

SAM Si % C % O % Br%
Initiator 44.1 15.7 39.7 0.5

Figure 5.8: Survey XPS spectrum of the initiator self-assembled monolayer on the
silicon wafer

XPS was used to confirm the chemical composition of the initator and PNIPAAm

thin films. An XPS spectrum of the initiator on silica is shown in Figure 5.8. The

elemental composition is given in Table 5.1. The peak at 99 eV confirms the presence

of the underlying silicon substrate. The bromine 3d electrons are seen consistent in

the three XPS scans at 70 eV. The carbon 1s electrons are seen at about 290 eV. A

very strong oxygen 1s peak is seen at 533 eV region. The strong oxygen peak comes

from the oxidized and hydroxylated silica surface. The peaks at 1000 eV come from

the Auger electrons of the oxygen. This XPS spectrum is consistent with expected

results, as depicted in Figure 5.3.
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Figure 5.9: High resolution C 1s XPS spectrum of the initiator self-assembled mono-
layer, upper most curve. Lower curves are carbon bonding fits produced by CasaXPS
analysis software.

Table 5.2: High Resolution C1s composition from XPS spectra of the initiator, one
sample scanned in three areas, standard deviation is less than 2%.

Sample C-H % C-N % C-Br %
PNIPAAm 73.5 16.9 9.6

A high resolution carbon 1s XPS spectrum of the initiator is seen in Figure 5.9.

The composition of peaks is shown in Table 5.2. The C*-C and C*=C peaks are seen

at 285.0 eV. The next peak at 286.6 eV confirms the presence of C*-N. The peak

at 289.2 eV could come from the secondary carbon electrons of C*-C-O, C*-C-N,

or the primary carbon electrons of C*-Br. The latter electron source is consistent

with the chemical composition of the initiator. It should be noted that adventitous

carbon often appears in SAMs of silica surfaces. The adventitious carbon, coming

from carbon containing aerosol contamination or transfer from a carbon source, often

appears in XPS spectra.
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Table 5.3: Elemental composition from XPS survey spectra of initiator surface, one
sample scanned in three areas, standard deviation is less than 2%.

SAM C % N % O %
Initiator 75.6 12.6 11.9

Figure 5.10: Survey XPS spectrum of PNIPAAm on the silicon wafer

The survey XPS spectrum of a PNIPAAm thin film can be seen in Figure 5.10.

Elemental analysis of the XPS spectra for PNIPAAm match the predicted values of

O:N:C (1:1:6) well. The elemental composition is shown in Table 5.3 with a O:N:C

ratio of 1:1:6.3. The carbon, nitrogen, and oxygen 1s electrons being at 285, 398,

and 531 eV, respectively.

A high resolution carbon 1s scan of the polymer surface is seen in Figure 5.11.

The largest emission peak at 285 eV comes from C*-H present in the side group and

the polymer backbone of PNIPAAm. The peak at 286 eV comes from the emission of

the C*-N electrons, also present in PNIPAAm. The last peak at 287.8 eV comes from

the N-C*=O carbon also present in PNIPAAm. If there is any halogenated carbon
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Figure 5.11: High resolution XPS spectrum of the carbon 1s peak of the ATRP
grown PNIPAAm. Lower curves are carbon bonding fits produced by CasaXPS
analysis software.

remaining it is not distinguishable in the spectrum. The predicted composition of

the fit curves is 66.6% C-H, 16.6% C-N, 16.6% N-C=O, which differs slightly than

the observed values of 63.0% C-H, 20.2% C-N, 16.8% N-C=O as shown in Table

5.4. The difference between observed and predicted is close enough to the standard

deviation that it is believed to be only PNIPAAm. The sampling depth of XPS, 2

to 10 nm, is smaller than the dried polymer height of 50 nm. Thus, the chemical

composition of the initiator is not observed.
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Table 5.4: High Resolution C1s composition from XPS spectra of the PNIPAAm
polymer, one sample scanned in three areas, standard deviation is less than 2%.

Sample C-H % C-N % N-C=O %
PNIPAAm 63.0 20.2 16.8

The initiator attachment to the surface was confirmed by contact angle in addition

to ellipsometric measurement. The hydroxylated silicon wafer had a contact angle

averaging 15 degrees. The contact angle of the initiator SAM surface measured 80 ±

2 degrees. The static drop contact angle on a PNIPAAm film was 35◦ at 22 ◦C and

varied from 60 to 80◦ at 40 ◦C depending on polymer brush thickness. The thickness

values, contact angles, and thermal response are similar to those published for ATRP

polymerized PNIPAAm films [5, 101, 68, 10, 103, 104, 114].

To show that the ATRP grown surface is thermally responsive, the contact angle

is measured at room temperature (22 ◦C) and 40 ◦C. There are many methods of

measuring contact angle: sessile or static drop, advancing and receeding angle, and

captive bubble. Here the captive bubble method was used and the contact angle

measurements are shown in Figure 5.12. To observe a thermally responsive surface,

the absolute value of the difference of contact angle at high and low temperature was

found. In the data a zero value respresents no change in the surface, signifying no

thermal response. A value greater than zero implies a thermally responsive surface.

The data shown in Figure 5.13, shows a thermal response for dry polymer thickness

of 20 nm or greater. It should also be noted that each point on the graph was a new

sample, with wafer, ATRP reaction and measurement. Zhu et al. posit that there is

a critical polymer segment length necessary for PNIPAAm to give rise to favorable

intermolecular interactions that give rise to an LCST [103].
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Figure 5.12: Contact angles for PNIPAAm at 22 and 40 ◦C measured by captive
bubble goniometry.

Figure 5.13: Difference in contact angle between 40 ◦C and 22 ◦C measured by
captive bubble goniometry.
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5.4 Conclusion

PNIPAAm was sucessfully grown from silicon wafers by ATRP. The attachment

of a surface initiator was characterized by XPS, ellipsometry, and contact angle

goniometry. The resulting polymer thin films were characterized by AFM, XPS,

contact angle goniometry and ellipsometry. All the results were consistant with

values present in the literature. The polymer brushes were shown to be thermally

responsive by the change in contact angle at different temperatures. The growth

rate of PNIPAAm by ATRP matched an ATRP growth model from literature. The

parameters from the model were explained in order to optimize polymer growth.

PNIPAAm thin films exhibit a thermal response only above a certain polymer chain

length.
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Chapter 6

Force Interactions with

Poly(N -isopropylacrylamide) Thin

Films

6.1 Introduction

From the literature (see review in the previous chapter) it is known that poly(N -iso-

propylacrylamide) (PNIPAAm) exhibits reversible bioadhesion. Different methods

of attaching PNIPAAm to a surface give rise to different surface properties. This

chapter examines the behavior and mechanical properties of PNIPAAm brushes by

atomic force microscopy (AFM). AFM is a valuable tool in molecular force spec-

troscopy [64], surface chemistry [65, 90, 66], mechanical properties of polymeric

surfaces [114, 124, 125, 126], and imaging. We hypothesized that the LCST tem-

perature, surface stiffness, and surface free energy can be found by examination of

force-distance curves obtained by AFM. To our knowledge no articles or books have

been published on the mechanical properties of ATRP grown PNIPAAm thin films
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via AFM.

As stated in the prior chapter, ATRP grafted PNIPAAm exhibits a LCST similar

to that of bulk phase PNIPAAm. As the PNIPAAm polymer brushes collapses, it

dehydrates, losing water molecules that keep the polymer brush soft and elongated.

The collapsed polymer brush is then stiffer when compressed. The Young’s modulus

of the surface, a measure of the stiffness, can be measured before and after the LCST.

The Hertz model is the most widely used model for calculating the Young’s modulus

by AFM [114, 124, 125]. The Young’s modulus is also known as modulus of elasticity,

and elastic modulus. The Hertz model is:

δ =

√
2

π

(1− ν2)

E

fcone

tanα
(6.1)

where δ is the indentation into the surface, ν is the Poisson ratio (assumed to be

0.5), E is the Young’s modulus, fcone is the force of the conical AFM cantilever on

the surface, α is the half angle of the cantilever.

The AFM cantilever used in the experiment is a square pyramidal cantilever. It

is assumed the geometric difference between the square pyramidal tip and conical

model is neglegible in this case. Estimating the Young’s modulus in incremental

temperature steps through the LCST will examine how the PNIPAAm polymer brush

stiffness changes.

There are many methods for examining the fundamental property of free energy.

Many can be done with contact angle goniometry such as those discussed in chapter

4. The methods presented in chapter 4 obtain bulk values of the surface free energy

and are not very sensitive. The surface free energy can be obtained by AFM using

adhesion data [39]. The adhesion data can be transformed to surface free energy

via several models: the Hertz model, the Johnson-Kendall-Roberts (JKR) model

[70], and the Derjaguin-Muller-Toporov (DMT) model [127], and the Maugis model
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[128]. The models find an adjusted adhesion value when the surface is deformed

by a spherical body. Yet, the reason PNIPAAm was choosen was because it should

be a non-adhesive surface below its LCST. Thus, the above models for calculating

the surface free energy from adhesion may not be applicable to PNIPAAm below its

LCST. To ensure data can be obtained to calculate the surface free energy it was

decided to use steric force measurements which can be easily obtained irregardless

of the condition of the PNIPAAm polymer.

In addition, the use of steric force measurements can examine how the fundamen-

tal properties of the PNIPAAm surface change during the LCST. Steric forces are

forces present when a molecule is compressed, like between an AFM cantilever and

hard substrate. The steric forces of compression of a polymer surface have been mod-

eled in several ways. Kaholek et al. used an inverse exponential function, including

the ionic double layer decay length, in combination with the Derjaguin approxima-

tion to obtain the free energy profile [129]. Self-consistent field theory was used to

model polymer compression and an exact analytical solution for weak volume exclu-

sion was given [130, 131]. Another steric compression model is the wormlike chain

model, also known as the Porod-Krakty model [132]. The problem is that many of

these models are complex and require computational calculation. A simplier model

that relates thermodynamics and steric forces is needed.

Butt et al. proposed a model that reduced to an exponential with prefactor for

a dense polymer brush [132, 133]:

f ≈ 50kBTΓ3/2exp [2πZ/Lo] 0.2 ≤ Z/Lo ≥ 0.9 (6.2)

where f is force, kB is the Boltzmann constant, T is the absolute temperature, Γ is

the grafting density, Z is the distance between the two surfaces, Lo is the equilibrium

length of the polymer brush. This emperical fit was designed for AFM measurements

performed with a conical cantilever and a polymer surface. It is quite powerful in
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that it allows the polymer thickness, and surface grafting density to be extracted. It

is limited in usage in that it is only valid for a specific region of polymer compression

and it does not relate to any thermodynamic or molecular model.

The most heavily utilized model for steric compression is the Alexander-de Gennes

model [134, 135, 136]. The Alexander-de Gennes model is valid for any polymer-

polymer steric interaction, it is also simple to calculate. The polymer surface is

approximated by circular ‘blobs.’ When two polymer surfaces are pressed together

the blobs undergo compression which changes their interaction energy. The model

then relates the Helmholtz free energy to the interaction distance. The Alexander-de

Gennes scaling theory is,

F (Z) = Kaρa

[(
Lo

Z

)(9/4)

−
(

Z

Lo

)(3/4)
]

(6.3)

Ka is often left as a prefactor for fitting to experimental data, although it can be

expanded to

Ka =
16kBTπLo

35
(6.4)

kB is Boltzman’s constant, T absolute temperature, ρa is the number of chains per

surface area or polymer graft density, Lo the unperturbed polymer brush length,

Z is the distance between the two surfaces. The first term within the brackets of

Equation 6.3 comes from the osmotic pressure, which increases as the two surfaces

approach each other. The second term accounts for the decrease in elastic energy as

the chains are compressed.

The data from a very important steric force experiment performed by surface

forces apparatus (SFA) is shown in Figure 6.1. The data shows that regardless

of polymer size the force-distance curve of the two polymers in compression will

have a similar shape when plotted in a log-linear format. It should follow that any
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Figure 6.1: Force-distance plot of polymer surfaces of various lengths taken with
SFA, taken from [8].

theoretical model for polymer compression of two flat surfaces should match the data

in Figure 6.1. Figure 6.2 shows a close match between their force-distance data and

the theory of Alexander-de Gennes. The close fit between model and data has set the

Alexander-de Gennes model as the benchmark model for steric polymer compression.

The Alexander-de Gennes theory is applicable for two flat plates both covered

with polymer. In order to apply the Alexander-de Gennes theory, a modification

must be made to the geometry of the AFM cantilever. The modification is,

F∆(Z) = 8L2
otanθ

∫ inf

Z
(Z − ZTS)F (Z)dZ (6.5)

where F∆ is the force of the pyramidal cantilever on the flat surface, Lo is the
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Figure 6.2: Force-distance plot of the various polymer lengths shown with the model
of Alexander-de Gennes, taken from [8].

unperturbed polymer length, θ is the half angle of the pyramidal cantilever, Z is

the distance, ZTS is the tip-sample distance, F is the force measured by the AFM

[9]. With this modification the data from AFM can be compared to the Alexander-

de Gennes model. How the Alexander-de Gennes model can be used to obtain

fundamental properties is later in this chapter.

Density functional theory (DFT), was used by Mendez et al. to examine the

steric interaction between a hard wall and a model PNIPAAm brush [137]. In DFT

another parameter, L the perturbed polymer length, is introduced. McCoy and Curro

used density functional theory to show that L and Lo are not the same [138]. As

Z approaches Lo it perturbs the polymer chain length, therefore it is more accurate

to use L in calculations. Under sufficient force Z and L are nearly indistiguishable,

the force at which the two variables can be approximated as one is not known. A

schematic illustration of the variables used in density functional theory and the AFM

setup is shown in Figure 6.3.
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Figure 6.3: Illustration of the variables and conditions in the force-distance experi-
ment

McCoy and Curro compared DFT to the model of Alexander-de Gennes and

found very close agreement [138]. They developed a transformation so that the two

models could be related. Equation 6.6 is an empirical transformation of the Lo of

Alexnader-de Gennes model into the L of density functional theory.

L

Lo

= tanh (Z/Lo)

{
1 + 0.60

(
Z

Lo

)4

exp

[
−1.5

(
Z

Lo

)2
]}

(6.6)

An important factor for PNIPAAm chain conformation is solvent condition. It is

possible to relate DFT to the solvent condition. Intermolecular interactions between

polymer chain segments and surrounding solvent molecules have an associated energy

of interaction which can be positive or negative. For a good solvent, interactions

between polymer segments and solvent molecules are energetically favorable, and will

cause polymer coils to expand. For a poor solvent, polymer-polymer interactions are

preferred, and the polymer coils will contract. The quality of the solvent depends

on both the chemical compositions of the polymer and solvent molecules and the

solution temperature. ν is defined as the condition of the solvent. For a good solvent,

interactions between the solvent and polymer are energetically favorable causing the

polymer to extend. For a poor solvent, intermolecular self-interactions are favorable

causing the polymer to collapse in on itself. A theta solvent is a condition in between

the two. For a good solvent ν is 3/5, for a theta solvent, 1/2, and 1/3 for a poor
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solvent [139]. The resulting Alexander-de Gennes model, after insertion of the good

solvent condition and geometric transformation for square pyramidal cantilever is,

F∆ = −8L2
otanθKaρa

[
4

5

(
Lo

ZTS

)(5/4)

+
(

ZTS

Lo

)(7/4)
]

(6.7)

The same procedure is done with the theta solvent condition for the Alexander-de

Gennes model,

F∆ = −8L2
otanθKaρa

[
2
(

Lo

ZTS

)
− 3

2

(
ZTS

Lo

)3
]

(6.8)

the change in exponents within the brackets, which indicates a change in behavior

of osmotic and elastic energies.

The AFM force-distance data can now be fit to the model. The condition of the

solvent can be examined with the Alexander-de Gennes model. McCoy et al. derived

the Alexander-de Gennes model in terms of the solvent condition [138],

βF = ρ3/2
a K

( Lo

ZTS

) 3ν
3ν−1

−
(

ZTS

Lo

) 4ν−1
3ν−1

 (6.9)

β =
1

kBT
(6.10)

Keep in mind that the surface free energy can be found by integrating the force

with respect to distance resulting in,

βA = Loρ
3/2
a K

(3ν − 1)
(

Lo

ZTS

) 1
3ν−1

−
(

3ν − 1

4ν − 1

)(
ZTS

Lo

) 4ν−1
3ν−1

 (6.11)

where A is the Helmholtz free energy.

The above equations are now setup such that the free energy can be obtained from

force-distance data obtained by AFM. The same equations can be used to examine

the solvent condition with respect to the temperature of the experiment.
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6.2 Material and Methods

Materials The same materials, and methods were used to create the PNIPAAm

surface as described in the previous chapter.

Atomic Force Microscopy measurements Force-distance measurements for

the soft press section were carried out with a modified Veeco Nanoscope IIIa atomic

force microscope on ATRP grown PNIPAAm films in a standard fluid cell filled with

deionized water. Tip movements and data collection were automated with Labview

software custom-written by David Keller. Spectral densities of the AFM cantilever

were acquired in air before the experiment. PNIPAAm coated wafers were cut and

placed on a J type scanner. An O-ring and fluid cell containing the AFM cantilever

was then set on top of the sample. Degassed DI water was injected into the fluid cell

and the film was allowed to equilibrate with the water for 30 minutes. The AFM

cantilever was moved toward the sample surface in discrete 2 nm steps with a dwell

time of 100 milliseconds per step. Cantilever deflection was recorded and averaged,

100 data acquisitions at each step, until tip-sample forces caused a deflection by 10

nanometers, after which the cantilever was withdrawn from the surface in the same

manner (discrete 2 nm steps with average deflection recorded at each step). The

deflection detector was calibrated by taking force curves on a bare silica surface, and

the piezoelectric positioners were calibrated against known standard samples. The

vertical position data was transformed to true tip-sample distance by adding the

value of the vertical position to the value of the tip deflection at each point. Tip-

sample force was calculated using a spring constant of the cantilever of 0.02 N/m as

provided by the manufacturer.

Force-distance curves for the hard press section were performed similarly as above.

A modified Veeco Nanoscope IIIa atomic force micrscope was to collect data with

Veeco software version 6.1. The sample set into the fluid cell as before. A silicon
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tapping mode cantilever with a spring constant of 40 N/m was used for all force

distance experiments. Force distance curves were obtained with a 2000 nm sweep

size, sweep rate of 0.1 Hz, and proceeded until AFM detector saturation.

6.3 Results and Discussion

A first attempt at modeling the polymer properties was made with a soft cantilever

and using the AFM to press gently, no greater than five nanoNewtons. This section

is called ‘soft press.’ Another attempt was made to obtain a full force-distance curve

matching that found in literature. A stiffer cantilever was used to press until AFM

detector saturation, several microNewtons, this experiment was called ‘hard press.’

6.3.1 Soft press

The distance coordinate measured with AFM is cantilever deflection and not the

distance between the cantilever and the surface at the base of the PNIPAAm film.

The separation distance can not be measured directly because the AFM cantilever

can not be pressed into the underlying solid surface to find the zero distance reference

point. Therefore, the fitting procedure requires that we add an offset (xoffset) to the

x-axis AFM data (xafm) resulting in, Z = xafm + xoffset. The force-distance data

after this modification is shown in Figure 6.4. This is not the only method for

calculating the x-axis. Another method will be presented in the hard press section.

The solid curve in Figure 6.5 presented with the force-distance data is Equation

6.7. To estimate the wet film thickness at 20 ◦C, we plotted the AFM data and then

adjusted three parameters until we obtained agreement with the model of Alexander-

de Gennes. The semi-log plot of the AFM data shows a sharp drop at large distances

which we suspect might be due to slight attractive interactions between the bare AFM
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Figure 6.4: AFM data showing the compression of the PNIPAAm film after modifi-
cation of the x-axis to show Z

tip and the tethered PNIPAAm chains encountered during approach of the tip. Recall

that neither DFT nor the Alexander-de Gennes model account for attractive forces.

Since we want to plot the force as a function of Z/Lo, we must adjust Lo to shrink

or expand the range, and we must also multiply the AFM force data by a constant,

Ka, as was done by Taunton et al. [8]. Thus, the three adjustable parameters are

xoffset, Lo and Ka, which we found, through trial and error, to be 250 nm, 257 nm

and 0.002 respectively. To obtain a more reliable fit, a statistical algorithm could

be implemented to find these three parameters by minimization of the errors. Thus,

the wet film thickness is estimated to be 257 nm. For this PNIPAAm film, the dry

thickness was measured with ellipsometry to be 48 ± 4 nm, making the dry to wet

thickness swell ratio (1:5.3) for our polymer brushes. Tu et al., who synthesized

terminally anchored PNIPAAm films in a manner similar to us, used environmental

ellipsometry to find the dry to wet swell ratio of (1:4) [123]. Kaholek et al. using

AFM and fitting to a height model found the swell ratio to be (1:2.6) for ATRP
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grown PNIPAAm films from SAMs [129]. Although our films and those of Tu et al.

and Kaholek et al. have some similarity in the synthesis scheme, more than likely

there are considerable differences in the polymer molecular weight, intermolecular

crosslinking and surface coverage of the films. Since the swell ratio depends on these

two parameters, we don’t expect quantitative agreement.

Figure 6.5: Force-distance curves at room temperature for AFM, x, SFA, triangle,
and de Gennes theory, solid line [9, 10].

As a further test of this method to estimate the wet film thickness using Alexander-

de Gennes model, we analyze the surface force apparatus (SFA) data reported by

Plunkett et al. for similar ATRP grown brushes [10]. Unlike in AFM, SFA uses an

optical interference method which can be used to obtain the separation distance, Z,

therefore, we do not need to fit for xoffset. This leaves us to fit for Lo and Ka which

we found to be 235 nm and 0.013. The value of Lo Plunkett et al. found by fitting

with Equation 6.3 was Lo = 274 nm and the experimentally measured Lo was 269

nm. The discrepancy between the two values of Lo might be attributed to fact that

we plotted force versus Z/Lo (while they used Z ) and because the criteria for fitting
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the data is somewhat arbitrary.

The model curves are very similar to the force-distance data presented. It is

at larger separations of the surfaces that the models do not agree well and have

dissimilarities, since at larger distances attractive forces substract from the models

accuracy. The AFM cantilever is more sensitive to attractive forces than the crossed-

cylinders used in SFA. Thus deviation from SFA force-distance data and models at

larger separation is expected.

Figure 6.6: Force-distance curves at room temperature for AFM, square, SFA, tri-
angle, and density function theory, solid line [9, 10].

In order to confirm that the polymer brushes were thermally responsive, a mea-

sure of the surface stiffness is needed. The force-distance curves for temperatures

above and below the LCST on the PNIPAAm brushes are shown in Figure 6.7.

Zero distance was set in the force-distance data to initial contact with the polymer

brushes. As the temperature increases so does the slope of the force-distance curves.

This is as expected, as the polymer collapses and becomes stiffer the slope of the

force-distance curve increases.
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To further examine the thermal response fo the polymer brushes, each of the

PNIPAAm force curves was fit to a polynomial and then the derivative of the poly-

nomial was evaluated at a force of 150 pN, selected arbitrarily. The derivative of

the force curve reflects the polymer stiffness of the PNIPAAm brushes. The average

derivative is plotted against temperature in Figure 6.8. The error in the graph is the

standard deviation of multiple force curves. The minimum number of force curves

at each temperature was 5 and maximum was 10. Not every force curve was con-

sidered, only force curves with continous curves, and had a single peak value were

considered for data processing. The maximum force used was 5 nN. Another method

for examining surface stiffness will be discussed in the hard press section.

Figure 6.7: Force-distance curves on the PNIPAAm brushes at various temperatures.
Force-distance curves at 26, 32, and 36 ◦C have been omitted for clarity.

The slope of the force-distance curves only fluctuates within error from 22 to

32 ◦C. There is a very noticable change in the polymer stiffness at 32 to 34 ◦C.

This coincides with the LCST of surface grafted and bulk PNIPAAm[91, 92, 93, 94,

95, 114, 10]. It also agrees with conceptual knowledge that a collapsed dehydrated
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Figure 6.8: Slope of the force distance curve at 150 pN as a function of temperature
measured by AFM soft cantilever

polymer layer is going to be stiffer than an extended hydrated polymer layer. Above

34 ◦C the polymer stiffness continues to increase slightly. It is possible that not every

polymer brush exhibits a LCST at 32 to 34 ◦C, but brushes continue to collapse and

dehydrate as temperature continue to increase.

6.3.2 Hard press

In order to better examine the force-distance curves the data must be corrected for

the true tip-sample distance. The recorded values from the AFM are the piezoelectric

z-distance and z-distance deflection of the cantilever. What is desired is the true tip-

sample distance. The data given by the AFM can be transformed by the following

relation,

ZTS + L = ZAFM + ZC (6.12)

123



Chapter 6. Force Interactions with Poly(N-isopropylacrylamide) Thin Films

where ZTS is the tip-sample distance, L is the thickness of the polymer layer, ZAFM

is distance traveled by the piezo stepper, ZC is the cantilever deflection. Figure 6.9

shows a schematic of the experimental system with notation. θ is the angle between

the faces of the square pyramidal cantilever.

Figure 6.9: Schematic showing the notation of the force distance experiments on
PNIPAAm

PNIPAAm Young’s Modulus

In order to confirm that the PNIPAAm was still exhibiting a LCST, the Young’s

modulus of the surface was examined. A force distance curve was obtained on a

silicon control sample along with the force-distance curves at the various tempera-

tures above and below the LCST. The difference between the control surface and

PNIPAAm surfaces above and below the LCST is plotted in Figure 6.10.

The force-distance data plotted in Figure 6.10 has been corrected for tip-sample

distance with Equation 6.12. The force-distance curves were aligned to zero distance

at first contact with the surface. The indentation of the PNIPAAm surface was

calculated from the difference between the hard glass surface and the PNIPAAm

surfaces at the various temperatures. The cantilever deflection is greatest for the
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Figure 6.10: Force distance curves showing indentation into the PNIPAAm surface

stiffest surface. The collapsed PNIPAAm polymer at 40 ◦C presented a greater

cantilever deflection implying a stiffer polymer brush than the extended polymer

brush at 26 ◦C.

The indentation into the polymer surface can be calculated from the data in

Figure 6.10 by subtracting the cantilever deflection of the polymer from the cantilever

deflection of the hard surface. With the indentation data, the Hertz model can be

applied and the Young’s modulus of the surface can be calculated. The resulting fit

of the Hertz model to the AFM force-distance curves at 40 ◦C and 26 ◦C are shown

in Figure 6.11.

The Young’s modulus was obtained by the best fit of the data to the model. The

Poisson ratio was assumed to be 0.5. The fit of the model to the force-distance curves

is quite good. There is deviation from the model as the force increases. This is likely

due to the displacement of the polymer brushes by the AFM cantilever. The Hertz
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Figure 6.11: a) Fit of the Hertz model to the force-distance data to evaluate the
Young’s Modulus of the PNIPAAm brush. For easier comparison the data in Figure
6.11a) plotted log-log in b).

model assumes the surface continues to compress under force without displacement.

The Young’s modulus of the PNIPAAm polymer brushes was calculated for all

the force-distance curves at the various temperatures. The data is plotted in Figure

6.12. The Young’s modulus of the PNIPAAm surface is about 80 MPa at 26 ◦C.

The Young’s modulus of the surface does not change until 35 ◦C were the modulus

changes to a little more than 350 MPa. The change in Young’s modulus confirms

the surface is thermally responsive. The error present in the data comes from the

many steps in processing the data. The largest source of error is the unknown value

of the spring constant of the AFM cantilever, which is 30%. The other sources of

error, typically 1 to 2 % are: the voltage to distance conversion, curve alignment

on both x and y axis, and curve to curve deviation. It has been shown that the

modulus of bulk PNIPAAm can change by a factor of 10 or more above and below

the LCST [92]. This is far from the change of a factor of 100 reported by Matzelle

et al., who reported a Young’s modulus of a free standing PNIPAAm gel at 0.00283

MPa swollen and 0.183 MPa above the LCST [124]. Plasma deposited PNIPAAm on
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a silicon wafer has a much larger modulus of 0.185 MPa and 1.592 MPa below and

above the LCST [114]. The Young’s modulus differs depending on PNIPAAm thin

film deposition method. Polystyrene brushes grafted to a silicon surface, examined

by dynamic AFM measurements in water, gave a dynamic modulus similar to my

results, 150 MPa [11]. For ease of comparision these values, along with other relevant

values, are shown in Table 6.1.

Figure 6.12: PNIPAAm Young’s modulus calculated from the Hertz model as a func-
tion of temperature. Error bars are the sumation of error in all the data processing
steps.

The Young’s modulus is a measure of the elasticity of the surface. Cross linked

polymers would have a larger modulus than that of polymer brushes. ATRP grown

PNIPAAm does not result in much polymer crosslinking, thus a lower modulus would

be expected. There is another factor which influences the Young’s modulus and

that is polymer brush displacement. ATRP grown polymer brushes would only

be cross-linked at the polymer terminus, from chain-to-chain radical termination.

The resulting polymer brush is much more easily displaced by external forces. The
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Table 6.1: Values of Young’s Modulus relevant to PNIPAAm thin films

Material Young’s Modulus (MPa) Source
Silicon 150,000 [140]
Glass 65,000 [140]
polystyrene brushes in water 1,500* [11]
dry polymer brushes 1,000 [141, 142]
ATRP grown collapsed PNIPAAm brushes 350 experiment
polystyrene brushes in toulene 150* [11]
ATRP grown extended PNIPAAm brushes 80 experiment
plasma PNIPAAm collapsed 1 [114]
plasma PNIPAAm extended 0.2 [114]
collapsed PNIPAAm gel 0.2 [124]
hydrated PNIPAAm gel 0.003 [124]
* is the dynamic modulus
found by oscillating AFM measurements

modulus of the polymer brushes is less than expected because the brushes displace

under the force of the AFM cantilever. As the AFM cantilever continues to press into

the polymer brushes, it encounters higher resistance forces as the polymer anchors

and surface resist conpression. This description of brush displacement is shown in

Figure 6.13, which shows AFM modulus data of a polystyrene brush in a good solvent,

toluene. The same figure also shows that the dynamic modulus of a polymer brush

in a good solvent is a function of force, or distance compressed into the polymer

brush. As the AFM cantilever presses harder into the surface the dynamic modulus

continues to change until a terminal value of 3,000 MPa. Thus, a hard press into

the polymer will displace polymer brushes resulting in a Young’s modulus closer in

value to the modulus of the substrate than a free standing polymer gel.

Examining the force-distance curves in a log-linear scale presents an interesting

phenomenon. A single force for each temperature below the LCST is plotted log-

linear in Figure 6.14. On the y-axis the force is divided by the radius of the cantilever,
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Figure 6.13: Schematic and modulus of polystyrene brushes in a good solvent taken
by oscillating AFM force measurements taken from Overney et al. [11].

10 nm, doing this presents the force in units similar to surface energy. This is a

standard way to normalize a force curve [10, 103, 114, 124, 125, 126, 8]. Most of

the curves appear to have the same shape. At large distances the curves drop to

zero force, which agrees with logic of tip-sample separation. The distance at the

asymptotic force limit can be taken as the unperturbed polymer brush length, L.

The unperturbed brush length is different for each curve because the force-distance

measurement was not taken in the same place twice. From chapter 5 it is known

that the polymer surface deviates in height across the silicon surface. Therefore

the distance at the asymptotic force limit will deviate. The slope of the force-

distance curve is very similar between the various curves below the LCST. As the

force increases all the force-distance curves go to a steep slope at very small distances.

The force-distance curves above the LCST, 35 ◦C in this case have a different

shape than those at temperatures below the LCST. The force-distance curves are
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Figure 6.14: PNIPAAm force-distance curves for temperatures below the LCST.

shown in Figure 6.15. Again the force is divided by the cantilever radius. At large

distances the force goes to zero. There is a distance where an asymptotic line exists

where the force becomes non-zero. It is not fully understood as to why the force has

an asymptotic force profile at that distance. A more gradual transition is expected

as the polymer compresses. The slopes of the force-distance curves are very similar

indicating a similar yield of the polymeric surface beneath the cantilever. At larger

separation distances there is a interesting behavior to the curve, this will be explained

when compared to a model. This is the first time force-distance curves have been

examined using a log-linear plot to confirm the LCST of PNIPAAm.

To assertain the condition of the solvent for the PNIPAAm polymer brushes,

the data is presented with the Alexander-de Gennes model with the good solvent

condition, Equation 6.7, shown in Figure 6.16. The model curve provides a good

fit to the experimental data. The data were fit by adjusting the variables Ka, and

Lo. The two slopes of the curves are very similar, implying the behavior of the
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Figure 6.15: PNIPAAm force-distance curves for temperatures above the LCST.

compressing PNIPAAm polymer brush is predicted by the Alexander-de Gennes

model with the condition of a good solvent. The good solvent implies the polymer

brushes are extended, which is consistent with has been observed for PNIPAAm

polymer brushes when hydrated [105, 137, 98]. The deviation at very small distances

is believed to arise from displacment of the polymer brushes by the AFM cantilever

rather than compressing them ideally.

One of the conditions of the Alexander-de Gennes model is that both surfaces are

covered with polymer. This is not the case when the AFM cantilever is first placed

in the fluid cell. It is believed that the AFM cantilever becomes coated with polymer

after the first force-distance curves. The maximum force exerted by the AFM is

enough the break the polymer bonds and leave some polymer physically adsorbed

onto the AFM cantilever. Thus, for the second force-distance curve in a new location

the PNIPAAm brush will encounter an AFM cantilever with physically adsorbed

polymer on the surface. The physically adsorbed polymer behaving similarly to that
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Figure 6.16: PNIPAAm force-distance curve at 26 ◦C shown with the Alexander-de
Gennes model with good solvent condition.

of the ATRP grown brush.

The Alexander-de Gennes model with the theta solvent condition, Equation 6.8

was plotted against the AFM force-distance data for a temperature above the LCST,

shown in Figure 6.17. The data and model show some similarities including: curve

slope, polymer brush length, and response at small distances. Again it is believed

that the experimental data at very small distances is not behaving according to

the ideal compression predicted by the Alexander-de Gennes model. It is not fully

understood as to the nature of the force-distance curve at large distances. It is

hypothesized that the solvent condition may be a value between that of a good and

theta solvent. It may also be that the polymer brushes may be exhibiting both solvent

conditions. At the end of the polymer brush, the solvent condition resembles the good

solvent. Conversely, while at the base of the polymer brushes, the solvent condition

is more like the theta solvent condition. It is still believed that the examination of

the force-distance data using a log-linear plot, allows the factor of solvent condition
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to be examined as it is a contributing factor to the overall problem of bioadhesion

to stimuli responsive surfaces.

Figure 6.17: PNIPAAm force-distance curve at 40 ◦C shown with the Alexander-de
Gennes model with theta solvent condition.

It was first thought that the surface free energy could be obtained by using the

van’t Hoff equation,

lnK = −∆H

R

(
1

T1

− 1

T2

)
+ C (6.13)

where ln K is the equilibrium constant, ∆H is the change in enthalpy of the

PNIPAAm layer, R is the gas constant, C is an arbitrary constant of integration.

It was believed that the data from the AFM could be modified to such a form and

used in the van’t Hoff equation. The data from the ‘hard press’ was integrated with

respect to distance, to yield the potential of mean force (PMF). The potential of

mean force is the intermolecular potential in a liquid medium. The PMF was then

used as the surface free energy, ∆G, between zero distance and distance where the
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force was equal to 5 micro Newtons. Surface free energy was then plotted against

the inverse of temperature to yield a plot similar to that of van’t Hoff. The plot,

not shown, had very high error in all the data points. If the PNIPAAm LCST is a

true phase transition, then the change in Gibbs energy should be zero in value for

the transition. Grinberg et al. confirmed this with microcalrimetry experiments on

bulk PNIPAAm [143].

Figure 6.18: Alexander-de Gennes model for Helmholtz free energy with good solvent
condition with integrated force-distance data at 26 ◦C

The surface free energy can be found using Equation 6.11. The various solvent

conditions for Equation 6.11 are expanded in the Appendix. The force-distance data

was integrated and plotted with the good solvent condition for the Alexander-de

Gennes model for Helmholtz free energy and shown in Figure 6.18. The Helmholtz

free energy was divided by ρa to put the Helmholtz free energy on a per unit basis.

Because the Alexander-de Gennes model has several fit parameters, Ka, ρa, and L

it was assumed that the surface grafting density would be that of a dense grafted

polymer brush, 0.15 chains per nm2 [139]. The two remaining variables, Lo and Ka
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can then be used to match the the experimental data, their values are 9000 and

250 nm, respectively. The Lo value is very similar to the value obtain in the ‘soft

press’ section of this chapter. The change in Helmholtz free energy is given in terms

of the tip-sample distance. The reference free energy is zero in value at infinite

tip-sample separation. The experimental data and model have a close fit at larger

distances. The model and data tend to deviate from a smaller distance. As described

previously, the deviation is believed to come from polymer brush displacement by

the AFM cantilever rather than ideal compression. It would be ideal to compare the

surface free energy values obtained with the Alexander-de Gennes model, with those

obtained by other methods. Unfortunately, this is not possible since the surface free

energy is for PNIPAAm brush-brush interactions and is not a bulk thermodynamic

value. It was already shown, in the ‘soft press’ section, that the force-distance curves

for AFM were similar to those produced by SFA. The same procedure could be

applied to the SFA data to yield very similar results for surface free energy.

Figure 6.19: Alexander-de Gennes model for Helmholtz free energy with theta solvent
condition with integrated force-distance data at 39 ◦C

135



Chapter 6. Force Interactions with Poly(N-isopropylacrylamide) Thin Films

The same procedure was done with the force-distance data at 39 ◦C with the theta

solvent condition of the Alexander-de Gennes model resulting in Figure 6.19. The

fit of the Alexander-de Gennes model of free energy with the theta solvent condition

does not account for all sections of the experimental data. While there is agreement

for distances in the mid-range of the data the small and large distances do not closely

match the model. At small distances it is believed that the cantilever is displacing

the polymer brushes rather than compressing them ideally, leading to the difference

between data and model. At large tip-sample distances it is possible the polymer

brushes are exhibiting a mixed kind of behavior in solvent condition. Again, the

reason for the behavior at large tip-sample distances is not fully known.

The Helmholtz free energy is a generating function for the other thermodynamic

values. The differential relationship between Helmholtz free energy and temperature

can affect the internal energy of polymer brushes. The large deviations between

model and data would question the validity of any thermodynamic values obtained.

For temperatures above the LCST, the Alexander-de Gennes model only models part

of the polymer brush behavior. The resulting thermodynamics values obtained would

only reflect part of the polymer brush behavior and not the system as a whole. To

the author’s knowledge this is the first attempt at using steric-force data to examine

the thermodynamics properties of the surface grown thermally responsive polymer

PNIPAAm.

6.4 Conclusion

Bioadhesion to the stimuli responsive polymer brush PNIPAAm will include many

chemical and physical factors. It was shown how to examine the Young’s modulus

of the PNIPAAm surface via force-distance data collected with AFM. The thermal

response of the PNIPAAm surface was confirmed by examining the Young modulus
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as a function of temperature. This is the first instance of examining the Young’s

modulus of ATRP grown PNIPAAm with AFM. The various models for examining

the surface energy of the PNIPAAm surface were discussed. Only the models by

Alexander-de Gennes and DFT were compared to the data. The two models pre-

sented a close fit to the experimental data with some deviation at small and large

distances. The solvent condition of the polymer brushes was examined by fitting

the force-distance data to good and theta solvent case of the Alexander-de Gennes

model. The Alexander-de Gennes free energy model was used to examine the ther-

modynamics of the surface free energy. Utilization of the resulting free energy to

generate thermodynamics values were not examined, because of the large deviations

between model and force-distance data above the LCST.
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Chapter 7

Creation and Utilization of Lipid

Bilayer Coated Mesoporous Silica

Particles

7.1 Introduction

Lipid vesicles, also called liposomes, are polymolecular aggregates of lipids that form

in an aqueous solution from dispersion of bilayer forming molecules. Lipid vesicles

also form from surfactants. Figure 7.1 shows an egg phosphatidylcholine (egg PC)

molecule, a type of lipid. Under osmotically balanced conditions, lipid vesicles typ-

ically generate hollow spherical structures in which the hydrophobic head group of

the molecule faces both the inner volume and outer volume aqueous solution. These

structures are found throughout nature in eukaryotic cells and bacteria as lipid bilay-

ers. Eukaryotes and bacteria use lipid bilayers for transporting food, cell products,

and waste within their cells.

Lipid vesicles have many applications and are used for the following purposes:
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Figure 7.1: Chemical structure of egg phosphatidylcholine

to model cellular membranes [144, 145]; to encapsulate bioactive molecules for drug

delivery [146]; and to study the lipid bilayer and vesicle disruption [147]. In addition,

lipid vesicles are used to create lipid bilayers that are used in biosensors [148]; as

biomimetic objects in biotechnology [148]; as artificial cells [149]; and for diffusion

studies within lipid bilayers [150, 148].

The size of lipid vesicles can range from 20 nanometers to hundreds of microns

[12]. The constuction of lipid vesicles come in a variety of different forms, including:

multilamellar vesicles (MLV), large unilamellar vesicles (LUV), small unilamellar

vesicles (SUV), and multivesicular vesicles (MVV). The various types of lipid vesicles

can be seen in Figure 7.2.

The standard way to create lipid vesicles is by hydration [151, 152, 146, 153, 154].

Hydration of a dried lipid cake readily results in lipid vesicles although the size, type,

and dispersity are not well controlled. To create lipid vesicles with better defined

properties, other techniques are used in combination with hydration, including: ex-

trusion [152], double emulsion [154], sonication [151, 153], and microfluidic devices

[155]. A description of the methods of vesicle formation and properties of the result-

ing vesicles can be found in literature reviews [156, 12]. Each method for creating

lipid vesicles will yield different vesicle types and sizes. Lipid vesicles generated by

hydration will yield polydisperse multivesicular vesicles. If a monodisperse popula-

tion of vesicles is desired, hydration should be followed by any of the above methods

that can control vesicle properties.

139



Chapter 7. Creation and Utilization of Lipid Bilayer Coated Mesoporous Silica Particles

Figure 7.2: Schematic of the various lipid vesicle types, A shows a multilamellar
vesicle, B a large unilamellar vesicle, C a small unilamellar vesicle, D a multivesicular
vesicle, image taken from Walde and Ichikawa [12].

Lipid vesicles can be used to create lipid bilayers. The stability of the lipid

bilayer can be enhanced when the lipid bilayer is coated on a spherical substrate. If

the spherical substrate is porous, chemicals can be stored within the pores. Silica

particles, a type of spherical substrate, can be made mesoporous by templating

their structure with a self-assembling surfactant that forms micelles during particle

formation. When this method is applied to a vibrating orifice aerosol generator, the

resulting particles are monodisperse in size and have an ordered porous structure

within each particle [157]. The mesoporous silica particles are also commercially

available as high-performance liquid chromatography packing.

Mass transport has been extensively studied in mesoporous materials [158, 159,

160, 161, 162, 163]. Many of the mass transport studies in mesoporous materials

involve flat surfaces [164, 165, 166]. Mass transport studies have also been performed

using spherical objects, activated charcoal [167, 168], and heavy-metal remediators
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Figure 7.3: Diagram of the lipid bilayer on a particles, taken from Linseisen, et al.
[13]

[169]. Linseisen et al. has studied the differences between a lipid bilayer supported

on a flat surface and a lipid bilayer supported on a spherical bead [13]. They found

that lipid bilayers on a spherical substrate had a higher phase transition temperature

than those on a flat substrate, which they interpreted as lipid bilayers on spherical

supports are more stable than those on flat surfaces. In the same work, a model of

how lipid bilayers coat a spherical silica is presented. In their model, it is predicted

that there is a thin water layer between the silica particle and the lipid bilayer as seen

in Figure 7.3. In other words, the lipids are not in direct contact with the particle.

This is unlike physisorption or chemical attachment.

Previously, our group has studied the mass transport from spherical porous par-

ticles modified with a thermally responsive polymer [170]. A similar study was

performed by Tziampazis et al. examining the release kinetics of poly-alginate beads

loaded with pancreas cells and covered with a lysine membrane [171]. Finally, An-

derson et al. examined the release kinetics of insulin from lipid vesicles based on the

amount of insulin retention over a 48 hour period [153].

In the research described below, mass transport is characterized from spherical

mesoporous particles with and without a coating of a lipid bilayer. To date no one
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has studied the mass transport from lipid bilayer coated mesoporous particles. We

hypothesized we could control diffusion out of the construct, turning it on or off,

by coating the mesoporous partices within a lipid bilayer. To test this hypothesis,

mesoporous particles were loaded with a dye and the mass transport quantified by

obtaining an effective diffusion coefficient. The particle was then coated with a lipid

bilayer after which the mass transport from the particle was observed, this step is

called encapsulation. In the last step, the lipid bilayer was disrupted and the mass

transport examined.

7.2 Materials and Methods

Materials Egg phosphatidylcholine (Egg PC) was purchased from Avanti Polar

Lipids. Sulforhodamine 101 acid chloride (Texas Red), and phosphate buffered saline

(PBS) pH 7.0 were purchased from Sigma-Aldrich, St. Louis, MO. Polyoxyethylene

Octylphenyl Ether (Triton X-100) is from EMD Chemicals, Gibbstown, NJ. Nucleosil

50-10 porous silica particles came from Machery-Nigel, Duren, Germany. Deionized

water was produced in-house from a Nanopure system.

Figure 7.4: Chemical structure of sulforhodamine 101 acid chloride (Texas Red).
Diameter of the molecule is approximately 1.8 nm and has no net charge at pH 7.0.
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Equipment VWR Galaxy mini centrifuge, orbital shaker, and Shimadzu UV-

visible spectrophotometer scanning 800 to 400 nanometers with 1 nanometer step

size.

Particle Properties The manufacture of the particles provides the following

information about the particles: Mean particle size is 9.74 microns; particle size

distribution d90/d5 (ratio of the cumulative volume percent of 90 to 5) is 1.5; pore

volume is 0.85 ml/g; surface area is 383 m2/g; mean pore diameter is 8.9 nanometers.

Mass transport into the mesoporous particles (uptake) 240 mg of the

porous particles were placed in a 4 wt % H2O2 and 4 wt % NH4OH solution in

a boiling water bath at 96 ◦C for 10 minutes. This preparation step would clean

and partially hydroxylate the particles [172]. The particles were rinsed 4 times with

deionized water. The particles were then separated into aliquots for later use, with

a small amount of deionized water to prevent the particles from drying. The porous

particles, 24 mg, were then taken and separated equally into three Eppendorf tubes.

The particles were centrifuged for 30 seconds (6,000 rpm - 2,000xg) in the mini

centrifuge and the water supernatant removed. 4 mL of Texas Red was dissolved

in PBS with a concentration of 100 micromolar and then scanned in the UV-visible

spectrophotometer. The dye was then added to the particles, a stop watch started,

and particles and dye were shaken vigorously and then placed on an orbital shaker.

UV-visible cuvettes, pipette tips, and Eppendorf tubes were labeled as 1, 2, and 3. At

short time intervals frequent UV-visible measurements were taken of the supernatant.

As time progressed, measurement frequency decreased. The Eppendorf tubes were

taken from the orbital shaken and placed in the mini centrifuge for 30 seconds.

1 mL of the supernatant was removed and placed in a 1.5 mL cuvette and the

spectrum scanned and the supernatant returned to the Eppendorf tube. The tube

was vigorously shaken and placed on the orbital shaker. This process was repeated

for every UV-visible measurement for 2 hours.
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Lipid Bilayer Preparation (encapsulation) The lipids were prepared by

rehydration in PBS pH 7.0 to 1 millimolar concentration and placed in an ultrasonic

bath for 20 minutes at 0 ◦C. The surface area of the particles was calculated, the

number of lipids required to cover the surface area and then multiply by 10 to give

an excess of lipid. The calculated amount of lipid was added to the particles after

the uptake experiment with most of the Texas Red solution removed. The particles

and lipids were then placed in a VWR vortex genie for 5 minutes and shaken at the

highest setting. The particles were let to set for 10 minutes. The porous particles

were then rinsed with PBS 10 times. 4 mL of PBS was scanned in the UV-visible

spectrophotometer to give a baseline absorbance. The 4 mL was separated equally

between the 3 Eppendorf tubes, and the stop watch restarted. The Eppendorf tubes

were shaken vigorously and placed on the orbital shaker. UV-visible readings were

taken as described above for 2 hours.

Mass transport after lipid bilayer disruption (release) Again 4 mL of

PBS was scanned and separated into the Eppendorf tubes. 10 microliters of 100

millimolar Triton X-100 was added to the Eppendorf tubes, the stop watch restarted,

then vigorously shaken and placed on the orbital shaker. UV-visible readings were

taken as described above for 2 hours. The absorbance of Triton X-100, used to disrupt

the lipid bilayer, was subtracted from the absorbance data in the release data. All

the absorption data was converted to concentration by the use of calibration curves.

7.3 Results and Discussion

The particles are characterized and a description of the mathematical fit is given.

The experimental results are divided into 3 sections. The first when the particles are

placed in the dye solution is called ‘uptake.’ Next when the particles are coated with

a lipid bilayer it is called ‘encapsulation.’ Lastly when the lipid bilayer is disrupted
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with Triton X-100 this is called ‘release.’

Particle pretreatment

The nucleosil particle can be seen in Figure 7.5. The micrograph confirms the

size of the particles and shows the spherical nature of the particle. The image used

is typical of the particle population. A larger magnification of the particle surface

can be seen in Figure 7.6. The pores can be seen in Figure 7.7. The particle surface

is horizontal and the pores are perpendicular to the particle surface.

Figure 7.5: SEM micrograph of the nucleosil particle after base/peroxide wash

Before the experiment the particles are treated with a base/peroxide solution. As

reported in the literature this solution changes the properties of the surface layer of

the particles [172]. To remove the surfactant within the pores of the particles after

creation the particles are calcined. Calcination leaves the silica slightly hydrophobic.

The base/peroxide wash hydroxilates the surfaces making it more hydrophilic. Our

group previously showed that this surface treatment did not effect the porous network

[148]. Confocal micrographs of the particles show that dye is uniformly distributed in

the particle, implying the pores transverse the entire particle. It has been observed

by SEM micrograph that some particles have a silica skin layer covering the pores.

145



Chapter 7. Creation and Utilization of Lipid Bilayer Coated Mesoporous Silica Particles

Figure 7.6: SEM micrograph of the nucleosil particle showing surface roughness

The base/peroxide solution dissolves the outer most silica skin layer and exposes the

pores. In addition, our research group has discovered that the lipid vesicle forms more

readily on hydrophilic particles[148]. This is because the lipid bilayer is stabilized

by floating on a trapped water layer around the particle, as observed by Linseisen et

al. [13].

Figure 7.7: SEM micrograph of the nucleosil particle showing the pores perpendicular
to the particle surface.
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Mathematical fit

In order to quantify the results, a mathematical fit of the diffusion system is

needed. Examining the effective diffusion coefficient for the various data sets will

help show if the lipid bilayer is encapsulating the diffusing species. The system is

setup to be a sphere with a chemical species diffusing into or out of the sphere with

constant surface concentration. The governing differential equation,

∂C

∂t
= Deff

(
∂2C

∂r2
+

2

r

∂C

∂r

)
(7.1)

making the substitution

U = Cr

the equation becomes

∂U

∂t
= Deff

∂2U

∂r2
(7.2)

With the boundary conditions,

u = 0, r = 0, t > 0, (7.3)

u = aCo, r = a, t > 0, (7.4)

u = rf(r), t = 0, 0 < r < a (7.5)

can be solved analytically,

147



Chapter 7. Creation and Utilization of Lipid Bilayer Coated Mesoporous Silica Particles

Mt

M∞
= 1− 6

π

∞∑
i=1

1

n2
exp

(
−Deffn

2π2t

a2

)
(7.6)

the solution is taken from The Mathematics of Diffusion [173]. C is the concen-

tration of the diffusing species, t is time, Deff is the effective diffusion coefficient,

r is the distance in the radial coordinate, Co is the initial concentration, Mt is the

amount of material in the bulk at time t, M∞ is the amount of material in the bulk

at infinite time, n is a counting integer, and a is the radius of the particle. In a

known volume the amount of material is the concentration of a species. The solution

assumes that the concentration at the surface of the particle does not change with

time. We believe this is a reasonable assumption because the initial concentration

used was 100 millimolar. This is quite high for a dye species. The finally concentra-

tion after uptake changed by 12%. We believe this change is not enough to invalidate

a constant surface concentration. The model also assumes a infite volume surounding

the particle. We also believe this is a reasonable assumption because the volume of

the fluid used in the experiment is an order of magnitude greater than the volume of

the sum of the particles. A more accurate mathematical model with variable surface

concentration and finite volume could be used, yet the accuracy gained is not neces-

sary due to the noisy nature of the experiments and the dependency of the effective

diffusion coefficient on short time data.

When matching the slope of the concentration-time plot data at earlier times are

more important than those when the diffusion is at an equilibrium between particle

and solution. In this case equilibrium was reached in about 40 minutes, thus the

data collected before 40 minutes determinant the effective diffusion coefficient into

the particle. The data were fit by a weighted average on the data points of lower

time. A factor of ten was added to first two data points when the deviation between

fit and data was calculated. This was done to arbitrarily weight the early data points
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Figure 7.8: Plot of amount of dye in solution with the particle against time during
uptake and theoretical solution for diffusion into a sphere. Deff value is = 1*10−12

m2/s.

more than the later data points. To obtain the best effective diffusion coefficient the

sum of the deviation between the theoretical values and all the data points, including

weighting, was minimized.

Uptake

The uptake experiment has dye moving from the bulk solution into the particle.

The data recorded by the UV-vis spectrometer show the absorbance of light in the

bulk solution. The absorbance data were transformed to concentration using calibra-

tion curves, inverted and subtracted from infinite time to match the mathematical

model. The uptake of dye into the particles can be seen in Figure 7.8. The error

present in the data comes from the deviation of the three sample run concurrently

to get the average.

The data shows an increase in the amount of dye species within the particle, which
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is consistent with logic. The data also show that most of the diffusion is done within

the first twenty minutes of the experiment and then reaches equilibrium with the

bulk solution. This fact is in agreement with the knowledge from the mathematical

fit that the data points collected early in the experiment are more valuable than

later points in quantification of the diffusion into the particles. The best Deff for the

uptake data is 1*10−12 m2/s. This value is consistant with values from literature for

chemical species diffusing in and out of a mesoporous material [166, 171, 160, 170].

There are several sources of error in the experiment, these include: loss of solution

during transfer from Eppendorf tube to pipette to cuvette and back again, evapora-

tion of water from each sample, small differences in the absorbance of each cuvette,

and small mass differences in the mass of particles between each sample. The largest

source of error being the loss of solution during transfer. The experiment could not

be run in the cuvettes alone, because the cuvettes could not be centrifuged. Thus,

fluid had to be transfered from a container than could be centrifuged to the cuvettes.

All these factors contribute to the error present in the data. The error in the first two

data points could allow one to argue that the Deff could be in error by an order of

magnitude or more. This fact must be remembered when examining the results from

the mathematical fit. Another source of error that may or may not be influencing the

Deff is particle degredation. SEM micrographs after the uptake experiment showed

that some of the particles were breaking. This hypothesis is only partially confirmed

because a large population of the particles could not be examined under the SEM.

Encapsulation

In Figure 7.9 the diffusion is occuring in the presence of a single lipid bilayer

coating the particle. The data was similarly transformed to concentration and plotted

with the mathematical fit. The Deff in Figure 7.9 is 0.4*10−12 m2/s.

It was hypothesized the lipid bilayer would completely inhibit the diffusion out of
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the particle resulting in a zero Deff . The data in Figure 7.9 shows a diffusion process.

The error on the first two data points is smaller in this case making the data more

reliable than in the previous uptake experiment. The Deff is an order smaller than

the uptake experiment. Thus the lipid bilayer could be thought of as a diffusive

barrier. In an ideal situation the lipid bilayer would cover the entire particle without

flaw. In this experiment there might be holes present in the lipid bilayer or areas

where the lipid bilayer did not cover the entire particle. This could be part of the

reason why the lipid bilayer coated particle exhibits diffusion. Confocal micrographs

taken by our group of the lipid coated particles appeared intact [148]. It could be and

holes in the lipid bilayer are smaller than the resolution of the confocal microscope.

Another reason may be the lipid bilayer is a permissive barrier to dye diffusion. A

slightly hydrophobic dye molecule would be able loose its hydration molecules and

permeate into the hydrophobic region of the lipid bilayer and rehydrate when it

leaves the other side. The driving force of this process is the gain in entropy.

Release

Figure 7.10 shows the diffusion of the dye into the bulk after the lipid vesicle has

been disrupted. The data was again transformed to concentration and plotted with

the mathematical fit. The Deff value was 0.7*10−12 m2/s. The Mt value shown in

Figure 7.10 has been adjusted by subtracting the absorbance of Triton X-100 with

the calculated amount of Egg PC coating the particles in the experiment. Even with

this correction the Mt values are larger than prior experiments.

Deff in this experiment is smaller than the Deff found in the uptake experiment.

Logic follows that the value should be identical to the Deff value found in the uptake

experiment if the lipid bilayer is completely removed from the particles. This very

well maybe the case. The error inherent in the experiment should not be forgotten.

In this last experiment there is an addition error that may be contributing. The

Triton X-100 molecule along with the now disrupted lipid vesicle is now present in
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Figure 7.9: Plot of the amount of dye in solution with the particle against time during
encapsulation and theoretical solution for diffusion out of a sphere. Deff value is =
0.4*10−12 m2/s.

solution. The light scattering and absorbance from both molecules decreased the

light intensity detected by UV-visible spectrometer. This is another source of error.

An attempt to minimize this error was done by subtracting the absorbance value of

the Triton X-100 in solution from the data with dye and Triton X-100. It is still

of interest to see that the Deff of the release data is greater than the Deff of the

lipid vesicle data. This is in agreement with the hypothesis the that lipid bilayer is

inhibiting the diffusion of the dye molecule.

In all the diffusion experiments above, the Deff does not vary greatly between

experiments. It is possible that bulk diffusion is not occuring in the pores of the

particles. The pore size, which is approching molecular size, maybe the diffusion

limiting factor. The dye molecules may be adhering to the pore surface and traveling

via creeping diffusion. Thus, the diffusion of the dye molecules would be limited by

the adsorption and desorption to the pore surface.
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Figure 7.10: Plot of the amount of dye in solution with the particle against time
during release and theoretical solution for diffusion out of a sphere. Deff value is =
0.7*10−12 m2/s.

The error present in the uptake, encapsulation, and release experiments varied

from 5 to 50%. The propogated error in Deff will be slightly greater than that in the

experiment. Many attempts were made to try and reduce experimental error, such

as using fluorimetery, single experiments with great care to not loose fluid during

transfer, and five experiments in parrallel.

An important post examination of the data shows that the material balances from

the data shown missing material. The reason is that during the lipid bilayer encap-

sulation process the particles are rinsed 10 times to remove excess lipid multilayers.

During the ten rinse steps it is believed the dye is diffusing out of the particles, and is

discarded with the rinse. This is one explanation for the lost material. Another hy-

pothesis is irreversible binding of dye to particles. After the uptake experiment it is

observed that the particles are stained pink. Visual observation after the experiment

is done shows that the particles are still stained pink. Further observations show
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that immersion of the particles for up to a month in pure water does not remove the

pink color from the particles.

For future studies, adding species such as cholesterol, which has been shown to

enhance lipid bilayer stability, to the lipid bilayer might increase the diffusive barrier

to dye species. Other lipid species could be used that have better stability such as

dipalmitoylphosphatidylcholine.

7.4 Conclusions

Mass transport from mesoporous particles was studied during an uptake phase, a

lipid bilayer coating phase, and after lipid bilayer disruption. The effective diffusion

coefficients are of the same order of magnitude as values reported in literature. When

the particles were coated with a lipid bilayer they still exhibited diffusion, suggesting

that the dye species could still diffuse through the lipid bilayer. The effective diffusion

coefficient was lower in value during the encapsulation phase implying a resistive

barrier to diffusion. The effective diffusion coefficient increased in value after lipid

bilayer disruption. Enhancement of the lipid bilayer is necessary to further test

the hypothesis. The techniques presented show promise for controlling release from

mesoporous particles.
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Chapter 8

Conclusions and Outlook

Bioadhesion is a complex phenomena and additional research is required to further

our understanding of how bioadhesion works. It is my hope that this dissertation will

be useful to those studying bioadhesion. The experimental methods, data analysis,

and models discussed in each chapter are intended to provide the reader with a basic

understanding of bioadhesion and stimulus responsive materials. The purpose of this

chapter is to recommend additional experiments that may be performed in each field

of study discussed in my dissertation.

In chapter 2, I described the characterization of a mixed C11EG6OH/C11CH3

SAM surface by ellipsometry, contact angle goniometry, XPS, and rat fibroblast

growth. However, there is still more research that may be conducted to further

characterize this type of thermally responsive surface. For example, the upper and

lower limit of surface mole fraction that will yield a thermally responsive surface is

not known. This can be studied by changing the surface mole fraction of C11EG6OH

and examining the thermal response by contact angle goniometry. Another study

could be performed to confirm the molecular transition of the mixed SAM surface

using infrared spectroscopy. A third area that deserves additional study is the effect
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of changing the end groups of the diluent thiolate on the thermal responsive behavior

of the mixed SAM. Additional research on these topics is important because it will

lead to the development of a better controlled and reproducible thermally responsive

surface.

In chapter 3, I examined the force of adhesion of several physically adsorbed

proteins on a thermally responsive C11EG6OH/C11CH3 mixed SAM. I found that

proteins adhere to a C11EG6OH/C11CH3 mixed SAM at a temperature above the

molecular transition, but do not adhere at room temperature. No one is certain of

protein configuration once it is on an Atomic Force Microscopy (AFM) cantilever. To

study this initial protein configuration further, characterization could be performed

on a protein upon adsorption to an AFM cantilever. From this examination the force

of adhesion could be linked to the three dimensional protein configuration, being in

a native conformation or in a denatured state. Another study could be conducted to

determine which variables are the most influential when using protein labeled AFM

microscopy. This could be achieved by designing a matrix of experiments to see

which factors affect protein adhesion to a thermally responsive surface. An example

would be to place a single protein on the AFM cantilever and then change the pH

to see how the charge of the protein affects adhesion.

In chapter 4, I found the surface free energy of two mixed SAMs using the Lewis

acid-base (LAB) model. The LAB model describes the electron donation component

of surface free energy. To confirm the results obtained from my research, other

surface free energy models, including the Wu method, Good-Garifalco method, and

Equation of State method, can be used. Another method to confirm my results is to

calculate the surface free energy with AFM and adhesion energy between a substrate

and a cantilever.

In chapter 5, I used XPS, ellipsometry and contact angle goniometry to study

chemical composition, ATRP reaction and thermal responsiveness of a PNIPAAm
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surface respectively. While PNIPAAm has been extensively characterized and tested

in a laboratory setting, it has not been characterized or tested in commercial and

industrial applications. Therefore, the next step in PNIPAAm research should be

the development of a well characterized, commercially available, reproducible, and

predictable PNIPAAm surface.

In chapter 6, I used AFM force-distance measurements combined with the Alexander-

de Gennes model to examine the mechanical and surface free energy properties of

PNIPAAm above and below the lower critical solution temperature (LCST). To my

knowledge, my research is the first to examine the surface free energy of atom-transfer

radical polymerization (ATRP) grown PNIPAAm brushes. To confirm the solvent

conditions and surface free energy calculated from my data, other models, including

a monte carlo or molecular dynamics model, can be used. Additional research is rec-

ommended to examine the effect of polymer cross-linking, brush surface graft density,

and polymer brush length on the mechanical and surface free energy by using the

same methods described in Chapter 6.

In chapter 7, I studied the mass transport of a dye molecule from a mesoporous

particle without, during, and after coating with a lipid bilayer. To verify my results

other detection methods, such as NMR tracking and radioactive tracking, should

be used to test the values I obtained using UV-visible spectrometry. In addition

further research is recommended to enhance lipid vesicle stability, including the use

of additive molecules, such as cholesterol, to the lipid bilayer.
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AFM atomic force microscopy

ATRP atom-transfer radical polymerization

CH3 dodecane thiol

C-10 decane thiol

C-11 undecane thiol

DMEM Dulbco’s modified eagle medium

eV electron volt

FBS fetal bovine serum

OEG oligo(ethylene glycol) thiol

PNIPAAm poly(N -isopropylacrylamide)

ppNIPAAm plasma polymerized poly(N -isopropylacrylamide)

LCST lower critical solution temperature

MS mass spectrometry

NMR nuclear magnetic resonance
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SAM self assembled monolayer

SFG sum frequency generation spectroscopy

XPS X-ray photoelectron spectroscopy

.1 Additional information

The Appendix contains additional information valuable to the study of bioadhesion

to thermally responsive materials, but is additional in nature or too large to include

in a chapter.

The Alexander-de Gennes theory for parallel plates in a good solvent,

βA = LKaρ
3/2
a

[
4/5

(
L

ZTS

)5/4

− 4/7
(

ZTS

L

)7/4
]

(.1)

β =
1

kBT
(.2)

where A is the Helmholtz energy, Ka is a fit parameter, kB is boltzman’s constant,

T absolute temperature, ρa is the number of chains per surface area or polymer graft

density,.

The Alexander-de Gennes theory for parallel plates in a theta solvent,

βA = LKbρ
3/2
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The Alexander-de Gennes theory for parallel plates in a poor solvent,

βA = LKcρ
3/2
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note that Ka, Kb, Kc and ρa, ρb, ρc are identical in nature although given different

notation for different solvent cases.

Table .4 shows the advancing contact angle data from tensiometer, mixed SAM

surface composition is 0.6, error std. dev. in contact angle data is ± 0.05.
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Table .1: Ribbon scructures of the proteins used in mixed C11EG6OH/C11CH3 SAM
experiment.

Human serum albumin Cholera Toxin Subunit B
Protein ID: 1E7H Protein ID: 1G8Z

Collagen Ribonuclease A
Protein ID: 1K6F Protein ID: 2W5L

Pyruvate Kinase Lysozyme
Protein ID: 1A3W Protein ID: 193L
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Table .2: List of protein sizes used the adhesion to mixed C11EG6OH/C11CH3 SAM
experiment.

Lysozyme Pyruvate Bovine Collagen Cholera
kinase serum albumin toxin Subunit B

Height (nm) 3.2 12.0 7.7 1.9 6.0
Width (nm) 5.0 5.8 8.9 2.5 6.5
Length (nm) 2.9 5.7 6.6 18.4 6.5

Table .3: Amino acid composition of the protiens used in the mixed
C11EG6OH/C11CH3 SAM experiments

Amino Acid Bovine Collagen Pyruvate Cholera Ribonuclease A Lysozyme
Serium Albumin Kinase Toxin Subunit B

hydrophobic
A 48 0 43 12 12 14
V 38 0 48 4 9 9
L 65 0 36 6 2 8
I 15 0 37 10 3 5
F 30 0 20 3 3 2
W 3 0 1 1 0 5
M 5 0 11 3 4 2
P 28 120 25 3 4 2
Sum 232 120 221 42 37 47

Hydrophilic
D 41 0 31 4 5 8
E 58 0 28 8 5 3
G 17 60 34 3 3 11
S 32 0 27 5 15 6
T 34 0 38 10 10 5
C 35 0 7 2 8 8
Y 21 0 15 3 6 6
N 14 0 26 7 10 10
Q 21 0 10 5 7 6
K 60 0 37 9 10 5
R 26 0 24 3 4 13
H 16 0 8 3 4 2
Sum 375 60 285 62 87 83
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Table .4: Surface tension values used in the calculation of surface free energy of the
mixed C11EG6OH/C11CH3 SAMs

Substrate Solvent Temperature ◦C Contact angle (◦)
C11CH3 diiodomethane 23 80.29
C11CH3 diiodomethane 40 76.98
C11CH3 water 23 104.17
C11CH3 water 40 103.3
C11CH3 formamide 23 95.25
C11CH3 formamide 40 93.46
C11EG6OH diiodomethane 23 41.46
C11EG6OH diiodomethane 40 37.85
C11EG6OH water 23 33.54
C11EG6OH water 40 35.15
C11EG6OH formamide 23 0
C11EG6OH formamide 40 23.56
Mixed diiodomethane 23 37.17
Mixed diiodomethane 40 39.26
Mixed water 23 36.93
Mixed water 40 39.22
Mixed formamide 23 19.24
Mixed formamide 40 23.65

Table .5: 2nd Root solutions to the Lewis acid base equation
SAM and Temperature (C) γLW

S (mJm−2) γ+
S (mJm−2) γ−S (mJm−2)

OEG 22 41 2 34
OEG 40 30 1 33
mixed 22 42 3 34
mixed 40 39 2 37
CH3 22 17 0 0
CH3 40 19 0 0
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