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ABSTRACT
Temperature-responsive tethered polymer layers, with a gradient in the polymer
grafting density, were synthesized and it is demonstrated that the temperature response of
the tethered chains can be systematically tuned. The tethered polymer chains were
grafted from a mixed monolayer gradient by sequential exposure to difunctional
oligomers of ethylene-oxide and ethylene. The relative lengths of the two alternating
oligomers were varied, which altered the hydrophilic/hydrophobic balance within the
polymer repeat unit, thereby allowing for tailoring the polymer’s collapse transition in
aqueous solution. Contact angle measurements and dry topographic Atomic Force
Microscopy (AFM) were utilized to confirm the existence of a well-defined grafting
density gradient for the end-tethered polymers. The temperature response of the tethered
gradient was assessed using under-water AFM force-distance spectroscopy with a custom
hydrophobic colloidal probe. It was found that the adhesion between the probe and the
temperature-responsive surface could be reversibly switched upon heating/cooling
through the collapse/expansion of the tethered layer. Regarding the impact of polymer
grafting density on the temperature-induced collapse, it was found that both the
magnitude and onset temperature of the adhesion switches are grafting density dependent.
Wettability experiments were conducted in the captive bubble configuration, as a
function of temperature, and provided additional evidence that the temperature response
of the smart surface could be systematically tuned by varying the
hydrophilic/hydrophobic balance across the tethered chain’s backbone. The contact
angle results also helped to verify that the adhesion switches observed in the under-water
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AFM experiments were a manifestation of, primarily, the switching in interfacial surface
tension between the tethered chains and water. The collapse of the tethered layers occurs
at similar temperatures as the cloud points of same-composition untethered chains in
aqueous solution; however, the transitions for the tethered layers are broadened in
temperature, which is consistent with the collapse of a planar layer being a cooperative
conformational transition.
Finally, to demonstrate the possible utility of the tunable temperature-responsive
surfaces in biomedical applications, particularly in tissue engineering, the interactions
between human serum albumin (HSA), a blood plasma protein, and the smart surface
were investigated. HSA was covalently grafted to a colloidal probe and it is
demonstrated that the adhesion between the protein and the surface can be reversibly
switched in phosphate buffered saline (PBS) solution via temperature variation. At
temperatures below the LCST collapse of the tethered layer, instances of polymer
stretching, protein stretching and combined polymer/protein stretching are observed. The
origin of this behavior can be attributed to the formation of bridging segments, comprised
of either polymer chains, protein molecules, or entangled chains and protein molecules,
between the probe and the surface, which are stretched upon the retraction of the probe.
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Chapter 1
Introduction
1.1 Summary
In this chapter, a broad overview will be given on several distinct research topics
and techniques, all of which are pertinent to the remaining chapters in the dissertation.
As such, this introductory chapter will be broad in scope, rather than an in-depth
coverage of the topics; however, it is hoped that the ends will justify the means and the
reader will be provided with a sufficient background to fully comprehend the ensuing
studies. The chapter begins with a description of self assembled monolayers and two
different synthetic routes commonly utilized to generate well-defined, reproducible
monolayers. Next, theoretical aspects of polymer brushes are introduced and their
synthesis and applications are discussed. The discussion then shifts to stimuli-responsive
polymers, specifically temperature-responsive polymers in aqueous solution. Both the
origin of this unique behavior and a methodology to tune the temperature transitions are
detailed. Logically, stimuli-responsive polymer brushes are then introduced and the
different stimuli that can be used to illicit a response and selected applications are
discussed. The subject of temperature-responsive polymer brushes is further detailed and
studies involving their utility in tissue engineering are briefly analyzed. Finally, as the
atomic force microscope (AFM) is used extensively in the following chapters, a very
brief introduction to the AFM is provided, which includes the use of the AFM in
quantitative adhesion measurements.
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1.2 Self Assembled Monolayers (SAMs)
Self Assembled Monolayers (SAMs) are ordered molecular assemblies formed by
the adsorption of an active surfactant on a solid surface. 1 Monolayers of alkanethiolates
on gold and monolayers of alkysilanes on silicon/glass are the most widely studied SAM
systems. In either system, the molecules that comprise the monolayer possess a reactive
head group that can form a covalent bond with functionalities on the substrate, an alkyl
“spacer” chain that typically ranges from 3 to 18 carbons in length, and a terminal group
that can be used to define the surface properties. The robust nature of SAMs coupled
with their ability to completely alter the surface’s interfacial properties, including
wetting, adhesion and friction, has led to a multitude of studies involving different
surfactants, substrates and deposition techniques/conditions.1 Two such deposition
techniques that have been used extensively are solution deposition2 3 4 5 6 and vapor
deposition,6 7 8 which are displayed schematically in Figure 1.1 and Figure 1.2,
respectively. Techniques that are typically employed to characterize SAMs include x-ray
photoelectron spectroscopy (XPS), near-edge x-ray absorption fine structure (NEXAFS)
spectroscopy, fourier transform infrared (FTIR) spectroscopy, contact angle, atomic force
microscopy (AFM) and ellipsometry.
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Figure 1.1: Solution deposition of a self assembled monolayer. The driving force for the
formation of a monolayer includes chemical bond formation of molecules with the
substrate and intermolecular interactions.1

Figure 1.2: Vapor deposition of a chlorosilane (eg. N-Octyltrichlorosilane, OTS). The
flux of the OTS molecules in the vapor phase is regulated by adjusting the composition of
OTS and paraffin oil (PO) in the diffusion source. The OTS molecules react with the
substrate’s –OH functionalities to form a monolayer.9
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It should be stressed that the formation of a well-defined SAM is typically not as
simple as the name may imply, especially for SAMs composed of moisture sensitive
chlorosilanes. Experimentally, the temperature/duration of deposition, the water content,
the concentration of the surfactant, the alkyl chain length of the surfactant, the head and
terminal group functionality, and the substrate pretreatment are all crucial factors that
ultimately dictate both whether a monolayer is actually formed and if so, its quality. As
pointed out in a particularly thorough study by Fadeev and McCarthy,6 self-assembly is
not the only possible reaction for dichlorosilanes or trichlorosilanes on silicon as they are
capable of polymerizing and forming highly disordered 3-D grafted layers. Thus, to
create a well-defined monolayer using multifunctional silanes, reaction conditions must
be chosen judiciously to enhance silane/substrate reactions and minimize silane/silane
reactions.

1.3 Polymer Brushes
Polymer brushes are long chain polymer molecules, tethered by one end to a
surface or interface, with grafting points sufficiently close (less than the radius of
gyration of the chain), such that the chains are stretched normal to the interface.10 The
degree of stretching of the tethered chains can be determined using free-energy-balance
arguments. For highly grafted tethered chains exposed to a solvent, the height of the
tethered chains is determined by a balance of the entropic penalty associated with
stretching the chain and the favorable energetics associated with increasing
polymer/solvent contacts and/or reducing overlapping with neighboring chains.10
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Alexander11 and de Gennes12 13 used this free-energy-balance approach, minimized with
respect to the brush height (h) and obtained the result:

h ≈ N ( wσa )
2

1
3

Eqn. 1

Where (a) is the Kuhn monomer length, (N) is the number of Kuhn monomers, (σ) is the
grafting density in chains per unit area and (w) is the excluded volume parameter.
Immediately a key difference between highly grafted tethered chains immersed in a
solvent and free chains in solution can be discerned. The height of the tethered chain
scales linearly with N while even in dilute good solvent conditions the Rg of an
equivalent untethered chain only scales with N3/5.14 Thus, for high grafting densities and
high molecular weights, the tethered chains can be strongly stretched relative to the
unperturbed Rg.
Although the aforementioned approach by Alexander and de Gennes accurately
predicts the scaling of brush height with the molecular weight and grafting density, both
predicted that the chains that comprise the tethered layer are uniformly stretched. That is,
the density profile of the Alexander-de Gennes brush is that of step function, in which all
of the chain ends reside in the vicinity of the step’s edge. Using a self-consistent field
(SCF) method, Milner, Witten and Cates demonstrated that a parabolic concentration
profile results in a lower free energy than the step function brush configuration.15 Thus,
rather than being restricted to the periphery of tethered layer, the chain ends are
distributed throughout the entire height of the tethered layer. Figure 1.3 (A) compares the
chain-unit density profiles for the parabolic and step function brushes. The figure clearly
shows that in the presence of solvent, the chain ends are distributed throughout the
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tethered layer. However, as the quality of the solvent is worsened, the tethered chains
contract to minimize contact with the solvent and the concentration profile becomes more
step-like.16 17 18 19 Figure 1.3 (B) gives neutron reflection results for polystyrene brushes
swollen over a range of temperatures above and below the theta point. For the solvents
and temperatures used, the height of the brushes could be reduced by over a factor of
three as the solvent quality was reduced from good to poor.
(A)

(B)

Figure 1.3: (A) Chain-unit density profiles for a “parabolic” brush and “step” brush at
equal coverage and chain length. Also displayed are end-density profiles for brushes
with (dotted) and without (dot-dashed) solvent.10 (B) Polymer volume fraction as a
function of distance from the grafting surface in d-cyclohexane at various temperatures
and in d-toluene at 21oC (good solvent, highly extended brush) for grafted polystyrene
brushes. Inset shows brush height normalized by its value at θ (hθ) as a function of
dimensionless solvent quality, τ.19
Regarding the chain grafting density, there obviously must be some transition
where the chains go from non-interacting to interacting. In the polymer brush literature,
this is regarded as the mushroom-to-brush transition. Here, mushrooms are defined as
sparsely grafted tethered chains where the distance between grafting points is greater than
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the polymer’s Rg. Using a molecular gradient of a polymerization initiator and surface
initiated polymerization, Wu et al. demonstrated that the mushroom-to-brush transition
could be assessed on a single sample.20 The most salient results from this study are given
in Figure 1.4. Variable angle spectroscopic ellipsometry (VASE) was utilized to measure
the wet thickness of tethered poly(acrylamide) (PAAm) chains as the grafting density
gradient was traversed from low to high grafting. In the sparsely grafted mushroom
regime, the height of the solvated tethered chains is independent of the grafting density as
the tethered chains are not overlapping. At high grafting densities, the height of the
tethered chains roughly scales with σ1/3, as predicted by theory, and the tethered chains
are in the brush regime. The authors calculate that the mushroom-to-brush transition
occurs at σ ≈ 0.065 chains/nm2 for the Mw of the polymers used (N ≈ 250).20

Figure 1.4: Mushroom-to-brush transition for poly(acrylamide) (PAAm) chains grafted
from a molecular initiator gradient. H is the wet thickness of the tethered layer and is
independent of the grafting density in the mushroom regime, but scales with the grafting
density in the brush regime.20
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The grafted chains that comprise the tethered layer can be either physisorbed or
chemisorbed to the solid surface. Physisorbed systems typically consist of diblock
copolymers, in which one of the blocks is preferentially attracted to the surface.
Obviously the physisorbed systems are more dynamic than their chemisorbed
counterparts as, for example, under certain conditions of solvent and temperature they
can be displaced from the surface. Covalently bound polymer chains can be either
“grafted to” or “grafted from” the solid substrate.21 The “grafting to” method involves
the chemical reaction of preformed, end-functionalized polymers with surfaces
containing complementary functional groups. While the “grafting to” method is
advantageous in that it is simple and the preformed polymers can be accurately
characterized prior to their reaction with the substrate, practically it is very difficult to
obtain reasonably high grafting densities due to the tendency of the already tethered
chains to shield surface initiation sites from other approaching chains. This limitation of
the “grafting to” technique was recognized by de Gennes while the polymer brush field
was still in its infancy.13 The “grafting from” method involves the in situ polymerization
of chains from an initiator-decorated surface. Here the growing chains are immersed in a
monomer solution, hence the degree of polymerization/brush height is proportional to
both the monomer concentration and the duration of the reaction, and much higher
grafting densities can be achieved. Many sophisticated techniques have been used to
synthesize polymer brushes with controlled molecular weights and narrow
polydispersities, which typically include conventional radical polymerizations, ATRP,
TEMPO-mediated, anionic and ROMP.22
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Regarding the applications of polymer brushes, similar to SAMs, polymer brushes
are often utilized to control surface properties, including wettability, adhesion and
tribology.23 Polymer brushes have been employed in the stabilization and
compatiblization of colloidal particles in liquids and in polymer matrices.24 25 Polymer
brushes have also been used as surface coatings for biomaterials both to enhance26 and
reduce27 28 the nonspecific adsorption of proteins and cells. Polyelectrolyte brushes
exhibit superior biolubrication properties due to their extraordinarily low coefficients of
friction in aqueous media and could be incorporated in artificial implants.29 Patterned
polymer brushes have shown potential acting as valves in microfluidic devices that are
capable of mixing fluids and regulating flow.30 The applications of stimuli-responsive
polymer brushes are the subject of a later section.

1.4 Stimuli-Responsive Polymers
Stimuli-responsive polymers reversibly respond to small changes in their
environment with dramatic property and conformation changes. Typically these
responsive or “smart” polymers are classified according to the stimuli to which they
respond, which includes temperature, pH, ionic strength, light, electric and magnetic
fields.31 Instances of dually responsive polymers have also been reported.32 33 34 35 For
example, polymers possessing ionizable functional groups are sensitive to variation of the
pH due to the electrostatic repulsion between switchable charges, which forces the
polymer to take on an extended conformation. Polyacrylic acid, polymethacrylic acid,
poly(ethylene imine), poly(L-lysine) and poly(N,N-dimethylaminoethylmethacrylamide)
are common examples of pH-responsive polymers, which are promising for biomedical
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applications due to the natural variation of pH within the human body.31 The most
studied physical forms of stimuli-responsive polymers are free chains in solutions, chains
grafted to/from a surface, and hydrogels. The number of applications for stimuliresponsive polymers continues to increase as synthetic routes become more advanced and
our understanding of their potential, especially in biomedical applications, has been
similarly enhanced. To name a few, applications include drug delivery, tissue
engineering, bioseparations, bioconjugates, diagnostics, sensors and actuators. A detailed
account of the fascinating work in each of these areas is beyond the scope of this
introduction and as such, the interested reader is directed to the recent review articles.31 36
37 38 39

For the remainder of this section we shift our focus to the behavior of free
temperature-responsive polymer chains exhibiting a lower critical solution temperature
(LCST) in aqueous solution. Here, an LCST is defined as the lowest temperature at
which phase separation occurs. Defying our everyday experience, this curious class of
polymers phase separates upon heating in water. The origin of this unique behavior
arises from the entropic/enthalpic interplay associated with releasing hydrogen-bonded
water molecules into the bulk aqueous phase, when replacing polymer/water hydrogen
bonds with polymer/polymer and water/water hydrogen bonds.38 Although the
polymer/water hydrogen bonds are enthalpically more favorable than the
polymer/polymer and water/water hydrogen bonds (ΔHmix is exothermic), as temperature
increases, the entropic penalty associated with ordering the water molecules (especially
near apolar regions on the polymer chain) can overwhelm the favorable energetics. In
other instances, the dissimilarity of the free volume of the polymer and the solvent, which
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becomes more significant at higher temperatures due to the large difference in their
respective thermal expansion coefficients, can also induce LCST phase separation on
heating.40 41 In layman’s terms, with increasing temperature, the solvent molecules
expand more rapidly than the polymer chains, which reduces the solvent’s ability to
screen attractive interactions between chains. A schematic representation of the
temperature-induced collapse and expansion of responsive chains is given in Figure 1.5.
At temperatures below the LCST, the chains exist as swollen coils to maximize the
number of polymer/water hydrogen bonds. As the system is heated through the LCST,
the coils collapse, expel the water molecules and aggregate. The aggregation of the
chains is exploited in turbidity measurements, also called cloud point measurements, as
the chain aggregation is manifested by the polymer solution turning from clear to cloudy,
and eventually macrophase separating into polymer-rich and polymer-poor domains. By
conducting turbidity measurements for solutions with different polymer concentrations, a
phase diagram can be generated.

Figure 1.5: Schematic displaying the temperature-induced collapse/expansion of
responsive polymer chains in aqueous solution as the system is heated/cooled through the
LCST.
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The repeat units of two of the most commonly studied temperature-responsive
polymers are given in Figure 1.6. High molecular weight polyethylene oxide has an
LCST of approximately 100oC.42 Poly(N-isopropylacrylamide) (pNIPAM) has an LCST
of approximately 32oC.43 Due to the proximity of pNIPAM’s LCST with physiological
temperature (37oC) and the relative ease of synthesizing high molecular weight, low
polydispersity samples, it has been studied extensively. A phase diagram generated from
cloud point measurements for polyethylene oxide of varying molecular weights in
aqueous solution is displayed in Figure 1.7. With increasing molecular weight, the
critical temperature (Tc) converges to the theta temperature and the critical concentration
( φ c) shifts to lower values, in accord with the following equations:14


1  Eqn. 2
Tc ≈ θ 1 +

N 


(A)

φc ≅

1

Eqn. 3

N

(B)

Figure 1.6: Repeat units of two common temperature-responsive polymers.
(A) Polyethylene Oxide. (B) Poly(N-Isopropylacrylamide) (pNIPAM).
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Figure 1.7: Temperature/weight fraction phase diagram for polyethylene oxide samples
in water. With increasing molecular weight (Mn) the LCST converges to the θ
temperature.42

The collapse of individual polymer chains known as the coil-to-globule transition
has been the subject of numerous experimental44 45 46 and theoretical47 48 49 50 studies due
to both the interesting physics involved and the relevance to collapse transitions in
biopolymers such as protein folding and DNA packing. It was not until relatively
recently that the complete coil-to-globule transition was observed experimentally due to
the requirement of ultrahigh molecular weight and nearly monodisperse polymers. Using
both static and dynamic laser light scattering, Wu et al. observed the collapse of pNIPAM
chains (Mw = 1.3 x 107 g/mol, Mw/Mn < 1.05) in extremely dilute aqueous solution.45 As
indicated by computer simulations and theory, it is necessary to use ultradilute-
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concentrations of ultrahigh Mw polymers to observe the complete chain collapse, rather
than partial chain collapse followed by aggregation with neighboring chains. The results
of the study are given in Figure 1.8 in which we observe both the heating-induced coil-toglobule transition and the cooling-induced globule-to-coil transition. It should be noted
that each data point in the figure was obtained at least two hours after the solution
reached the desired temperature, which is orders of magnitude longer than the time
necessary for the individual chains to equilibrate. As predicted by theory, the chain
dimensions change abruptly at the theta temperature. Also of interest is the hysteresis
present in the heating and cooling curves, which is not expected for first-order transitions
and which the authors attributed to the formation of intrachain hydrogen bonds in the
globule state.

Figure 1.8: Temperature dependence of the average radius of gyration (<Rg>) of isolated
high molecular weight pNIPAM chains for the coil-to-globule (heating) and globule-tocoil (cooling) transitions.45
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For some applications it is desirable that the aqueous phase behavior of the
temperature-responsive chains can be tuned. Taylor and Cerankowski predicted that the
LCST could be shifted by varying the hydrophilic/hydrophobic balance within a polymer
chain.51 However, most attempts to shift the LCST achieved limited success in that the
new LCST was not entirely governed by the hydrophilic/hydrophobic balance and the
phase transition was substantially broadened.52 53 54 55 56 57 Although the predictions of
Taylor and Cerankowski were accurate in that the aqueous phase behavior can be tuned
by controlling the hydrophilic/hydrophobic balance within the polymer, they made no
mention of how these new segments should be incorporated in the polymer chain. The
aforementioned experimental studies achieved only limited success because the
hydrophilic or hydrophobic segments were incorporated either as long blocks or as
branches on the original temperature-responsive polymer chain. This blocky character of
the copolymers resulted in the formation of micelles, which explains both the broadening
of the transition and the LCST not correlating with the hydrophilic/hydrophobic balance.
To maintain a sharp LCST transition, the hydrophilic or hydrophobic segments
should be incorporated across the polymer backbone randomly or in the form of very
short blocks that are incapable of forming micelles. To this end, our group has
synthesized alternating copolymers via condensation reactions of oligomers of ethyleneglycol and ethylene, which afford the ability to tune the LCST according to the ratio of
the hydrophilic oligomer length (m) to the hydrophobic oligomer length (n).58 59 60 These
“alternating” copolymers have been synthesized with a variety of linkage groups (ester,
amide, urethane) and the phase behavior is entirely dictated by the (m/n) ratio, as
predicted by thermodynamic arguments. Recently, tunable thermosensitive copolymers
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comprised of 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) and oligo(ethylene
glycol) methacrylate (OEGMA) have been synthesized by ATRP.61 62 63 Although the
ethylene glycol units are incorporated as side chains, they are sufficiently short to prevent
micellization (less than 10 ethylene glycol repeat units), leading to similar results in
accord with the thermodynamics of LCST behavior.

1.5 Stimuli-Responsive Polymer Brushes
Not surprisingly, when stimuli-responsive polymers are grafted to/from a surface,
stimuli-responsive surfaces can be generated. The field of stimuli-responsive polymer
brushes has witnessed substantial growth due to the number of different stimuli that can
be used to illicit a response and due to their potential in many different applications.
Polymer brush assemblies that respond to variation of temperature,64 65 66 67 68 69 70 71
pH,35 72 73 74 75 76 and ionic strength9 77 have been reported, and applications range across
controlled biological adhesion,78 79 80 81 tissue engineering,82 83 84 85 switchable molecular
gates,70 74 actuators71 73 and microfluidics.86 Figure 1.9 displays the pH-induced collapse
of poly(methacrylic acid) (PMAA) brushes75 and the salt-induced collapse of
poly(methacryloyloxyethyl phosphate) (PMEP) brushes,77 (A) and (B) respectively. The
weak polyelectrolyte PMAA brushes respond to changes in the pH, due to the pHinduced protonation and deprotonation of carboxylic acid groups present in the chain
backbone. The brushes swell at high pH due to the electrostatic repulsion endowed by
the carboxylate ions. The PMEP brushes adopt an extended conformation in deionized
water due to the presence of negative charges on the phosphate groups within the
polymer chains. The presence of salt in the solution acts to screen these electrostatic
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repulsions between the negative charges and the brushes collapse. As the distance
between the covalently bound fluorophores decreases, they begin to self-quench and the
overall detected fluorescence is reduced.
(A)

(B)

Figure 1.9: (A) Under-water AFM topography image of PMAA brushes as the brush
conformation is switched between swollen (pH 10.5) and collapsed (pH 3). The height
scale is 200 nm and the sharp vertical lines correspond to changes in the pH. The brushes
in the bottom half of the image have been removed by scratching to allow for the
determination of the change in height.75 (B) Laser Scanning Confocal Microscope
(LCSM) images of patterned PMEP brushes with covalently bound fluorophores that
exhibit reversible conformation changes when the ionic strength of the solution is varied.
The salt-induced collapse of the polyelectrolyte brushes quenches the fluorescence.77

Similar to temperature-responsive polymer chains in aqueous solution, the field of
temperature-responsive surface-tethered polymer brushes is dominated by pNIPAM.
Upon heating through the bulk LCST, polymer brushes transform from an expanded
hydrophilic state to a collapsed hydrophobic state. Due to this change in wettability,
contact angle measurements are often employed to confirm the collapse of the tethered
layer. Figure 1.10 gives under-water AFM images depicting the temperature-induced
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collapse of patterned pNIPAM brushes69 and patterned PMEO2MA brushes,71 (A) and
(B) respectively. In both studies, the conformation of the responsive polymer brushes
can be reversibly switched by heating/cooling through the bulk LCST.
(A)

(B)

Figure 1.10: (A) Under-water AFM topography images displaying the temperatureinduced collapse of patterned pNIPAM brushes. The top image was collected at 25oC
and the bottom image was collected at 40oC.69 (B) Under-water AFM topography images
displaying the temperature-induced collapse of patterned PMEO2MA brushes. The
bottom image was collected in air.71
One of the more promising applications for temperature-responsive polymer
brushes is in the field of tissue engineering. The work of Okano and coworkers has been
particularly influential in this area and will be highlighted here. Using pNIPAM grafted
cell culture dishes, Okano et al. demonstrated that cells can be cultured at temperatures
exceeding the collapse of the tethered layer and subsequently released as in-tact cell
sheets by simply reducing the temperature below the LCST. Proteins and cells tend to
adhere to hydrophobic/dehydrated surfaces but in this conformation they are non-
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adherent to hydrophilic/hydrated surfaces. By being able to change the surface properties
of the pNIPAM grafted surface from hydrophobic to hydrophilic by a simple temperature
reduction, the surface can be switched from cell/protein adherent to non-adherent.
Contrary to traditional cell harvesting techniques from unresponsive surfaces, which
include physical scraping or the use of proteolytic enzymes, both the cell-to-cell junctions
and the deposited extracellular (ECM) matrix remain. This allows for the layering of
recovered cell sheets for either direct transplantation or the construction of threedimensional structures. As the cell sheets can be directly transplanted into the host
organism, the need for biodegradable scaffolds, which can illicit host inflammatory
responses, is removed. A schematic demonstrating the recovery of intact cell sheets from
a temperature-responsive surface is given in Figure 1.11 (A). Figure 1.11 (B) shows
individual as well as layered smooth muscle cell sheets recovered from the temperatureresponsive cell culture dish. The layered cell sheets can then be directly transplanted into
a living host.83 Taking this technology a step further, Okano and coworkers have
demonstrated that patterned co-cultured cell sheets can also be recovered.84 This was
accomplished by patterning the cell culture dish with two different thermoresponsive
polymer brushes with different temperature transitions. Thus, one set of cells could be
preferentially seeded at temperatures exceeding the collapse transition of the first
responsive polymer, and a different set of cells could be seeded at temperatures
exceeding the collapse transition of the second responsive polymer. Once again, the
intact co-cultured cell sheets could be simply “floated off” the culture dish by reducing
the temperature and allowing the tethered layer to rehydrate.
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(A)

(B)

Figure 1.11: (A) Temperature-responsive cell culture dishes allow for the recovery of
intact cell sheets along with their deposited ECM. Cell recovery by trypsination results
in degradation of both the ECM and the cell-cell junctions. (B) Smooth intact muscle
cell sheets cultured on temperature-responsive dishes. (1) One cell sheet (2) Two
layered cell sheets (3) Five layered cell sheets (4) Five layered cell sheet transplanted
subcutaneously into a living host. Note: The sutures are used only to mark the borders of
the transplanted constructs.83
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1.6 Atomic Force Microscopy (AFM)
Although atomic force microscopy (AFM) has already been mentioned several
times in this introductory chapter, a more comprehensive review of the technique will be
given in this section. The atomic force microscope evolved from the scanning tunneling
microscope (STM) and is the more prevalent of the two techniques due to the AFM’s
ability to image both insulators and conductors.87 An illustration demonstrating the basic
operation of an AFM and the pertinent components is given in Figure 1.12. To generate a
topographic image, the sample is moved in a raster pattern below the sharp probe and the
cantilever deflection is collected on a position sensitive detector (PSD). The deflection of
the cantilever is determined by reflecting a laser from the top of the cantilever onto the
PSD. The measured deflections allow the computer to generate a map of the surface
topography. The computer is also used to input scan parameters. Typically, the AFM is
operated in “constant force” mode in which the cantilever deflection remains constant
and the image is generated from the motion of the scanner’s Z-piezo as the system tries to
maintain this constant cantilever deflection.87 Two of the commonly used topographic
imaging modes are contact mode and tapping mode. In contact mode, which is shown in
Figure 1.12, the triangular cantilever maintains constant contact with the sample at a
user-defined force setpoint. In tapping mode, a beam cantilever is vibrated near its
resonance frequency and the probe taps the surface at a user-defined amplitude setpoint
to generate the topographic image. Generally, tapping mode is more suitable than contact
mode for imaging soft surfaces such as polymers due to the much lower shear forces
exerted on the sample.
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Figure 1.12: Typical AFM setup consisting of a sharp probe, a piezoelectric scanner, a
laser, a position sensitive detector (PSD), a controller and a computer.
Due to the AFM’s force resolution, it is often utilized to quantify forces between
both modified and unmodified probes (typical probe radius of curvature ≈ 10 nm) and
various surfaces in many different environments. In fact, Lieber and coworkers devised a
variation of AFM, chemical force microscopy (CFM), which employs self assembled
monolayer functionalized probes to quantify both the adhesion and friction between a
variety of probe/surface combinations.88 89 90 To measure the adhesion between a probe
and a surface, a force-distance curve is acquired, similar to that displayed in Figure 1.13.
In the acquisition of a force-distance curve only the Z-piezo is active and the deflection
of the cantilever is recorded as the probe is brought into contact with the surface,
positively deflected and withdrawn. As an instructive example, we will follow the
simplified schematic in Figure 1.13 over the course of one approach and withdrawal
cycle. At large probe-surface separations, no force is observed between the probe and the
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sample. As the probe is brought closer to the surface, physical contact is established and
as the Z-piezo continues to drive the probe into the surface, the probe deflects positively
due to the repulsion between the two. Typically the withdrawal curve does not trace the
approach curve and the probe is deflected negatively due to the presence of adhesion
between the probe and the surface. Upon further retraction of the Z-piezo, the elastic
restoring force of the probe eventually exceeds the attractive interaction and the probe
snaps out of contact with the sample. The force at which the probe separates from the
surface is commonly called the pull-off force and the adhesion energy can be determined
by integrating the adhesion peak.

Figure 1.13: Acquisition of a force-distance curve over the course of one approach and
withdrawal cycle. Accompanying schematics of the cantilever deflection are also
displayed.
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In order to quantify adhesion data, contact deformations and the ranges of
interactions between the probe and the surface must be taken into consideration. Various
contact mechanics models have been established and are displayed schematically in
Figure 1.14. In cases of observed adhesion both the JKR theory90 91 92 and the DMT
theory93 are used to analyze the constituent intermolecular interactions. The JKR theory
of contact mechanics assumes contact range surface forces and predicts that the pull-off
force (Fad) necessary to separate a tip (T) of radius (R) from a surface (S) immersed in a
medium (M) is given by:

Fad =

3
πRWSMT
2

Eqn. 4

Where

WSMT = γ SM + γ TM − γ ST

Eqn. 5

Here, WSMT is the thermodynamic work of adhesion and γSM is the interfacial tension
between the surface and the medium, γTM is the interfacial tension between the tip and the
medium, and γST is the interfacial tension between the surface and the tip. The DMT
theory of contact mechanics assumes finite range surface forces and no deformation of
either the tip or the planar surface. The only difference between the JKR equation and
the DMT equation predicting the pull-off force is the value of the prefactor in Equation 4
(3/2 for JKR, 2 for DMT). The exact value of the prefactor is beyond the experimental
uncertainty and the surface profile and contact area are more accurately described by the
JKR model.90
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Figure 1.14: Deformation of a spherical tip on a flat substrate at pull-off and the
corresponding force profiles according to contact mechanics models.90

1.7 Conclusions
In this introductory chapter, a broad overview of a number of research topics was
given to provide the reader with an appropriate background for the remaining chapters in
the dissertation. The chapter covers self assembled monolayers (SAMs), polymer
brushes, stimuli-responsive polymers, stimuli-responsive polymer brushes and atomic
force microscopy (AFM). For the responsive polymer systems, particular attention was
paid to temperature-responsive polymers and their applications. Throughout the chapter,
influential studies and recent reviews are highlighted in the event that the reader desires
further details.

1.8 References
1 Ulman, A. Chemical Reviews 1996, 96, 1533.
2 Wasserman, S.R.; Tao, Y.T.; Whitesides, G.M. Langmuir 1989, 5, 1074.
3 Kessel, C.R.; Granick, S. Langmuir 1991, 7, 532.

26

4 Brzoska, J.B.; Azouz, I.B.; Rondelez, F. Langmuir 1994, 10, 4367.
5 Atre, S.V.; Liedberg, B.; Allara, D.L. Langmuir 1995, 11, 3882.
6 Fadeev, A.Y.; McCarthy, T.J. Langmuir 2000, 16, 7268.
7 Chaudhury, M.K.; Whitesides, G.M. Science 1992, 256, 1539.
8 Efimenko, K.; Genzer, J. Advanced Materials 2001, 13, 1560.
9 Wu, T.; Gong, P.; Szleifer, I.; Vlcek, P; Subr, V.; Genzer, J. Macromolecules 2007, 40,
8756.
10 Milner, S.T. Science 1991, 251, 905.
11 Alexander, S. Journal de Physique (Paris) 1977, 38, 977.
12 de Gennes, P.-G. ibid. 1976, 37, 1443.
13 de Gennes, P.-G. Macromolecules 1980, 13, 1069.
14 Rubinstein, M.; Colby, R.H. Polymer Physics New York, Oxford University Press,
2003.
15 Milner, S.T.; Witten, T.A.; Cates, M.E. Macromolecules 1988, 21, 2610.
16 Zhulina, E.B.; Borisov, O.V.; Pryamitsyn, V.A.; Birshtein, T.M. Macromolecules
1991, 24, 140.
17 Lai, P.Y.; Binder, K. Journal of Chemical Physics 1992, 97, 586.
18 Grest, G.S.; Murat, M. Macromolecules 1993, 26, 3108.
19 Karim, A.; Satija, S.K.; Douglas, J.F.; Ankner, J.F.; Fetters, L.J. Physical Review
Letters 1994, 73, 3407.
20 Wu, T.; Efimenko, K.; Vlcek, P.; Subr, V.; Genzer, J. Macromolecules 2003, 36,
2448.
21 Brittain, W.J.; Minko, S. Journal of Polymer Science: Part A: Polymer Chemistry
2007, 45, 3505.
22 Zhao, B.; Brittain, W.J. Progress in Polymer Science 2000, 25, 677.
23 Caster, K.C.; Advincula, R.C.; Brittain, W.J.; Rühe, J. (Eds.) Polymer Brushes Synthesis, Characterization, Applications Germany, Wiley-VCH, 2004.
24 Ballauff, M. Macromolecular Chemistry and Physics 2003, 204, 220.
25 Liu, T.; Jia, S.; Kowalewski, T.; Matyjaszewski, K.; Casado-Portilla, R.; Belmont, J.
Langmuir 2003, 19 6342.
26 Klee, D.; Ademovic, Z.; Bosserhoff, A.; Hoecker, H.; Maziolis, G.; Erli, H.J.
Biomaterials 2003, 24, 3663.
27 Ma, H.; Hyun, J.; Stiller, P.; Chilkoti, A. Advanced Materials 2004, 16, 338.
28 Andruzzi, L.; Senaratne, W.; Hexemer, A.; Sheets, E.D.; Ilic, B.; Kramer, E.J.; Baird,
B.; Ober, C.K. Langmuir 2005, 21, 2495.
29 Raviv, U.; Giasson, S.; Kampf, N.; Gohy, J.-F.; Jerome, R.; Klein, J. Nature 2003,
425, 163.
30 Rohr, T.; Ogletree, D.F.; Svec, F.; Fréchet, M.J. Advanced Functional Materials
2003, 13, 264.
31 Jeong, B.; Gutowska, A. Trends in Biotechnology 2002, 20, 305.
32 Chen, G.; Hoffman, A.S. Nature 1995, 373, 49.
33 Gan, L.H.; Gan, Y.Y.; Deen, G.R. Macromolecules 2000, 33, 7893.
34 Wu, D.-C.; Liu, Y.; He, C.-B. Macromolecules 2008, 41,18.
35 Yamamoto, S.-I.; Pietrasik, J.; Matyjaszewski, K. Macromolecules 2008, 41, 7013.

27

36 Hoffman, A.S. Clinical Chemistry 2000, 46, 1478.
37 Gil, E.S.; Hudson, S.M. Progress in Polymer Science 2004, 29, 1173.
38 Heras Alarcon, C.; Pennadam, S.; Alexander, C. Chemical Society Reviews 2005, 34,
276.
39 Schmaljohann, D. Advanced Drug Delivery Reviews 2006, 58, 1655.
40 Patterson, D. Macromolecules 1969, 2, 672.
41 Painter, P.C.; Coleman, M.M. Fundamentals of Polymer Science, Second Edition
Lancaster, Pennsylvania, Technomic Publishing Company, 1997.
42 Saeki, S.; Kuwahara, N.; Nakata, M.; Kaneko, M. Polymer 1976, 17, 685.
43 Schild, H.G. Progress in Polymer Science 1992, 17, 163.
44 Wu, C.; Zhou, S. Macromolecules 1995, 28, 5388.
45 Wang, X.; Qiu, X.; Wu, C. Macromolecules 1998, 31, 2972.
46 Ye, X.; Lu, Y.; Shen, L.; Ding, Y.; Liu, S.; Zhang, G.; Wu, C. Macromolecules 2007,
40, 4750.
47 Sanchez, I.C. Macromolecules 1979, 12, 980.
48 Birshtein, T.M.; Pryamitsyn, V.A. Macromolecules 1991, 24, 1554.
49 Grosberg, A.Y.; Kuznetsov, D.V. Macromolecules 1993, 26, 4249.
50 Luna-Barcenas, G.; Gromov, D.G.; Meredith, J.C.; Sanchez, I.C.; de Pablo, J.J.;
Johnston, K.P. Chemical Physics Letters 1997, 278, 302.
51 Taylor, L.D.; Cerankowski, L.D. Journal of Polymer Science Polymer Chemistry
Edition 1975, 13, 2551.
52 Chung, J.E.; Yokoyama, M.; Aoyagi, T.; Sakurai, Y.; Okano, T. Journal of
Controlled Release 1998, 53, 119.
53 Virtanen, J.; Baron, C.; Tenhu H. Macromolecules 2000, 33, 336.
54 Laschewsky, A.; Rekai, E.D.; Wischerhoff, E. Macromolecular Chemistry and
Physics 2001, 202, 276.
55 Yusa, S.; Shimada, Y.; Mitsukami, Y.; Yamamoto, T.; Morishima, Y.
Macromolecules 2004, 37, 7507.
56 Chen, H.; Zhang, Q.; Li, J.; Ding, Y.; Zhang, G.; Wu, C. Macromolecules 2005, 38,
8045.
57 Wu, K.; Shi, L.; Zhang, W.; YingliAn; Zhu, X.-X. Journal of Applied Polymer
Science 2006, 102, 3144.
58 Rackaitis, M.; Strawhecker, K.; Manias, E. Journal of Polymer Science: Part B:
Polymer Physics 2002, 40, 2339.
59 Foley, T.M.D. Ph.D. Dissertation. 2008.
60 Manokruang, K. Ph.D. Dissertation. 2010.
61 Han, S.; Hagiwara, M.; Ishizone, T. Macromolecules 2003, 36, 8312.
62 Lutz, J.-F.; Hoth, A. Macromolecules 2006, 39, 893.
63 Lutz, J.-F. Journal of Polymer Science: Part A: Polymer Chemistry 2008, 46, 3459.
64 Jones, D.M.; Smith, J.R.; Huck, W.T.S.; Alexander, C. Advanced Materials 2002, 14,
1130.
65 Balamurugan, S.; Mendez, S.; Balamurugan, S.S.; Obrien II, M.J.; Lopez, G.P.
Langmuir 2003, 19, 2545.
66 Ishida, N.; Kobayashi, M. Journal of Colloid and Interface Science 2006, 297, 513.

28

67 Ishida, N.; Biggs, S. Langmuir 2007, 23, 11083.
68 Jonas, A.M.; Glinel, K.; Oren, R.; Nysten, B.; Huck, W.T.S. Macromolecules 2007
40, 4403.
69 He, Q.; Kuller, A.; Grunze, M.; Li, J. Langmuir 2007, 23, 3981.
70 Lokuge, I.; Wang, X.; Bohn, P.W. Langmuir 2007, 23, 305.
71 Jonas, A.M.; Hu, Z.; Glinel, K.; Huck, W.T.S. Nano Letters 2008, 8, 3819.
72 Ionov, L.; Houbenov, N.; Sidorenko, A.; Stamm, M. Langmuir 2004, 20, 9916.
73 Abu-Lail, N.I.; Kaholek, M.; LaMattina, B.; Clark, R.L.; Zauscher, S. Sensors and
Actuators B 2006, 114, 371.
74 Motornov, M.; Sheparovych, R.; Katz, E.; Minko, S. ACS Nano 2008, 2, 41.
75 Parnell, A.J.; Martin, S.J.; Jones, R.A.L.; Vasilev, C.; Crook, C.J.; Ryan, A.J. Soft
Matter 2009, 5, 296.
76 Benetti, E.M.; Chung, H.J.; Vancso G.J. Macromolecular Rapid Communications
2009, 30, 411.
77 Dai, X.; Zhou, F.; Khan, N.; Huck, W.T.S.; Kaminski, C.F. Langmuir 2008, 24,
13182.
78 Cunliffe, D.; Heras Alarcon, C.; Peters, V.; Smith, J.R.; Alexander, C. Langmuir
2003, 19, 2888.
79 Xu, F.J.; Zhong, S.P.; Yung, L.Y.L.; Kang, E.T.; Neoh, K.G. Biomacromolecules
2004, 5, 2392.
80 Heras Alarcon, C.; Farhan, T.; Osborne, V.L.; Huck, W.T.S.; Alexander, C. Journal
of Materials Chemistry 2005, 15, 2089.
81 Wischerhoff, E.; Uhlig, K.; Lankenau, A.; Borner, H.G.; Laschewsky, A.; Duschl, C.;
Lutz, J.-F. Angewandte Chemie International Edition 2008, 47, 5666.
82 Kwon, O.H.; Kikuchi, A.; Yamato, M.; Sakurai, Y.; Okano, T. Journal of Biomedical
Materials Research Part A 2000, 50, 82.
83 Yang, J.; Yamato, M.; Kohno, C.; Nishimoto, A.; Sekine, H.; Fukai, F.; Okano, T.
Biomaterials 2005, 26, 6415.
84 Tsuda, Y.; Kikuchi, A.; Yamato, M.; Nakao, A.; Sakurai, Y.; Umezu, M.; Okano, T.
Biomaterials 2005, 26, 1885.
85 Mizutani, A.; Kikuchi, A.; Yamato, M.; Kanazawa, H.; Okano, T. Biomaterials 2008,
29, 2073.
86 Huber, D.L.; Manginell, R.P.; Samara, M.A.; Kim, B.; Bunker, B.C. Science 2003,
301, 352.
87 http://www.veeco.com/pdfs/library/SPM_Guide_0829_05_166.pdf
88 Noy, A.; Frisbie, C.D.; Rozsnyai, L.F.; Wrighton, M.S.; Lieber, C.M. Journal of the
American Chemical Society 1995, 117, 7943.
89 Vezenov, D.V.; Noy, A.; Rozsnyai, L.F.; Lieber, C.M. Journal of the American
Chemical Society 1997, 119, 2006.
90 Noy, A.; Vezenov, D.V.; Lieber, C.M. Annual Review of Materials Science 1997, 27,
381.
91 Johnson, K.L.; Kendall, K.; Roberts, A.D. Proceedings of the Royal Society of
London. Series A, Mathematical and Physical Sciences 1971, 324, 301.

29

92 Israelachvilli, J.N. Intermolecular and Surface Forces. Second Edition. San Diego,
CA. Academic Press Inc. 1992.
93 Derjaguin, B.V.; Muller, V.K.; Toporov, Y.P. Journal of Colloid and Interface
Science 1975, 53, 314.

30

Chapter 2
Temperature-Responsive Tethered Polymer Gradients with
Switchable Adhesion
2.1 Summary
In this chapter, tethered polyester chains, boasting a well defined grafting density
gradient, were grafted from mixed monolayer gradients. These macromolecular gradients
were synthesized using step-by-step condensation reactions between difunctional
oligomers of ethylene-oxide and ethylene. The step-by-step condensation reactions
provide control over the hydrophilic/hydrophobic balance within the polymer backbone,
which dictates the temperature of collapse in aqueous solution, and control over the
molecular weight of the tethered chains. The molecular and macromolecular gradients
were characterized via wettability measurements, dry AFM imaging and under-water
AFM adhesion measurements. Using a custom colloidal probe, the impact of grafting
density on the temperature-induced collapse of the polyester tethered layer was
investigated using under-water AFM force spectroscopy. It was found that the adhesion
between the hydrophobic colloidal probe and the temperature-responsive surface could be
reversibly switched upon heating/cooling through the collapse/expansion of the tethered
layer. Both the magnitude and onset temperature of the adhesion switches are grafting
density dependent. Similar to the thermally-induced demixing of equivalent untethered
chains in aqueous solution, there exists some concentration dependence for the
temperature transition of the tethered chains. The grafting density dependence of both
the magnitude and onset temperature of collapse arises from steric effects and is a direct
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consequence of the collapse of the tethered planar layer being a cooperative
conformational transition. After the AFM adhesion experiment, the tethered gradient was
imaged again to confirm that the tethered chains do not detach from the surface and that
the ester linkages within the polymer backbone do not experience significant hydrolysis.

2.2 Introduction
Molecular and macromolecular gradient surfaces allow researchers to study a
gradual physicochemical change in a combinatorial manner. A well-defined gradient
surface allows for the investigation of an entire “library” of conditions on one sample and
eliminates the difficulty associated with synthesizing multiple samples in which only the
parameters of interest vary. As demonstrated nearly two decades ago by Chaudhury and
Whitesides,1 vapor deposition of an organosilane across a silicon substrate is a viable
bottom-up approach in producing a well-defined molecular concentration gradient and
endows the substrate with a gradient in wettability. This was taken a step further by
Genzer and coworkers 2 3 in that if the diffusing silane is capable of initiating
polymerization, tethered chains with a grafting density gradient can be grafted from the
original molecular gradient. These macromolecular gradients allowed for the quantitative
determination of both the mushroom-to-brush transition and the scaling of brush height
with grafting density. Over the years, a plethora of techniques have emerged in
synthesizing both molecular and macromolecular gradients. The interested reader is
directed to a recent review4 for a comprehensive list of these diverse techniques.
Most gradients are static in that their surface properties do not change in response
to an external stimulus. However, dynamic gradients can be generated when stimuli-
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responsive polymers are incorporated. Examples include pH-responsive gradients5
comprised of weak mixed polyelectrolyte brushes, temperature-responsive gradients6 7 of
tethered poly(N-isopropyacrylamide) (pNIPAM), and polyelectrolyte gradients that
respond to variation of the solution ionic strength.8 These stimuli-responsive gradients
have applications ranging from directing the motion of nanoparticles,9 to controlling the
activity of biomolecular motors,6 to tuning and switching protein adsorption gradients.10
Previous studies in our group established that the thermal transitions of
untethered11 12 linear alternating copolymers could be systematically tuned by varying the
hydrophilic/hydrophobic balance within the polymer repeat unit. By using short
alternating oligomers rather than long blocks or branches, a genuine first order phase
transition was observed as the formation of micelles was effectively hindered. In this
chapter, the temperature transitions of identical tethered chains are investigated.
The molecular weight and the grafting density of the tethered chains are obviously
important parameters that dictate the stimuli response of a tethered layer. However, for
temperature-responsive tethered layers, the impact of grafting density on the collapse of
the tethered layer has varied between studies.7 13 14 15 16 By synthesizing tethered layers
with a well-defined gradient in the chain grafting density, the impact of grafting density
on the thermal response of the tethered chains can be probed in a combinatorial manner.
Here, tethered polyester chains, with a predetermined hydrophilic/hydrophobic balance
within the repeat unit, were grafted from a gradient monolayer, thereby generating a welldefined gradient in the chain grafting density. As the quality of the macromolecular
gradient is of critical importance in this study, it was characterized using multiple
techniques, including contact angle, dry AFM imaging and under-water AFM adhesion
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measurements. To determine the impact of chain grafting density on the thermallyinduced collapse/expansion of the tethered gradient, under-water AFM adhesion
measurements were conducted at various spots within the grafting density gradient using
a custom hydrophobic polystyrene colloidal probe.

2.3 Experimental Methods
2.3.1 Synthesis of the Mixed Monolayer Gradient
The mixed self assembled monolayer (SAM) gradient was synthesized via the
vapor deposition of silanes following the methodology originally proposed by Chaudhury
and Whitesides,1 which was continued by Genzer and coworkers.17 The mixed SAM
possesses a concentration gradient in the methyl-terminated silane (OTS) and a reverse
concentration gradient in the amine-terminated silane (AEAPTMS), which later serves as
the polymerization initiator. The concentration gradient in the amino-silane initiation
sites generates the grafting density gradient. A schematic depicting the steps involved in
synthesizing the mixed SAM is given in Figure 2.1. To synthesize the mixed SAM, a
silicon substrate (18 mm x 60 mm) was exposed to an ultraviolet/ozone (UVO) treatment
to remove organic contaminants and expose highly reactive silanol groups. The substrate
was exposed to the UV light for 5 minutes at 60°C, allowed to incubate for 30 additional
minutes, rinsed with acetone and dried with a steady argon stream. This cleaning
procedure was then repeated to ensure a high density of silanols. OTS was mixed with
mineral oil (2:3, w/w) and allowed to diffuse for five minutes in the vapor phase across
the substrate, which was placed 10 mm from the diffusion source. The entire system (the
substrate and the diffusion source) was enclosed in a Petri dish to prevent air currents
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from interfering with the vapor diffusion of the silane. The mineral oil slows the
diffusion of the silane, which can be further controlled by varying the OTS:mineral oil
ratio. The substrate was rinsed with methanol and dried with a steady argon stream. The
substrate was then exposed for a second time to a fresh 2:3 OTS:mineral oil (w/w)
solution for 5 minutes, rinsed and dried as above. The second exposure was employed to
ensure complete methyl coverage near the hydrophobic edge. The substrate was then
backfilled with AEAPTMS via vapor deposition for 2 hours. AEAPTMS was not mixed
with mineral oil and much longer diffusion times were utilized due to the lower reactivity
of the methoxy silane, relative to the chlorosilane. Finally, the mixed monolayer gradient
was rinsed and sonicated with methanol to remove physisorbed silanes and dried with a
steady argon stream.

OTS

AEAPTMS

Figure 2.1: Synthesis of the mixed SAM gradient. The concentration gradient in the
NH2 -SAM ultimately generates the grafting density gradient. The chemical structures of
the two silanes are also displayed.
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2.3.2 Grafting Polyester Chains from the Mixed Monolayer Gradient
End-tethered polyesters were synthesized using step-by-step condensation
reactions between difunctional oligomers of ethylene-oxide and ethylene. The tethered
polyesters were grafted from the mixed monolayer through sequential immersion in
separate anhydrous dichloromethane solutions containing sebacoyl chloride (ethylene
oligomer, n = 4 repeat units) and polyethylene glycol 400 (ethylene-oxide oligomer, m =
9 repeat units). This particular (m/n) ratio was chosen based on turbidity measurements
for similar untethered chains in aqueous solution which possessed a lower critical
solution temperature (LCST) of approximately 30oC. A schematic displaying one cycle
of the step-by-step growth of the linear alternating polyester copolymer is given in Figure
2.2, along with the polyester repeat unit.
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(A)

(B)

Figure 2.2: (A) Synthesis of the tethered polyester gradient. Step-by-step grafting of the
tethered polymer chains from the mixed monolayer gradient (one cycle is displayed).
(B) Repeat unit of the (m/n) = (9/4) polyester used in this study.

To graft the first ethylene oligomer, the mixed monolayer was immersed for 30
minutes in a dichloromethane solution containing 0.15 M sebacoyl chloride and 0.10 M
pyridine. The substrate was then immersed and swirled in another dichloromethane
solution containing 0.10 M pyridine to remove any physisorbed ethylene oligomers. The
ethylene-oxide oligomers were reacted with the covalently bound ethylene oligomers by
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immersing the substrate in a dichloromethane solution containing 0.10 M PEG 400 and
0.10 M pyridine for 30 minutes. The substrate was then immersed and swirled in a
dichloromethane solution containing 0.10 M pyridine. This procedure was repeated 86
times to produce end-tethered chains with a theoretical Mw of 50k g/mol; the only
exception being the time of immersion was reduced to approximately 30 seconds for each
solution. By growing the tethered chains one oligomer at a time, the molecular weight
was controlled. The pyridine is present in each solution to react with the generated
hydrochloric acid, which prevents HCl from hydrolyzing the ester linkages in the
backbone. Halfway through the immersion procedure, the solutions were recharged with
0.15 M sebacoyl chloride and 0.10 M PEG 400 for the ethylene and ethylene-oxide
solutions, respectively. Also, 0.10 M pyridine was added to each solution at the halfway
point. On the last immersion cycle, the substrate was held for 30 minutes in the ethyleneoxide solution to ensure that all of the tethered chains terminated in an ethylene-oxide
unit. To remove physisorbed polymers, the tethered gradients were rinsed with
dichloromethane, rinsed with DI H2O, sonicated in DI H2O and dried with a steady argon
stream. It should be noted that the concentration of the difunctional oligomers was nearly
six orders of magnitude higher than required for these condensation reactions. These
large excesses were used to encourage the tethered chains to react with the free oligomers
in solution rather than looping back toward the substrate and reacting with bound
oligomers (terminating the polymerization of that chain). The excess concentration of the
difunctional oligomers was calculated by estimating the number of NH2 initiator groups
present on the silicon substrate (18 mm x 60 mm) assuming an NH2 molecular footprint
of approximately 1 nm2. The concentration of each difunctional oligomer was chosen
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such that the number of diacid chloride molecules (ethylene oligomer) and diol molecules
(ethylene-oxide oligomer) was more than six orders of magnitude higher than the
calculated number of NH2 initiator groups.

2.3.3 Characterization of the Molecular and Macromolecular Gradients
2.3.3.1 Contact Angle Measurements
To quantify the gradient in wettability for both the monolayer and tethered
gradients, the sessile water contact angles were measured along the length of the
substrate, which allowed for the determination of the position, length, and magnitude of
the gradient. A custom, side-mounted QX5 computer microscope set at 60X
magnification was utilized under ambient conditions. Three 5µL DI H2O (18 MΩ•cm)
drops were dispensed at each recorded position and the contact angle was determined
using software based on active contours.18 As the sessile drops are dispensed on a
surface with a gradient in wettability, the left and right contact angles should be different
due to the different molecular environments. For the sake of consistency, the left sessile
contact angle is always reported, which is the more hydrophobic of the two contact
angles due to the sample being oriented such that 0 mm corresponds to the hydrophobic
edge and 60 mm corresponds to the more hydrophilic edge.

2.3.3.2 AFM Topographic and Phase Imaging
Dry AFM topographic and phase images were collected under ambient conditions
in the tapping mode using a MultiMode AFM (Digital Instruments). Prior to imaging, all
samples were immersed in hexane (a bad solvent for the longer PEG oligomer) overnight
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and rapidly dried with an argon stream. This effectively freezes the tethered polymer in
the bad solvent configuration, which has been found to increase the structural stability.19
20

Set point ratios greater than 0.95, corresponding to very light tapping, were utilized for

topographic imaging to minimize deformation of the tethered chains. Here, the set point
ratio is the user-defined cantilever oscillation amplitude (A) in contact with the sample
relative to the free oscillation amplitude (Ao) of the cantilever (set point = A/Ao). Set
point ratios of approximately 0.50, corresponding to harder tapping, were used to
optimize the phase images. All images have been horizontally leveled, but have not
undergone any other image processing.

2.3.4 Temperature Response of the Tethered Gradient
2.3.4.1 Under-Water AFM Adhesion Measurements
Under-water (DI, 18 MΩ•cm) AFM adhesion measurements were performed
using a PicoSPM (Molecular Imaging) equipped with a temperature stage and a fluid cell.
The change in hydrophobicity/adhesion associated with the heating-induced collapse of
the polyester gradient was quantified by collecting force-distance curves as a function of
temperature, at various predetermined grafting densities. The V-shaped cantilever that
was used for all adhesion measurements in this study was modified by attaching a
polystyrene colloidal sphere (32 µm diameter). As the same colloidal probe was used
throughout the study, discrepancies in the spring constants between cantilevers as well as
discrepancies in the contact area are absent. The force-distance curves were converted to
adhesion values using the manufacturer’s value for the cantilever spring constant (0.12
N/m) and the photodetector sensitivity (determined from the constant compliance regime
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of the approach curve). Fifty force-distance retraction curves (10 curves at 5 different
spots) were collected for each grafting density (and each “unresponsive surface”), for
each reported temperature, to minimize any error induced by sample inhomogeneity. The
approach/retraction cycle was collected over a 2 second duration with no dwell time on
the surface and the cantilever was always positively deflected by approximately 5 nN.
The sample was allowed to equilibrate for twenty minutes at each temperature set point.
After the temperature-response of each grafting density was investigated, an optical
microscope was used to ensure that the colloidal probe remained in tact.
Polystyrene films served as an unresponsive surface for the under-water AFM
adhesion experiment. The films were spin cast from toluene solution21 (3 wt% PS) on
clean silicon substrates (2 cm x 2 cm) using a WS-400B-6NPP/Lite spin caster (Laurell
Technologies Corporation). A three step procedure was employed. The first step lasted
for 5 seconds at 500 rpm, the second step was for 10 seconds at 1800 rpm, and the final
step lasted for 30 seconds at 5000 rpm. The polystyrene films were rinsed with DI H2O
and dried with a steady argon stream prior to use.

2.4 Results and Discussion
2.4.1 Molecular and Macromolecular Wettability Gradients
Figure 2.3 (A) gives the sessile water contact angle along the length of the
substrate for both the mixed CH3/NH2 SAM gradient and the grafted polyester gradient.
For this figure, the grafting density of the tethered chains increases from left to right.
Figure 2.3 (B) displays representative drops acquired within the hydrophobic and more
hydrophilic plateaus of the monolayer and a gradient in wettability is clearly observed.

41

Closest to the OTS diffusion source, the monolayer contact angles plateau at
approximately 104o, indicating that the DI H2O is exposed to a mixture of methyl and
methylene groups, but does not penetrate the monolayer and interact with residual
silanols.22 This complete methyl/methylene coverage can be attributed to the second
OTS exposure. Hence, within the hydrophobic plateau the monolayer is not mixed, it is
entirely methyl/methylene-terminated. Furthest from the OTS diffusion source, the
monolayer contact angle plateaus at approximately 58o, indicative of a surface projecting
a high density of amines.23 24 Within the monolayer wettability gradient, there is a
mixture of methyl-terminated and amine-terminated silanes, which provides the gradient
in grafting density for the tethered chains. The contact angle results displayed here, and
near-edge x-ray absorption fine structure (NEXAFS) spectroscopy results obtained
previously in our group,25 demonstrate the presence of a mixed SAM with a well-defined
concentration gradient.
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Figure 2.3: (A) Sessile DI H2O contact angles (θDIW) along the mixed monolayer
gradient (black squares) and the (m/n) = (9/4) polyester grafted from the mixed
monolayer (blue circles). The mixed monolayer consists of a gradient in the CH3-SAM
concentration and a reverse gradient in the NH2-SAM (initiator) concentration.
(B) Representative drops acquired within the hydrophobic plateau (Left) and the more
hydrophilic plateau (Right). The drop reflection aids in determining the location of the
interface.
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It should be noted that the deposition of the monolayer gradient was attempted
using numerous different routes; however, the vapor deposition of the two silanes given
in Figure 2.1 and the conditions detailed in section 2.3.1 provided the most reproducible
wettability gradients. A brief account of the less successful monolayer gradient synthesis
routes is given here. First, regarding the cleaning of the silicon substrate, it was found
that the UVO treatment was much more successful than the so-called “piranha”
treatment, which involves immersing the substrate in a heated 3:1 (v/v) H2SO4:H2O2
mixture. Although both techniques produced hydrophilic substrates, which implies a
high density of silanols and few organic contaminants, the quality of the monolayers
(assessed by contact angle) for the UVO treated substrates was always superior and the
results were more reproducible than for the piranha treated substrates. Second, the
deposition of the amine-terminated silane was attempted using both solution deposition
and vapor deposition for silanes of different lengths and head group functionality. The
solution deposition of the NH2-silane was conducted in toluene, where the temperature,
silane concentration, and time of deposition were variable. Regardless of the
experimental conditions employed, the contact angles of the resulting monolayers were
not indicative of a surface with homogeneous amine coverage. The chain length of the
amine-terminated silane was also varied; however, it was ultimately determined that the
length of the NH2-silane should to comparable to that of the CH3-silane. If the NH2silane was significantly shorter than the CH3-silane, the amine initiation sites could be
buried within the monolayer which would hinder the surface-initiated polymerization.
Conversely, prohibitively long NH2-silanes would have low vapor pressures which would
render their vapor deposition unfeasible. Finally, the head group functionality of the
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amine-terminated silane was also varied from mono to tri-functional for both methoxy
and ethoxy groups. It was determined that the higher reactivity of the methoxy groups
coupled with the higher coverage endowed by tri-functionality resulted in the best
monolayers. Although the tri-functional silanes are more susceptible to crosslinking,22
this is less important during vapor deposition due to the lower vapor pressures of the
crosslinked silanes.
The length and location of the tethered polyester gradient is in excellent
agreement with that of the mixed monolayer gradient, which is expected as the tethered
chains were grafted from the monolayer gradient. The length of the tethered gradient was
defined by subtracting the position at which the contact angle drops below 100o (15 mm)
from the position where the contact angle stabilized within the more hydrophilic region
(38 mm) and is equal to 23 mm. Within the first 15 mm of the substrate edge, the contact
angles before and after grafting are equivalent (within the experimental uncertainty)
indicating that there are no grafted chains within the hydrophobic plateau. This is
expected as there are no amino-silane initiators within the hydrophobic plateau. Within
the gradient, the contact angles are consistently lower after grafting because the tethered
chains have a greater impact on the wettability than the underlying monolayer. Thus, the
contact angle within the tethered gradient tends to converge to that of the highly grafted
layer.
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2.4.2 Dry AFM Imaging along the Grafting Density Gradient
Figure 2.4 demonstrates the evolution of surface morphology as the gradient is
traversed from no grafting (0% surface coverage) to high grafting (80% surface
coverage). Surface coverages were determined via SPIP analysis where features ≥ 2 nm
were counted. Surface coverages exceeding 50% were determined via contact angle due
to the highly grafted chains forming a homogeneous layer, which resulted in inaccurate
surface coverage values from SPIP. At surface coverages ≤ 50%, there was good
agreement between the surface coverage determined via SPIP analysis and contact angle,
which justifies using the contact angle at higher coverages. For example, the 50%
surface coverage image was acquired from the middle of the wettability gradient, where
the contact angle was the average of zero and high grafting.
(A) 0%

(B) 15%
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Figure 2.4: Dry surface morphology and height profiles at different spots within the
polyester grafting density gradient. Surface coverages ≤ 50% were determined via SPIP
analysis where features ≥ 2 nm were counted. Surface coverages > 50% were
determined from the sessile water contact angle. The height scale in each image ranges
from 0 (dark brown) to 10 nm (white). Height profiles are given by the horizontal black
lines in the respective images. Features appear elongated in the z-direction due to the
difference in vertical and horizontal scaling. (E) A representative SPIP height histogram
from image (C) used to determine surface coverage.
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The morphology at 0% surface coverage (acquired within the hydrophobic
plateau) is essentially featureless, which is expected for a uniform monolayer. The lack
of discernable features within the first 15 mm of the substrate edge, coupled with the
similar wettability both prior to and after grafting in the same region, verifies that there
are no grafted chains within this region. The few, very small features observed at 0%
coverage are either external impurities or the result of oligomerization between trifunctional silanes.
At 15% surface coverage (acquired just within the wettability gradient), the
surface morphology changes drastically. The features in this low grafting regime are
primarily either small spherical globules or larger more irregular agglomerates.
Averaging the dimensions of the spherical globules gives a height of approximately 2.5
nm and a diameter of approximately 25 nm. The apparent diameter is exaggerated due to
tip convolution.26 An SPIP image deconvolution procedure revealed a tip radius of 10
nm and actual globule diameters that ranged from 3 to 15 nm. Thus, many of the small
globules are believed to be single collapsed polymer chains, also called mushrooms. To
confirm this, the radius of gyration (Rg) for a polymer chain in a nonsolvent was
calculated using Equations 1 and 2:27

R ≈ bN

1
3

〈R2 〉
〈 Rg 〉 =
6
2

Eqn. 1

Eqn. 2
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Where R is the end-to-end distance of a single chain, b is the Kuhn monomer length, and
N is the number of Kuhn monomers. Using tabulated values27 for bPEO and bPE (1.1 nm
and 1.4 nm, respectively) the Rg of a single collapsed chain was approximately 5 nm.
This is in good agreement with the height of the mushrooms. Most likely, the mushroom
height is less than the calculated Rg due to the affinity between the chains and the
surface, which results in a “pancake” conformation. The similarity between the
mushroom height and the calculated Rg helps to verify that the tethered chains grow to a
reasonable molecular weight when grafted from the mixed monolayer using the step-bystep condensation reactions. Also, the dimensions of our mushrooms are in excellent
agreement with those of Koutsos et al.19 (after accounting for the different molecular
weights) for isolated end-grafted polystyrene chains imaged in bad solvent conditions.
The larger irregular features are pinned micelles, comprised of several tethered chains
that aggregated when exposed to hexane. The average height and diameter of the pinned
micelles are 8.5 nm and 53 nm, respectively. The 15% surface coverage image shows
that when chains are within each other’s radius of gyration, they aggregate and form
pinned micelles; however, if no other chains are present within the tethered chain’s Rg, it
exists as a mushroom. Interestingly, there are also a few instances where the tethered
polymers appear to adopt a “pearl necklace” configuration.
The surface morphology at 50% coverage (acquired at the midpoint of the
wettability gradient) clearly shows that the grafting density increases as the wettability
gradient is traversed toward the hydrophilic plateau. Compared to 15% coverage, we
observe more features and the frequency of perfectly spherical globules diminishes. As
expected, as the distance between tethering points decreases, more chains are permitted to
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aggregate with their neighbors. At this intermediate surface coverage, the tethered
system is beginning to form a homogeneous layer. It should be noted that the feature
heights at moderate and high grafting are underestimated due to the inability of the tip to
penetrate the deep valleys between close features.19 28 Note the absence of a true “zero
height” at 50% coverage. Thus, the tip never effectively “sees” the monolayer; it merely
images the tops of the tethered polymers.
At 80% surface coverage (acquired near the end of the wettability gradient), we
observe that the grafting density is sufficiently high to form a homogeneous layer, which
explains the nebulous features. At this high coverage, the surface morphology is clearly
dominated by the tethered chains. The root-mean-square roughness of the 0%, 15%, 50%
and 80% surface coverage images is 0.14 nm, 1.60 nm, 0.95 nm and 0.78 nm,
respectively. The roughness peaks at low surface coverage due to the absence of features
at zero grafting and the formation of a more homogeneous layer at moderate/high
grafting.
Figure 2.5 gives 600 x 600 nm2 3D surface plots at 0% coverage and 100%
coverage. The zero grafting scan was taken 5 mm into the hydrophobic plateau and is
once again devoid of features. The high grafting scan was taken within the hydrophilic
plateau (50 mm from the hydrophobic edge). Although this highest grafting density is
somewhat ill-defined, as it is unlikely that each amino-silane initiates polymerization, the
surface morphology is clearly dominated by the tethered polymers. At high grafting in
ambient conditions the tethered chains are space-filling. We do not observe a periodic
nanomorphology;29 however, the feature dimensions are similar.
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Figure 2.5: Three dimensional topography images taken at 0% surface coverage (left)
and 100% surface coverage (right). The 0% surface coverage image was taken within the
hydrophobic plateau (5 mm from substrate edge) and the high surface coverage image
was taken within the more hydrophilic plateau (50 mm from substrate edge).

2.4.3 Under-Water AFM Adhesion along the Grafting Density Gradient
In addition to the contact angle measurements and the dry AFM topographic
imaging, the under-water adhesion was also investigated along the grafting density
gradient. All force-distance curves were collected using the custom polystyrene colloidal
probe shown in Figure 2.6 (B) & (D), where an unmodified AFM cantilever (A) & (C) is
shown for comparison. The force-distance curves were collected at 26.5oC, which is
below the temperature transitions of both the tethered layer and the bulk LCST. As such,
the tethered chains exist as swollen coils to maximize the number of enthalpically
favorable polymer/H2O hydrogen bonds.
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(A)

(B)

(C)

(D)

Figure 2.6: Scanning electron micrographs of an unmodified AFM cantilever (A) & (C)
and the custom polystyrene colloidal probe that was used for all adhesion experiments in
this study (B) & (D). The calculated contact area for the colloidal probe is 0.65 µm2.

Figure 2.7 gives a representative approach/retraction cycle for the colloidal probe
on the highly grafted tethered layer. As an instructive example, we will follow the path
of the colloidal probe as it is positively deflected and withdrawn from the tethered layer.
Following the approach curve (dashed black line) from right to left, when the probe is far
away from the surface (high Z position) there exists no attraction or repulsion between
the probe and the surface. When the probe is brought closer to the surface (low Z
position) we observe an instability and the probe jumps to contact the surface. These
jump-to-contacts occur when the attraction between the probe and the surface exceeds the
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spring constant of the cantilever. As the AFM’s Z-piezo continues to drive the probe
downward we observe a repulsive force as the tethered chains are compressed and the
cantilever begins to deflect upwards. As the probe is withdrawn from the tethered layer
(solid green line) the retraction curve traces the approach curve as the compressive force
exerted on the tethered chains is reduced. However, there is obviously a large hysteresis
between the approach and retraction curves which can be attributed to the formation of
adhesive contacts as the probe was driven into the tethered layer. The force required to
separate the probe from the tethered layer was approximately 40 nN, after which the
probe snaps back to its zero deflection baseline.
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Figure 2.7: Representative force-distance approach (dashed black line) and retraction
(solid green line) curves collected using the custom polystyrene colloidal probe on the
highly grafted tethered layer. The approach/withdrawal cycle was collected in water at
26.5oC. “Z Position” refers to the position of the AFM’s Z-piezo.
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By integrating adhesion peaks similar to that displayed in the retraction curve of
Figure 2.7, the adhesion energy between the probe and the surface can be determined.
Figure 2.8 gives the under-water adhesion results along the grafting density gradient,
where each data point is the average adhesion calculated from 50 force-distance curves.
The adhesion data is plotted on the same graph as the wettability gradient to more clearly
demonstrate the location on the substrate where the adhesion experiments were
performed. Unlike the smooth gradient in the tethered layer’s wettability as the sample is
traversed toward higher grafting, the adhesion between the probe and the tethered
gradient exhibits a pronounced step at low surface coverages. Within the grafting density
gradient the adhesion is nearly constant and tends to that of the highly grafted tethered
layer. The plateau of the adhesion values within the grafting density gradient is a
consequence of the tethered chains having a much larger impact on the adhesion due to
the chains being so much larger than the silanes that comprise the monolayer. Since the
tethered chains are solvated and extended in water at room temperature, even the sparsely
grafted tethered chains tend to shield contributions from the underlying monolayer. It
should be noted that the AFM images in Figure 2.4 were collected in air, which is an
infinitely bad solvent for the tethered chains. Hence, the surface morphology in good
solvent conditions will be very different in that a homogenous layer can be formed at
much lower surface coverages as the tethered chains are no longer merely space-filling.
Thus, we observe a diminished hydrophobic attraction between the hydrophobic colloidal
probe and the surface when tethered chains are present. If a sharp unmodified probe was
utilized for the adhesion measurements rather than the polystyrene colloidal probe, the
sharp probe would be capable of making contact with the underlying SAM (between the
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grafted chains) and it is expected that the adhesion would more closely follow the smooth
gradient demonstrated in the wettability data. However, the error in the adhesion
measurements for the sharp probe would be much higher than for the colloidal probe,
especially at lower grafting densities, due to the sharp probe either contacting the tethered
chains or the underlying monolayer. The greater contact area of the colloidal probe
averages out these sample inhomogeneities. If the adhesion experiments were conducted
on the mixed monolayer gradient (prior to the grafting of the chains) it is expected that
the adhesion obtained using either the modified colloidal probe or an unmodified probe
would closely follow the contact angle results.
As expected, the adhesion is highest for the methyl-terminated monolayer due to
the large hydrophobic attraction between the polystyrene colloidal probe and the
monolayer. This helps confirm that the hydrophobic attraction is being probed in these
under-water adhesion experiments. More proof that the hydrophobic attraction is being
probed in the adhesion experiments will be discussed in Chapter 3 in the form of contact
angle measurements as a function of temperature.
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Figure 2.8: The under-water adhesion (green triangles) between the custom polystyrene
colloidal probe and the tethered layer at different grafting densities is displayed on the
same axis as the wettability data. Each data point is the average adhesion obtained by
integrating 50 force-distance retraction curves. All force-distance curves were collected
at 26.5oC. The adhesion energies are normalized by the calculated colloidal probe
contact area (0.65 µm2).

2.4.4 Temperature Response of the Tethered Gradient
AFM force-distance curves were collected under water, as a function of
temperature, at different spots within the polyester grafting density gradient to determine
the impact of grafting density on both the onset temperature and magnitude of collapse of
the tethered layer. By using the hydrophobic polystyrene colloidal probe, an increase in
“hydrophobic adhesion” between the probe and the tethered layer was observed upon
heating as the tethered layer collapsed and expelled water. Due to the high force
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resolution of the AFM, the change in adhesion between the colloidal probe and the
tethered layer can be observed as the water is expelled. Representative force-distance
retraction curves in Figure 2.9 show that the pull-off force increases by nearly a factor of
three as the tethered polyester at 50% surface coverage was heated from 26.5°C to
35.0°C. The corresponding increase in the adhesion energy is nearly an order of
magnitude. This adhesion switch can be reversed by cooling the water to 26.5oC. The
onset temperature of collapse and the relative magnitude of collapse can be determined
from the change in adhesion as the tethered layer is heated through its collapse transition.
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Figure 2.9: Representative under-water force-distance retraction curves at 26.5oC (blue
line) and 35oC (red line) for the temperature-responsive tethered polyester at 50% surface
coverage. “Z Position” refers to the position of the AFM’s Z-piezo.

Figure 2.10 gives the adhesion results for two unresponsive surfaces (Top Panel)
and for several “smart” grafting densities (Bottom Panel). Here a smart response is
defined as a reversible switch in adhesion associated with the collapse of the tethered
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layer. By the same token, a surface is deemed unresponsive if the adhesion changes only
due to the decrease in water surface tension with increasing temperature. Starting with
the unresponsive methyl-terminated monolayer (0% surface coverage), we observe a
general decrease in the experimentally obtained adhesion with increasing temperature due
to the decrease in water surface tension. As the surface tension of water decreases, the
interfacial tensions between the colloidal probe and water and the methyl-terminated
monolayer and water also decrease, resulting in a decreased propensity for the probe and
monolayer to stick together. However, the magnitude of the adhesion decrease was much
greater than predicted by theory, which we explain through monolayer restructuring.

58

100
0%
0 % Theory
PS
PS Theory

Adhesion Energy (mJ/m2)

80
60
40
25

30

35

40

45

50

55

60

65

70

60
40%
50%
60% (Heat)
60% (Cool)
80%
100%

40

20

0

25

30

35

40

45

50

55

60

65

70

Temperature (°C)
Figure 2.10: Top Panel: Under-water adhesion energies as a function of temperature for
two unresponsive surfaces: 0% Surface Coverage (open black circles) and Spin Cast
Polystyrene (open green circles). The lines are the theoretical adhesion with increasing
temperature. Bottom Panel: Under-water adhesion energies as a function of temperature
for the tethered gradient at different surface coverages: 40% Surface Coverage (closed
red triangles), 50% Surface Coverage (closed black squares), 60% Surface Coverage on
Heating (closed blue diamonds), 60% Surface Coverage on Cooling (open blue
diamonds), 80% Surface Coverage (closed grey pentagons), and 100% Surface Coverage
(closed maroon stars). Surface coverages ≤ 50% were determined via SPIP analysis
where features ≥ 2 nm were counted. Surface coverages > 50% were determined from
the sessile water contact angle. The lines are intended solely to guide the eye. For both
Top and Bottom Panels: Each data point is the average adhesion obtained by integrating
50 force-distance curves and all adhesions are normalized by the calculated contact area
of the polystyrene colloidal probe (0.65 µm2).
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To calculate the theoretical change in adhesion between the polystyrene probe and
the methyl-terminated monolayer immersed in water, the temperature dependence of the
total surface tension of water was assumed to decrease linearly with increasing
temperature:30

γ HTot2O (T ) = 75.83 − 0.1477 * T

Eqn. 3

Tot
Tabulated values for the surface tensions of the methyl-terminated monolayer ( γ CH
3 =
Tot
23.5 mJ/m2)31 and polystyrene ( γ PS
= 42 mJ/m2)32 were used, both determined from the

contact angles of two polar liquids and one apolar liquid. The water contact angles we
obtained on both the methyl-terminated monolayer and the spin cast polystyrene film
were in excellent agreement with the previous references, which justifies using their
surface tension values. The surface tensions of the methyl-terminated monolayer and the
polystyrene probe were both assumed to be temperature independent over our
experimental temperature range. Using the JKR theory of contact mechanics,33 34 35 the
experimental adhesion energy at 26.5°C was set equal to the theoretical adhesion for ease
of comparison. Clearly the experimental adhesion between the polystyrene probe and the
methyl-terminated monolayer is more temperature dependent than predicted by theory.
Our evidence for monolayer restructuring being the reason for this increased
experimental temperature dependence comes from two sources. First, the experimental
adhesion between the colloidal probe and the other unresponsive surface, a spin cast
polystyrene film, is much less temperature dependent than the methyl-terminated
monolayer. The same assumptions used above were also used for the polystyrene film
and once again, the experimental and theoretical adhesions are set equal at the lowest
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temperature for ease of comparison. We observe good agreement between the slope of
the experimentally obtained adhesions and the theoretical adhesion, where only γ HTot2O is
temperature dependent. Second, after the adhesion experiment, the sessile water contact
angle was approximately five degrees lower for the methyl-terminated monolayer than
prior to the experiment. It is expected that the hydrophobic attraction would be
diminished if the surface is becoming more hydrophilic due to restructuring. The change
in wettability experienced by the methyl-terminated monolayer coupled with the lower
temperature dependence for the polystyrene film support monolayer restructuring.
Surprisingly, we found that tri-functional silanes were less susceptible to restructuring
than mono-functional silanes. Obviously, the spin cast polystyrene film is the better
unresponsive surface for this study. As such, all of the data points in Figure 2.10 are
normalized by the calculated contact area between the polystyrene film and probe (0.65
µm2, determined via JKR theory).
The majority of the surface coverages investigated in Figure 2.10 exhibit
switchable adhesion and reversibility is demonstrated in the heating and cooling curves at
60% surface coverage. The adhesion switches were reversible for all of the surface
coverages, within the experimental uncertainty, reversibility is only displayed for one for
the sake of clarity. Since we are measuring the hydrophobic attraction between the
colloidal probe and the tethered chains, mediated by water, the onset of the adhesion
increase coincides with the onset of collapse of the tethered layer. Likewise, the
magnitude of the adhesion switch should be proportional to the magnitude of collapse of
the tethered layer.
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As an instructive example, we will follow the 40% surface coverage data with
increasing temperature. Between 26.5°C and 42.5°C the adhesion is low and nearly
constant within the experimental uncertainty. In this temperature range, the tethered
layer is solvated and hydrophilic, accounting for the low adhesion. In heating from
42.5°C to 50.5°C, the adhesion jumps by nearly a factor of four. This jump in adhesion is
due to the increase in hydrophobicity associated with the dehydration of the tethered
layer. At higher temperatures, the adhesion remains constant within the experimental
uncertainty. The absence of either a second spike in adhesion or a gradual adhesion
increase indicates that the tethered layer completely collapses over approximately 10oC.
It will be demonstrated in Chapter 3 that the adhesion switches due to an interplay
between a decreasing layer height and an increasing interfacial tension between the
tethered layer and water.
The onset temperature of collapse of the tethered layer exhibits a strong grafting
density dependence. Most likely, this arises from steric constraints due to the collapse of
a planar tethered layer being a cooperative conformational transition rather than a true
thermodynamic phase transition.36 37 38 Figure 2.11 displays the surface coverage
dependence of the tethered layer’s temperature transition in the form of an adhesion
“Phase Diagram.” The onset and plateau of the adhesion switches were determined from
Figure 2.10. Similar to the demixing of equivalent untethered chains in aqueous solution,
the temperature transition of the tethered layer exhibits some concentration dependence.
This is not to imply that the collapse of a planar tethered layer is equivalent to the first
order phase transition observed for the free chains in solution. Rather, the concentration
dependence of the tethered layer’s temperature transition is a result of steric effects, as
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the tethered chains must collapse cooperatively with neighbors within their radius of
gyration.
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Figure 2.11: Adhesion “Phase Diagram” determined from the adhesion switches in
Figure 2.10. The onset of the temperature response as well as the plateau of the
temperature response are displayed (filled red triangles and open red circles,
respectively).

The magnitude of the adhesion switch is also grafting density-dependent. The
largest adhesion switches occur at intermediate surface coverages. This is in excellent
agreement with wettability results (to be discussed in Chapter 3) in which the tethered
layer at intermediate grafting exhibited the largest increase in the water contact angle as
the tethered layer was heated through the bulk LCST. This is also in excellent accord
with numerical self-consistent field theory13 calculations and a neutron reflection14 study
showing that PNIPAM brushes with intermediate grafting densities and high molecular
weights experienced the largest conformational change with temperature. We surmise
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that our system undergoes the greatest conformational change at 50% surface coverage
and that the magnitude of the adhesion switch is indeed proportional to the magnitude of
the change in layer thickness. For the tethered chains to undergo a substantial collapse,
they must be strongly stretched at low temperature, but they must also have room to
collapse as the solvent quality worsens. Surface coverages less than 50% are not strongly
stretched as there is less chain crowding. The tethered chains at surface coverages
exceeding 50% are highly extended; however, steric limitations prevent their complete
collapse. As we traverse the gradient from intermediate to high grafting (50%-100%), we
observe a monotonic decrease in the magnitude of the adhesion switch. Thus, at high
grafting, water is not completely expelled from the tethered layer which results in a
diminished hydrophobic attraction.

2.4.5 Dry AFM Imaging after the Adhesion Experiment
After the under-water AFM adhesion experiment the tethered layer was imaged
again to ensure that the tethered chains remained. Due to the adhesion experiment being
conducted under water at elevated temperatures, the ester linkages within the polymer’s
backbone could possibly undergo hydrolysis. Figure 2.12 gives topography and phase
images at 50% surface coverage. The topography image shows that the features do
remain and the surface morphology is similar to that obtained prior to the adhesion
experiment (Figure 2.4 (C)). Thus, even if some backbone hydrolysis does occur during
the adhesion experiment, it does not occur to a catastrophic degree. Additional evidence
that backbone hydrolysis does not occur to a large degree comes from the fact that all of
the adhesion switches were reversible which would not occur if the tethered chains were
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detaching from the substrate or if they were significantly degraded. Also, the sessile
contact angle on the highly grafted tethered layer did not change after the adhesion
experiment from its previous value. Finally, turbidity measurements performed on
equivalent untethered polyesters did not reveal a significant degree of chain hydrolysis.39
The features in the phase image coincide with the topography image due to the tethered
polymer having a much lower modulus than the silicon substrate.

Figure 2.12: Dry AFM topographic (left) and phase (right) images at 50% surface
coverage taken after the AFM adhesion experiment. The scale for the topography image
is 10 nm and the scale for the phase image is 10 degrees. The two images were taken at
the same spot.

Upon closer inspection, the features after the adhesion experiment appear to be
larger than prior to the experiment. The reason for this could arise from multiple sources.
First, the topography image taken after the adhesion experiment was taken when the
ambient humidity was much higher than the topography image taken before the
experiment. At room temperature, it is expected that the ambient humidity would cause
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the tethered chains to swell and appear larger. Second, although care was taken to ensure
that both images were taken at 50% surface coverage, it was impossible to image
precisely the same spot before and after the adhesion experiment. Thus, differences in
the surface morphology could arise from the images being taken at slightly different spots
on the tethered gradient. Finally, as the same AFM tip was not used to obtain both
images, it is possible that the tip used to image after the adhesion experiment was more
blunt than the tip used previously which would result in the features appearing to have
larger dimensions.

2.5 Conclusions
In this chapter, tethered layers with a gradient in the chain grafting density were
synthesized via grafting from mixed molecular gradients. Wettability measurements, dry
AFM imaging and under-water AFM adhesion measurements were utilized to confirm
the existence of a well-defined grafting density gradient. Under-water AFM adhesion
measurements were conducted using a custom hydrophobic colloidal probe at
temperatures above and below the thermally-induced collapse transition of the polyester
tethered gradient to demonstrate that the tethered chains were indeed temperature
responsive. The impact of polymer surface coverage on the collapse transition was
probed by collecting force-distance curves at different spots within the grafting density
gradient. It was determined that both the onset temperature of collapse and the
magnitude of collapse were “concentration”-dependent, similar to the aqueous phase
behavior of equivalent untethered chains. These grafting density dependencies can be
attributed to steric effects, which are a direct consequence of the collapse of a planar

66

tethered layer being a cooperative conformational transition. As stimuli-responsive
surfaces are experiencing significant growth in a number of technological applications,
the impact of controllable parameters such as chain grafting density on the response of
the smart surface are of utmost importance. Knowing the influence of these molecular
parameters on the stimuli response will allow for the generation of “smarter” surfaces
that can be tuned for specific applications. In chapter 3, the ability to tune the
temperature response of the tethered gradient will be exploited by varying the backbone
chemistry of the tethered chains. This is akin to tuning the LCST of untethered chains in
aqueous solution.
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Chapter 3
Tunable Temperature-Responsive Tethered Layers
3.1 Summary
In this chapter, it is demonstrated that the temperature-induced collapse of the
tethered polymer chains can be systematically tuned by varying the
hydrophilic/hydrophobic balance within the polymer backbone. As in the previous
chapter, the tethered chains were grafted from a mixed monolayer and consist of
alternating oligomers of ethylene-oxide and ethylene. Under-water AFM adhesion
measurements and wettability measurements in the captive bubble configuration were
conducted at intermediate polymer surface coverages and demonstrate the tunability of
the temperature transitions. By employing a custom polystyrene colloidal probe for the
AFM adhesion experiments, it is shown that the tethered layers become more
hydrophobic upon collapse and the adhesion switches due to an interplay between a
diminishing layer height and an increasing interfacial tension between the tethered layer
and water. The wettability measurements show an increasing hydrophobicity at
comparable temperatures to the adhesion switches for the series of tethered layers with
varying hydrophilic/hydrophobic balance. The collapse of the tethered layers occurs at
similar temperatures to the cloud points of equivalent untethered chains in aqueous
solution; however, the transitions for the tethered layers are broadened in temperature,
which is consistent with the collapse of a planar layer being a cooperative conformational
transition.
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3.2 Introduction
Stimuli-responsive surfaces have garnered substantial attention due to potential
applications in controlled biological adhesion,1 2 3 tissue engineering,4 5 switchable
molecular gates,6 7 8 nanotribology, actuators9 10 and surfaces with switchable tackiness.11
One route to fabricate temperature-responsive surfaces involves end-tethering polymers
possessing a lower critical solution temperature (LCST), at a high grafting density.12 13 14
15 16 17 18 19

It has been established that the tethered chains maintain their temperature

response and the collapse temperature of the tethered layer is similar to the bulk LCST.
To endow tethered layers with “smarter” responses, the reversible collapse needs to be
tunable over a broad temperature range. Jonas and coworkers20 accomplished this feat
using random copolymers of 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) and
oligo(ethylene glycol) methacrylate (OEGMA).21 22 23
When a polymer that exhibits an LCST in aqueous solution is densely grafted
from a surface and heated through the bulk phase transition, it transforms from a
hydrophilic (expanded state) to a hydrophobic (collapsed state). The collapse of the
tethered layer is accompanied by a substantial change in “hydrophobic adhesion”, which
can be measured via AFM force-distance spectroscopy.24 25 26 27 Due to the high force
resolution of an AFM, the change in adhesion can be quantified as water is expelled from
the collapsing layer. For these adhesion experiments, it is advantageous to use colloidal
probes rather than sharp functionalized tips because the measured adhesion forces are
larger, less error prone, and the geometry is known.28
Previous work in our group demonstrated that linear alternating copolymers, with
a systematically varied hydrophilic/hydrophobic balance within the repeat unit and a
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variety of linkage groups, allow for tailoring of the LCST in aqueous solution.29 By
using short segments of ethylene-oxide and ethylene rather than large blocks or branches,
the first order (sharp) LCST character was preserved, as the formation of micelles was
effectively hindered. In another previous study in our group, temperature-responsive
chains were grafted from a surface and the temperature-induced collapse of the tethered
layer was directly visualized via under-water AFM.30 Figure 3.1 displays two underwater topography images depicting the collapse of the tethered layer, acquired at
temperatures below (A) and above (B) the polymer’s bulk LCST, which occurred at
45oC. At 25oC (A), water is a good solvent for the tethered chains and as such, the chains
exist as swollen coils to maximize the number of polymer/water hydrogen bonds.
Conversely, at 50oC (B), water is a poor solvent for the tethered chains which promotes
chain collapse and aggregation. The investigations of this chapter demonstrate that the
resulting surface properties, namely adhesion and wettability, can be reversibly switched
upon the collapse/expansion of the tethered layer. The collapse of the tethered layer is
quantified via under-water AFM adhesion measurements and wettability measurements
in the captive bubble configuration.20 More importantly, it is demonstrated that the
temperature-transitions of the tethered layers can be tuned by varying the
hydrophilic/hydrophobic balance within the tethered polymer’s repeat unit, akin to the
aforementioned tuning of the LCST for free chains in solution. In many biomedical
applications, a nontoxic tethered layer with a tunable and reversible temperature-induced
collapse would be highly desirable.
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(A)

(B)

Figure 3.1: Under-water AFM topography images at (A) 25oC and (B) 50oC depicting
the collapse of the tethered layer upon heating through the bulk LCST. Scan size and
height scale for both images are 500 nm x 500 nm and 1.7 nm, respectively. Schematics
below the images include the height profiles taken from the first line in each image (red
line).30

3.3 Experimental Methods
3.3.1 Synthesis of the Mixed Monolayer Gradient
The mixed monolayer gradient was synthesized following the methodology
detailed in section 2.3.1. Once again, contact angle measurements in the sessile drop
configuration were used to determine the length, location and magnitude of the gradient.

3.3.2 Grafting Polyester Chains from the Mixed Monolayer Gradient
Polyester chains, with a systematically varied hydrophilic/hydrophobic balance
within the repeat unit, were grafted from the mixed monolayer following the procedure
described in section 2.3.2, with a few important exceptions. Once again, the end-tethered
polyesters were synthesized using step-by-step condensation reactions between
difunctional oligomers of ethylene-oxide and ethylene. By growing the tethered chains
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one oligomer at a time, the molecular weight was controlled and the
hydrophilic/hydrophobic balance within the polymer backbone was systematically varied
by changing the ratio of the hydrophilic oligomer length (m) to the hydrophobic oligomer
length (n). The tethered polyesters were grafted from the mixed monolayer through
sequential immersion in separate anhydrous dichloromethane solutions containing the
appropriate length diacid chloride (ethylene oligomer with n = 2, 3, or 4 repeat units) and
polyethylene glycol 400 (ethylene-oxide oligomer, m = 9 repeat units). The reaction
conditions, used in Chapter 2 were also employed here; however, the number of
immersion cycles was varied accordingly to achieve a theoretical molecular weight of
50k g/mol for each tethered system. This required 86 immersion cycles for the (m/n) =
(9/4) polyester, 91 immersion cycles for the (m/n) = (9/3) polyester and 95 immersion
cycles for the (m/n) = (9/2) polyester. It should be noted that although the tethered
samples possessed a grafting density gradient, all of the investigations in this chapter
were conducted at 50% polymer surface coverage as this grafting density exhibited the
largest adhesion switches in the previous chapter. Once again, the polymer surface
coverage was determined via contact angle measurements and dry AFM topographic
imaging.

3.3.3 Temperature Response of the Tethered Layers
3.3.3.1 Under-Water AFM Adhesion Measurements
The change in hydrophobicity/adhesion associated with the collapse of the
tethered layer was quantified by collecting force-distance retraction curves, in deionized
water (18 MΩ•cm), over temperatures ranging from 26.5°C to 66.5°C. The force-
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distance curves were acquired with the PicoSPM and were converted to adhesion values
using the manufacturer’s value for the cantilever spring constant and the photodetector
sensitivity (determined from the constant compliance regime of the approach curve). A
total of fifty force-distance curves (10 curves at 5 different spots) were collected at each
reported temperature for each tethered sample to minimize any error induced by sample
inhomogeneity. To eliminate grafting density effects, the force-distance curves were
collected at 50% polymer surface coverage (determined from SPIP analysis of dry AFM
images and contact angle), as this “grafting density” exhibited the most profound
adhesion switch. The V-shaped cantilever utilized for all adhesion experiments in this
study was modified by attaching a polystyrene colloidal sphere (32 µm diameter) with
Derakane epoxy. As the same colloidal probe was used throughout the study,
discrepancies in the spring constants between cantilevers as well as discrepancies in the
contact area are absent. The approach/retraction cycle was collected over a two second
duration and the cantilever was always positively deflected by approximately 5 nN, with
no dwell time on the surface. The system was allowed to equilibrate for twenty minutes
at each temperature set point. After the temperature-response of each tethered sample was
investigated, an optical microscope was used to ensure that the colloidal probe remained
in tact. Once again, spin cast polystyrene films served as an unresponsive control surface
for the AFM adhesion experiments.
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3.3.3.2 Contact Angle in the Captive Bubble Configuration
The collapse of the tethered layers was also quantified by measuring the average
sessile water contact angle as a function of temperature in the captive bubble
configuration. Figure 3.2 gives an illustration of the captive bubble set up as well as
images of representative bubbles at both low and high magnification. The sample was
floated face-down on deionized water (18 MΩ•cm) in a custom glass cell and an air
bubble of approximately 2-3 mm diameter was injected below the surface. The glass cell
was placed on a Super-Nuova programmable hot plate and heated continuously at
approximately 2oC/min. An external temperature probe, placed within 3 mm of the
captive bubble, was utilized to accurately monitor the temperature. Images of the trapped
bubble were captured at regular temperature intervals using a side-mounted QX5
computer microscope set at 60X magnification. The left and right contact angles were
determined using software developed by Stalder et al.,31 based on active contours. Spin
cast polystyrene films were used as an unresponsive control surface; however, for the
captive bubble experiment the polystyrene films were spin cast onto sterile polystyrene
petri dishes (2 cm x 2 cm). It was necessary to use the polystyrene substrate due to the
film delaminating from the silicon substrate in the captive bubble configuration.
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(A)

(B)

(C)

(D)

Figure 3.2: (A) Illustration of the captive bubble setup. (B) Low magnification image
(10X) of a captive bubble impinged on a tethered layer. (C) High magnification image
(60X) of a captive bubble impinged on a tethered layer. The left and right water contact
angles are given by θ and the sample surface is given by the dashed black line. (D) High
magnification image (60X) of a captive bubble impinged on the polystyrene unresponsive
control surface. The left and right water contact angles are given by θ and the sample
surface is given by the dashed black line.
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3.4 Results and Discussion
3.4.1 Dry AFM Topographic Imaging
Figure 3.3 (A) gives the dry surface morphology of the tethered (m/n) = (9/4)
polyester at 50% polymer surface coverage. The image is repeated from Chapter 2 to
stress to the reader that all of the investigations in this chapter were conducted at this
intermediate polymer surface coverage. Also included are the height histogram (B) used
to calculate the surface coverage and a representative line scan (C) given by the black
line in (A). Once again, we observe that the surface morphology is dominated by the
tethered chains which aggregate with their neighbors to minimize the number of
unfavorable air contacts. However, in good solvent conditions it is expected that this
intermediate grafting density would form a homogeneous layer (similar to that displayed
in Figure 3.1 (A)).
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Figure 3.3: (A) Dry AFM topography image of tethered (m/n) = (9/4) polyester at 50%
polymer surface coverage (Height scale = 10 nm). (B) Height histogram used to
determine surface coverage (Features ≥ 2 nm were counted). (C) Height profile given by
black line in image.

3.4.2 Under-Water AFM Adhesion Measurements
As the temperature-responsive tethered layer collapses, water is expelled and the
surface becomes more hydrophobic. By employing a hydrophobic polystyrene colloidal
probe (Figure 3.4 (A)), the hydrophobic attraction between the probe and the dynamic
surface, mediated by water, was monitored at regular temperature intervals. Figure 3.4
(B) shows that the collapse temperature of the tethered layer, manifested by an adhesion
switch, can be tuned by varying the hydrophilic/hydrophobic balance (m/n) within the
tethered polymer backbone. This is analogous to shifting the LCST of the equivalent
untethered polymer in aqueous solution by varying the (m/n) ratio. For the tethered layer,
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when the hydrophilic oligomer length is held constant and the hydrophobic oligomer
length is increased, the onset of the adhesion jump is shifted to lower temperatures.
Specifically, when (m) is equal to nine ethylene-oxide units and (n) is increased from two
ethylene units to four ethylene units, the onset of the adhesion jump is decreased by
approximately 15°C. At constant molecular weight, as the hydrophobic oligomer length
is increased, the number of enthalpically favorable polymer/water hydrogen bonding sites
is reduced and the water molecules in contact with the hydrophobic unit must reorient
more to accommodate the chain. The net result is that the entropic penalty associated
with reorienting the water molecules in the vicinity of the chain overwhelms the
diminished enthalpic contribution at lower temperatures as the hydrophobic unit length is
increased. If (m) and (n) are chosen that are sufficiently short to prevent micellization,
the onset of collapse can be predicted and depends only on the (m/n) ratio and not on the
absolute lengths of (m) and (n). It should be noted that the (m/n) ratios displayed
collapse below (9/4), at (9/3), and above (9/2) physiological temperature. Within the
experimental uncertainty, the magnitude of the adhesion jump is independent of the (m/n)
ratio, indicating that the hydrophobic attraction between the colloidal probe and the
dynamic surface only depends on whether the tethered layer is solvated or dehydrated
and not on the specific backbone chemistry for this series of tethered polyesters. The
adhesion experiment was also conducted on an unresponsive surface, a spin-cast
polystyrene film, for the sake of comparison. Once again, a surface is deemed
unresponsive if the adhesion changes only due to the decrease in water surface tension
with increasing temperature.

79

(A)

(B)

Adhesion Energy (mJ/m2)

120
100
PS Film
PS Film (calc.)

80

(m/n)
(9/4)
(9/3)
(9/2)

60
40
20
0

25

30

35

40

45

50

55

60

65

70

Temperature (°C)
Figure 3.4: (A) Scanning electron micrograph of the custom polystyrene colloidal probe
that was used for all adhesion experiments in this study. (B) Under-water adhesion
energies for a series of temperature-responsive tethered polyesters, with different (m/n)
ratios, at 50% surface coverage. The unresponsive polystyrene film is shown for
comparison. Each data point is the average adhesion obtained by integrating 50 forcedistance curves. All adhesions are normalized by the calculated contact area (0.65 µm2).
The repeat unit of the tethered polyester is included in the lower right corner of the graph.

Similar to Chapter 2, the theoretical change in adhesion with increasing
temperature between the polystyrene probe and the polystyrene film, mediated by water,
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was calculated. However, in this section, a more thorough analysis of the JKR
equations32 33 34 is provided which will prove useful in the analysis of the collapse of the
tethered layer. Once again, the temperature dependence of the total surface tension of
water ( γ HTot2O ) was assumed to decrease linearly with increasing temperature with the
following temperature dependence: 35

γ HTot2O (T ) = 75.83 − 0.1477 * T

Eqn. 1

γ HTot2O was split into its Lifshitz-van der Waals ( γ HLW2O ) and acid/base ( γ HAB2O ) components
and Van Oss’s assumption that at modest temperatures γ HLW2O continues to represent 30%
of γ HTot2O was used.36 Using the equilibrium contact angles from Ellison and Zisman37 for
LW
AB
two polar liquids and one apolar liquid on polystyrene, γ PS
and γ PS
were calculated as 42

mJ/m2 and 0 mJ/m2, respectively. The average sessile water contact angle for five 5µL
drops on the spin cast polystyrene film in the current study was 90.1 degrees, in excellent
agreement with the water contact angle obtained by Ellison and Zisman (91 degrees). As
polystyrene has no polar contribution to the total surface tension, this permits the use of
Eqn. 238 to calculate the interfacial tension between polystyrene and water ( γ PS , H 2O ) as a
function of temperature. It was assumed that the surface tension of polystyrene is
temperature independent over the experimental temperature range.

γ PS ,H 2O =

(γ

LW
PS

− γ HLW2O

) +( γ
2

AB
PS

− γ HAB2O

)

2

Eqn. 2

Knowing the temperature dependence of γ PS , H 2O , the JKR theory of contact
mechanics was used to calculate the contact area of the colloidal probe. The model
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predicts that the pull-off force (Fad) necessary to separate a tip (T) of radius (R) from a
surface (S) immersed in a medium (M) is given by:

3
πRWSMT
2

Eqn. 3

WSMT = γ SM + γ TM − γ ST

Eqn. 4

Fad =
Where

Here, WSMT is the thermodynamic work of adhesion. Using the average experimental
pull-off force at 26.5oC and the theoretical value of γ PS , H 2O at the same temperature, the
contact area was calculated as 0.65 µm2 and assumed constant. The experimental
adhesion energies given in Figure 3.4 (B) are normalized by the calculated contact area.
The adhesion decreases with increasing temperature for the unresponsive polystyrene
film and the temperature dependence is similar for the theoretical line and the
experimental values. The decrease in Fad with increasing temperature is predicted by
Eqn. 3 and is intuitively obvious in that as the interfacial tension between water and
polystyrene decreases, the hydrophobic attraction between the polystyrene surface and
probe will diminish. To put it simply, the surface tension of water becomes more similar
to the surface tension of polystyrene as the temperature is increased, which reduces the
driving force for the two polystyrene surfaces to stick together. It should be noted that
the most hydrophobic surface studied, polystyrene, does indeed exhibit the highest
adhesion values, which helps verify that the hydrophobic attraction is being probed. To
assuage concerns regarding the assumption that the probe contact area is constant in the
case of the collapsing tethered layer, it is useful to compare the contact area to the height
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of the tethered chains. Even in the swollen state, the tethered chains are less than 10 nm
in height. In the fully collapsed state, the chains are approximately 2 nm in height.
Considering that the calculated contact area is 650,000 nm2, the collapse of the tethered
layer should have a negligible effect on the effective area of contact between the probe
and the tethered layer.
Due to the polarity of the tethered layer, Eqn. 2 cannot be used to calculate the
necessary interfacial tensions to input into Eqn. 4 to derive theoretical lines predicting
collapse. To do so, the γ AB components would need to be split into electron acceptor

γ + and electron donor γ − parameters and unfortunately, the temperature dependence of
these parameters is unknown for water.36 However, using Eqn. 3 and Eqn. 4 we can
predict the significant changes in the interfacial tensions that would give rise to an
increase in Fad for the tethered layer. In the case of the tethered layer, γ TL , H 2O ( γ SM ) is
the interfacial tension between the tethered layer and water, γ PS , H 2O ( γ TM ) is the
interfacial tension between the polystyrene probe and water, and γ TL, PS ( γ ST ) is the
interfacial tension between the tethered layer and the polystyrene probe. It has already
been established that γ PS , H 2O decreases linearly with increasing temperature. The
temperature dependence of γ TL, PS can be approximated from the temperature dependence
of the interaction parameter between polyethylene-oxide (the longer unit in the tethered
chain’s backbone) and polystyrene χ EO, PS , which also slightly decreases with increasing
temperature.39 Since both γ PS , H 2O and γ TL, PS decrease gradually with increasing
temperature, the net effect is the two terms are negated and the adhesion increases due to

83

an increase in the interfacial tension between the tethered layer and water ( γ TL , H 2O ). This
is not surprising considering that LCST behavior in aqueous media is a result of an
increasing incompatibility between a polymer chain and water with increasing
temperature. At these moderate experimental temperatures, the driving force for chain
collapse is due to specific interactions, not increasing free volume dissimilarities between
the chain and water, which becomes important at higher temperatures.40
An increasing interfacial tension between the tethered layer and water alone is not
sufficient to account for the adhesion switch in Figure 3.4 (B), as one would
expect γ TL , H 2O to change gradually with increasing temperature. The adhesion switches
over approximately 10oC for each (m/n) ratio, which is the result of an interplay between
the increasing interfacial tension and the decreasing layer height. The adhesion
experiment indirectly measures the change in layer height. Due to the high force
resolution of the AFM, the change in the hydrophobicity of the tethered layer can be
monitored as water is expelled from the collapsing chains. It has been established via
AFM imaging,20 neutron reflection,16 and surface force measurements17 that other
temperature-responsive, planar tethered polymers collapse over a temperature interval
that is similar to the temperature interval of the adhesion switch in this study. This is a
direct result of the collapse of the planar layer being a cooperative conformational
transition, rather than a true phase transition.41 42 43 Due to the lateral confinement
resulting from tethering, the collapse of the tethered layer is broadened in temperature,
relative to the sharp transitions observed in unconfined cloud point experiments.
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3.4.3 Contact Angle in the Captive Bubble Configuration
To further confirm that the tethered layer becomes increasingly hydrophobic upon
its temperature-induced collapse, the wettability of the tethered layer was determined in
the captive bubble configuration, as a function of temperature. The average of the left
and right sessile water contact angles for two responsive tethered polyesters and for the
unresponsive spin cast polystyrene film are displayed as a function of temperature in
Figure 3.5 (A). Representative captive bubbles obtained on the (m/n) = (9/3) polyester
are displayed in Figure 3.5 (B) to demonstrate the increasing hydrophobicity with
temperature. Both of the responsive polyesters do indeed become more hydrophobic and,
more importantly, the temperature at which the contact angle begins to increase is in
excellent agreement with the onset of their respective adhesion switches. This also helps
to verify that the hydrophobic attraction is being probed in the AFM force-distance
experiment and that the adhesion does not increase simply due to an increase in the
effective area of contact between the probe and the tethered layer as the tethered layer
collapses. As expected, the increasing interfacial tension between the tethered layer and
water is responsible for the increase in hydrophobicity and γ TL , H 2O increases gradually
above the bulk LCST. Although the wettability results were reproducible for the tethered
layers, they were not reversible. The lack of reversibility is attributed to the formation of
internal bubbles within the primary captive bubble, observed upon cooling, which
skewed the contact angles. For example, the popping of internal bubbles near the
vapor/water/sample triple point resulted in abrupt jumps in the contact angle by as much
as 8 degrees. It should be noted that for these relatively short tethered chains, roughnessinduced changes in the contact angle are negligible.
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Figure 3.5: (A) Sessile water contact angles obtained in the captive bubble configuration
for a series of temperature-responsive tethered polyesters, at 50% surface coverage, with
different (m/n) ratios, and for an unresponsive polystyrene film. Two heating cycles are
displayed for the (m/n) = (9/3) polyester to demonstrate reproducibility. Each data point
is the average of the left and right water contact angle. (B) Representative captive
bubbles obtained at 27oC (left) and 51oC (right) for the (m/n) = (9/3) polyester.
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The unresponsive polystyrene film exhibits a general decrease in contact angle
with increasing temperature. Once again, this can be attributed to the decrease in water
surface tension with increasing temperature. The theoretical contact angle as a function
of temperature, assuming that only the water surface tension changes, is in excellent
agreement with the experimental results. In Figure 3.5 (A) the polystyrene theoretical
line and the experimental results were set equal at 22oC as it was found that the water
contact angle obtained in the captive bubble configuration was 3-4 degrees lower than
both the calculated angle and that determined by a sessile water drop. Strictly speaking,
to accurately calculate the water contact angle on polystyrene, the slight electron
−
donating ability of polystyrene36 ( γ PS
= 1.1 mJ/m2) should be incorporated. However,

similar to water, the temperature dependence of this parameter is unknown. For this
study, the slope of the theoretical line is more important than the absolute value at a given
temperature as the polystyrene film is used as a reference.
The wettability experiments were conducted using a number of different
techniques and experimental conditions; however, it was found that continuous heating in
the captive bubble configuration gave the best results. In a first attempt, the contact angle
experiment was conducted using sessile water drops and the substrate was placed on top
of the programmable hot plate. These experiments were unsuccessful due to the rapid
evaporation of the water drop at high temperatures. Thus, an increasing hydrophobicity
with increasing temperature was not observed for the responsive tethered layers in this
configuration. Water evaporation at high temperatures is of trivial importance in the
captive bubble configuration as the liquid water and vapor are inverted. In a second
attempt, the captive bubble technique was used but the temperature of the system was
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allowed to equilibrate at predetermined temperature setpoints. This attempt was
unsuccessful because proper thermal equilibration could not be attained due to
temperature variation in the laboratory as well as insufficient thermal control for the
programmable hot plate. Thus, the temperature of the system could not equilibrate and
the hot plate was constantly over/undershooting the temperature setpoints. Once again,
this resulted in the formation of internal bubbles within the primary bubble that skewed
the water contact angles. Also, the constant temperature variation led to the nucleation
and growth of bubbles on other regions of the sample’s surface which would often
completely obscure the water contact angle of interest. Even for the unresponsive
polystyrene control surface reproducible results could not be obtained when temperature
equilibration was attempted. Fortunately, the simplest and least time consuming
approach (continuous heating) did produce desirable results for both the unresponsive
and responsive surfaces.
Although all of the investigations mentioned thus far in this chapter were
conducted at intermediate polymer surface coverage, the captive bubble results at
different surface coverages will be briefly discussed here as they help confirm
conclusions from the previous chapter. Both low and high surface coverages exhibited a
negligible increase in the water contact angle with increasing temperature. This helps to
verify that at intermediate surface coverage the tethered chains undergo the largest
change in conformation as this was the only surface coverage that experienced a
significant change in wettability. Thus, for both the AFM adhesion experiments and the
captive bubble experiments, the largest response occurs at intermediate grafting. The
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change in adhesion and the change in wettability with increasing temperature are
macroscopic manifestations of the collapse of the tethered layer.

3.4.4 Tethered Layer Collapse versus LCST Behavior
Figure 3.6 compares the collapse temperatures of the tethered layers, the cloud
points of the equivalent untethered polymers,29 and the calculated LCST44 with varying
copolymer composition. For the tethered layer, the onset and plateau of the adhesion
switches were determined from Figure 3.4 (B) and the onset of the increase in the sessile
water contact angle was determined from Figure 3.5 (A). Both the onset and plateau of
the adhesion switch are included because the theta temperature and the corresponding
LCST for the high molecular weight polymer in solution must occur within the adhesion
jump. Also, for both the adhesion and contact angle experiment, 50% surface coverage is
not necessarily the critical concentration. Figure 3.6 shows that there is good agreement
between the temperature transitions of the tethered polymer layers, the untethered
polymers, and the calculated LCSTs. Proving that the theta temperature for each
polyester is within the adhesion switch, the calculated LCST curve is within the onset and
plateau collapse temperatures and there is good agreement with the cloud points of the
high molecular weight polymers. The calculated LCST curve is the equivalent of the
theta temperature for the polyesters of varying (m/n) ratio as it was calculated for an
infinite molecular weight polymer in solution. The similarity of the cloud points and the
tethered layer collapse temperatures should not come as a surprise considering the same
polymer/solvent interactions are present in each system. The primary difference
regarding the temperature response of each system is that the confinement effect in the
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tethered system acts to broaden the collapse of the layer. Another difference is the degree
of inter-chain aggregation permitted in each system. In the tethered layer, aggregation is
more local in that individual chains can only aggregate with other chains within their
radius of gyration as the solvent quality worsens. Untethered polymers in semidilute or
concentrated solutions are free of this limitation and the inter-chain aggregation is more
global. Both the cloud points and the collapse of the highly grafted tethered layer are a
result of inter-chain aggregation, and the similarity of the transition temperatures implies
that the degree of inter-chain aggregation is relatively unimportant.
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Figure 3.6: Comparison between tethered layer collapse temperatures (adhesion switches
and sessile water contact angle (θ) increase) with cloud point temperatures29 and
calculated LCST44as a function of copolymer composition (m/n).

3.5 Conclusions
In this chapter, it is demonstrated that the collapse of a tethered layer in aqueous
solution can be tailored in a similar manner as the LCST. This was accomplished by
grafting chains from a mixed monolayer and varying the hydrophilic/hydrophobic
balance within the linear alternating copolymer backbone. A series of temperatureresponsive tethered polyesters were synthesized and it was established that the tethered
layers can be tuned to collapse below, at, and above physiological temperatures. The
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tunability of the collapse/expansion of the tethered layer was demonstrated using underwater AFM force-distance spectroscopy and wettability measurements in the captive
bubble configuration. It was found that the adhesion switches upon collapse of the
tethered layer, which arises from an interplay between a decreasing layer height and an
increasing interfacial tension between water and the tethered chains. When compared to
the cloud points of equivalent untethered chains and the calculated LCST, there is good
agreement for the temperature transitions of both the tethered and untethered systems.
This is not surprising considering the same interactions are present in both systems;
however, there is obviously an additional lateral confinement due to grafting for the
tethered systems which acts to broaden the collapse in temperature. The tunability of
both the tethered layers and the free chains in solution opens new avenues for biomedical
applications, especially considering the nontoxicity of both the polymers and their
hydrolysis products. In Chapter 4, the biomedical utility of these smart surfaces will be
proven in that it will be demonstrated that a model blood plasma protein, albumin, can be
reversibly adsorbed/desorbed by heating/cooling through the collapse transition of the
tethered layer.

3.6 References
1 Xu, F.J.; Zhong, S.P.; Yung, L.Y.L.; Kang, E.T.; Neoh, K.G. Biomacromolecules
2004, 5, 2392.
2 Alarcon, C.D.H.; Farhan, T.; Osborne, V.L.; Huck, W.T.S.; Alexander, C. Journal of
Materials Chemistry 2005, 15, 2089.
3 Wischerhoff, E.; Uhlig, K.; Lankenau, A.; Borner, H.G.; Laschewsky, A.; Duschl, C.;
Lutz, J.-F. Angewandte Chemie International Edition 2008, 47, 5666.
4 Kwon, O.H.; Kikuchi, A.; Yamato, M.; Sakurai, Y.; Okano, T. Journal of Biomedical
Materials Research Part A 2000, 50, 82.

92

5 Yamato, M.; Konno, C.; Utsumi, M.; Kikuchi, A.; Okano, T. Biomaterials 2002, 23,
561.
6 Rao, G.V.R.; Krug, M.E.; Balamurugan, S.; Xu, H.; Xu, Q.; Lopez, G.P. Chemistry of
Materials 2002,14, 5075.
7 Lokuge, I.; Wang, X.; Bohn, P.W. Langmuir 2007, 23, 305.
8 Motornov, M.; Sheparovych, R.; Katz, E.; Minko, S. ACS Nano 2008, 2, 41.
9 Abu-Lail, N.I.; Kaholek, M.; Lamattina, B.; Clark, R.L.; Zauscher, S. Sensors and
Actuators B: Chemical 2006, 114, 371.
10 Zhou, F.; Shu, W.M.; Welland, M.E.; Huck, W.T.S. Journal of the American
Chemical Society 2006, 128, 5326.
11 Crevoisier, G.; Fabre, P.; Corpart, J.-M.; Leibler, L. Science 1999, 285, 1246.
12 Kidoaki, S.; Ohya, S.; Nakayama, Y.; Matsuda, T. Langmuir 2001, 17, 2402.
13 Balamurugan, S.; Mendez, S.; Balamurugan, S.S.; Obrien II, M.J.; Lopez, G.P.
Langmuir 2003, 19, 2545.
14 Tu, H.; Heitzman, C.E.; Braun, P.V. Langmuir 2004, 20, 8313.
15 Mendez, S.; Curro, J.G.; McCoy, J.D.; Lopez, G.P. Macromolecules 2005, 38, 174.
16 Yim, H.; Kent, M.S.; Mendez, S.; Lopez, G.P.; Satija, S.; Seo, Y. Macromolecules
2006, 39, 3420.
17 Plunkett, K.N.; Zhu, X.; Moore, J.S.; Leckband, D.E. Langmuir 2006, 22, 4259.
18 Ishida, N.; Biggs, S. Langmuir 2007, 23, 11083.
19 Jonas, A.M.; Hu, Z.; Glinel, K.; Huck, W.T.S. Nano Letters 2008, 8, 3819.
20 Jonas, A.M.; Glinel, K.; Oren, R.; Nysten, B.; Huck, W.T.S. Macromolecules 2007
40, 4403.
21 Han, S.; Hagiwara, M.; Ishizone, T. Macromolecules 2003, 36, 8312.
22 Lutz, J.-F.; Hoth, A. Macromolecules 2006, 39, 893.
23 Lutz, J.-F. Journal of Polymer Science: Part A: Polymer Chemistry 2008, 46, 3459.
24 Jones, D.M.; Smith, J.R.; Huck, W.T.S.; Alexander, C. Advanced Materials 2002, 14,
1130.
25 Huber, D.L.; Manginell, R.P.; Samara, M.A.; Kim, B.; Bunker, B.C. Science 2003,
301, 352.
26 Kaholek, M.; Lee, W.-K.; Ahn, S.-J.; Ma, H.; Caster, K.C.; Lamattina, B.; Zauscher,
S. Chemistry of Materials 2004, 16, 3688.
27 Ishida, N.; Kobayashi, M. Journal of Colloid and Interface Science 2006, 297, 513.
28 Ducker, W.A.; Senden, T.J.; Pashley, R.M. Nature 1991, 353, 239.
29 Rackaitis, M.; Strawhecker, K.; Manias, E. Journal of Polymer Science: Part B:
Polymer Physics 2002, 40, 2339.
30 Manias, E.; Rackaitis, M.; Foley, T.M.D.; Efimenko, K.; Genzer, J. Polymer
Preprints 2005, 230, 057-891777.
31 Stalder, A.F.; Kulik, G.; Sage, D.; Barbieri, L.; Hoffman, P. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 2006, 286, 92.
32 Johnson, K.L.; Kendall, K.; Roberts, A.D. Proceedings of the Royal Society of
London. Series A, Mathematical and Physical Sciences 1971, 324, 301.
33 Israelachvilli, J. Intermolecular and Surface Forces. Second Edition. Academic Press
Inc. 1992.

93

34 Noy, A.; Vezenov, D.V.; Lieber, C.M. Annual Review of Materials Science 1997, 27,
381.
35 Jasper, J.J. Journal of Physical Chemistry Reference Data. Volume 1. 1972.
36 Van Oss, C.J. Interfacial Forces in Aqueous Media. Marcel Dekker, Inc. 1994.
37 Ellison, A.H.; Zisman, W.A. Journal of Physical Chemistry 1954, 58, 503.
38 Van Oss, C.J.; Chaudhury, M.K.; Good, R.J. Chemical Reviews 1988, 88, 927.
39 Zhu, L.; Cheng, S.Z.D.; Calhoun, B.H.; Ge, Q.; Quirk, R.P.; Thomas, E.L.; Hsiao,
B.S.; Yeh, F.; Lotz, B. Polymer 2001, 42, 5829.
40 Patterson, D. Macromolecules 1969, 2, 672.
41 Zhulina, E.B.; Borisov, O.V.; Pryamisyn, V.A.; Birshtein, T.M. Macromolecules
1991, 24, 140.
42 Birshtein, T.M.; Lyatskaya, Y.V. Macromolecules 1994, 27, 1256.
43 Meredith, J.C.; Sanchez, I.C.; Johnston, K.P.; de Pablo, J.J. Journal of Chemical
Physics 1998, 109, 6424.
44 Kisselev, A.M.; Manias, E. Fluid Phase Equilibria 2007, 261, 69.

94

Chapter 4
Switching the Adhesion between Human Serum Albumin and
a Temperature-Responsive Surface
4.1 Summary
In this chapter, the interactions between a model blood plasma protein, human
serum albumin (HSA), and a temperature-responsive surface are investigated via atomic
force microscopy (AFM). HSA was covalently grafted to a colloidal probe and forcedistance spectroscopy was utilized to monitor the adhesion between HSA and the smart
surface, in phosphate buffered saline (PBS), as a function of temperature. It is
demonstrated that the adhesion between the blood plasma protein and the tethered layer
at intermediate grafting, can be reversibly switched at physiologically relevant
temperatures, by heating/cooling through the collapse transition of the tethered layer.
The ability to reversibly switch the affinity between a biological species and a responsive
surface holds great potential in biomedical applications, particularly in tissue engineering.
At higher grafting densities, the adhesion between HSA and the tethered layer could not
be switched, which was attributed to the incomplete collapse of the tethered layer due to
steric constraints. At temperatures below the collapse of the intermediately grafted
tethered layer, instances of individual polymer chain stretching, protein stretching, and
combined polymer/protein stretching are observed. These phenomena occur when
polymer chains physisorb to the colloidal probe, proteins adhere to the surface, or the
chains and proteins become entangled, respectively. This results in the formation of
bridging segments between the probe and the tethered layer, which are stretched upon
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retraction of the probe. The stretching of an individual polymer chain was fit well with
both a wormlike chain model and a Morse-type force function.

4.2 Introduction
Stimuli-responsive or smart surfaces have become increasingly popular in the
biomedical arena due to their potential in regulating interactions with biological entities.
The ability to reversibly switch the surface of an implanted device from protein/cell
adhesive to nonadhesive and vice versa will open the door for a new generation of
smarter biomedical devices. The nonspecific adsorption of blood plasma proteins onto
the surface of an implanted device occurs first, and ultimately dictates the
biocompatibility of the device.1 By being able to trigger this ever-so important first step
through the variation of an external stimulus, it is believed that subsequent steps,
including interactions with cells, can be switched similarly. As such, many studies have
been conducted regarding the adsorption of proteins to both passive2 3 4 5 6 7 and
responsive8 9 10 11 12 13 14 15 surfaces. Generally, it has been found that proteins adhere to
more hydrophobic surfaces. For temperature-responsive surfaces comprised of endtethered polymer chains, which possess a lower critical solution temperature (LCST),
proteins adhere at temperatures exceeding the collapse of the tethered layer but not at
lower temperatures when the chains are hydrated. Similarly, several investigations,16 17 18
particularly those of Okano et al.,19 20 21 22 23 have revealed that cellular adhesion can be
switched using temperature-responsive tethered layers. Of particular interest for tissue
engineering, Okano and coworkers have demonstrated that confluent cell sheets as well
as their extracellular matrix (ECM) can be released from surfaces grafted with poly(N-
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isopropylacrylamide) (pNIPAM) by simply reducing the solution temperature below the
LCST, rather than using enzymatic treatments or physical scraping. This allows for the
development of 3D tissue constructs without the need for biodegradable scaffolds, which
can illicit host inflammatory responses. For a comprehensive review regarding
responsive surfaces and their interactions with proteins and cells, the interested reader is
referred to Cole et al.’s recent Biomaterials review.24
The vast majority of studies involving temperature-responsive surfaces utilize
either grafted pNIPAM or pNIPAM hydrogels due to the proximity of pNIPAM’s LCST
(approximately 32oC) with physiological temperature and due to the relative ease of
synthesizing high molecular weight low polydispersity chains through living radical
polymerization. However, pNIPAM is not a bio-inert polymer in that its multiple
secondary amide functions are capable of hydrogen bonding with proteins18 25 26 and it
has even proven to be moderately cytotoxic for prolonged exposures at 37oC.27 Thus,
there exists an impetus to develop smart surfaces based on more benign polymers that
retain the switchable characteristics of pNIPAM. It has been demonstrated in both
Chapters 2 and 3 that tethered layers comprised of alternating oligomers of ethyleneoxide and ethylene are temperature-responsive and that their temperature of collapse can
be tailored by varying the hydrophilic/hydrophobic balance within the polymer’s repeat
unit. Contrary to pNIPAM, these alternating copolymers and their hydrolysis products
are expected to be nontoxic and non-immunogenic.
In this chapter, the interactions between a temperature-responsive surface and a
blood plasma protein, human serum albumin (HSA), are investigated to demonstrate the
utility of these smart surfaces in biomedical applications. It is shown that the adhesion
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between albumin and the smart surface can be switched, at physiologically relevant
temperatures, through the temperature-induced collapse/dehydration and
expansion/rehydration of the tethered layer. Albumin was chosen as a model protein
since it is the most abundant human blood plasma protein and is typically the first to
adsorb.1 Figure 4.1 gives a space-filling display of crystallized HSA showing the
hydrophilic and hydrophobic regions. In solution, it is believed that HSA exists as a
prolate ellipsoid with dimensions of approximately 14 nm x 4 nm.28 Defatted HSA was
used in this study which allows the hydrophobic channels within the albumin molecule to
remain exposed and interact with the dynamic surface.

Figure 4.1: Space-filling display of crystallized human serum albumin (HSA) showing
the locations of hydrophilic residues (blue) and hydrophobic residues (green). In the
crystalline form, HSA can be approximated by an 8 nm-sided equilateral triangle that is
approximately 3 nm deep.29
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4.3 Experimental Methods
4.3.1 Synthesis of the Mixed Monolayer Gradient
As in the previous chapters, the responsive tethered chains were grafted from a
mixed monolayer gradient. The mixed monolayer gradient was synthesized following the
methodology detailed in section 2.3.1. Once again, contact angle measurements in the
sessile drop configuration were used to determine the length, location and magnitude of
the gradient.

4.3.2 Grafting Polyester Chains from the Mixed Monolayer Gradient
The tethered alternating copolymers were grafted from the mixed monolayer
gradient following the procedure described in section 2.3.2, with a few important
exceptions. Due to the higher ambient humidity present at the time of synthesis, it was
deemed necessary to conduct the step-by-step synthesis of the tethered layer in a
nitrogen-filled glovebag, at 4% relative humidity, due to the moisture sensitivity of the
diacid chloride. The PEG 400 was dried under vacuum at 65oC and anhydrous solvents
were used to further reduce the water content during synthesis. It was found that these
steps were necessary to produce high quality tethered layers. For these studies, the
polyester’s repeat unit contained 9 ethylene-oxide units and 3 ethylene units. This
particular hydrophilic/hydrophobic balance within the repeat unit provides the tethered
layer with a convenient collapse transition near physiological temperature. Once again,
the tethered polyesters were grown to a theoretical Mw of 50k g/mol.
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4.3.3 AFM Adhesion Measurements in Phosphate Buffered Saline Solution
All AFM force-distance curves where collected in phosphate buffered saline
(PBS) solution (pH = 7.4, IS = 0.01 M) using a Molecular Imaging PicoSPM equipped
with a heating stage. The force (nN) was determined by multiplying the cantilever
deflection (in volts) by the photodetector sensitivity (determined from the constant
compliance regime of the approach curve) and by the calculated spring constant. The tipsample distance D (nm) was determined by subtracting the cantilever deflection from the
AFM Z-piezo position.30 The onset of the constant compliance regime was set to D = 0.
A total of fifty force-distance curves (10 curves at 5 different spots) were collected at
each reported temperature for each tethered sample to minimize any error induced by
sample inhomogeneity. The approach/retraction cycle was collected over a two second
duration, with no dwell time on the surface, and the cantilever was always positively
deflected by approximately 5 nN. The system was allowed to equilibrate for twenty
minutes at each temperature setpoint. The polymer surface coverages investigated in
these studies were 50% (intermediate) and 100% (high), determined via dry AFM
imaging and wettability experiments.
The V-shaped cantilevers utilized for all adhesion experiments in this study were
modified by attaching a silica colloidal sphere to the end of the cantilever, using AremcoBond 2300 high performance epoxide. The diameters of the colloidal probes were
determined by SEM (FEI Quanta 200 ESEM) and ranged from 34 µm to 47 µm.
Contrary to the previous adhesion studies conducted in water, the same colloidal probe
was not used for all of the adhesion measurements due to the tendency of salt in the
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buffer solution to adhere to the colloidal probe at high temperatures. A typical lifetime of
a colloidal probe was one heating and cooling cycle. The colloidal probe was checked
after each heating and cooling cycle to ensure that the sphere remained and that there was
not an excess of salt stuck to the sphere’s surface.

4.3.3.1 Determining the Cantilever Spring Constant
Due to the substantial variation in spring constants between AFM cantilevers, the
spring constant for each colloidal probe was calculated using the Cleveland method.31
Using this method, the cantilever is tuned before and after the addition of known endmasses and the resulting shift in the resonance frequency can be used determine the
spring constant (k). In these studies, the known end-masses were the silica spheres and
the cantilevers were tuned before and after the addition of the spheres. Using Eqn. 1, the
spring constant for each colloidal probe was determined:

k = ( 2π ) 2

M1
 1   1
 2  −  2
 v1   v0





Eqn. 1

Here, M1 is the mass of the silica sphere and vo and v1 are the unloaded and loaded
resonance frequencies, respectively. For the cantilever tuning, the frequency was swept
from 2 kHz to 20 kHz as it was known from the manufacturer that the resonance
frequency of the triangular cantilever was within this range. It should be noted that the
cantilevers only have one resonance peak within this frequency range; thus, the improper
assignment of peaks due to different vibration modes was avoided.
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Similarly, due to the variation in the diameters of the attached silica spheres, all
calculated adhesion energies were normalized by the contact area of the colloidal probe,
determined using the JKR theory of contact mechanics.32

4.3.3.2 Covalent Attachment of HSA on Colloidal Probes
Human serum albumin was covalently bound to the colloidal probes using the
procedure developed by Rixman et al.,6 with a few variations. The steps involved in
attaching the HSA are shown in Figure 4.2. The colloidal probes were exposed twice to
an ultraviolet/ozone treatment to remove organic contaminants and generate a high
density of reactive silanols. These ultraviolet/ozone treatments were conducted at 60oC
for 5 minutes, with an incubation time of 30 minutes. The colloidal probes were rinsed
with DI H2O after each ultraviolet/ozone treatment. Next, an amine-terminated
monolayer was vapor deposited on the probes by allowing AEAPTMS to diffuse across
the colloidal probes for one hour (Step 1). The probes were then rinsed with methanol,
PBS, and DI H2O to remove any physisorbed silanes. The colloidal probes were then
transferred to a 4% glutaraldehyde aqueous solution for 30 minutes and rinsed with DI
H2O (Step 2). Finally, the probes were allowed to incubate in a 0.01% (w/v) HSA
solution (in PBS) for 5 minutes, rinsed with PBS and stored in PBS (Step 3). The
glutaraldehyde reacts with free amino groups on the surface of the protein. SEM was
used to confirm that albumin was successfully grafted on the colloidal probes by
comparing “glutaraldehye control” probes with the albumin coated probes. The
glutaraldehyde control probes were prepared alongside the albumin coated probes, only
the final incubation in the HSA solution was skipped.
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(1)

(2)

(3)

Figure 4.2: Reaction scheme for the covalent attachment of HSA to a silica colloidal
probe. (1) Deposition of the amine-terminated silane on the UV/Ozone treated silica
sphere. (2) Reaction of the amine-terminated monolayer with the glutaraldehyde linker.
(3) Reaction of the glutaraldehyde linker with human serum albumin.
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4.4 Results and Discussion
4.4.1 Determining Cantilever Spring Constants
The spring constant of each colloidal probe was calculated via the Cleveland
method. Figure 4.3 displays the tuning profiles before (A) and after (B) the addition of
the silica sphere for one of the colloidal probes used in the adhesion study. For this
colloidal probe, the resonance frequency shifted from 12.09 kHz to 7.81 kHz with the
addition of the silica sphere. The calculated spring constants for the colloidal probes
were found to vary from 0.04 N/m to 0.08 N/m, which is within the tolerances provided
by the manufacturer.

104

(A)

(B)

Figure 4.3: Representative cantilever tuning profiles demonstrating the resonance
frequency before (A) and after (B) the addition of the silica sphere. The cantilever spring
constant (k) can be determined from the shift in resonance frequency.

4.4.2 Covalent Attachment of HSA on Colloidal Probes
To ensure the successful grafting of albumin on the colloidal probe,
glutaraldehyde control probes and albumin coated probes were imaged via SEM. The
reaction of the amine terminated monolayer on the surface of the silica sphere with
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glutaraldehyde immediately precedes the covalent attachment of albumin. Thus, any
difference in the topography of the control probes and the HSA probes can be attributed
to albumin. Figure 4.4 displays the difference between the glutaraldehyde control probe
(A) and the albumin coated probe (B) at equal magnification. Clearly the surfaces of the
ungrafted and the albumin grafted probes are quite different. The surface of the HSA
probe is significantly rougher than the control probe and individual globules, consisting
of multiple albumin molecules, can be discerned. The somewhat splotchy appearance of
the albumin coverage on the colloidal probe can most likely be attributed to regions
consisting of albumin multilayers, as individual proteins cannot be resolved at this
relatively low magnification. The low magnification SEM images also show that an
excess of epoxide was not used to attach the spheres to the AFM cantilever, which would
have to be accounted for in determining the spring constant of the cantilever due to the
additional mass. As such, only the mass of the silica sphere was included in determining
the spring constant of the cantilever. Figure 4.4 (C) and (D) show the surface topography
of the apex of both the glutaraldehyde control colloidal probe and the HSA colloidal
probe, respectively, at high magnification. The apex of the albumin coated colloidal
probe, which is in intimate contact with the surface during the acquisition of a forcedistance curve, exhibits a high grafting density of albumin. The SEM images and the
force-distance curves, which show signatures of albumin stretching, confirm that the
interaction being probed is between albumin and the responsive surface.
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(A)

(B)

(C)

(D)

Figure 4.4: Scanning electron micrographs of the glutaraldehyde control colloidal probe
and the albumin coated colloidal probe. (A) Glutaraldehyde control colloidal probe,
Diameter = 43.6 µm. (B) Albumin coated colloidal probe, Diameter = 46.3 µm. High
magnification views of the apex of the glutaraldehyde control colloidal probe (C) and the
apex of the albumin coated colloidal probe (D) displaying mounds of covalently bound
albumin.
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4.4.3 Switchable Adhesion between HSA and the Tethered Layer
Figure 4.5 shows that the adhesion between the HSA probe and the responsive
surface, at intermediate polymer surface coverage, can be switched by varying the
temperature of the PBS solution. At temperatures below the collapse of the tethered
layer, the force required to separate the albumin coated probe and the tethered layer
(determined from the minimum in the retraction curve) was less than 2 nN. The low
adhesion between HSA and the tethered layer at 35oC can be attributed to the osmotic
repulsion endowed by the highly grafted, hydrated chains. As the temperature was
increased to 38.5oC, the tethered chains partially dehydrate which results in an increased
adhesion between albumin and the tethered layer. At 42.5oC, the tethered layer has
completely collapsed and the adhesion between albumin and the responsive surface is
maximized, manifested by pull off forces of approximately 20 nN. This increase in
adhesion between the blood plasma protein and the responsive surface could be reversed
simply by cooling the PBS solution below the collapse transition of the tethered layer.
Figure 4.5 (D) shows that the pull off forces return to less than 2 nN when the PBS was
cooled to 35oC and the tethered layer was allowed to rehydrate. It should be noted that
regardless of the temperature, none of the approach curves exhibited a jump-to-contact.
Thus, either the cantilever was too stiff (k = 0.08 N/m) to observe this attraction, or
albumin and the tethered layer only “stick” when brought into intimate contact. Softer
HSA colloidal probes, with a higher force resolution, could be employed to determine if
there is any jump-to-contact for this system. As the albumin coated probe is brought into
contact with the periphery of the tethered layer, there exists a nonlinear repulsive force of
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approximately 10-15 nm. This corresponds to the compression of the tethered chains and
albumin before constant compliance is attained.
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Figure 4.5: Representative force versus distance approach (open circles) and retraction
(closed circles) curves between the HSA colloidal probe and the temperature-responsive
tethered layer at 50% surface coverage, in PBS. (A) 35oC (B) 38.5oC (C) 42.5oC (D)
35oC (after cooling). Five approach/retraction curves are shown for each temperature to
display the variation of the pull-off forces and the ranges of the interaction. Excessively
large regions of cantilever instability are absent and any periodic noise in the zero force
baseline can be attributed to the AFM’s optical system.
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Figure 4.6 summarizes the adhesion results for two colloidal probes (HSA and
ultraviolet/ozone treated silica) and the tethered layer at both intermediate (50%) and
high (100%) surface coverage as a function of temperature. For the HSA colloidal probe,
only the tethered layer at intermediate surface coverage exhibits switchable adhesion.
Once again, this switch in the affinity between albumin and the tethered layer at 50%
surface coverage is completely reversible, as indicated by the results obtained on heating
and cooling in Figure 4.6. In the previous chapter, the adhesion between a polystyrene
colloidal probe and an identical tethered layer (same hydrophilic/hydrophobic balance in
the repeat unit), at 50% surface coverage, was investigated in water. In both
investigations, the tethered layer collapses over the same temperature range. We do not
observe a decrease in the temperature of collapse of the tethered layer due to the presence
of salt in PBS, as has been observed in other studies,33 due to the Hofmeister effect.34 35
Cloud point measurements conducted using identical untethered chains in aqueous
solution exhibited a 2-3oC decrease in the lower critical solution temperature (LCST) for
an equivalent salt concentration as PBS. It is possible that the tethered layer in PBS
collapses at a slightly lower temperature than in pure water but the significant error
inherent in these adhesion measurements and a limited number of temperature setpoints
utilized prevents us from making this determination. Nonetheless, the collapse of the
tethered layer occurs at physiologically relevant temperatures which could be exploited
for biomedical applications.

111

Adhesion Energy (mJ/m2)

8
HSA, 50% (Heating)
HSA, 50% (Cooling)
HSA, 100%
SiOx, 50%
SiOx, 100%

6

4

2

0
25

30

35

40

45

50

55

60

Temperature (°C)
Figure 4.6: Adhesion energy between two different colloidal probes (HSA and clean
SiOx) and the tethered layer at intermediate (50%) and high (100%) surface coverage as a
function of temperature, in PBS. The reversible switch in adhesion between the protein
and the tethered layer at 50% surface coverage is demonstrated on heating (closed red
squares) and cooling (closed blue squares). Each data point is the average adhesion
obtained by integrating 50 force-distance curves and all adhesion values are normalized
by the calculated contact area of the colloidal probe.

The adhesion between the HSA probe and the highly grafted tethered layer does
not increase with increasing temperature. This is in agreement with results from Chapter
2 in which the adhesion between the polystyrene colloidal probe and the highly grafted
tethered layer increased only slightly relative to the same tethered chains at intermediate
grafting. Similar to other studies36 37 involving the impact of grafting density on the
response of a temperature-responsive tethered system, we conclude that at very high
grafting densities, complete collapse is hindered by steric constraints. Thus, we do not
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observe an increase in adhesion between albumin and the highly grafted tethered layer
because water is not completely expelled from the polymer chains. Similar to highly
grafted polyethylene oxide polymer brushes, our highly grafted tethered chains prevent
the nonspecific adsorption of biological entities. The increased ability of the highly
grafted chains to prevent nonspecific adsorption of albumin is evident when comparing
the low temperature adhesion for 50% and 100% surface coverages. While there was
some adhesion between the albumin and the tethered layer at intermediate surface
coverage, there was negligible adhesion between albumin and the highly grafted tethered
layer. The adhesion between the HSA colloidal probe and an unresponsive control
surface, spin cast polystyrene, displays a general decrease in adhesion with increasing
PBS temperature due to the decrease in water surface tension with increasing
temperature.38 The temperatures endured by the protein in the AFM experiments are by
no means excessive and do not induce denaturation. In fact, it is required that
commercial albumin preparations be subjected to 60oC for 10 hours to render it virusfree.39
For the ultraviolet/ozone treated silica probe, the tethered layer at both
intermediate and high grafting exhibited negligible adhesion that was not capable of
being switched. When compared to the results obtained using both polystyrene and HSA
colloidal probes, it is obvious that the probe must be sufficiently hydrophobic to detect
the collapse of the tethered layer. The tethered layer is undoubtedly collapsing at 50%
surface coverage, but there is no driving force for the hydrophilic silica colloidal probe to
adhere to the tethered layer as water is expelled. Although albumin is considered a
hydrophilic protein, when defatted, its hydrophobic pockets are exposed.40 Thus, the
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essentially lipid-free albumin utilized in this study is sufficiently hydrophobic to
experience an increase in hydrophobic attraction when the tethered layer collapses.

4.4.4 Tethered Polymer/Protein Stretching
In addition to the “surface” adhesion displayed in the force-distance curves of
Figure 4.5, there were also retraction curves collected at temperatures below the collapse
of the tethered layer (prior to the increase in adhesion) that exhibited polymer stretching,
protein stretching, or combinations of polymer and protein stretching. Representative
force-distance curves displaying these phenomena are depicted in Figure 4.7 – 4.10. It
should be noted that force-distance curves of the variety displayed in Figure 4.7 – 4.10
were the exception and occurred in less than 5% of the acquired low temperature
approach/retraction curves. Following the retraction curve in Figure 4.7, we observe the
typical surface adhesion and the return of the cantilever to the zero-force baseline. Upon
further withdrawal of the HSA probe from the tethered layer, there exists a second
nonlinear peak corresponding to the stretching of an individual polymer chain. During
the compression of the HSA probe into the tethered layer, an individual polymer chain
became physisorbed on the probe and acts as a bridge between the probe and the surface.
As the probe is withdrawn from the surface, the bridging segment is stretched and
exhibits a nonlinear restoring force as it is pulled taut. Finally, the restoring force
exceeds the attractive force binding the tethered chain to the probe and the chain
detaches.
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Figure 4.7: Force versus distance approach (open circles) and retraction (closed circles)
curves between the HSA colloidal probe and the tethered layer, at 50% surface coverage,
in PBS at temperatures below the adhesion switch demonstrating the stretching of an
individual polymer chain. The stretching of the chain is compared to an inextensible
wormlike chain model (solid red line).

The absence of jagged, saw tooth-like multiple detachment events within the
nonlinear peak, which are indicative of the mechanical unfolding of HSA molecules,6
lends further proof that this peak is solely due to the stretching of an individual polymer
chain. The absence of protein stretching or a combination of polymer/protein stretching
implies that the polymer chain became physisorbed to the silica probe between HSA
globules. Close inspection of Figure 4.4 (D) reveals that although there is a high grafting
density of albumin on the apex of the probe, there are certainly areas where the polymer
chain could directly adhere to the silica probe. When compared to other AFM studies
involving the stretching of individual chains with either a plain41 42 43 44 or a decorated
tip,45 the appearance of the peak corresponding to the stretching of the bridging chain is
very similar. More important, the stretching of the individual chain can be fit using the
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inextensible wormlike chain (WLC) model.46 47 The force F necessary to stretch a WLC
in a solvent to an end-to-end length of D is given by:




kT  D
1
1
F=
− 
+
2
q  Lc
4


D


41 − 


L
c 


Eqn. 2

Where k is the Boltzmann constant, T is the absolute temperature, q is the persistence
length, and Lc is the contour length of the bridging segment. Using q and Lc as
adjustable parameters the WLC fit is given in Figure 4.7, where the best fit value of Lc
was 323 ± 3 nm. The calculated contour length of the tethered chains assuming a
molecular weight of 50k g/mol, a C-O bond length of 0.143 nm, a C-C bond length of
0.154, all trans bonds with angles of 109.5o, and a planar zigzag conformation42 was
approximately 360 nm. Thus, the stretched chain was physisorbed close to its free end.
An inextensible freely jointed chain (FJC) model48 49 was also used to fit the stretching of
the tethered chain; however, the fit significantly underestimated Lc. The inability of both
an inextensible and an extensible FJC model to fit the stretching of polyethylene oxide
chains in PBS has also been observed in other studies and has been attributed to
conformational rearrangements of its water-dependent supramolecular structure with
increasing applied force.42 45
The retraction curve of Figure 4.8 displays multiple detachment events. Once
again, the first peak at low separation distances can be attributed to surface adhesion.
However, the colloidal probe does not separate cleanly from the tethered layer and there
exists some polymer and/or protein stretching prior to the cantilever snapping back to
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zero deflection. The second peak encountered upon retraction displays two distinct
detachment events. The jagged nature of the first detachment is characteristic of protein
unfolding, whereas the smooth profile of the second detachment resembles the stretching
of a single chain. It is unclear whether the total second peak displays the stretching of a
chain entangled with albumin, or if it is simply the stretching of an individual albumin
molecule and an individual chain, which could be far apart, but happen to have similar
bridging lengths. A cursory glance at the final peak encountered upon retraction once
again reveals the stretching of a single polymer chain, given its similarity to the peak in
Figure 4.7 and the ability to model it as a WLC (not shown). However, closer inspection
reveals that the contour length is much larger than the calculated contour length for a
tethered chain. Given that the molecular weight of the tethered chains is limited by the
number of dips employed in the step-by-step condensation reactions, it is impossible that
tethered chains would be present with molecular weights in excess of 50k g/mol. The
reason for this anomaly is that the third peak arises from the stretching of an entangled
chain and protein molecule. At lower extensions within the third peak, the somewhat
noisy data can be attributed to protein stretching whereas at higher extensions the
tethered chain is being stretched. The calculated contour length of denatured HSA is 216
nm, determined from the number of residues and a peptide bond length of 0.37 nm.6 The
combined contour length of HSA and the tethered chain is greater than the distance of
detachment of the final peak. This is also true for the other retraction curves exhibiting
multiple detachments (Figure 4.9 and Figure 4.10).
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Figure 4.8: Force versus distance approach (open circles) and retraction (closed circles)
curves between the HSA colloidal probe and the tethered layer, at 50% surface coverage,
in PBS at temperatures below the adhesion switch demonstrating multiple detachment
events.

Figure 4.9 displays multiple detachment events due to the presence of both
bridging chains and protein molecules. The peak immediately following the surface
adhesion peak is due to the stretching of a polymer chain. This chain is pulled taut at a
low separation distance because a significant length of the chain became physisorbed to
the colloidal probe, resulting in a short bridging length. However, it is also possible that
this chain was not located directly below the apex of the probe and it became attached
further up the side of the probe. This is not unlikely as the chains are solvated and
extended at this low temperature. The next series of detachments encountered upon
further withdrawal also resemble chain stretching and it is possible that these bridging
segments could be part of the same chain that was initially stretched in the first peak.
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This would require that the physisorbed chain be attached to the probe at multiple
locations with loops between each point of attachment. The final peak encountered can
be attributed to the unfolding and stretching of either a single or multiple bridging HSA
molecules. The retraction curve does not return to the zero-force baseline until a
separation distance of approximately 300 nm. Hence, prior to the complete detachment
of all bridging segments, there is always a polymer chain, an albumin molecule, or both,
being stretched.
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Figure 4.9: Force versus distance approach (open circles) and retraction (closed circles)
curves between the HSA colloidal probe and the tethered layer, at 50% surface coverage,
in PBS at temperatures below the adhesion switch demonstrating multiple detachment
events.

The large jagged peak encountered after the surface adhesion in Figure 4.10
clearly resembles the unfolding and stretching of one or multiple albumin molecules;
however, immediately prior to detachment, the peak more closely resembles that of a
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stretched chain. Once again, this either arises from the stretching of entangled protein
molecules and chains, or from the stretching of HSA and polymer chains with similar
bridging lengths. The final detachments resemble chain stretching and could be
individual bridging chains or stretched loops on the same chain. It should be noted that
in all of the force-distance retraction curves shown in Figure 4.7 – 4.10, the force endured
by any single polymer chain or protein molecule was always less than the force required
to rupture any of the covalent bonds involved (≈5 nN). Thus, all of these force-distance
curves depict polymer/protein stretching followed by desorption, not stretching until the
point of rupture. Also, it is just as likely that chain/protein stretching occurs at higher
temperatures; however, these detachments are hidden by the large nonspecific surface
adhesion that occurs upon the collapse and dehydration of the tethered layer.
1.0

Force (nN)

0.5

0.0

-0.5

-1.0

-1.5

0

100

200

300

400

500

Distance (nm)
Figure 4.10: Force versus distance approach (open circles) and retraction (closed circles)
curves between the HSA colloidal probe and the tethered layer, at 50% surface coverage,
in PBS at temperatures below the adhesion switch demonstrating multiple detachment
events.
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The stretching of the individual polymer chain in Figure 4.7 was also fit with a
Morse-type force function:

FMorse = 2 βDe [exp[− 2 β (D − Do )] − exp[− β (D − Do )]]

Eqn. 3

Where De is the dissociation energy, β is the Morse parameter, and (D-Do) is the
deviation from equilibrium distance. Using De, β, and Do as adjustable parameters, the
results of the fit are given in Figure 4.11 where we observe good agreement between the
fit and the experimental data. Given that no covalent bonds are ruptured during the
stretching of the polymer chain it is more appropriate to consider De as the energy
absorbed rather than the dissociation energy. The values obtained from the fit were De =
3.0E-17 ± 3.6E-19 J, β = 3.4E7 ± 5.0E5 m-1, and Do = 260.2 ± 0.2 nm. When normalized
by the number of backbone bonds in the polymer chain, the value obtained for De is
approximately one order of magnitude less than the energy required to break a backbone
bond. As expected, the value obtained for β indicates a very long interaction length,
relative to that obtained for breaking bonds between two atoms. Finally, the value
obtained for the equilibrium distance (Do) coincides perfectly with the separation distance
at which the cantilever snaps back to the zero force baseline.
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Figure 4.11: The stretching of an individual tethered chain was fit with a Morse-type
force function. Note that the direction of retraction is reversed for this plot.

4.5 Conclusions
In these studies, the adhesion between an albumin coated colloidal probe and a
temperature-responsive tethered layer was investigated at temperatures below and
exceeding the collapse of the tethered layer, in PBS. It was demonstrated that the
adhesion between albumin and the tethered layer at intermediate grafting could be
reversibly switched by heating/cooling through the collapse of the tethered layer. As
proteins mediate interactions between cells and surfaces, this suggests that these smart
surfaces could be used to grow in tact cell sheets at a higher temperature and release them
at a lower temperature. The tethered chains utilized in this study, which consist of short
alternating oligomers of ethylene-oxide and ethylene, are expected to be much more
compatible with the human body than pNIPAM.
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At higher polymer grafting densities the adhesion was negligible and could not be
switched through temperature variation. The highly grafted tethered chains prevent the
nonspecific adsorption of albumin and steric constraints hinder the complete collapse of
the layer. Using a clean silica colloidal probe, it was determined that the probe must be
sufficiently hydrophobic to observe an increase in adhesion as the tethered layer collapses
and expels water. When grafted to the colloidal probe, the defatted albumin used in this
study was sufficiently hydrophobic to observe an increase in adhesion, which can be
attributed to its exposed hydrophobic channels. Finally, at temperatures below the
collapse transition of the tethered layer, instances of individual polymer chain stretching,
protein stretching, and combined chain/protein stretching were observed. The stretching
of polymer chains and protein molecules occurred due to the formation of bridges
between the probe and the tethered layer on approach. The contour length of the bridging
segment was always less than the combined calculated contour lengths of the polymer
chain and the albumin molecule. The stretching of an individual polymer chain could be
well approximated using both an inextensible wormlike chain model and a Morse-type
force function.
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Chapter 5
Conclusions and Suggestions for Future Investigations
5.1 Conclusions
Previous studies in our research group demonstrated that the aqueous phase
behavior of alternating copolymers could be systematically tuned by varying the
hydrophilic/hydrophobic balance within the polymer repeat unit. The investigations
included in this dissertation are a continuation of this early work in that it is demonstrated
that the responsive polymer chains can be grafted from a surface to generate a
temperature-responsive surface and that, once again, the temperature response can be
tuned by varying the backbone chemistry. Chapter 2 provides the details of synthesizing
tethered polyester chains with a well-defined grafting density gradient and highlights the
impact of grafting density on the temperature-induced response of the tethered layer.
Briefly, the tethered chains were grafted from a mixed monolayer gradient using step-bystep condensation reactions between difunctional oligomers of ethylene-oxide and
ethylene. The step-by-step condensation reactions allow for precise control over both the
molecular weight and the hydrophilic/hydrophobic balance within the polymer backbone
by proper oligomer selection. Contact angle measurements, dry AFM imaging and
under-water AFM adhesion measurements confirmed the existence of a reproducible
tethered gradient. The adhesion measurements were conducted using a custom
hydrophobic polystyrene colloidal probe along the grafting density gradient. It was
found that the adhesion between the probe and the dynamic surface could be reversibly
switched by heating/cooling through the collapse transition of the tethered layer.
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Regarding the influence of grafting density on the temperature-induced response of the
tethered layer, it was found that both the magnitude and the onset temperature of collapse
are grafting density dependent, which was attributed to the collapse of a tethered layer
being a cooperative conformational transition.
In Chapter 3, the tunability of the tethered layer’s temperature response is
demonstrated in that the hydrophilic/hydrophobic balance within the polymer backbone is
systematically varied and it is shown that the tethered layer can be designed to collapse
below, at, and above physiological temperature. Here, under-water AFM adhesion
measurements and wettability studies in the captive bubble configuration were utilized to
demonstrate the tunability of the temperature response. Using the JKR theory of contact
mechanics, it was determined that the adhesion switches due to an interplay between a
decreasing layer height and an increasing interfacial tension between the tethered layer
and water. The temperature transitions determined from the AFM adhesion experiments
and the captive bubble experiments are in excellent accord. Finally, the temperature
transitions of the tethered layer were compared with the transitions for the free chains in
solution, determined via cloud point measurements. It was found that with a similar
hydrophilic/hydrophobic balance within the polymer backbone, the collapse of the
tethered layer occurred at similar temperatures as the cloud points for the free chains in
solution.
In Chapter 4, the biomedical relevance of the temperature-responsive tethered
layers is demonstrated by showing that the adhesion between a model blood plasma
protein, albumin, and the tethered layer can be reversibly switched near physiological
temperature. Here, human serum albumin (HSA) was covalently grafted on a colloidal
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probe and the adhesion between the probe and the smart surface, in phosphate buffered
saline (PBS) solution, was investigated as a function of temperature. Once again, the
grafting density is an important parameter in these studies and only the tethered layer at
intermediate grafting experienced reversible adhesion switches with albumin. At
temperatures below the collapse of the intermediately grafted tethered layer, instances of
individual polymer chain stretching, protein stretching, and combined polymer/protein
stretching were observed. The stretching of an individual polymer chain that became
physisorbed to the colloidal probe could be fit with both a worm-like chain model and a
Morse-type force function.

5.2 Suggestions for Future Investigations
The investigations of Chapter 4 only scratch the proverbial surface of studying the
interactions of these temperature-responsive surfaces with biological entities. It would be
worthwhile to investigate the interactions between other proteins and the smart surface as
albumin is certainly not the only protein found in blood plasma. Not only would these
studies allow us to determine whether other proteins can be reversibly adsorbed to the
surface, they would also allow for at least a semi-quantitative ranking of the affinity
between each protein and the temperature-responsive surface. As hemocompatibility is
still poorly understood, these investigations could be enlightening. Since there have only
been a few studies regarding the reversible adsorption/desorption of blood plasma
proteins on/from stimuli-responsive surfaces, these proposed studies would aid in
determining the conditions necessary for such events to occur. Knowledge of these
necessary conditions for a greater variety of plasma proteins could allow for the design
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and eventual utilization of smarter biomedical devices in which the surface of the device
can be reversibly switched from interacting to non-interacting. As the nonspecific
adsorption of proteins on the surface of an implanted device initiates the coagulation
cascade, it is of obvious importance that this crucial first step is better understood. In
Chapter 4, atomic force microscopy is the only technique employed to demonstrate the
reversible adsorption of albumin on the responsive surface. Another technique that could
be utilized to monitor the adsorption of proteins on the tethered layer is fluorescence
microscopy. Here, fluorophores could be covalently bound to the protein of choice and
the adsorption/desorption of the protein could be directly visualized as the tethered layer
is heated/cooled through the collapse transition.
Similar to the aforementioned studies of Okano et al., it would be of interest to
investigate cellular adhesion on the temperature-responsive surfaces. These
investigations would further demonstrate the utility of these smart surfaces in tissue
engineering applications especially if intact cell sheets can be recovered from the
temperature-responsive surface. Since the alternating copolymers utilized in these
studies are expected to be bio-inert, as they are comprised of ethylene-oxide and
ethylene, they are better suited for biomedical applications than pNIPAM. Also, due to
the presence of the ester linkages within the tethered polymer backbone, the tethered
chains in the previous studies are also biodegradable, which would be desirable for some
biomedical applications. It is feasible that this biodegradability could be tuned by
controlling the number of ester linkages within the polymer backbone, which could be
accomplished by simply using longer/shorter ethylene-oxide and ethylene oligomers. At
constant molecular weight, it is expected that the tethered chains with fewer ester
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linkages (longer oligomers) would take longer to degrade due to the reduction in
available active sites for hydrolysis.
Previous studies in our research group demonstrated that ionizable units could be
incorporated directly into the temperature-responsive polymer backbone to render the
polymer dually temperature and pH-responsive. As a logical extension of these previous
studies, ionizable units could be incorporated into the tethered chain’s backbone, thereby
generating dually temperature and pH-responsive smart surfaces. Although other
research groups have synthesized temperature and pH-responsive surfaces, none of which
have demonstrated that the response of the surface to either or both of the stimuli can be
tuned. The simple step-by-step condensation reactions employed in the previous chapters
are particularly amenable to this tuning as both the hydrophilic/hydrophobic balance and
the number/distribution of the ionizable units can be predetermined. Not to mention that
the molecular weight can be controlled, the linkage groups can be altered and welldefined gradients of the dually responsive tethered chains could be synthesized. The
ability to systematically vary all of these parameters would allow for the tailoring of the
responsive tethered layers for various applications.
One such application for the dually temperature and pH-responsive tethered layer lies in
another biomedical area, drug delivery. Here the variation of pH within the human body could be
utilized as the external trigger to release a drug at a given location. As a proof of concept, the
responsive tethered layer could be grafted from a porous microcapsule that is loaded with either a
drug or a dye. At temperatures and pH values where the tethered chains are collapsed, the
tethered chains would block the pores and prevent the release of the encapsulated material.
Conversely, when the external stimuli are varied in such a manner to allow for the expansion of
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the tethered layer, the pores would open and the encapsulated material could be released. The
ability to externally trigger the site-specific release of a drug could allow for more medicines to
be administered orally and would be a novel approach for drug delivery.
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