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LAY ABSTRACT 

 When a material, such as a medical implant or sensor, is placed in contact with 
tissues and biological fluids, biomolecules stick to the exposed surfaces through 
nonspecific interactions. It is important to minimize nonspecific interactions because they 
can lead to bacterial infections, inflammation, implant failure and loss of device 
performance. Coatings to minimize nonspecific interactions therefore remain an active 
area of research. In this thesis, we explored new methods to create biomolecule and cell 
repellent coatings of long, chainlike molecules known as polymers grafted onto surfaces. 
Specific types of polymers, known as antifouling, were particularly effective at reducing 
these interactions. 

Although it is important to block nonspecific interactions, many devices require 
bioactive surfaces through selective interactions. For example, sensors for analysis of 
blood products require the selective binding of the target ligand with minimal binding of 
non-target agents. To this end, functionalizable antifouling polymers are often modified 
with a capture or binding agent corresponding to the target ligand. Polymer coatings 
which are both antifouling and functionalizable for specific interactions, are called 
“romantic” because of their selective love of a single interaction. To synthesize these 
romantic polymer coatings, two main methods have been reported: 1) “grafting-from” 
where the polymer is grown from the surface, producing a very dense coating, and 2) 
“grafting-to” where the polymer is synthesized in solution, and then immobilized onto the 
material surface, which produces coatings of lower density. For antifouling polymer 
coatings to be as effective as possible, polymers should be tethered densely on the 
material surface, but to maximize the loading of capture agents, polymer density must be 
lower to allow for grafting within the layer. Further, the grafting-from method is typically 
more synthetically challenging hindering commercialization.  

To improve the selective bioactivity of graft-to and graft-from coatings as well as 
antifouling properties of graft-to coatings, we present two methods to improve the 
specific bioactivity of anti-fouling polymer coatings and the first description of Graft-
then-Shrink, a method to enhance the antifouling properties of graft-to coatings for 
medical implants and label-free in vitro sensors. For graft-from coatings, we produced a 
hierarchical romantic surface that consists of two polymer layers, the lower of which is 
dense and antifouling, and the upper of which is low-density and can accommodate high-
levels of bioactive agents, resulting in a best of both worlds; the density of the layers is 
controlled by a novel pH controlled polymerization procedure. A method to improve the 
less labor intensive “grafting-to” strategy was then devised, called “Graft-then-Shrink” 
where the antifouling polymers are grafted onto a shrinkable material, and then the 
material is shrunk, leading to an increase in grafted polymer content over grafting-to 
alone. This method was successfully applied to a heat shrinkable material and an 
elastomeric silicone material, a common material for medical devices, for improved 
antifouling properties. Finally, a method for combining the Graft-then-Shrink technique 
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with a novel localized surface plasmon resonance (LSPR) biosensor was found, that 
provides a simple route to access romantic surfaces on high-sensitivity, easy to fabricate 
LSPR biosensors. Together, these fabrication methods will simplify and expedite the 
translation of antifouling and romantic surfaces for medical devices and sensors.  



v 
 

ABSTRACT 

Materials in contact with the biological milieu (biomaterials) spontaneously and 
nonspecifically adsorb constituent proteins which may lead to unwanted cell adhesion 
and responses or hinder device performance. These interactions and their related 
phenomena lead to complications in ~3% of implant surgeries. Thus, resistance to these 
nonspecific interactions is critical to the performance of many implanted biomaterials and 
biosensing surfaces. Further, these interactions have widespread importance to industrial 
materials in contact with biological environments such as food packaging, and 
agricultural and nautical surfaces. 

Thin film coatings of antifouling polymers are one of the leading methods for 
reducing nonspecific interactions. Both polymer composition (chemical composition and 
molecular weight) and polymer grafting density are the principal determinants of coating 
performance. For applications requiring specific bioactivity, such as selective ligand-
analyte interactions for sensors, the polymer coating must remain antifouling and be 
amenable to functionalization with capture ligands. Tethered polymer coatings can be 
made by surface initiated polymerization (“graft-from”) which results in higher density 
coatings, but complex fabrication limits commercialization and capacity of 
functionalization with capture ligands. Simpler “graft-to” procedures, where pre 
synthesized polymers are immobilized to a surface, are more amenable to translation but 
suffer from inferior antifouling properties due to lower density coatings. New fabrication 
methods are therefore required to improve both graft-to and graft-from coatings.  

Herein, the effects of polymer density on material performance are explored and 
leveraged to produce novel functional surfaces using two classes of polymers, namely 
amphiphilic and thermoresponsive poly(oligo(ethylene glycol)) methyl ether 
methacrylate, and zwitterionic, functionalizable poly(carboxybetaine methacrylamide) 
(pCB), as well as copolymers thereof. Specifically, polymer grafting techniques which 
exploit grafting density effects on surfaces were developed, leading to surfaces: 1) that 
are both high-loading and antifouling due to two different grafting densities within 
bimodal architectures, and (2) with enhanced anti-fouling properties despite being 
prepared via a “grafting-to” method using shrinkable or expandable substrates. 
Interestingly, shrinking substrates with antifouling polymers resulted in a novel LSPR 
biosensor with high translation potential. 

Chapter 2 describes the pH controlled, one-pot production of two-layer brushes 
composed of an antifouling dense layer and a high-loading lower density layer where 
capture ligand immobilization was improved by 6 times compared to a single high 
density layer. Towards improving fouling and bioactivity of graft-to surfaces, Chapter 3 
describes the first demonstration of Graft-then-Shrink where a stretched polystyrene (PS) 
substrate coated in a thin gold layer modified with thiol-terminated pCB was thermo-
shrunk to one sixth in footprint to increase polymer surface coating content for enhanced 
antifouling properties and the production of micro/nano gold wrinkles to generate a 
localized surface plasmon resonance (LSPR) active surface. The low-cost sensors can 
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detect biomolecular interactions by tracking changes in absorbance in the visible 
spectrum using ubiquitous plate readers. In Chapter 4, Graft-then-Shrink was extended to 
elastomeric materials, where thiol terminated polymers were grafted onto solvent swollen 
silicone via thiol-maleimide click chemistry, producing strongly antifouling materials.  

Taken together, these developments represent significant advances in the preparation 
and application of antifouling polymer coatings towards the improvement of antifouling 
surface properties of medical devices and resulted in the development of a novel, low-
cost LSPR sensor without the need for specialized equipment. 
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1.1. Abstract 

 Over the past 40 years, advances in coating technology have led to the discovery 

of surface modifications for resistance towards nonspecific protein adsorption (fouling) 

while in contact with biological media, which is critical for the improvement of common 

medical implants and biosensors. Of potential surface modifications, the surface grafting 

of antifouling polymers has proven useful for numerous biomedical applications. These 

polymer mediated improvements in antifouling performance have been achieved not only 

upon the discovery of antifouling monomers and polymer compositions, but also through 

investigation of polymer grafting techniques that control the grafting density of end-

tethered polymers. Further to fouling resistance, the functionalization of these polymer 

coatings with biological capture agents for filtration and sensing purposes is also of great 

interest to the biomedical community. The fabrication of antifouling, functionalizable 

“romantic surfaces” remains complex and expensive, limiting translation potential. 

Successful production and adoption of romantic surfaces as in-line medical devices or 

biosensors rests on the development of simple methods that also improve upon 

antifouling and sensing properties.  
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1.2. Polymer coatings 

Polymeric surface coatings for antifouling and functionalizable biointerfaces are 

being developed for medical implants, biomolecule sensing in complex fluids, and blood 

purification1–6. For example, zwitterionic coatings applied to continuous glucose 

monitors allow for reduced noise and calibrations, improving patient quality of life, by 

reducing nonspecific protein interactions with the sensor surface. To mitigate fouling and 

immunogenicity, the parameters of the interface between the device and the biological 

environments must be carefully controlled by modulating properties such as 

hydrophobicity and roughness7. A common method to alter the interface is to create a 

polymer layer on the surface of the device or sensor. Polymer coatings are prepared 

through a variety of methods based on the required coating properties such as thickness, 

uniformity, stimuli responsiveness and grafting density8. Choice of material and synthetic 

method requires careful consideration as both prescribe final coating fouling performance 

and functionalizability5,7,8. 

End tethered polymer coatings, commonly referred to as “polymer brushes,” can 

be produced through several synthetic strategies. Polymers can be synthesized in solution 

and functionalized for immobilization to a functional surface, known as “grafting-to” 

which produces low grafting density coatings in the “mushroom” regime9 (Figure 1.1). 

To access high grafting density “brush” regimes, polymer chains (Figure 1.2) can be 

synthesized via surface-initiated polymerizations, known as “grafting-from8.” Though 

both techniques produce ultrathin polymer coatings, between 1 and 100 nm, the 
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properties attainable through each such as thickness, density and surface architecture are 

more thoroughly controlled via grafting-from8.  

 

Figure 1.1: Schematic representation of surface-tethered polymer grafting 
density regimes, and thickness proportionalities. The thickness of polymer films in the 
mushroom regime does not increase with increasing grafting density because of the 
absence of polymer-polymer interactions, while films in the brush and high-density brush 
regimes increase in thickness because the polymer chains repel adjacent tethered chains, 
forcing them to extend away from the substrate. 

The characterization of grafted polymer coating properties remains a difficult 

task, with several open challenges10. Chain grafting density and coating thickness both 

determine the functional properties of tethered polymer coatings, and as a result, their 

accurate characterization has garnered widespread attention10. Despite the importance of 

these parameters, current characterization methods require several assumptions which 

introduce significant error into calculated values. Surface characterization techniques for 

romantic surfaces comprise two classes 1) physical and chemical characterization and 2) 

functional characterization. Developed techniques for the physical and chemical 

characterization of these surfaces come directly from standard materials science and are 
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concerned with characteristics of the polymer films directly10. Functional characterization 

of romantic surfaces is specific to the application of the coatings and comprise the use of 

biological matter to determine the interactions of the interface with the biological 

environment, as well as the function of the capture agents, if any are present for sensing 

or filtration applications. 

A premier focus of polymer applications is the production of antifouling surfaces 

that do not elicit negative biological responses11. The fouling of surfaces can lead to 

several unwanted consequences including the degradation of device performance as well 

as immune responses from implanted biomaterials7, polymer coatings are therefore used 

to minimize nonspecific interactions. Reduction of nonspecific protein adsorption and 

cell adhesion at surfaces is achieved generally though the production of high grafting 

density polymer coatings with strong hydration via labour intensive grafting-from 

methods8,12,13. Other surface properties such as micro and nano-structure also impact 

nonspecific adhesion at biointerfaces14. 

Polymer coatings with reactive groups that are amenable to modification with 

bioactive molecules or capture agents are referred to as functionalizable. Coatings which 

are both antifouling, that is they reduce nonspecific interactions with a biological 

environment, and functionalizable with molecules that have strong biospecific 

interactions such as antibodies and enzymes have been dubbed “romantic surfaces” 5,15,16. 

For example, functionalization of antifouling surfaces with peptides can be used to 

selectively direct the adhesion of cells17,18 or with biomolecules for improved 

biosensors19. Achieving both high-density functionalization of polymer surfaces while 
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maintaining a antifouling nature is a desired outcome for the production of highly 

sensitive biosensors20–22 and for immobilized enzyme bioreactors23.  

Here, an overview of the current methods of synthesis and materials available for 

production of romantic surfaces will be presented. Recent discoveries in improved 

biocompatible controlled radical polymerizations and antifouling monomers are 

discussed. Methods of functionalization of these materials and their impacts on the 

fouling properties of the polymer coatings, following functionalization, are shown. 

Finally, methods of characterization of romantic surfaces are examined. 

1.3. Synthetic strategies 

1.3.1. Grafting-to 

In the grafting-to methodology, pre-synthesized polymers are immobilized to a 

suitably functionalized surface through end-functionalization such as thiol-gold24, silane 

chemistry9, DOPA functionalization13,25, click reactions (thiol – ene26, azide – alkyne27) 

or through physical interactions in co-polymers28, known as physisorption. Polymer 

coatings produced through the grafting-to method have a limited grafting density due to 

the steric interactions of large globular macromolecules diffusing to the surface. The 

grafting density is theoretically limited to twice the radius of gyration (Rg) of the 

polymer, but practically limited by random sequential adsorption (RSA) to be ~50% 

coverage (jamming limit)29. Grafting-to is synthetically simple as polymers are produced 

in solution and can be characterized by well-established techniques prior to 

immobilization on a surface. Further, polymer coatings produced via grafting-to allow for 

all converted monomer to by immobilized onto the surface of interest in contrast to 
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grafting-from as will be discussed (Section 1.3.2). The limited film thickness and density 

achievable by grafting-to due to the lack of penetration through the already grafted 

polymers can be somewhat ameliorated by using conditions which minimize the 

conformational size of the polymer during grafting or the size of the substrate after 

grafting such as grafting using theta solvents, cloud point grafting30,31, aggregation and 

charge screening by chaotropic salts32, and shrinking the substrate following the grafting-

to procedure33,34. 

 

Figure 1.2: Schematic representation of commonly used grafting protocols. 
A) Grafting-to immobilizes end-functionalized pre-synthesized polymers to 
functionalized surfaces yielding relatively lower grafting density, limited by the radius of 
gyration of the polymer in solution. B) A polymer coating synthesized via grafting-from 
where polymer chains are polymerized from a functionalized surface, producing a 
grafting density not limited by the of radius of gyration limit. C) Top view of surface 
coverage of mushroom polymers from grafting-to, grafting density limited by RSA in the 
jamming limit. D) Top view of densely packed polymer chains synthesized by grafting-
from. 

1.3.2. Grafting-from 

Grafting-from surface coatings are limited in density only by the size of the 

monomer, with larger monomers having lower theoretical grafting density maximums10. 

Due to the steric repulsion between adjacent grafted chains, coatings produced via the 
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grafting-from method can have tunable thickness by controlling the degree of 

polymerization. These coatings can be made thicker than grafting-to coatings with many 

architectures available through surface initiated-controlled radical polymerization (SI-

CRP) methods. Surfaces functionalized for SI-CRP can be prepared with either the 

initiation species or the transfer agent (ligand or chain transfer agent) on the surface8. 

1.3.2.1. Surface initiated - atom transfer radical polymerization 

Surface initiated - atom transfer radical polymerization (SI-ATRP) is mediated by 

a reversible equilibrium of halogen transfer between a dormant alkyl halide polymer and 

a transition metal / ligand complex which allows for the propagation of a radical 

polymerization when activated (Scheme 1)35. The most commonly used transition metal 

halogen pair is CuBr8. Extensions of standard ATRP have been developed to regenerate 

transition activators, providing, in the case of CuBr based ATRP, a regenerating source of 

CuI, which is depleted through conversion to CuII over the course of a conventional 

ATRP due to loss of chain end functionality. Among these extensions is Activators 

regenerated by electron transfer - atom transfer radical polymerization (ARGET-ATRP) 

which is tolerant to air and simplifies the synthesis of polymer coatings reducing the need 

for stringent degassing and air sensitive techniques36. ARGET-ATRP has been used to 

produce antifouling coatings on air exposed poly(dimethyl siloxane) (PDMS) and 

cellulose substrates37,38. Standard ATRP is limited in its application to biomedical 

materials due to the presence of toxic transition metal catalysts39, because of this, ATRP 

protocols have been extended to regenerate low oxidation state copper, reducing total 
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copper required to the parts per billion range36, and recently completely metal-free 

photoinduced ATRP has been shown40,41. 

 

Scheme 1: Mechanisms of popular SI-CRP methods used to produce 
antifouling polymer coatings. ATRP is controlled through the reversible exchange of a 
halogen ligand between a dormant chain and a transition metal-ligand complex which 
activated the chain to propagate. RAFT is controlled via the reversible addition and 
transfer of a thiocarbonylthio chain transfer agent from a dormant chain onto a 
propagating chain to begin propagation of the dormant chain. Adapted from Peng et al.35 
and Moad et al.42 

1.3.2.2. Surface – reversible addition fragmentation transfer 

The synthesis of coatings with surface – reversible addition fragmentation transfer 

polymerization (S-RAFT) does not require transition metal catalysts, providing a 

biocompatible surface without extensive washing steps for catalyst removal. RAFT 

polymerizations are carried out similarly to standard free radical polymerization, with the 

addition of a thiocarbonylthio containing chain transfer agent (CTA), which bonds 

reversibly to the propagating chain end providing control and the living nature to the 
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resulting polymer chain42. S-RAFT can be conducted from surfaces with CTAs 

immobilized through the Z or R group of the CTA (Scheme 1), providing different 

functional groups for further surface modification following polymerization. For 

example, CTAs immobilized through the Z group result in an accessible free thiol 

following CTA lysis which can be used for further immobilization8 or modification43. 

Further, polymer coatings produced through S-RAFT provide multiple avenues for post-

synthesis modification such as hetero Diels-Alder, thiol-ene, thiol-maleimide and 

disulfide among others due to the function rich CTA cap43. 

1.3.2.3. Architectures 

The control over polymer molecular weight, dispersity and composition during 

coating that is afforded by the grafting-from method, gives access to a multitude of useful 

surface architectures not accessible via the grafting-to technique. For example, 

photolithographic patterning of surfaces produced by photo-mediated polymerizations 

provide methods for spatially specific, aligned cell adhesion44. Polymer coatings of 

gradient thickness have been produced for numerous biological applications as 

controlling thickness yields gradients in wettability, adhesion and fouling; these varying 

surface properties provide ideal experimental platforms for the testing of many 

conditions45. Romantic surfaces with enhanced biomolecule loading and sensing 

properties have been produced through two-layer or hierarchical surface architectures of 

thin dense brush layers with a sparse layer polymer to facilitate high density biomolecule 

immobilization20–22. A list of currently available coating architectures has been 

exhaustively compiled recently in Chemical Reviews8.  
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1.3.3. Grafting-through 

For initiators or chain transfer agents that are not amenable to immobilization, the 

grafting-through technique can be used. Polymer films synthesized via grafting-though 

are tethered to the surface through side chains rather than chain ends, where some 

number of side chains are first immobilized to the surface and by their incorporation into 

polymerizing chains, the polymer is bound to the surface. This leads to a grafting process 

which is limited in density similar to grafting-to films, but can achieve higher densities 

than strict grafting-to as at the start of the reaction very small macroradicals can penetrate 

the growing polymer layer46. Polymerizable monomer units are immobilized to the 

surface to be modified, and then polymerization is carried out above the material. Rather 

than polymerizing from one group on the surface, as in grafting-from, the polymer chain 

is tethered to the surface where surface bound monomers are added to the polymer. This 

places the technique somewhere between those in section 1.3.1 and 1.3.2 as the surface 

bound monomer can be added directly to an initiating species, a single monomer radical 

unit or a macroradical (an already polymerizing chain). This leads to a grafting process 

which is limited in density similar to grafting-to films, but can achieve higher densities 

than strict grafting-to as at the start of the reaction very small macroradicals can penetrate 

the growing polymer layer46.  

1.3.4. Non-tethered methods 

1.3.4.1. Bulk-bloom 
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The bulk-bloom method takes advantage of the dynamic nature of polymeric 

materials, allowing for a simple route to create a self-healing surface. A polymer blend 

can be prepared containing the base material polymer as well as a polymer for coating, 

which will bloom to the surface of the polymeric material substrate. Block copolymers 

have been used with a long chain solubilizer and a antifouling end-block47, such as 

polystyrene-block-polyisoprene with fluorinated side chains, or linear polyurethanes with 

fluorinated end caps48, which are combined with a bulk polymer, and subsequently bloom 

to the interface49. Bulk mixtures of poly(hydroxymethyl methacrylate) (pHEMA) and 

zwitterionic poly(methacryloyloxylethyl phosphorylcholine) (pMPC) were used to 

produce antifouling surfaces on contact lenses to extend wear time50, wear the zwitterion 

migrates to the interface in hydrated conditions. This method is exceptionally simple 

from a manufacturing standpoint, and materials amenable to this technique are of 

particular importance to medical applications51. 

1.4. Antifouling surfaces 

The reduction of nonspecific interactions with biological media is of utmost 

importance for controlling biointerfaces52. Polymer coatings are used to resist the 

nonspecific adsorption of biological material (i.e., proteins and cells) collectively known 

as “fouling.” The resistance of fouling is of interest in implanted biomaterials, 

extracorporeal filtration devices and biosensors, for the mitigation of the foreign body 

response (FBR) and the improvement of signal quality. Adsorption of < 10 ng cm-2 of 

fibrinogen can cause the adhesion of macrophages52. Nonspecific protein adsorption is 

measured to determine surface fouling resistance, with < 5 ng cm-2 of protein adsorbed 
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after exposure to non-diluted blood serum being generally considered a “antifouling” 

surface53. It should be noted that improvements in resistance to cell adhesion at surfaces 

can be achieved by other methods than material and coating choice, notably the surface 

topology can be used to modulate cell adhesion14.  

 General rules for the selection of antifouling materials were devised in the early 

2000s, known as “Whitesides’ Rules” which are: 1) hydrophilicity, 2) no overall charge, 

3) hydrogen bond acceptors and 4) no hydrogen bond donors54,55. Some materials have 

since been shown to be antifouling despite the presence of hydrogen bond donors such as 

HPMA and mannitol56. Beyond hydrophilicity, the mechanism of water molecule 

attraction, and thereby hydration strength, is important to fouling mitigation. Hydration 

shells formed by hydrogen bonds are easily disrupted while those formed through 

electrostatic interactions with charged groups are much stronger with hydration free 

energies of zwitterionic pCB and uncharged, hydrophilic oligo ethylene glycol of -404 kJ 

mol-1 and -182 kJ mol-1 57 respectively (Figure 1.3).  

1.4.1. Classes of antifouling polymers 

1.4.1.1. Uncharged hydrophilic monomers 

Uncharged, hydrophilic, hydrogen bond forming, fouling resistant materials are 

found in nature in the form of saccharides and peptides and in the lab from synthetically 

derived materials52. Among non-charged, hydrophilic materials, poly ethylene glycol 

(PEG) is the most commonly used in biomedical applications58. Fouling resistance of 

uncharged hydrophilic polymers is primarily dependent on hydration and chain 
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flexibility. Uncharged hydrophilic materials attract hydration shells solely though 

hydrogen bonding, limiting the total number of associated water molecules, and the 

strength of their association with the material, compared to those formed around charged 

groups59. Fouling resistance is also contributed to by the flexibility of the polymer 

coating, with flexible polymers such as PEG performing exceptionally well in this regard. 

Because chain flexibility contributes to the fouling resistance of PEG coated surfaces, 

very high grafting density (>0.16 and 0.19 chains nm-2 for 5000 and 2000 Dalton (Da) 

PEG respectively) can actually increase fouling52,60. The density above which fouling 

increases is dependent on the protein adsorbed, the molecular weight of the polymer, and 

the PEG end group (hydroxy or methoxy), with critical values for hydroxy terminated 

PEG up to 0.27 – 0.5 chains nm-2 but no reported critical upper density limit for hydroxy 

terminated PEG61,62. Despite its popularity, there is a search for alternatives to PEG due 

to the discovery of anti-PEG antibodies in 42% of the population58 and oxidative 

instability in biological environments52,63. Among alternative uncharged hydrophilic 

materials are PEG derivative poly(oligoethylene glycol methylether methacrylate) 

(pOEGMA)s, HEMA, peptide-based materials, and sugars such as mannitol (Table 1.1). 

Table 1.1: Example low and antifouling polymers and their associated traits 
for application in romantic surfaces. From Chen et al with permission.52 
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1.4.1.2. Betaine monomers 

Zwitterionic betaine monomers, containing positive and negative charges on each 

monomer unit, provide neutral polymer chains51. Zwitterionic materials are associated 

more strongly to hydration shells than neutral hydrophilic materials, due to electrostatic 

interactions with water molecules64 (Figure 1.3). Zwitterions comprise a set of monomers 

which are antifouling including phosphorylcholine (PC)51, sulfobetaine (SB)65, 

carboxybetaine (CB)65 and sulfopyridinium betaine51 among others (Table 1.1). Within 

the zwitterion class, hydration shell strengths and entropic penalties due to increased 

order in associated water molecules varies57. Interestingly, SB and CB have dipole 

orientations with cationic groups closer to the polymer backbone, while PC has this 
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orientation reversed. The effect of reversing the dipole orientation of SB has been 

investigated and shown to have no significant effects on antifouling performance, despite 

the reverse SB’s more “biomimicking” orientation66. Other considerations for betaine 

monomers include the backbone structure and carbon spacer length (CSL) between 

charged units. Commonly, betaine monomers contain either methyl or hydrogen 

substituted backbones with acrylamide or acrylate groups adjacent to the backbone. Each 

combination impacts polymer stability, with methacrylamide backbones providing 

improved stability in biologically relevant conditions67. CSL impacts fouling properties 

of surfaces as larger CSLs can introduce instability in some betaines68 leading to a loss of 

zwitterionic properties. Further, CSLs of 3 reduce the fouling resistance of pCB due to 

increased intra-chain interactions69. Zwitterionic monomers have also been made 

intrinsically functional by incorporating azide click handles onto quaternary amines in SB 

and alkynes and vinyl groups onto choline phosphates, whereby the monomers are 

zwitterionic both before and after functionalization70,71 to yield antifouling functionalized 

surfaces. 

1.4.1.3. Polyampholytes 

Polyampholytes contain positively and negatively charged monomers resulting in 

a neutral overall charge72. These materials can attract water through hydrogen bonds as 

well as electrostatic forces which increases the strength of association compared with 

hydrophilic based surfaces (Figure 1.3). During the synthesis of polyampholyte materials, 

defects can occur of groupings of same charged monomers, leading to a non-neutral 

polymer sub-section. Although, the sequential incorporation of similarly charged 
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monomers is unfavoured because of charge-charge repulsion, even with monomers with 

different reactivity ratios and molar feed ratios73. Minor local charge defects have 

minimal effect on overall fouling with 0.95:1 ratios between positive and negative 

monomers being able to produce antifouling surfaces74. 

 

Figure 1.3: Hydration shell associations with uncharged hydrophilic, 
ampholyte and betaine monomers.  

1.4.1.4. Hydrophobic materials 

Hydrophobic surfaces with a low surface energy can also reduce fouling by self-

cleaning and release mechanisms75. These hydrophobic surfaces can be prepared with 

polymer coatings of fluorinated molecules such as semi fluorinated block polymers76, or 

fluorinated polymer coatings that are then infused with liquid fluorocarbons77,78. 

Polycarbonate polyurethane with fluorinated surface modifying macromolecules showed 

reduced macrophage retention after 7 days of incubation, with addition of a cell adhesive 

RGD peptide leading to selective surface cell adhesion over 7 days79 These hydrophobic 



Ph.D. Thesis – A.H. Jesmer; McMaster University – Chemical Biology 

18 
 

coatings have been synergistically combined with hydrophilic PEG based coatings to 

produce antifouling and foulant release surfaces, combining the properties of both 

materials80–82. 

1.4.2. Other factors determining fouling 

Cell adhesion to surfaces is also driven by material properties independent of 

protein adsorption83. Surface stiffness can control the adhesion of cells in vitro84 and 

influence cell signaling and differentiation in vivo85. Surface structure, roughness, and 

engineered structures can also influence cell adhesion14, while patterns direct cell 

alignment86. Selective cell adhesion has been demonstrated by controlling feature size on 

surfaces. For example, surface features smaller than the footprint of mammalian cells can 

prevent nonspecific adhesion of osteoblasts and promote bacterial adhesion87. 

1.5. Surface functionalization 

1.5.1. Chain end functionalization 

Chemical handles can be produced at terminal monomers as chemistry is often 

unique at polymer ends (e.g., containing CRP groups, unreacted polymerization groups 

etc.) than within monomer units. In coatings produced via grafting-to, these handles can 

be modified prior to immobilization or following the polymer grafting protocol. If end 

groups are required for large biomolecule immobilization, immobilization of large 

biomolecules is preferred following the grafting protocol to minimize polymer size 

during grafting. Polymers can be modified to contain an end-functionality prior to 

immobilization via grafting-to or have a functional end-group that can be modified for 

functionalization already present such as halogens used in SI-ATRP, via nucleophilic 
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substitutions88, and thiocarbonylthio bonds in CTAs and iniferters used in S-RAFT and 

SI-PIMP respectively, via thiol reactive chemistry43. RAFT CTAs are also available with 

a suite of built in functional groups for post polymerization functionalization such as 

alcohols, N-hydroxysuccinimide (NHS)-esters and azides89. Methods developed for chain 

end functionalization provide monomer independent processes that can be applied to all 

polymers synthesized via a common technique. Chain end functionalization results in a 

one-to-one ratio between polymers and immobilized agent, limiting maximum 

immobilization levels of a single monolayer on surfaces.  

1.5.2. Side chain functionalization 

To produce additional functionalization capabilities, polymer side chains can be 

modified for the grafting of bioactive agents or for grafting to surfaces. Polymer chains 

can be made antifouling and functionalizable through the copolymerization (block or 

statistical) of functional monomers with antifouling monomers, or using antifouling 

monomers with functional capabilities. Careful consideration must be made for chemical 

composition, for example, block copolymers with antifouling poly(2‐

(methacryloxy)ethyl)dimethyl‐3‐sulphopropyl ammonium hydroxide) (pMEDSAH) with 

a functionalizable block of poly (glycidyl methacrylate) lost fouling resistance once 

functionalized90. Whereas, statistical copolymers of functional glycidyl methacrylate and 

zwitterionic SB91 and intrinsically reactive, zwitterionic carboxybetaine monomers92 have 

been shown to remain antifouling following functionalization with biomolecules. 

Modified PC and SB monomers have also been synthesized which remain zwitterionic 

after functionalization, avoiding the overall positive charge resulting from modifying the 
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carboxylic acid group of CB70,71. Dense polymer surfaces are sterically hindered by one 

another, limiting the immobilization of large biomolecules to surfaces20, and so, 

architectures to decrease grafting density, but maintain fouling resistance remains an 

active area of research21,22. 

 

Figure 1.4: Schematic representation of functionalizable polymer structures. 

1.6. Surface characterization 

1.6.1. Thickness and grafting density 

Polymer film thickness and chain grafting density are related film parameters as a 

film with similar degree of polymerization (N) will increase in thickness as grafting 

density increases (Equation 1,2). The hydration state of the polymer coating determines 

the thickness measured (e.g., solvated vs dry). Thicknesses determined in each hydration 

state can be used to determine degree of polymerization of the polymer chains using 
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Equation (1) for dried polymer films and Equation (2) for hydrated films, if density is 

known or vice versa; where h is the thickness of the film, N is the degree of 

polymerization, a is the monomer size and σ is the grafting density. 

𝒉𝒅𝒓𝒚 = 𝑵𝒂𝟑𝝈       (1) 

𝒉𝒘𝒆𝒕 = 𝑵𝒂𝟒/𝟑𝝈𝟏/𝟑     (2) 

Film thickness can be measured and grafting density calculated via a variety of 

techniques with benefits and drawbacks, with three common techniques, 1) dry thickness 

measurement, 2) swelling experiments, and  3) thermogravimetric analysis10. For dry 

thickness measurement, polymers in the dry state are collapsed onto the surface, and the 

density of this collapsed state is assumed to be equal to that of the bulk polymer. This 

assumption introduces the most significant source of error into the grafting density 

calculations performed with this technique as dried state polymer coatings can differ from 

bulk polymer density, especially in cases of low grafting density10. Thicknesses are 

commonly measured via ellipsometry93, X-ray reflectivity or neutron reflectivity94. These 

techniques are similarly employed in swelling experiments, where dry thickness 

measurements are conducted, followed by measurements of the coating in the hydrated 

state. Grafting density is then found as the product of the monomer size and the swelling 

ratio between hydrated and dry states, raised to a characteristic value of the polymer10.  

Gravimetric analysis can be used to determine the mass of substrate before and 

after coating to estimate the grafting density95. For density estimation, total polymer mass 

immobilized is measured and total surface is known. From these values, and the known 

monomer molecular weight, total monomers per unit area can be calculated, if degree of 
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polymerization is known or estimated. All techniques require knowledge of some input 

parameters such as degree of polymerization which ultimately require the removal of 

tethered polymers for precise chromatographic analysis for true grafting density 

calculations96. Degree of polymerization can be estimated from solution phase polymers 

synthesized concurrently but this has been shown to provide a poor estimate of surface 

polymer size and dispersity97. 

A variety of microscopy techniques can also be used to determine film thickness 

and polymer density, such as SEM/TEM, AFM, and fluorescent light microscopy (when 

coupled with suitable polymer chemistries)98. Electron microscopy has been used to 

determine the cross-sectional thickness of the polymer film itself, following amenable 

sample preparation99, and also has been used in tandem with wrinkling substrates to 

characterize the layer thickness, given known stiffness parameters100,101. Electron 

microscopy can also be coupled with EDS to measure material elemental composition 

and bonding to verify polymer layer composition. Contact based microscopy techniques 

such as AFM (and profilometry) can also characterize polymer layer thickness, and 

thickness gradients, given that substrates have uncoated control regions99. Finally, 

fluorescence-based microscopy, has been used in tandem with fluorescently labeled 

polymer coatings, and drop cast polymer film calibration curves, to quantify grafted film 

density34,102. 

1.6.2. Surface sensitive techniques 

Chemical composition of polymer overlayers can be determined by spectroscopic 

methods such and X-ray photoelectron spectroscopy (XPS) and Fourier-transform 
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infrared spectroscopy (FTIR), and surface energy determined by water contact angle 

(WCA). XPS with a penetration depth of 5 – 10 nm is able to discriminate between 

polymer thin films and the underlying material, determining layer thickness, and can 

determine both elemental composition and chemical binding data of polymers103,104. 

Attenuated total reflection – Fourier-transform infrared spectroscopy (ATR-FTIR) can 

probe surface depths of up to several microns, providing both chemical binding data and 

also layer thickness information, if calibrated with other techniques such as AFM105. 

WCA is a measurement of the wettability property of a material and sensitive to the very 

topmost layer of the material. The WCA can provide important insight into the eventual 

function of the material as it is an aggregate measure of the composition, functional 

groups, and topography compared to other methods above99. 

1.6.3. Fouling characterization techniques 

1.6.3.1. Nonspecific protein adsorption 

Nonspecific protein adhesion is measured by either direct detection of protein on 

a surface through modification of surface plasmon resonance (SPR)12 or quartz crystal 

microbalance (QCM)19 sensing surfaces, or through modifying proteins to produce a 

signal such as with radioactive106 or fluorescent tags107. Fluorescently tagged and 

radiolabeled fouling assays are conducted with simple mixtures of protein which 

generally produce lower fouling than complex protein mixtures of biological relevance 

such as whole blood or serum108. Non-tagged techniques such as SPR and QCM have 

been used to determine fouling levels of modified gold and silicon surfaces respectively. 
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These techniques can directly compare fouling levels between single proteins (such as 

bovine serum albumin (BSA)) to complex biological media. Unfortunately, these 

techniques necessitate the modification of specific materials required for these 

techniques, which while commonly modified materials8, restricts the application of these 

methods to a wide variety of surfaces. 

Several quantitative methods are commonly employed to measure protein 

adsorption on antifouling coatings using sensors, planar surfaces or detection labels and 

reagents. Due to differences in detection, fouling results from different techniques and 

methods must be carefully examined before comparison. Each technique will introduce 

deviations in experimental parameters that influence fouling levels such as concentration, 

flow, temperature, and time. Furthermore, many techniques use sensors or surfaces that 

are coated with antifouling materials, grafting efficiency will therefore further introduce 

variability. Additionally, it has recently been shown that minor deviations during sample 

preparation for characterization techniques can also impact fouling levels 109. To 

overcome these differences in sample preparation, as well as reduce variability between 

samples, several techniques for characterizing antifouling coatings have been extended to 

high throughput screening (HTS)110–112. Finally, even if pooled whole blood sources are 

used to attempt to minimize variation from protein source and allow comparisons, there 

still exists significant differences from pool to pool on identical materials, where even 

relative levels between materials change, leading to different conclusions of which 

material is best113. 
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Several of these methods provide quantitative data without the need for 

fluorescent or radioactive labels, allowing for biofouling characterization with a wide 

variety of proteins and complex biofluids (Table 1.3). Whereas techniques that require 

fluorescent or radioactive labels on proteins are generally limited to biofouling 

experiments with individual proteins.  

1.6.3.2. SPR and QCM-D 

Surface plasmon resonance (SPR) allows for the characterization of antifouling 

surface coatings, usually polymeric films, with unmodified protein solutions and complex 

biofluids; SPR signal increases with protein adsorption allowing real-time measurements. 

SPR is limited to characterizing films that can be synthesized from or grafted to the 

sensor’s gold surface; the immobilized coating must be compatible with flow conditions 

of the SPR microfluidics. Generally, SPR’s limit of detection is reported around 0.3 ng 

cm-2, which is above the fouling limit of several reported antifouling surfaces, making 

comparisons difficult for very lower-fouling materials114.  Furthermore, the calculation of 

total protein nonspecifically adsorbed relies on calibration standards that assume 

saturated monolayers of model proteins115. 

Quartz crystal microbalance with dissipation monitoring (QCM-D) is less 

sensitive (1.8 ng cm-2)116 than SPR but offers greater variety of sensor surface chemistry, 

with metallic and polymeric coatings commercially available for functionalization. The 

added complexity of QCM-D data compared to SPR affords additional capabilities 

providing insight into the adsorbed protein layer’s mechanical properties117. Furthermore, 
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the sensitivity of QCM-D sensors to changes in the viscoelastic properties of overlayers 

can be used to characterize changes in cellular dynamics once adhered to a surface of 

interest118. Similar to SPR, antifouling coatings must be compatible with QCM-D’s 

microfluidic system, and coating thickness may hinder protein adsorption within the 

detection volume of the sensor119. Unique to QCM-D sensors, the viscosity and thickness 

of anti-fouling polymer brush layers on QCM-D sensors are known to influence fouling 

results.  

1.6.3.3. Ellipsometry 

Ellipsometry is a light-based method used to measure film thickness by variations 

in reflected polarized light and can detect protein adsorption down to 5 ng cm-2 with a 

large array of available surface chemistries for coatings120. Unlike SPR and QCM-D, 

ellipsometry does not require flow conditions but sensors must be made from reflective 

materials for sample characterization in liquid or air. The technique is routinely employed 

to characterize the modification of materials with polymer overlayers. Ellipsometry 

measurements can determine adsorbed protein film thickness and mass from refractive 

index and thickness values121. Ellipsometry has also been combined with other methods, 

such as QCM-D to provide richer protein adsorption data. On a nanopillar surface, 

ellipsometry models in conjunction with QCM-D were used to distinguish between 

fibronectin adsorbed to the tops or in between nanopillars to elucidate how location of 

adsorbed protein impacts cell adhesion122. 

1.6.3.4. AFM 
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Atomic force microscopy (AFM) can image proteins adsorbed on surfaces, 

providing protein conformation information. On flat surfaces, cell adhesion and spreading 

has also been characterized by AFM. For example, AFM was used to determine the 

conformation of nonspecifically adsorbed IgG, and its impact on S. epidermidis 

adhesion123. The conformation of BSA adsorbed onto surfaces with physiosorbed or 

covalently bound RGD peptide was also deduced by AFM to demonstrate that BSA 

conformation is maintained in “ECM like environments”124. 

Not all antifouling materials are amenable to characterization methods utilizing 

planar sensor surfaces, as described in section above. For example, the material may not 

be amenable to surface grafting or important material properties such stiffness and 

surface structures may not be recapitulated on the sensor surface. The following 

techniques are routinely employed to quantify protein adsorption without planar sensor 

surfaces. These techniques offer greater experimental flexibility and detection specificity 

but also require the careful selection of controls to ensure results can be accurately 

interpreted (Table 1.3, Table 1.4).  

1.6.3.5. Methods for characterizing unlabeled proteins 

1.6.3.5.1. Extraction of adsorbed protein for quantification 

After materials are exposed to protein solutions or biological fluids, unlabeled 

proteins are removed from the surface of interest with a detergent compatible with total 

protein detection assay such as sodium dodecyl sulfate125–127. For example, the 

bicinchoninic acid (BCA) assay detects protein peptide bonds and has been used for 
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adsorbed protein quantification on a variety of biomaterials, with detection levels of ~ μg 

cm-2. The absorbance signal produced by the BCA assay is amino acid dependent, 

calibration curves should therefore be prepared with proteins of interest128.  

Methods requiring extraction of adsorbed proteins are limited by the fact that 

most detergents do not quantitatively remove all proteins from surfaces129. Therefore, 

assays usually report values relative to positive controls; calibrations curves can estimate 

adsorbed protein amounts, assuming near quantitative removal130. The use of detergents 

prevents the investigation of adsorbed protein conformation, or bioactivity. 

1.6.3.5.2. ELISA: Detecting adsorbed proteins 

Enzyme-linked immunosorbent assays (ELISA) can be used to measure proteins 

nonspecifically adsorbed to surfaces, blood complement activation, and proteins 

produced by adhered cells. ELISAs detect surface adsorbed proteins, which act as the 

capture layer. Generally, ELISAs are limited to detecting a single adsorbed protein; 

ELISAs are therefore suitable for fouling experiments using a simple protein solution 

(i.e., fibronectin solution) or a biofluid to detect a specific protein’s adsorption from a 

complex mixture (i.e., fibrinogen adsorption from blood).  

ELISA can provide adsorbed protein conformation and bioactivity information. 

ELISAs have been used to measure adsorbed fibronectin bioactivity, which is 

advantageous over total protein measurements that cannot assess bioactivity131,132. 

ELISAs can also be used to detect potential immune responses. To measure complement 
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activation due to a hydrogel, an ELISA was used to measure C5b-9 complement 

activation in serum exposed to material surfaces133.  

ELISA measurements are independent of the substrate material, eliminating the 

need for proxy surfaces like SPR’s gold sensors. When measuring fibrinogen adsorption 

onto antifouling zwitterionic coatings on planar materials, ELISA and SPR were 

compared134. Upon quantifying fibrinogen adsorption, ELISA indicated greater 

adsorption than SPR due to differences in polymer grafting density between glass and the 

SPR gold sensor. Therefore, ELISAs may provide more relevant data for non-gold 

surfaces.  

1.6.3.5.3. LC-MS: Determining adsorbed protein content after 

extraction 

Understanding the types and ratios of adsorbed proteins may provide insight into 

potential downstream in vivo effects and immune responses upon implantation135. To 

profile all adsorbed proteins, liquid chromatography with mass spectrometry (LC-MS) 

may be employed to provide more information than total protein methods such as BCA. 

For example, protein adsorption from serum onto surfaces of varying hydrophilicity 

(water contact angle of 49˚ to 92˚) showed similar total protein levels on all surfaces, but 

LC-MS determined differences in the types of proteins adsorbed. The same surfaces also 

displayed different bioactivities, which was demonstrated by tracking cytokine release 

from macrophages seeded on the biomaterial surface; macrophages released more pro-

inflammatory cytokines (tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), IL-1b, 
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interferon gamma-induced protein 10) and less anti-inflammatory cytokines (arginase, 

IL-10)  with increasing surface hydrophobicity136. Protein profiling provided key 

information which total protein characterization could not. 

LC-MS protein identification has been used to relate adsorbed proteins on 

hydrogel implants to the potential FBR capsule formation and thickness. On hydrogels 

that varied in composition and stiffness, total adsorbed protein amounts did not correlate 

to FBR capsule thickness. LC-MS analysis of adsorbed proteins 30 minutes after 

implantation demonstrated that the presence of proteins associated with extracellular 

matrix construction and cell adhesion were strong predictors of FBR capsule thickness137.  

1.6.3.5.4. Surface sensitive techniques: XPS and ToF-SIMS 

Surface sensitive techniques to determine material composition can characterize 

protein overlayers on biomaterials. Both x-ray photoelectron spectroscopy (XPS) and 

time of flight secondary ion mass spectrometry (ToF-SIMS) only detect the first ~10 and 

2 nanometers respectively of a material138, making them ideal techniques for 

quantification of adsorbed material without requiring extraction and collection. Although, 

substrate composition (e.g. elemental composition overlap with protein) and film 

thickness impact the sensitivity of both techniques139. Film thickness impacts each 

technique differently as the sampling depth of XPS is deeper than ToF-SIMS, for 

example, on sodium styrenesulfonate coated and bare gold surfaces exposed to various 

protein solutions, ToF-SIMS signals saturated before XPS signals of protein adsorption, 

due to the increased sampling depth of the XPS technique as adsorbed protein overlayers 
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can be thicker than the ToF-SIMS sampling depth140. XPS and ToF-SIMS have been used 

in conjunction to measure surface chemical composition and protein adsorption levels on 

gradient polyethylene glycol (PEG) surfaces. The high spatial resolution of the 

techniques, and ability of both to detect protein in situ allowed for correlation between 

adsorbed protein and surface polymer density without requiring multiple sample 

surfaces141.   

1.6.3.6. Methods for quantifying adsorbed proteins modified with detection 

labels 

Quantification of fluorescent or radioactive protein is easily achieved using the 

corresponding instrumentation with standards for calibration; labelled proteins have 

improved limits of detection when compared to absorbance-based protein quantification 

methods (Table 1.3). Labels may limit fouling studies to individual proteins and alter 

protein properties such a hydrophobicity and bioactivity. Generally, in vitro fouling 

assays with labeled protein are carried out below physiological concentrations without 

competing proteins, which may poorly predict in vivo performance. Therefore, 

fluorescent, and radioactive labels offer greater sensitivity but current experimental 

design for fouling experiments may not always mimic in vivo conditions.  

1.6.3.6.1. Fluorescent labels 

Because of their high sensitivity, fluorescently labeled proteins are commonly 

used to characterize nonspecific protein adsorption to surfaces. Quantification of 
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adsorbed fluorescent proteins is regularly performed by fluorescence microscopy or 

protein extraction for solution fluorescent measurements.  

Fluorescent techniques can also provide information about protein folding, 

orientation, and reversibility of nonspecific adsorption at single molecule binding 

resolution. Using fibronectin with fluorescence resonance energy transfer (FRET) labels, 

residence time and folding state of adsorbed protein was determined on different 

polymeric PEG surfaces. Fibronectin’s adsorption rate decreased with higher PEG 

density but surface residence time increased due to more protein unfolding142; greater 

residence time with higher PEG densities has not been observed with unlabeled proteins. 

Fluorescein, a commonly used fluorescent label, was shown to change the orientation of 

adsorbed lysozyme on surfaces in a modeling study143.  FRET pairs have also been used 

to confirm conformation of surface adsorbed protein142. Single molecule resolution TIRF 

for Alexa Fluor 647 labeled BSA and fibrinogen fouling on PEG surfaces determined that 

nonspecific adsorption was reversible. Fouling was also inversely correlated to protein 

concentration on PEG surfaces, where ~1 μg mL-1 BSA and fibrinogen solutions resulted 

in fouling whereas the use 1 mg mL-1 solutions yielded surfaces with no detectable 

protein144. The authors proposed that increased protein concentrations near the material 

surface could stabilize protein conformation and decrease the likelihood of proteins 

denaturing on the surface leading to lower fouling levels at the higher concentration. 

Fluorescent labels can also alter protein properties that may influence adsorption 

degrees. For example, fluorescent labeling has been shown to influence the protein’s 

isoelectric point (by ~ 0.1), size, and charge145. Characterization via single-labelled 
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fluorescent proteins does not provide information on protein conformation or orientation 

and is limited to simple protein solutions, the use of biofluids is difficult due to labelling 

differences within the large protein population. 

1.6.3.6.2. Radioactive labels 

In contrast to fluorescent tags, radioactive labels can be introduced during protein 

expression with a radioactive amino acid or by covalently grafting a small tag. Due to 

high sensitivity, radio-tagged protein assays have detection limits as low as 0.05 ng cm-

2.146 While grafting small radiolabels has minor impacts on protein properties, oxidizing 

conditions used in many labelling reactions can result in protein aggregation and 

degradation, resulting in greater protein adsorption over unlabeled proteins147. Radio 

labels are typical used to measure total adsorption of an individual protein, and do not 

provide information about protein conformation or orientation.  

1.6.3.6.3. Coated AFM: Modified tips for selective protein detection 

Protein coated AFM tips can quantify adhesive forces between individual 

adsorbed proteins and biomaterials, which can impact cell adhesion outcome. Fibronectin 

coated AFM in concert with fluorescently labelled proteins can be used to correlate total 

protein adsorption (via fluorescence) and adhesive forces to surfaces; a strong linear 

relationship between single protein adhesive strength and total protein adsorption is 

usually observed148. In conjunction with ELISA, AFM can be used to measure protein 

adsorption force to multiple surface chemistries and protein conformation. Fibronectin 

coated AFM also demonstrated that the strength of protein material interactions 
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determines cell fate. Stronger interactions between fibronectin and materials led to 

decreased cell viability by hindering matrix remodelling149. 

1.6.3.7. Cell-adhesion 

Cells in biological media can also nonspecifically adhere at interfaces. Most 

surfaces which resist protein adsorption, also resist cell adhesion, though some counter 

examples exist, such as pHEMA150,151. To determine nonspecific cell adhesion, 

microscopy of stained cells can be performed following incubation with the material of 

interest, which provides information on total number of cells adhered as well as their 

morphology, other methods of include biochemical marker assays and cell removal and 

subsequent culturing152. Also, cell type influences adhesion with size and cell stiffness 

causing differences in adhesion between eukaryotic and bacterial cell adhesion14,153.  

For biomaterials that will be exposed to cells, quantifying cell adhesion and 

activity is necessary as protein adsorption does not necessarily correlate with downstream 

cellular activities; even when protein adsorption is below detection limits, cells have been 

shown to interact with surfaces.  

Antifouling materials are generally designed to prevent or minimize cell adhesion, 

but cell adhesion can be advantageous for some medical implants. For example, adhesion 

of cells associated with anti-inflammatory pathways may improve biomaterial outcomes, 

and cell integration is necessary for dental and joint replacements. Although, cellular 

interactions with biomaterials should be studied to avoid deleterious immune responses 

for most medical implants.  
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1.6.3.7.1. Quantifying mammalian cell fouling 

Interactions between mammalian cells and biomaterials are routinely 

characterized by: 1) detection of the adhered cells through microscopy or metabolic 

activity; and, 2) detection of signals produced by cells (i.e. adhesins or cytokines; Table 

1.3, Table 1.4). These methods are complimentary and together can provide detailed 

information regarding biomaterial fouling and potential immune outcomes. In vitro 

methods to recapitulate the full in vivo immune response remain an active area of 

research154. 

Adhered cells are commonly characterized by microscopy to determine cell 

number, morphology, elongation and spreading, which can all be related to cell 

bioactivity. For example cell morphology has been linked to macrophage phenotype, with 

elongated cells exhibiting anti-inflammatory properties155. SEM and fluorescence 

microscopy have also been used to quantify cell elongation and spreading on grooved 

surface, which correlated with cytokine profiles155. To study interactions between 

topographical surfaces with cells, a method combining focused ion beam and SEM (FIB-

SEM) was developed to determine cell adhesion preferences and morphologies as a 

function of nanostructures. Cells were found to preferentially bind to protrusions over 

pores by visualizing adhesion points156. 

Biochemical techniques used in concert with microscopy can find trends between 

bioactivity and cell number or morphology. ELISA assessment of IL-6 and TNF-α with 

fluorescent microscopy demonstrated that macrophage adhesion on fibronectin coated 
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surfaces correlated with a low inflammatory activation state; FRET experiments indicated 

that cells on surfaces with stabilized fibronectin had low inflammatory cytokine 

profiles157. Interestingly, unfolded adsorbed fibronectin promoted a pro-inflammatory 

state, indicating the need to study protein stability and not just total amounts.  

The treatment and preparation of materials before cell adhesion assays can impact 

cell adhesion outcomes; pre-exposing biomaterial surfaces to proteins prior to cell assay 

impacts cell density and spreading137. For example, protein choice during pre-exposure 

impacted the adhesion and spreading of human fibroblasts on polymer coated titanium 

surfaces; BSA did not significantly influence cell adhesion or spreading unlike 

fibrinogen, which promoted adhesion and spreading158.  

1.6.3.7.2. High throughput methods to measure macrophage 

adhesion and activation 

To minimize pro-inflammatory polarization of immune cells, implantable 

biomaterials are now being designed to promote anti-inflammatory polarizations. To this 

end, a high-throughput method for nonspecific protein adsorption alongside macrophage 

adhesion and polarization, a component of inflammation159, was developed using 

microprinted polymer spot arrays160. Polymer spot microarrays were assayed for cell 

attachment and macrophage polarization by microscopy and calprotectin/mannose 

receptor staining. High-throughput screening hits were then subjected to more rigorous 

screens for cytokine profile and phagocytic ability of macrophages as well as mass 

spectrometry of adsorbed proteins from fetal bovine serum (FBS).  
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1.6.3.8. Bacterial fouling related to medical implants 

Resistance of material surfaces to bacterial colonization is commonly pursued 

through two main strategies of 1) adhesion resistance and 2) active killing. Adhesion 

resistance strategies prevent bacteria from adhering and eventually forming biofilms, 

usually through methods that repel protein and host cell adhesion. In active killing 

strategies, surfaces may kill settled bacteria on contact through chemical or physical 

means, or the release antibacterial agents161. Methods of testing in vitro bacterial fouling 

have been well reviewed recently162–165.  

When measuring the resistance of a biomaterial to bacterial adhesion and biofilm 

formation, the environment of the intended implant location should be replicated. The 

implant site will also guide the selection of bacteria strain to investigate. Implant sites 

also vary in shear forces from fluid flow, immune environments, and host cell-bacteria 

interactions166 (Table 1.2). For example, two antifouling surfaces with similar resistance 

to fibrinogen adsorption showed drastically different biofilm formation when exposed to 

the P. aeruginosa due to differences in flow conditions; under static conditions, no 

biofilm was observed after 6 months167, whereas biofilms formed after just 10 days under 

flow conditions134. 

Table 1.2: Primary bacterial infections and conditions by implant site. 

Implant site 
Primary bacterial 

infection 
Shear rate (s-1) Fluid type  REF 

Ocular surface 
P. aeruginosa / S. 

epidermidis 
0.35 Tears 168,169 
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Urinary tract  P. aeruginosa 15 Urine 170,171 

Bone S. aureus / CoNS  --- --- 172 

Spinal column 
Early S. aureus, 
Late P. acnes 

--- --- 173 

Peritoneal cavity 
S. epidermidis / S. 

aureus 
20 - 120 CSF 174,175 

V
as

cu
la

r 

TIVAP 
< 30 d - S. aureus 

Total - CoNS  

10 - 1000176 Blood 

177 

Vascular graft 
Early CoNS, Late 
S. aureus / E. coli 

178 

PICC / CVC CoNS 179 

CoNS = Coagulase negative staphylococci, CSF = Cerebrospinal fluid, TIVAP = Totally 
implantable venous access port, PICC = Peripherally inserted central venous catheter, 
CVC = Central venous catheter. Early = < 3 months after surgery, Late = >3 months after 
surgery. 
 
Table 1.3: Advantages and limitations of commonly employed techniques to 
characterize protein adsorption and cell adhesion.  

Technique Advantages Limitations 
Label 

required 
LOD Ref 

P
ro

te
in

 a
d

so
rp

ti
on

 

SPR 
Good detection 
limit 

Substrate must be 
planar, thin coatings, 
limited sensors 
options 

- 
0.3 ng 
cm-2 

114 

QCM-D 
Good detection 
limit, sensitivity 
to viscoelasticity 

Planar, thin materials, 
stringent substrate 
materials 

- 
1.8 nm 
cm-2 

116 

Ellipsometry 
Good detection 
limit 

Specific material 
requirements 

- 
0.1 
nma / 5 
ng cm-2 

180 
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TIRF 
Single molecule, 
time dynamic 

Planar, label required, 
low concentration 
limit 

+ --- 144 

XPS 
Elemental and 
bonding 
information 

Qualitative, presence 
of high background 
signals in common 
polymeric materials 
(e.g., nitrogen) 

- 
10 – 
200 ng 
cm-2 

139 

ToF-SIMS 
Good detection 
limit, high spatial 
resolution 

Limited sampling 
depth 

- 
0.1 – 
49 ng 
cm-2 

139,181

Total protein 
assay (BCA) 

Affordable 
Requires detergents, 
large surface areas 

- 
0.5 ug 
mL-1 

182 

ELISA 

Protein type 
specific, 
orientation 
information 

Expensive, time 
consuming,  

-/+ 
0.5 – 5 
ng cm-2 

183 

LC-MS 
Protein specific 
information 

High cost - 

1 pg 
mL-2 / 
2 – 4 
pmol 
mm-2 

184,185

Coated AFM 
Quantitative 
adhesion force 

Tip 
labeling/modification 
with proteins is 
required 

- 10 pN 186 

Fluorescent 
labeling 

Affordable, 
quantitative 

Simple protein 
mixtures 

+ 
1 ng 
cm-2 

187 

Radio 
labeling 

Quantitative, 
good detection 
limit, small label 
size 

Handling, 
accessibility 

+ 
0.05 ng 
cm-2 

146 
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C
el

l a
d

h
es

io
n Visible light 

microscopy 

Common 
instrumentation, 
cell geometry (ex. 
spreading, 
elongation) 

Rudimentary data 
provided 

-/+ 
~0.3 
μm 

188 

SEM 
Direct adhesion 
visualization 

Low throughput, 
sample prep 

- 10 nm 156 

Label required (+), label free (-). LOD = limit of detection, SPR = surface plasmon 
resonance, QCM-D = quartz crystal microbalance with dissipation monitoring, TIRF = 
total internal reflection fluorescence microscopy, XPS = x-ray photoelectron 
spectroscopy, ToF-SIMS = time of flight secondary ion mass spectrometry ELISA = 
enzyme linked immunosorbent assay, LC-MS = liquid chromatography-mass 
spectrometry, AFM = atomic force microscopy, SEM = scanning electron microscopy. a 
= thickness of overlayer. 
 
Table 1.4: Techniques for the characterization of biological responses to biomaterial 
surfaces. 

Biological 
response 

Technique Advantages Limitations Ref 

Thrombogenesis 
ELISA, 
Optical 
density 

Recapitulates 
blood response 

Impacted by blood 
source, storage and test 
set up 

189 

Platelet activation 

ELISA, 
microscopy Recapitulates 

blood response 

Impacted by blood 
source, storage and test 
set up. Expensive 
detection. 

189 

Macrophage 
activation / 
polarization 

ELISA, 
microscopy 

Relevance to 
in vivo 
outcomes 

M1-M2 classification 
may be too simplistic 

159,190 

Biofilm formation 
Surface 
culture, 
microscopy 

Relevant, 
challenging 
endpoint 

Variable with strain and 
environment 

162 

 

1.7. Conclusion and outlook 

Nonspecific interactions at the interface of materials and biological systems still 

lead to poor outcomes. Efforts to reduce these deleterious interactions have made great 

progress, with materials being discovered that can last months in vivo without eliciting a 
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FBR191 and polymer thin films regularly being reported resisting protein and bacterial 

attachment in vitro12,167. Limitations still exist for these materials, as the most promising 

in vitro coatings have not translated into the most effective implanted materials192 and 

currently commercially applied PEG has now led to some immune responses193,194. 

Further, there is a need for simpler routes to the fabrication of these films, as in real 

world applications, the complexity of medical devices means that simpler techniques 

outperform more complex ones195. Therefore, the primary objective of this thesis is to 

derive new, simple, and biocompatible methods to fabricate these coatings, using state of 

the art monomers. 

1.8. Thesis Objectives 

The objective of this thesis was to advance the fields of antifouling, bioactive, 

romantic polymeric coatings for implanted biomaterial and biosensor applications. To 

this end, we aimed to extend the repertoire of simplified methods available to create 

polymer thin films to improve the antifouling properties of biomedical devices. This was 

achieved by establishing new fabrication methods to enhance bimodal graft-from, and 

graft-to surfaces for applications in label-free sensors and medical devices as outlined in 

the specific objectives below. The objectives represent significant advancements towards 

overcoming the important unmet need of translatable romantic surfaces to enable 

controlled biomaterial interactions. Bimodal polymer architectures have the potential to 

greatly increase the sensitivity of romantic biosensors, and so simplified and metal free 

methods are necessary for their production to maximize translatability. Stretchable and 

responsive plastics and elastomers are common medical materials, so a scalable, 
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composition agnostic method for producing high density polymer films thereupon is of 

interest. LSPR active materials are a promising class of biosensor platform as they allow 

simple optical setups for their use, and so a method for producing romantic LSPR 

biosensors is important. 

With these goals, and the guiding principle of simple and translatable methods 

underlying the research, three objectives were achieved, as follows: 

(1) Establish one-pot, metal-free graft-from RAFT polymerization for antifouling 

bimodal polymeric surfaces with enhanced bioactivity (Chapter 2), 

(2) Create a method for fabricating and improving antifouling surfaces using a 

scalable grafting-to protocol by applying the grafting-to method to shrinkable 

substrates (Graft-then-Shrink; Chapter 3 & 4),  

(3) Apply these methods to create antifouling, label-free sensors by developing a 

LSPR biosensor surface, onto which the graft-then-shrink method was used to a 

produce a functional, antifouling sensor in one step (Chapter 3). 
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CHAPTER 2. FABRICATION OF ANTIFOULING, HIGH-

LOADING POLYMERIC SURFACES THROUGH PH-
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2.1. ABSTRACT 

Antifouling and high-loading surfaces are increasingly important for biosensing 

and blood purification technologies. Selective and efficient target binding from complex 

media can be achieved with pCB surfaces that consist of a dense brush layer to resist 

nonspecific protein adsorption and a sparse “mushroom” upper layer for high-density 

capture agent immobilization (i.e., high-loading). We developed pH-controlled surface-

reversible addition-fragmentation chain-transfer (S-RAFT) polymerization to simplify 

fabrication of multi-modal, antifouling and high-loading pCB surfaces without the need 

for quenching or re-initiation steps, toxic transition metals or light irradiation. Multi-

modal polymer layers were produced through partial polymer termination by temporarily 

raising the pH to aminolyse a fraction of dormant chain transfer agents (CTAs); 

remaining polymer chains with intact CTAs continued uninterrupted extension to create 

the “mushroom” upper layer. The multi-modal pCB surfaces were antifouling towards 

proteins (< 6.7 ng cm-2), and macrophages. Compared to mono-modal brush surfaces, 

multi-modal pCB surfaces were high-loading with 5 times greater capture agent 

immobilization (e.g., antibody) and 4 times greater target binding (e.g., biotin-

fluorescein). 
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2.2. Introduction  

Bioactive polymeric surface coatings for antifouling biointerfaces are being 

developed for biomolecule sensing in complex fluids and blood purification1–6. To date, a 

variety of polymeric materials have been used to achieve antifouling surfaces such as 

poly(ethylene glycol) (PEG)7, fluorinated polymers8, and zwitterionic polymers5. pCB 

has been identified as a zwitterionic polymer that both resists nonspecific protein 

adsorption and is readily functionalized with biomolecules that act as capture agents for 

target molecule binding. Capture agents can be anchored to pCB’s carboxylic acid groups 

while maintaining antifouling properties towards proteins9. Furthermore, enzymes and 

antibodies conjugated to pCB maintain or increase in activity10 and thermostability by 

restricting conformational transitions11, making it optimal for bioactive antifouling 

surfaces. 
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Polymer surface coatings are produced by one of two methodologies: (1) “graft-

to”, where the end group of pre-synthesized polymer are covalently bonded to a surface; 

or (2) “graft-from”, where polymerization is initiated from the surface12. Graft-to 

polymer densities are limited by the polymer chain’s Rg leading to low density “pancake” 

or “mushroom” polymer conformations13. Graft-from yields polymer densities that 

exceed the Rg imposed limit, and extends polymer chains in a brush configuration13. 

While graft-from’s high polymer density improves fouling resistance14, biomolecule 

immobilization is limited to a monolayer on the brush surface; polymer side-chains are 

inaccessible due to tight polymer packing 15. In contrast, graft-to’s lower polymer density 

yields surfaces with greater loading potential but also increases fouling due to lower 

polymer surface coverage. 

Bimodal architectures demonstrate high surface loading while remaining 

antifouling9,15,16, combining the advantages of graft-from and graft-to. Bimodal polymer 

surfaces consist of a short dense polymer layer that resists protein fouling, and a sparse 

layer for greater biomolecule immobilization. Bimodal architectures have been 

synthesized previously via surface initiated-atom transfer radical polymerization (SI-

ATRP) and surface initiated-photoiniferter mediated polymerization (SI-PIMP)9,15,16 via 

two-step procedures that require termination and radical re-initiation steps, copper or 

surface exposure to light. The methods require two independent sequential radical 

polymerizations, where the first polymerization is fully quenched before re-initiation of 

the synthesis of the second polymer layer.  
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To decrease synthetic complexity and expand accessibility, we developed pH-

controlled S-RAFT for multimodal polymer architectures that avoids radical quenching, 

re-initiation and multiple CTA-immobilization steps (Figure 2.1). The procedure 

terminates a subpopulation of CTAs during polymerization to establish the dense 

polymer layer, while the remaining chains with active CTAs continue to extend. 

Polymerization was conducted in the presence of a primary amine, butylamine, that is 

protonated and unreactive during S-RAFT polymerization at pH 4.5. To establish the first 

layer, the pH is temporarily raised to 11 with sodium hydroxide (NaOH), which 

deprotonates butylamine for partial CTA aminolysis. To create the sparse second layer, 

the pH is returned to 4.5 (by adding 12 M hydrochloric acid (HCl)) before complete CTA 

aminolysis. The bimodal pCB surfaces resisted nonspecific protein adsorption (< 6.7 ng 

cm-2) and decreased macrophage adhesion. Compared to brush only layers, the bimodal 

pCB layers increased antibody, capture agent, loading 5 times and improved the capture 

of biotin (5-fluorescein) conjugate (biotin-fluorescein) on avidin modified layers by 4 

times.  
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Figure 2.1: Schematic for the synthesis of bimodal pCB layers via pH-
controlled S-RAFT for enhanced capture agent immobilization on antifouling 
surfaces. (A) Surface functionalized with a monolayer of RAFT CTA. (B) Synthesis of 
the dense pCB layer at pH 4.5 in the presence of a protonated primary amine, butylamine 
(pKa of 10.5). (C) Temporary increase in pH (4.5 to 11) to deprotonate butylamine for 
the partial aminolysis of immobilized CTA. (D) pH returned to 4.5 for continued 
polymerization to yield the lower density, high loading pCB layer; pH 4.5 re-protonates 
butylamine to prevent further CTA aminolysis. (E) Compared to monomodal 
architectures, bimodal pCB architectures yield greater surface densities of accessible 
carboxylic acids for carbodiimide immobilization of capture agents such as antibodies.   

2.3. Materials and methods 

2.3.1. Materials 

N-[3-(dimethylamino)propyl]methacrylamide, tert-butyl bromoacetate, 

trifluoroacetic acid (TFA), 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid, 4,4’-

azobis(4-cyanovaleric acid), sodium dodecyl sulfate (SDS), (3-
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Aminopropyl)triethoxysilane (APTES), N,N′-Diisopropylcarbodiimide (DIC), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), sodium hydroxide (NaOH), QuantiPro™ BCA Assay Kit, 

sodium acetate, bovine serum albumin (BSA), Biotin (5-fluorescein) conjugate (biotin-

fluorescein), TWEEN® 20, were purchased from Sigma Aldrich (Oakville, ON, Canada). 

Methanol, toluene, dichloromethane (DCM), diethyl ether, 1,4-dioxane, 

dimethylformamide (DMF), hydrochloric acid (HCl), sulfuric acid, and acetic acid were 

purchased from Caledon (Georgetown, ON, Canada). Alexa Fluor® 647 NHS ester, calf 

bovine serum (CBS) and fetal bovine serum (FBS), Calcein AM, HOESCHT stain, 

trypsin and avidin were obtained from Thermo Fisher Scientific (Burlington, ON, 

Canada). Dulbecco’s modified Eagle medium (DMEM) was purchased from Corning 

(Tewksbury, MA, USA). Silicon wafers were purchased from University Wafers (Boston, 

MA, USA). Bevacizumab was provided by Boston Children’s Pharmacy (Boston, MA, 

USA). Phosphate buffered saline (PBS) at pH 7.4 contained 10 mM sodium phosphate 

and 137 mM NaCl. 

Carboxybetaine methacrylamide (CB) monomer was synthesized via a previously 

published method17. Briefly, 23.25 g (136.5 mmol, 1 equiv.) of N-[3-

(dimethylamino)propyl]methacrylamide was dissolved in 300 mL of dry acetonitrile 

under N2. Tert-butyl bromoacetate (30 g, 153.8 mmol, 1.1 equiv.) was added, and left to 

react overnight at 50 °C. The reaction was cooled to room temperature and the product 

was precipitated with 500 mL of ether. The product was left to stand at 4 °C overnight, 

and decanted. The white powder was collected, washed with 100 mL of ether, decanted, 
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and dried under a stream of nitrogen, followed by incubation overnight under vacuum. 

The t-butyl protected intermediate was then deprotected by dissolving in neat TFA and 

incubating at room temperature for 2 h. The deprotected CB monomer was precipitated in 

ether, dried under a nitrogen stream, and freeze drying. 1H nuclear magnetic resonance 

(NMR) (D2O, 600 MHz) δ: 5.63 (s, 1H), 5.34 (s, 1H), 4.10 (s, 2H), 3.53 (m, 2H), 3.28 (t, 

J = 6.42, 2H), 3.18 (s, 6H), 1.96 (m, 2H), 1.85 (s, 3H). 

Fluorescent bevacizumab (bevacizumab-647) was synthesized by mixing 7.5 µL 

Alexa fluor-647 NHS DMF solutions (10 mg mL-1; 0.075 mg, 0.06 µmol, 3 equiv.) with 

100 µL of a bevacizumab solution (3 mg, 0.02 µmol, 1 equiv.) in PBS (pH 7.4) for 3 h in 

the dark. Bevacizumab-647 was purified by dialysis (molecular weight cut off (MWCO) 

12-14 kDa) against PBS at 4°C in the dark. The final bevacizumab-647 concentration and 

substitution ratio (dyes per antibody) was calculated from absorbance measurements 

taken with a Biotek Cytation 5 plate reader equipped with a Take3 micro-volume plate 

using extinction coefficient for Alexa fluor-647 of 239000 cm-1 M-1 and a correction 

factor of 0.03.  

2.3.2. Modification of silica surfaces 

2.3.2.1. Modification of silica surfaces and APTES deposition 

Silicon wafers (100 mm, N-type, <100>, 1-10 ohm cm) were soaked in 1:1 

HCl:methanol for 30 min, rinsed with milliQ water and dried under nitrogen. The wafers 

were then soaked in concentrated H2SO4 for 30 min, rinsed with milliQ water and dried 

under a stream of nitrogen. Surfaces were then spin coated with a 0.1% v/v APTES in dry 
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toluene (dried over 3 Å molecular sieves), sonicated for 1 min in dry toluene, dried under 

a stream of nitrogen, and incubated for 1 h at 70 °C.  

2.3.3. Immobilization of RAFT chain transfer agent 

4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (14 mg, 0.05 mmol, 1 equiv.) 

was activated with DIC (39 µL, 0.25 mmol, 5 equiv.) and NHS (29 mg, 0.25 mmol, 5 

equiv.) in DCM (1 mL; dried over 3 Å molecular sieves) and stirred overnight at room 

temperature under nitrogen. APTES functionalized silica wafers were then added to the 

DCM solution, diluted to 5 mL, which was then kept under nitrogen for 60 h with gentle 

stirring. 

2.3.4. Solution and graft-from polymerizations  

2.3.4.1. Synthesis of pDMAPMA 

Bimodal poly(Dimethyl aminopropyl methacrylamide) (pDMAPMA) 

distributions in solution were synthesized as follows. N-[3-

(dimethylamino)propyl]methacrylamide monomer (1.3 mL, 7.8 mmol, 130 equiv.), 4-

Cyano-4-(phenylcarbonothioylthio)pentanoic acid (15.4 mg, 0.05 mmol, 1 equiv.), 4,4′-

Azobis(4-cyanopentanoic acid) (7.7 mg, 0.27 mmol, 0.5 equiv.) and butylamine (50 µL, 

0.5 mmol, 9 equiv.) were dissolved in 5 mL of 2:1 acetate buffer (0.1 M, pH 4.5) and 1,4-

dioxane. The pH was adjusted to 4.5 with NaOH (8 M) and degassed via three freeze-

pump-thaw cycles with nitrogen backfills and incubated at 70 °C with gentle stirring. 

Two different bimodal polymerizations were performed: (1) After 2 h at 70 °C, an aliquot 

of polymerization solution was removed for gel permeation chromatography (GPC) 
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characterization and degassed NaOH (8 M, 500 µL) was added to the reaction vessel to 

raise the pH and initiate CTA aminolysis. After 6 min at high pH, HCl (12 M, 335 µL) 

was added to end aminolysis, and the polymerization was maintained for 22 h. (2) After 4 

h at 70 °C, an aliquot of polymerization solution was removed for GPC characterization 

and degassed NaOH (8 M, 500 µL) was added to the reaction vessel to initiate CTA 

aminolysis. After 6 min at high pH, HCl (12 M, 335 µL) was then added to end 

aminolysis and polymerization was maintained for 20 h. 

Trimodal pDMAPMA was synthesized similarly to the bimodal pDMAPMA 

polymerization described in condition 1 above, except degassed NaOH (8 M, 500 µL) 

was also added after 9 h polymerization, and HCl (12 M, 335 µL) at 9 h and 6 min, with a 

total polymerization time of 45 h. 

2.3.4.2. Synthesis of bimodal solution and graft-from pCB 

Solution polymerization is simultaneously occurring during graft-from synthesis 

of pCB layers, we therefore performed the same procedure for solution and graft-from 

polymerizations. CB monomer (1.5 g, 6.6 mmol, 130 equiv.), 4-Cyano-4-

(phenylcarbonothioylthio)pentanoic acid (14.1 mg, 0.05 mmol, 1 equiv.), 4,4′-Azobis(4-

cyanopentanoic acid) (7.1 mg, 0.025 mmol, 0.5 equiv.) and butylamine (50 µL, 0.5 

mmol, 10 equiv.) were dissolved in 5 mL 2:1 acetate buffer (0.1 M, pH 4.5) and 1,4-

dioxane. The pH was adjusted to 4.5 with NaOH (8 M) and a CTA functionalized silicon 

wafer was submerged in the polymerization solution. The solution was degassed via three 

freeze-pump-thaw cycles, backfilled with nitrogen and incubated at 70 °C for 1 h with 
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gentle stirring. After 1 h, an aliquot of polymerization solution was removed for GPC 

characterization and degassed NaOH (8 M, 500 µL) was added to the reaction vessel to 

initiate aminolysis. After 5 min at high pH, HCl (12 M, 335 µL) was added to end 

aminolysis and the solution was reacted for an additional 23 h. 

2.3.4.3. GPC characterization of solution polymers 

Polymer molecular weights (Mn, MW) and dispersity (Đ) were determined by 

GPC using an Agilent 1260 infinity II GPC system equipped with an Agilent 1260 

infinity RI detector, and either a Superpose 6 increase 10/300 GL (GE healthcare) column 

(bimodal pDMAPMA, pCB with and without butylamine), Superose 6 increase 10/300 

GL and HiLoad 16/600 Superdex 200 pg (GE healthcare) columns in series (trimodal 

pDMAPMA), or PL aquagel-OH 30 and PL aquagel-OH 40 (Agilent) columns in series 

(monomodal pCB) with PBS running buffer at 30°C. Columns were calibrated using 

polyethylene glycol (PEG) standards (Mn of 3,000 to 60,000 Da). 

GPC chromatograms of bimodal pCB were deconvolved with Microsoft Excel 

assuming two peaks fit as normal Gaussian distributions using the included generalized 

reduced gradient (GRG) nonlinear algorithm. The ratio of high to low molecular weight 

polymers in bimodal distributions were calculated as the relative ratio of the area of these 

Gaussian distributions. 

2.3.5. Surface characterization 

2.3.5.1. Ellipsometry 
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Film thickness measurements were obtained using an M-2000UI (J.A. Woolam) 

variable angle spectroscopic ellipsometer at 55 to 75° in 5° increments with light 

spectrum from 250 to 1680 nm. All films were modeled as transparent single layer 

Cauchy films with no surface roughness on Si substrates with the CompleteEase Software 

package. 

2.3.5.2. X-ray Photoelectron Spectroscopy 

Modified wafers were analyzed with a PHI Quantera II scanning x-ray 

photoelectron spectroscopy (XPS) microprobe. A take-off angle of 45° was used for all 

samples, pass energy and step size were 224 eV and 0.8 eV for survey scans and 55 eV 

and 0.1 eV for high resolution scans, which were used to determine elemental 

composition. 

2.3.5.3. Water contact angle 

Static water contact angle (WCA) measurements and images were acquired with 

an OCA 20 (Future Digital Scientific) contact angle measurement system and calculated 

with the SCA 20 software module. 3 µL droplets of milliQ water were deposited on 

APTES functionalized, CTA functionalized, and 1 and 2 layer pCB surfaces.  

2.3.6. Modification of pCB surfaces with capture agents 

2.3.6.1. Bevacizumab-647 immobilization 

1 and 2 layer pCB wafers were activated for protein immobilization via 

incubation in 200 µL of a 0.2 M EDC (76.7 mg, 0.4 mmol, 1 equiv.) and 0.05 M NHS 
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(11.5 mg, 0.1 mmol, 0.25 equiv.)  water solution for 7 minutes at 4 °C. The wafers were 

then rinsed with a sodium acetate buffer (0.1 M, pH 4.5), placed in a 200 µL solution of 

bevacizumab-647 (500 µg mL-1) in PBS, and incubated for 20 min at 4 °C in the dark. 

Wafers were then water bath sonicated in fresh PBS 3 times for intervals of 1 min to 

remove excess protein. Surface fluorescence microscopy imaging was performed with a 

Biotek Cytation microscope, equipped with a Cy5 filter set. Intensity quantification was 

performed with the ImageJ Mean Gray Value tool. Surface fluorescence values were 

converted to ng cm-2 by comparison with a calibration curve of dropcast bevacizumab-

647 of known total mass onto wafers and imaged under the same conditions as 

experimental samples to produce a calibration curve. 

2.3.6.2. Avidin immobilization and biotin fluorescein capture 

Avidin was immobilized onto 1 and 2 layer pCB using the same procedure as 

bevacizumab-647. Following immobilization, surfaces were rinsed 6 times with 0.05% 

TWEEN 20 in PBS (PBS-T). Avidin functionalized wafers and pCB coated wafers 

without avidin were incubated in 100 μL of 4 μg mL-1 biotin-fluorescein in PBS for 2 h in 

the dark under agitation (orbital shaker at 100 RPM). The biotin-fluorescein solution was 

removed, and surfaces were rinsed 6 times with PBS-T. Fluorescence of each well was 

measured with a Biotek Cytation plate reader and surface fluorescence was imaged by 

fluorescent microscopy. Surface fluorescence values were converted to ng cm-2 by 

comparison with a calibration curve of dropcast biotin-fluorescein of known total mass 

onto wafers and imaged under the same conditions as experimental samples. 
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2.3.7. Characterization of protein and macrophage fouling on pCB coated 

surfaces 

2.3.7.1. Nonspecific protein fouling  

Total nonspecific protein adsorption was measured by a bicinchoninic acid (BCA) 

assay of collected protein, as previously reported18–20. Pristine silicon, 1 and 2 layer 

pCB, and pDMAPMA surfaces were incubated with 100% aged CBS at 37 °C for 1 h. 

Following incubation, the wafers were rinsed with deionized (DI) water and incubated 

in PBS for 15 min on an orbital shaker table at 100 RPM. The wafers were then 

removed from the PBS solution and dried under a stream of nitrogen. To extract 

adsorbed protein from the dry wafers, 120 µL of 8% SDS in DI water was added to 

cover the surface, the wafers were then incubated in a humidity chamber overnight at 

37 °C. The SDS solution was removed from the wafers and incubated for 2 h at 37 °C 

with BCA assay kit reagents as per manufacturer protocol21. Finally, absorbance was 

read at 562 nm and compared against a BSA calibration curve to determine the total 

adsorbed protein content. The total amount of protein in the SDS solution was then 

determined using the BCA protein quantification assay with a calibration curve. The 

calibration curve was prepared using BSA calibrants in the SDS solution used to 

remove adsorbed protein from wafers. The lowest detectable concentration in the BSA 

calibration curve was 0.3 µg/mL. The SDS solutions used for BSA extraction were 120 

µL and the wafers were 5.4 cm2. Therefore, the LOD is equal to: 
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                 𝐿𝑂𝐷 =  
𝑇𝑜𝑡𝑎𝑙 𝐵𝑆𝐴 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 

𝑊𝑎𝑓𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
 

=  
𝑙𝑜𝑤𝑒𝑠𝑡 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 [𝐵𝑆𝐴] 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝐷𝑆 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑊𝑎𝑓𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

=
0.3 

µ𝑔
𝑚𝐿

∗ 0.12 𝑚𝐿

5.4 𝑐𝑚ଶ
= 6.7 𝑛𝑔 𝑐𝑚ିଶ 

2.3.7.2. Nonspecific macrophage adhesion 

pCB coated silicon wafers were placed into a 96 well plate. Wells were soaked in 

70% ethanol for 1 h to sterilize the surfaces. The ethanol was removed, and each wafer 

was rinsed three times with water, and incubated for 24 h with 200 μL of FBS at 37 °C. 

FBS was removed and 200 μL of RAW 264.7 macrophages (50 000 cells mL-1) in 

DMEM supplemented with 10% FBS were added to each well and cultured for 2 d at 37 

°C and 5% CO2. Cell media was then removed, and each well was rinsed three times with 

37 °C PBS. Cells were stained with Calcein AM and HOESCHT according to 

manufacturer protocols. Silicon wafers were imaged with a Biotek Cytation fluorescent 

microscope equipped with DAPI and GFP filter cubes, and cells with colocalized stains 

were counted. 

2.3.8. Statistical methods 

All graphed data represents mean ± standard deviation calculated from triplicate 

measurements of three samples prepared at the same time with one batch of biological 

material (when applicable), unless otherwise stated. All statistical analysis was performed 
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using GraphPad Prism 8. P < 0.05 is indicated by *, P < 0.01 by **, and P < 0.001 by 

***. 

2.4. Results and Discussion 

2.4.1. Demonstration of pH-controlled RAFT polymerization in solution: 

synthesis of multimodal pDMAPMA and pCB  

To demonstrate the production of multimodal polymer distributions using pH-

controlled RAFT, we first conducted and characterized the solution polymerization of 

pDMAPMA and pCB, using a thiocarbonylthio containing CTA end group at the 

polymer’s living end. Controlled partial degradation of the thiocarbonylthio group, which 

prevents further monomer addition, led to bi- or multi-modal polymer MW distributions. 

Here, we reacted a fraction of polymer thiocarbonylthio end groups with an amine 

nucleophile, butylamine, to yield terminal thiols and a thioamide side product (Scheme 

2).  
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Scheme 2: Mechanism of thiocarbonylthio aminolysis. RAFT chain end modification 
via pH dependent aminolysis. 

Partial termination of CTAs with amino nucleophiles allows for one-pot synthesis 

of bimodal polymer MW distributions by temporarily raising the pH; the amine is 

protonated and unreactive at pH 4.5, and unprotonated and reactive at pH 11. Butylamine 

was chosen as the nucleophile because it is soluble under pCB’s aqueous polymerization 

conditions and has a pKa of ~10.522, which minimizes aminolysis during pH 4.5 RAFT 

polymerization23,24. A 10 times molar excess of butylamine compared to CTA agent 

during polymerization ensured efficient aminolysis at high pH. The elapsed 

polymerization time prior to pH raising determined the MW of the low MW polymer 

population. 

Two different bimodal pDMAPMAs were synthesized with partial aminolysis at 2 

or 4 h after initiation; polymers were characterized by GPC (Figure 2.2A) and NMR 

(Figure S2.1B). The low MW polymer population increased from 8.0 to 9.2 kDa as 

polymerization time prior to aminolysis increased from 2 to 4 h, minimal differences in Đ 

were observed (1.03 versus 1.05;   
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Table 2.1). We also confirmed that pDMAPMA’s tertiary amine does not result in 

CTA aminolysis at pH 4.5 (Figure S2.2). The ability to synthesize multimodal 

distributions was further tested by synthesizing a trimodal distribution of pDMAPMA 

with partial aminolysis at 2 and 9 h, and a total polymerization time of 45 h. This resulted 

in the production of three distinct MW populations of 7 (Đ = 1.02), 70, and 391 kDa, 

respectively; the dispersity of the two high MW populations could not be accurately 

calculated due to elution near the exclusion limit of the column (Figure 2.2B).  

 

Figure 2.2.  GPC analysis of multimodal distributions from solution 
polymerization of pDMAPMA using pH-controlled RAFT. pH time courses during 
polymerizations are plotted on the right. (A) GPC analysis of two different 
pDMAPMA polymerizations with partial CTA aminolysis at 2 (red) or 4 h (blue), 
respectively, by temporarily raising the pH for 5 min. GPC analysis prior to pH raising 
(dashed lines) demonstrated that pH raising is required for multimodal distributions. (B) 
pDMAPMA polymerization with sequential 6 min partial CTA aminolysis at 2 and 9 h 
resulted in three distinct MW populations highlighted in blue, red and green.  
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Table 2.1: Characterization of low and high MW populations in bimodal solution 
polymerizations. MW = weight average molecular weight, Mn = number average 
molecular weight. 

  Low MW population High MW population 

Polymer* Aminolysis 
duration (min) 

Mw 
(kDa) 

Mn 
(kDa) 

Ɖ Mw 

(kDa) 
Mn 

(kDa) 
Ɖ 

pDMAPMA2h 5 8.0 7.8 1.03 32.5 25.0 1.30 

pDMAPMA4h 5 9.2 8.8 1.05 43.8 32.4 1.35 

pCB1h 5 6.4 6.5 1.02 9.5 10.5 1.11 

pCB1h 30 6.4 6.5 1.02 8.8 9.4 1.07 

pCB1h 60 6.4 6.7 1.04 10.0 10.8 1.08 

*Subscript indicates polymerization time prior to pH raising. 

To determine the duration of aminolysis required for pCB bimodal distributions, 

pCB was synthesized with pH 11 intervals of 5, 30 or 60 mins. The 5 min interval yielded 

a clear bimodal distribution according to GPC analysis, with two molecular weight  

populations of 6.5 (Đ  = 1.02) and 10.5 kDa (Đ  = 1.11) (  
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Table 2.1, Figure 2.3A); the bimodal solution was further characterized by NMR 

(Figure S2.1). The 30 and 60 min intervals most likely resulted in maximum aminolysis 

of the CTAs and uncontrolled polymerization of propagating chains, which resulted in 

bimodal distributions dominated by the low MW population (Figure 2.3). To determine 

the relative distribution of low and high MW populations, the GPC data was deconvolved 

assuming Gaussian distribution to yield a 0.43:0.57 ratio of low to high Mw populations 

for the 5 min pH 11 time interval. Deconvolution of GPC chromatograms of conditions 

with 30 and 60 mins at pH 11 yielded greater proportions of the low MW population, as 

expected. To ensure aminolysis is required for bimodal polymerization, the pCB 

synthesis protocol was repeated in the absence of butylamine; no clear bimodal pCB 

distributions were observed in the absence of butyl amine (Figure S2.3). Therefore, 

bimodal populations of pCB can be synthesized using pH-controlled RAFT with 

butylamine and a pH 11 interval of 5 min. Because the monomer must be stable under 

basic conditions for pH controlled aminolysis, CB with a 1 carbon spacer length (CSL) 

between charges was chosen; CBs with a CSL of 2 have been reported to undergo 

elimination reactions under basic conditions25. We confirmed that no pCB structure 

modifications occurred upon exposure to high pH aminolysis conditions by NMR 

(Figure S2.1). 
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Figure 2.3: Dependence of pH 11 time interval on pCB’s bimodal Mw 
distributions in the presence of butylamine. GPC chromatograms (red line) of bimodal 
pCB polymerizations conducted as follows: (1) pH was held at 4.5 for 1 h; (2) pH was 
temporarily raised to 11 for (A) 5, (B) 30 and (C) 60 min, respectively; and, (3) pH was 
returned to 4.5 for a total polymerization time of 24 h. Dashed lines represent 
deconvolution of GPC data as gaussian distributions to separate high (yellow) and low 
(blue) Mw populations; the black dashed line represents the sum of the deconvoluted 
high and low MW populations. All y-axes are normalized refractive index intensity. (D) 
Calculated proportions of high and low Mw polymer populations from deconvolution. 
Control experiments without butylamine are presented in Figure S2.3.  
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2.4.2. Graft-from pCB synthesis on silicon wafer surfaces was confirmed by 

XPS 

Using XPS, we first confirmed that the silicon wafers were activated with CTA 

agent and amenable to graft-from polymerization of pCB. Silicon wafers were spin 

coated with APTES and reacted with CTA’s carboxylic acid using DIC to form an 

unreactive amide bond towards aminolysis. XPS of the wafers confirmed the presence of 

nitrogen and sulfur after immobilization of APTES and CTA, respectively, which 

indicates successful surface functionalization. The wafers were then immersed in a pCB 

polymerization solution that was then heated to initiate concurrent solution and surface 

pCB polymerization. After polymerization, the pCB modified wafers had greater carbon 

content compared to CTA modified surfaces according to XPS (Table 2.2). Therefore, 

the CTA modified wafers are amenable to pCB graft-from polymerization.  

Table 2.2: XPS derived elemental composition of pristine and modified silicon 
wafers. 

 
*1 layer pCB had a thickness of 12.6 ± 2.7 nm. 
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2.4.3. Graft-from synthesis of bimodal pCB through pH-controlled S-RAFT 

The synthesis of bimodal pCB surfaces using pH-controlled S-RAFT was 

confirmed through WCA, spectral ellipsometry, and protein loading. Bimodal pCB layers 

were successfully polymerized with a 5 min pH 11 interval after 1 h of polymerization, as 

described in section 3.1. As controls, 1 layer pCB wafers were prepared with a total 

polymerization time of 1 h at pH 4.5.  

To follow each surface modification step, the WCA of the wafers was measured 

after APTES, CTA, 1 layer pCB and 2 layer pCB synthetic steps. APTES modified 

surfaces demonstrated a WCA of ~ 40° that is characteristic of an aminosilane monolayer 

on silicon surfaces26, where the amines are orientated away from the surface with all 

three ethoxy groups reacted. CTA functionalized surfaces demonstrated WCAs (~55°) 

typical of CTA ,4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid, monolayers27. The 

WCA of pCB modified surfaces is dependent on the degree of polymerization28; 

therefore, 2 layer (bimodal) pCB surfaces with a 24 h polymerization time had a lower 

WCA than 1 layer pCB surfaces with a 1 h polymerization time. The WCA of the 

bimodal architecture (~10°) is hydrophilic and equivalent to the those previously reported 

for thick pCB layers29. The high variability in WCA for 1 layer pCB modified wafers 

(standard deviation of 10, Figure 2.4) is characteristic of thin coatings due to the 

sensitivity of WCA measurements to slight film thickness variations28. To demonstrate 

that polymerization time (i.e. degree of polymerization) influences WCA measurements, 

the WCA of unimodal and bimodal pCB surfaces produced using a 24 h polymerization 

timed had similar WCAs (Figure 2.4, Figure S2.4). 
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Figure 2.4:  Surface characterization of functionalized silicon wafers by WCA and 
ellipsometry. (A) Static WCA and representative photographs of 3 µL water droplets on 
wafers functionalized with aminosilane, CTA, and 1 and 2 layer pCB coatings. 
Hydrophobic CTA increased the WCA contact, whereas increasing pCB content 
decreased the WCA. The WCA of 1 layer pCB was greater than 2 layer pCB due to 
differences in layer thickness. (B) Modeled layer thickness of native oxide, APTES, 
CTA, and 1 and 2 layer pCB coatings from spectral ellipsometric measurements. 
Statistics performed by one-way analysis of variance (ANOVA) with Bonferroni’s 
multiple comparison test (mean ± standard deviation p < 0.05 (*), and p < 0.001 by 
(***)).  

The greater thickness of 2 layer pCB architectures compared to 1 layer pCB was 

confirmed by spectral ellipsometry of dry pCB films. The average thickness of the 2 layer 

coating was ~2.4 times greater than the 1 layer coating (Figure 2.4B), due to the 

formation of the low-density second layer. The layer thickness increased at each 

modification step from the native oxide layer on the silicon wafer, APTES, CTA, 1 layer 

pCB and 2 layer pCB (Figure 2.4B), indicating a successful modification procedure.  

The 2 layer pCB architecture was also confirmed to have greater antibody loading 

potential through the immobilization of a fluorescent antibody, bevacizumab modified 

with Alexa 647 (Figure 2.5). Bimodal pCB layers have previously been shown to 

increase the surface capacity of immobilized antibodies when compared to monomodal 
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brush pCB layers, where thicker low density layers lead to greater loading levels16. High-

density monomodal polymer layers demonstrate lower degrees of protein immobilization 

because high-density of polymer chains prevent biomacromolecule diffusion30. Using 

EDC/NHS chemistry to activate pCB carboxylic acids, Alexa 647 modified bevacizumab 

was immobilized onto monomodal brush and bimodal pCB surfaces. Wafers were then 

characterized by surface fluorescence, which indicated ~5 times greater bevacizumab 

immobilization on bimodal surfaces. Therefore, bimodal pCB surfaces produced through 

pH controlled S-RAFT retained the advantageous property of greater capture agent 

immobilization.  

 

Figure 2.5: Immobilization of bevacizumab confirmed the greater loading 
capacity of bimodal pCB wafers. Fluorescently labelled bevacizumab was immobilized 
using EDC/NHS chemistry on 1 (brush) and 2 layer (bimodal) pCB wafers. After 
quantification by fluorescent microscopy, the 2 layer pCB architecture was confirmed to 
have a higher loading capacity than 1 layer pCB. P < 0.01 (**), by student’s t-test, mean 
± standard deviation. 
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2.4.4. Avidin modified bimodal pCB surfaces enhanced biotin capture  

Bimodal pCB layers functionalized with avidin captured approximately 4 times 

more biotin-fluorescein than avidin modified brush pCB surfaces (Figure 2.6). The 

improved capturing capacity is similar to previously reported bimodal polymer surfaces 

which increased capacity by 1.8 to 3.1 times9,15. Avidin was first immobilized on the pCB 

surfaces using EDC/NHS chemistry. The surfaces were then incubated in biotin-

fluorescein solutions for 2 h, then extensively washed to remove unbound biotin. 

Fluorescence microscopy was performed on biotin-fluorescein exposed 1 and 2 pCB 

layer surfaces with and without immobilized avidin (Figure 2.6B). The bimodal 2 layer 

pCB surfaces with avidin had greater total fluorescence intensity, which indicates a 

greater amount of captured biotin-fluorescein compared to 1 layer pCB surfaces. 

Quantitative surface fluorescence measurements indicated ~4 times increase in biotin-

fluorescein capture on bimodal (2 layer) architectures when compared to brush (1 layer) 

surfaces (Figure 2.6C); surfaces without avidin were used as background controls. 

Therefore, bimodal architectures improved both capture agent immobilization and target 

molecule binding.  
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Figure 2.6. Bimodal, two layer, pCB wafers modified with avidin have 
greater biotin capturing efficiency. (A) Schematic for the modification of pCB surfaces 
with avidin and subsequent biotin-fluorescein capture. (B) Representative fluorescent 
micrographs (4x magnification) and micrograph fluorescent intensity from 1 and 2 layer 
pCB surfaces with and without avidin that were exposed to biotin-fluorescein. (C) 
Surface fluorescence quantification of biotin-fluorescein bound to avidin modified 
surfaces (n = 5 for 1 layer pCB, n= 6 for 2 layer pCB, mean ± standard deviation, p < 
0.05 (*), student’s t-test). Background signal was removed by measuring fluorescence of 
avidin-free surfaces after exposure to biotin-fluorescein. 

 

2.4.5. pCB surfaces prepared by pH-controlled RAFT are antifouling  

1 and 2 layer pCB architectures had similar antifouling properties due to the pCB 

brush architecture present on both surfaces. pCB coatings synthesized by the graft-from 

method are employed to generate antifouling surfaces towards proteins, which has been 
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defined as below 5 ng cm-2 31; whereas, surfaces prepared by graft-to methods exposed to 

undiluted serum nonspecifically adsorb proteins at 11 ng cm-2 32. In this study, 1 and 2 

layer pCB architectures were exposed to 100% aged CBS to evaluate protein fouling in 

complex media relevant for biological applications; aged serum has been shown to foul 

surfaces to a greater degree than fresh serum33. pCB surfaces were compared to positive 

fouling controls of cationic pDMAPMA modified surfaces and anionic plasma cleaned 

SiO2 wafers. All surfaces were incubated in CBS for 1 h and washed extensively in PBS 

prior to adsorbed protein quantification using an SDS extraction method and the BCA 

protein quantification assay, as previously described20. Adsorbed protein on the 1 and 2 

layer pCB surfaces was below the assay detection limit of 6.7 ng cm-2, while the 

pDMAPMA control surface had ~130 ng of adsorbed protein per cm-2 (Figure 2.7A). 

The calculated values of adsorbed protein assume complete removal with SDS, which has 

been shown to not hold for all protein interactions34, and thus represent lower bounds. 

Despite the limitations of protein collection with SDS solutions, the relative amounts of 

protein detected on pCB coated surfaces and control surfaces show that both 1 and 2 

layer pCB coatings improve protein fouling resistance. The relative decrease in detected 

protein here is similar to previously reported relative changes in protein fouling from 

pCB coatings when compared to uncoated control substrates detected with the same SDS 

BCA assay (~20x) 35,36. Therefore, bimodal pCB surfaces synthesized by pH-controlled 

S-RAFT resist protein fouling to a similar extent as previously reported bimodal 

architectures synthesized by SI-ATRP and SI-PIMP.  
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Surface fouling was further characterized by quantifying nonspecific macrophage 

adhesion to serum exposed surfaces. Both 1 and 2 layer pCB coatings reduced 

macrophage adhesion by > 90% when compared to tissue culture plastic (TCP) and 

plasma cleaned wafers (SiO2; Figure 2.7B, C). To ensure maximum macrophage 

binding, all surfaces were pre-incubated in FBS for 24 h prior to cell seeding (10,000 

macrophages per surface). After seeding, surfaces were cultured for an additional 2 d to 

promote maximum macrophage adhesion to identify potential difference in nonspecific 

macrophage adhesion. Surfaces were then gently washed with PBS and cells were stained 

with HOESCHT and calcein AM for counting. Both 1 and 2 layer pCB decreased 

macrophage adhesion to a similar extent (Figure 2.7B, C), indicating both surfaces had 

similar antifouling properties towards cells, as expected.  
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Figure 2.7: One and two layer pCB surfaces were equally antifouling when 
exposed to serum. (A) Non-specific protein adsorption onto pristine silicon wafers and 
wafers functionalized with single layers of pDMAPMA and pCB, and bimodal pCB 
when incubated in CBS for 24 h; cationic  pDMAPMA and anionic SiO2 surfaces were 
included as a positive fouling control. No adsorbed protein was detected on 1 or 2 layer 
pCB (detection limit of the assay was 6.7 ng cm-2); protein adsorption was therefore 
comparable to antifouling surfaces31. (B) After 48 h of culturing, relative amounts of 
adhered macrophages on surfaces pre-exposed to serum for 24 h was quantified. Cell 
counts were determined from fluorescent micrographs; numbers were normalized to the 
tissue culture plastic (TCP) control. (C) Representative fluorescent micrographs of 
adhered macrophages stained with HOESCHT and calcein AM, scale bars = 200 μm. 

2.5. Further discussion  

pH-controlled bimodal S-RAFT polymerization simplifies the synthesis of 

bimodal pCB layers and avoids the use of potentially toxic materials (e.g., Cu), 

increasing the accessibility of bimodal pCB surfaces for incorporation into sensors and 

medical devices. Bimodal architectures were achieved by the temporal control of pH 
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(through NaOH and HCl additions) to temporarily deprotonate butylamine for partial 

CTA aminolysis. The method can be extended to other CTAs due to the standard 

thiocarbonylthio bond found in many RAFT CTAs37, enabling polymerization of 

monomers that may not be compatible with 4-Cyano-4-

(phenylcarbonothioylthio)pentanoic acid. This technique can further be extended to other 

substrate materials such as gold, an important substrate for biosensors, as only the initial 

amine functionalization chemistry must be adapted; S-RAFT has previously been 

performed on gold surfaces38. 

 The development of high loading, antifouling surfaces is particularly important 

for biomedical sensors and blood purification devices. The ability to rapidly detect 

cytokines in blood or tissue extracts is increasingly important due to the development of 

immune modulating drugs such as cancer immunotherapies, where cytokine levels are 

carefully tracked39. Recently, the development of polymeric surfaces for blood cytokine40 

and lipopolysaccharide41 (LPS) filtration has shown promise for the treatment of sepsis; 

cytokine filtration could also have applications in cardio-renal syndromes42. Blood 

filtration with antifouling bioactive surfaces can selectively alter blood biochemistry with 

temporal control by administering in-line filters to patients43.   

2.6. Conclusions 

The development of antifouling surfaces that selectively capture molecules from 

biological fluids is crucial in the development of biosensors and blood filtration devices. 

We developed pH-controlled S-RAFT to simplify the synthesis of bimodal pCB layers 

that increase capturing efficiency while retaining antifouling properties. Compared to 
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monomodal pCB architectures, bimodal surfaces improved capture agent, antibody, 

immobilization and target molecule, biotin-fluorescein, capture by 4 to 5 times. pH-

controlled S-RAFT only requires a temporary increase in pH for CTA aminolysis during 

surface preparation, which will help towards increasing the accessibility of bimodal 

architectures for biomedical applications.  

2.7. Supporting information 

 

Figure S2.1: 1H NMR (600 MHz) spectra of (A) monomodal and bimodal 
pCB and (B) pDMAPMA in D2O. 
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Figure S2.2: Degradation of CTA solutions at pH 4.5. Three solutions of CTA 
only, CTA + DMAPMA and CTA + pDMAPMA in 2:1 acetate buffer (0.1 M, pH 4.5) 
and 1,4-dioxane were prepared. The absorbance at 490 nm will decrease upon 
aminolysis. No decrease in absorbance was observed when CTA was exposed to 
DMPAMA or pDMAPMA, indicating the tertiary amine of DMPAMA or pDMAPMA 
does not result in significant CTA aminolysis at pH 4.5. 
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Figure S2.3: GPC chromatograms of pCB distributions as a function of 
polymerization time at pH 11 without butylamine. pCB synthesized without 
butylamine where the pH was raised to 11 at 1 h for A) 5, B) 30 and C) 60 min, 
respectively, with a total polymerization time of 24 h. All y-axes are normalized 
refractive index intensity. D) Summary of calculated GPC data for chromatograms A-C. 
No bimodal distribution was observed in the absence of butylamine.  
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Figure S2.4: Thick 1 layer monomodal pCB surface. A) Static contact angle of 

3 µL water droplets on wafers functionalized with 1 layer pCB with a total 
polymerization time of 24 h. The WCA of the thick layer presented here (17°) was much 
lower than thin 1 layer pCB surfaces presented in Figure 4A, demonstrating the thickness 
dependence of WCA measurements. B) Representative photograph of water droplets on 
pCB functionalized wafer. C) GPC chromatogram of solution monomodal pCB produced 
during the synthesis of thick 1 layer pCB surfaces (MW = 29 kDa, Đ = 1.1, analyzed on 
PL aquagel-OH 30 and PL aquagel-OH 40). 
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CHAPTER 3. GRAFT-THEN-SHRINK: SIMULTANEOUS 

GENERATION OF ANTIFOULING POLYMERIC SURFACES 

AND LSPR BIOSENSORS  
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3.1. Abstract 

Antifouling polymer coatings that are simple to manufacture are crucial for the 

performance of medical devices such as biosensors. “Grafting-to”, a simple technique 

where pre-synthesized polymers are immobilized onto surfaces, is commonly employed 

but suffers from non-ideal polymer packing leading to increased biofouling. Herein, we 

present a material prepared via the grafting-to method with improved antifouling surface 

properties and intrinsic localized surface plasmon resonance (LSPR) sensor capabilities. 

A new substrate shrinking fabrication method, Graft-then-Shrink, improved antifouling 

properties of polymer coated Au surfaces by altering graft-to polymer packing while 

simultaneously generating wrinkled Au structures for LSPR biosensing. Thiol-

terminated, antifouling, hydrophilic polymers were grafted to Au coated pre-stressed 

polystyrene (PS) followed by shrinking upon heating above PS’s glass transition 

temperature. Interestingly, polymer molecular weight and hydration influenced Au 

wrinkling patterns. Compared to Shrink-then-Graft controls, where polymers are 

immobilized post shrinking, Graft-then-Shrink increased polymer content by 76% in 

defined footprints and improved antifouling properties as demonstrated by 84% and 72% 

reduction in macrophage adhesion and protein (BSA) adsorption, respectively. Wrinkled 

Au LSPR sensors had sensitivities of ~200-1000 Δλ/ΔRIU, comparing favorably to 

commercial LSPR sensors, and detected biotin-avidin and desthiobiotin-avidin 

complexation in a concentration dependent manner using a standard plate reader and 96-

well format. 
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3.2. Introduction 

Antifouling polymeric coatings are commonly created by grafting pre-synthesized 

polymers onto device surfaces,1,2 a method referred to as “graft-to”, to minimize 

nonspecific interactions and foreign body responses initiated by medical devices3 as well 

as to improve the performance of water contacting and marine materials by preventing 

biofilm formation. There is therefore a great need to improve the performance of 

antifouling polymer coatings for many applications. Optimizing antifouling polymer 

coatings on biointerfaces remains an active area of research that is particularly important 

for biosensors where detectable signals are limited by background noise from nonspecific 

binding and bulk shifts.4,5 To improve antifouling properties of graft-to polymer coated 

surfaces, previous work has primarily focused on the discovery of new antifouling 

polymers and anchoring mechanisms,6 or through grafting of structures such as 

microgels.7 Opportunities to improve polymer surface coverage from graft-to fabrication 

methods remain underexplored and represent new avenues to decrease nonspecific 

interactions. Herein, for the first time, we describe a new technique that simultaneously 

improves surface coverage of antifouling polymers and generates localized surface 
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plasmon resonance (LSPR) sensors without the need for complex synthetic techniques or 

the discovery of new materials. 

To improve the fouling properties of graft-to functionalized surfaces, we 

developed “Graft-then-Shrink”, where polymers are first grafted onto shrinkable 

materials followed by device shrinking to increase the polymer content per geometrical 

area. Because antifouling properties of hydrophilic polymer coated surfaces improve with 

greater polymer surface coverage,8 we can enhance antifouling properties of biointerfaces 

by combining graft-to polymer coating methods and shrinkable devices. Many medical 

materials currently in use are shrinkable (e.g., heat shrinkable PTFE9), or expandable 

(e.g., balloon catheters10). Sensor applications have also leveraged shrinkable substrates 

to produce flexible wearable electronics,11 stretchable surgical robotics12 and simplified 

microfluidics.13,14 Shrinking materials to improve fidelity for 3D printing of bioactive 

nanostructures have also recently drawn attention.15 Grafting low molecular weight 

(MW) semifluorinated trichlorosilanes onto mechanically stretched elastomeric substrates 

has been shown to increase packing density and improve self-assembled monolayer 

quality for the production of superhydrophobic surfaces.16 

The shrinking process can simultaneously produce LSPR sensors by first 

depositing a thin film of Au or other plasmonic material onto the shrinkable substrate. 

Upon shrinking, the Au layer forms LSPR active micro- and nano-wrinkles17 that are 

exploited here to detect protein interactions by tracking changes in visible light 

absorbance using a standard plate reader. This represents the first descriptions of 

substrate shrinking to improve the fouling properties of polymer coatings as well as of Au 
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wrinkled LSPR sensors for the detection of protein interactions. Graft-then-Shrink has the 

potential to improve antifouling properties for shrinkable or expandable surfaces and 

simplify the production of antifouling LSPR biosensors.  

Polymeric surface layers are created by either graft-to or graft-from 

methodologies. Graft-from polymerization occurs from the device surface to achieve high 

polymer density but requires complex device manufacturing processes.18 Graft-to 

involves a simple fabrication process by immobilizing pre-synthesized polymers on the 

device surface but results in lower polymer packing densities.19 Due to manufacturing 

constraints and complexity of many lab-scale processes, graft-to is the preferred 

technique and antifouling properties are often sacrificed in produced surfaces.6 Therefore, 

the combination of graft-to and shrinkable materials that do not require surface pre-

treatments or complex grafting steps may improve the antifouling properties of 

manufacturable devices. 

Antifouling polymeric coatings are ideal for LSPR biosensors because direct 

analyte-surface interactions are not required, and the polymer functional groups act as 

grafting sites for the immobilization of biorecognition and capture agents. LSPR sensors 

are typically constructed by immobilizing a capture agent directly to Au nanoparticles or 

a polymeric coating on the nanoparticle surface; capture agent – analyte complexation 

results in an absorbance peak shift that is measured using specialized optics and light 

sources.20 Because LSPR’s sensing volume extends from the sensor surface (decay length 

~5 – 15 nm21), the analyte only needs to interact with immobilized capture agents on the 

Au surface or within the polymeric layer. Therefore, improving antifouling properties by 
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increasing polymer content within a defined footprint through methods such as Graft-

then-Shrink will not interfere with the sensitivity of LSPR biosensors. 

 Graft-then-Shrink simultaneously improves fouling properties of polymeric 

coatings and generates LSPR active surfaces for biosensing using a simple fabrication 

process by combining graft-to polymer immobilization with shrinking substrates. First, a 

thin Au layer (<10 nm) was sputtered onto prestressed polystyrene (PS) discs followed by 

grafting antifouling polymers (thiol-terminated poly(carboxybetaine)22 (pCB) or 

poly(carboxybetaine-co-N-(3-aminopropyl)methacrylamide) (pCB-co-APMA)) onto the 

flat Au layer using the graft-to method. Heating above the glass transition temperature of 

PS shrinks the devices footprint and wrinkles the Au layer,23 which simultaneously 

improved polymer packing for enhanced antifouling properties and generated LSPR 

active surfaces with sensitivities of 200-1000 Δλ/ΔRIU, similar to or greater than current 

commercial sensors composed of Au nanoparticles (nanoparticle sensitivity 50 – 100 

Δλ/ΔRIU24). This represents the first demonstration of shrinking substrates to improve 

antifouling polymeric coatings on surfaces and the generation of LSPR sensors from 

wrinkled Au. 

3.3. Results and discussion 

We first investigated pCB coatings on thermally shrunken PS-Au surfaces, where 

the discs shrunk to ~16% of their original footprint from 1.39 to 0.23 cm2 (Figure 3.1) 

and the Au layer formed micro- and nano-wrinkles (Figure 3.1C, D). This level of 

shrinking is consistent with previous reports using this commercially available PS used 

for gold sensor applications, and was therefore used for all subsequent experiments23. The 
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influence of the shrinking/grafting order (Shrink-then-Graft versus Graft-then-Shrink; 

Figure 3.1B) and pCB MW was investigated on the following PS-Au surface properties: 

(1) pCB content within a defined footprint; (2) Au wrinkling patterns; and (3) 

macrophage adhesion. Interestingly, Graft-then-Shrink not only improved antifouling 

properties but also altered the Au film wrinkling patterns compared to Shrink-then-Graft. 

LSPR sensitivity of the newly formed surfaces was also quantified for potential 

applications in biosensing by measuring avidin interactions with biotin and desthiobiotin 

using a 96-well plate and a standard plate reader to track absorbance between 700 to 870 

nm over time (Figure 3.1F). 
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Figure 3.1: Graft-then-shrink: Simultaneous improvement of polymer 
surface coverage for improved antifouling properties and generation of LSPR active 
Au surfaces. a) Structure of thiol terminated pCB for grafting to the Au layer. b) 
Prestressed, PS discs were sputter coated with thin Au layers (< 10 nm) and 
functionalized with pre-made thiol-terminated polymers. The density of the polymers was 
limited by the polymer’s radius of gyration (Rg). The PS-Au-pCB surfaces were then 
heated to 130 ⁰C to shrink the PS discs and wrinkle the Au layer, which simultaneously 
improves polymer surface coverage to enhance antifouling properties and generates 
LSPR active wrinkled Au surfaces, producing Graft-then-Shrink surfaces. Control 
surfaces of Shrink-then-Graft where PS discs coated in thin Au layers were shrunk prior 
to pCB grafting. SEM of surfaces and fluorescence micrograph of adhered cells to c) 
Graft-then-Shrink and d) Shrink-then-Graft surfaces depicting polymer-induced wrinkle 
size differences and resistance to nonspecific cell adhesion on Graft-then-Shrink surfaces. 
e) Photograph of Au coated PS before and after shrinking with heat. f) Schematic of plate 
layout of fluidic sensor devices in a 96 well plate. g) Representative sensorgram produced 
by Graft-then-Shrink sensors depicting functionalization of the surface with a capture 
agent, rinsing, and binding of a corresponding biomolecule to the immobilized capture 
agent. 
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3.3.1. Graft-then-Shrink increases pCB content within a defined footprint 

The degree of shrinking is determined by the stress present in the PS discs; 

Shrink-then-Graft and Graft-then-Shrink samples therefore have the same final footprint. 

pCB content on PS-Au shrunken discs was quantified using a colorimetric detection 

assay for amide bonds and X-ray photoelectron spectroscopy (XPS) to compare the signal 

due to nitrogen, which are both unique to pCB.  

The amount of pCB immobilized on PS-Au discs was quantified by the 

colorimetric bicinchoninic acid (BCA) assay, which quantitively detects amide bonds 

(Figure 3.1A) in polymers and protein through the reduction of Cu2+ in alkaline 

solutions. To validate the assay, we first confirmed that absorbance changes within the 

BCA assay were linearly dependent on pCB concentration in solution (Figure S3.1). 

Graft-then-Shrink dry surfaces with 60 kDa pCB resulted in an absorbance signal 2.9 

greater than flat (unwrinkled) surfaces (Figure 3.2A) with the same footprint, and 1.76 

greater than Shrink-then-Graft surfaces indicating an increased polymer content on Graft-

then-Shrink surfaces. Shrink-then-Graft surfaces showed increased absorbance compared 

to flat, but the difference was not statistically significant (adjusted p value 0.28). 

Performing shrinking of Graft-then-Shrink surfaces in both dry and wet conditions 

produced similar BCA signals, indicating little influence of humidity on pCB-S-Au bond 

stability. Polymers immobilized to Au surfaces by S-Au have previously been shown to 

withstand autoclaving25 but under vacuum conditions S-Au bound polymer stability was 

found to be side chain dependent at temperatures similar to those used here26. 
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Figure 3.2: pCB content is greater on Graft-then-Shrink Au surfaces. a) 
Relative absorbance upon pCB quantification using the BCA assay for the detection of 
pCB’s amide bonds on surfaces with the same footprint. Comparison of the amount of 60 
kDa pCB on flat (unwrinkled), Shrink-then-Graft, Graft-then-Shrink under dry 
conditions, and Graft-then-Shrink under wet conditions (mean ± SD, n = 3). Flat Au 
surfaces were prepared by first shrinking PS prior to Au sputtering. b) XPS of 60 kDa 
pCB coatings on Shrink-then-Graft and Graft-then-Shrink dry surfaces compared to bare 
(no pCB) wrinkled surfaces (bare shrink) of equal surface area. Graft-then-Shrink dry had 
a greater N signal than Shrink-then-Graft and bare shrink, indicating greater pCB content 
in a defined footprint. Au signals were greatest on bare shrink surfaces due to the lack of 
pCB overlayer. 

XPS was used to characterize the elemental composition of 60 kDa pCB layers on 

flat and wrinkled surfaces. XPS showed decreased Au content on pCB coated surfaces 

compared to bare Au as the pCB layer limited the penetration depth for XPS detection. 

To directly compare pCB content, we measured the relative nitrogen signal because the 

atom is unique to pCB in the PS-Au discs. Graft-then-Shrink surfaces had ~1.36 the 

nitrogen content of Shrink-then-Graft surfaces (Figure 3.2B, Figure S3.2), in agreement 

with the BCA results discussed above. Because the XPS spot size was equal for all 
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conditions, the greater pCB content represents an increased density within the surface 

volume of the Graft-then-Shrink surfaces. 

Compared to Shrink-then-Graft, Graft-then-Shrink can increase immobilized 

polymer content within a footprint by improving accessibility of the reactive surface 

(e.g., Au) due to surface topography, steric hindrance between polymer chains, and 

polymer coating rearrangements. Polymer density from the Shrink-then-Graft method 

will be limited by the polymer’s radius of gyration, as the procedure is akin to grafting-to 

methods.19 Whereas Graft-then-Shrink increases Au and thereby polymer content per 

footprint compared to flat surfaces. Our results demonstrate that grafting pCB on flat Au 

surfaces followed by wrinkling enhances polymer content within a defined footprint by 

~75% compared to pCB immobilization on pre-wrinkled substrates and ~200-300% 

compared to flat (unwrinkled) surfaces according to the BCA assay. To directly compare 

apparent chain density between Graft-then-Shrink and Shrink-then-Graft surfaces, grafted 

fluorescently labelled 60 kDa pCB-co-APMA was quantified to yield 0.02 ± 0.01 chains 

per nm2 for Shrink -then-Graft and 0.11 ± 0.03 chains per nm2 for Graft-then-Shrink 

surfaces (Figure S3.3). Although Graft-then-Shrink improves polymer content within a 

footprint, it does not result in brush regimes similar to graft-from upon surface wrinkling. 

In comparison, Michalek et al. has reported greater grafting densities of 0.17 – 0.32 

chains nm-2 for poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC, a zwitterionic 

polymer of similar side chain length and MW to pCB-co-APMA) films prepared via 

surface initiated ATRP. 
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3.3.2. Influence of grafted polymers and shrinking conditions on Au 

wrinkled structures 

Interestingly, the presence, MW, and hydration of grafted pCB influenced Au 

wrinkling patterns with the formation of large, unwrinkled regions apparent in SEM 

micrographs of Graft-then-Shrink dry surfaces. As expected, samples wrinkled in the 

absence of grafted pCB, i.e., PS-Au discs without pCB and Shrink-then-Graft discs, had 

similar Au wrinkle patterns as shown by SEM and wrinkle length calculations (Figure 

3.3A-C, J, Figure S3.4). Conversely, SEM characterization of Graft-then-Shrink dry 

surfaces with 25 and 60 kDa pCB showed increased heterogeneity in Au layer wrinkled 

pattern sizes with islands of large micron-scale wrinkles surrounded by nano-scale 

wrinkling (Figure 3.3E, F). These unique wrinkled Au structures may indicate increased 

film stiffness, as the modulus of the rigid skin material determines the wrinkle size,27,28 

which may be due to interchain polymer interactions during the shrinking process. No 

change in Au wrinkling was observed on the 10 kDa pCB Graft-then-Shrink discs, 

indicating a reduced impact from polymer interchain interactions on stiffness due to the 

polymer’s smaller MW. The observed morphology differences in wrinkle length and 

generation of large flat regions in Graft-then-Shrink samples is in agreement with the 

increased polymer content found by BCA and XPS (Figure 3.2) and suggests polymer-

polymer interactions on the surfaces during shrinking.   
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Figure 3.3: SEM micrographs of wrinkled Au surfaces from Shrink-then-Graft and 
Graft-then-Shrink (dry and wet) with immobilized pCB of various MWs. Shrink-
then-Graft surfaces with immobilized a) 10 kDa, b) 25 kDa, and c) 60 kDa polymers. 
Graft-then-Shrink dry surfaces with d) 10 kDa, e) 25 kDa, and f) 60 kDa pCB polymers. 
Graft-then-Shrink wet surfaces with g) 10 kDa, h) 25 kDa, and i) 60 kDa pCB polymers. 
j) Wrinkled Au surface without pCB. Scale bar = 1 μm. K) Heat map of wrinkle length 
distributions of structured surfaces. l) Characteristic wrinkle lengths of structured 
surfaces (mean ± SE, n = 60 to 100 wrinkles), large flat (unwrinkled) regions were not 
included in measurements. m) WCAs of 3 μL MilliQ water drops on bare and pCB coated 
flat (unwrinkled) and wrinkled surfaces (mean ± SD, n = 3).  

The influence of the polymer film on sub-micron wrinkles was dependent on a 

combination of fabrication order, polymer MW and hydration. Micron-scale features did 

not appear when Graft-then-Shrink surfaces were shrunk with a hydrated polymer layer 

using an autoclave (Graft-then-Shrink wet), suggesting a decreased polymer film stiffness 

due to polymer hydration (Figure 3.3H, I). Therefore, Graft-then-Shrink wet will 

produce Au wrinkling patterns with greater uniformity than Graft-then-Shrink dry. Bare 

wrinkled 5 nm Au produced wrinkle wavelengths 9% smaller than those predicted by 
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theory (eq. S1) (actual = 59, predicted = 64)29, suggesting the sputtered Au films were 

slightly thinner than expected (4.6 nm vs 5 nm). Outside of the large flat microstructures 

observed in Graft-then-Shrink dry, all Graft-then-Shrink surfaces had larger wrinkle sizes 

(dry: 61 ± 1 nm to 71 ± 2 nm, wet: 65 ± 1 nm to 67 ± 1 nm ) compared to bare (59 ± 1 

nm) and Shrink-then-Graft surfaces (58 ± 1 nm to 61 ± 1 nm), further demonstrating the 

influence of the polymer film on wrinkle size (Figure 3.3K, L). The heterogeneous 

structures which arise on the Graft-then-Shrink dry surfaces could be due to the increased 

interactions between pCB polymers in the dry state where overlapping zwitterionic 

moieties could exhibit strong electrostatic associations, as previously reported in 

hydrogels, increasing stiffness locally30. Polymer MW had an increased influence on 

wrinkle patterns for Graft-then-Shrink dry than for wet, which is expected as hydration 

would decrease the mechanical strength of the polymer film.31 Moreover, higher MW 

polymers would be expected to increase the mechanical strength of polymer films in the 

dry state and therefore alter wrinkling patterns. The relative uniformity of the increased 

wrinkle lengths in the Graft-then-Shrink wet conditions suggest that immobilized 

polymers evenly coat the surface.  

All surfaces modified had low water contact angles (WCAs) irrespective of MW due 

to the pCB’s hydrophilicity (Figure 3.3M, Figure S3.5). For 10 and 60 kDa pCB, no 

differences were observed between Graft-then-Shrink, Shrink-then-Graft or unwrinkled 

Au controls. Surfaces with 25 kDa pCB demonstrated lower WCAs with Graft-then-

Shrink (15° ± 3) than Shrink-then-Graft (25° ± 2) or unwrinkled Au (26° ± 9). All pCB 

coated wrinkled surfaces maintained the hydrophilic nature of the flat coated surfaces, or 
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improved upon it, in contrast to the dramatic increase in hydrophobicity of uncoated 

wrinkled Au (WCA = 129° ± 4, Figure 3.3M). The Graft-then-Shrink method only 

showed a small decrease in WCA for the 60 kDa pCB polymer when compared to the 

Shrink-then-Graft but both approached the lower limit of 15° for most pCB surfaces, 

indicating good surface coverage or increased film thickness due to the polymer’s high 

MW. For 10 kDa pCB surfaces, no decrease in WCA was observed for either shrinking 

method when compared to non-shrunken surfaces. The polymer was most likely too 

small for a meaningful increase in apparent polymer density even upon shrinking. All 

pCB coated surfaces had WCAs between 15.4 and 29.5°, none of which were 

significantly different from previously reported WCAs of pCB with a carbon spacer 

length of 1, of 17° ± 332 (p = 0.22, One-way ANOVA with Bonferroni post-hoc test 

comparing all pairs of columns), making it difficult to compare WCAs due to high 

variance of flat and 10 kDa pCB coated surfaces. Flat pCB coated surfaces, and surfaces 

coated with 10 kDa pCB, had much higher variance than all wrinkled surfaces coated 

with pCB of 25 or 60 kDa (Figure S3.5), indicating improved consistency in coverage 

with higher molecular weights and on roughened surfaces, which are known to intensify 

hydrophilic contact angles33.” 

3.3.3. Graft-then-Shrink enhances pCB coated surface resistance to 

macrophage adhesion 

Graft-then-Shrink surfaces had lower nonspecific macrophage adhesion compared 

to pCB coated flat or Shrink-then-Graft surfaces. Because pCB coated surfaces made 

from traditional graft-to procedures are already antifouling, we used high fouling 
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experimental conditions to differentiate the fouling rates. To this end, the surfaces were 

soaked in 100% aged bovine serum for 48 hours for maximum nonspecific protein 

adsorption, followed by macrophage exposure for 24 hours. Graft-then-Shrink with 25 

and 60 kDa pCB improved resistance to macrophage adhesion, whereas 10 kDa pCB did 

not (Figure 3.4). Therefore, smaller polymers (e.g., 10 kDa pCB) are likely too small to 

sufficiently enhance surface coverage upon shrinking of the PS discs and Au wrinkling, 

while larger polymers (e.g., 60 kDa pCB) can increase polymeric surface coverage to aid 

in the resistance of macrophage adhesion. Although a lower cell fouling trend was 

observed for 25 kDa pCB when comparing Shrink-then-Graft to Graft-then-Shrink, the 
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differences were not statistically significant.  

 

Figure 3.4: Graft-then-Shrink improved resistance to nonspecific 
macrophage adhesion. Macrophage adhesion to 5 nm Au surfaces modified with pCB of 
three different MWs under high fouling experimental conditions. Surfaces were soaked in 
100% aged bovine serum for 48 hours for maximum nonspecific protein adsorption, 
followed by macrophage exposure for 24 hours. a) Average number of adhered 
macrophages per mm2 for each surface type (mean ± SD, n = 6). b) Representative 
fluorescent micrographs of Calcein AM stained RAW 264.7 macrophages. Scale bar = 
250 μm. 

Au wrinkling is not responsible for the improvement of fouling properties, though 

structured surfaces can reduce and direct cell adhesion.34 Compared to flat (non-shrunk, 
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non-wrinkled) Au surfaces for both 25 and 60 kDa pCB, only Graft-then-Shrink, and not 

Shrink-then-Graft, surfaces were significantly different. Furthermore, no significant 

difference in macrophage adhesion was observed between Graft-then-Shrink dry and wet, 

which indicates that differences in wrinkle length and topography (Figure 3.3K) did not 

significantly influence adhesion here. Therefore, the lower fouling properties of Graft-

then-Shrink are mainly due to the increased pCB content per footprint over Shrink-then-

Graft surfaces.  

Improvement in macrophage adhesion resistance from Graft-then-Shrink is 

dependent on pCB MW and WCA, which correspond to pCB content. The lowest 

macrophage adhesion condition was Graft-then-Shrink with 60 kDa pCB in either the dry 

or wet condition (120 cells ± 70 per mm2 and 70 cells ± 60 per mm2), where shrinking 

occurs with a dry or hydrated pCB layer, respectively. 60 kDa pCB will result in greater 

surface coverage and polymer layer thickness, as demonstrated by greater polymer 

content within a defined footprint; polymer layer thickness alone may not significantly 

improve fouling as demonstrated by comparing 10 and 60 kDa on flat surfaces. 25 kDa 

and 60 kDa pCB with Graft-then-Shrink led to a 65% and 84% reduction in total cells 

compared to flat surfaces coated with the same polymers, while the same polymers on 

Shrink-then-Graft surfaces produced only a 47% and 37% reduction in cells compared to 

flat surfaces. Therefore, Graft-then-Shrink can improve fouling properties of polymer 

layers with sufficiently high MWs.  

Resistance to bacterial adhesion and bovine serum albumin (BSA) adsorption 

followed similar trends as macrophage adhesion (Figure S3.6 and Figure S3.7). For 10 
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kDa pCB, nonspecific adhesion of P. aeruginosa was lower in Graft-then-Shrink dry and 

wet conditions with 26.2 and 71.0 % reductions compared to Shrink-then-Graft. Larger 

polymers (e.g., 60 kDa pCB) showed little bacterial adhesion under any conditions (91 to 

96 % reduction compared to 10 kDa Shrink-then-Graft), making comparisons difficult. 

Wrinkled Au films with no polymer coating are antifouling towards bacteria due to their 

extremely hydrophobic surface, which is observed here as well.35 Nonspecific adsorption 

of fluorescently tagged BSA was also tested and although the Shrink-then-Graft 

conditions demonstrated high variability, Graft-then-Shrink surfaces trended to lower 

BSA adsorption for 25 and 60 kDa pCB with a decrease of 71.5 and 72.3 %, respectively 

(Figure S3.7). Therefore, Graft-then-Shrink can improve resistance to bacterial adhesion 

and nonspecific protein binding.  

3.3.4. Characterization and sensitivity of Graft-then-Shrink LSPR sensors 

Graft-then-Shrink offers a simple method to create sensitive LSPR sensors from 

wrinkled Au surfaces. LSPR active surfaces require curvature of SPR active metals to 

locally confine surface plasmons, which is traditionally achieved by depositing 

nanoparticles smaller in size than the plasmon excitation wavelength. More complex and 

manufacturing intensive LSPR active surfaces can be produced by creating 

nanostructured arrays using patterning techniques.36 The Au wrinkles on Graft-then-

Shrink surfaces confine the surface plasmons for LSPR sensing without the need for 

nanoparticles, complex deposition techniques, or patterned arrays. 

The Au nano- and micro-wrinkles formed upon thermal shrinking of the Au-PS 

discs produce LSPR activity that is dependent on the refractive index of the sensing 
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volume. To first characterize the sensitivity of bare (no pCB) wrinkled Au surfaces, 

absorbance measurements of discs with varying initial Au thicknesses in alcoholic and 

aqueous environments were performed. Sensitivity was determined by the shift in 

maximum absorbance wavelength (δλ) over the change in the bulk refractive index units 

of the solution or solvent being measured (δRIU). Ethanol (EtOH), isopropyl alcohol 

(IPA) and butanol (BuOH) were chosen as solvents because of their defined refractive 

indices, ability to wet the hydrophobic uncoated wrinkled Au, and their compatibility 

with the PS disc, allowing for full sensor immersion. The maximum absorbance 

wavelength increased linearly with refractive index of the solvent (Figure 3.5A, B). Au 

thickness, which determines wrinkle length,37 influenced both the sensor’s sensitivity 

(Figure 3.5C) and wavelength of peak absorbance (Figure 3.5B). Thicker Au layers 

shifted the peak absorbance range to longer wavelengths, shifting the range from 548-569 

nm to 789-834 nm for Au thicknesses of 2.5 and 3.7 nm, respectively, in the solvents 

tested. Sensitivity of uncoated wrinkled surfaces was greatest for 5 nm Au coatings at 

over 600 δλ/δRIU in alcoholic solvents; the sensitivity dropped by ~2× in aqueous 

glucose solutions (Figure 3.5C) most likely due to lower wetting of the uncoated 

hydrophobic surface.   
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Figure 3.5: Sensitivity characterization of bare (no pCB) and pCB coated 
wrinkled Au LSPR sensors. a) Representative raw and fit absorbance spectra of bare 5 
nm Au in PBS and alcohol solvents. Circles denote peak location (maximum absorbance) 
on fitted data. b) Peak absorbance locations of 2.5, 3.7, 5 and 7.5 nm Au in MeOH, 
EtOH, IPA and BuOH. c) Compiled sensitivities of bare Au sensors in alcohol and 
aqueous glucose solutions (mean ± SD, n = 3). d) Compiled sensitivities of hydrophilic 
pCB coated 5 nm Au sensors in aqueous glucose solutions (mean ± SD, n = 3). 

Sensors coated with hydrophilic pCB have greater sensitivity than bare sensors in 

aqueous solutions. The sensitivity of pCB coated Au surfaces in glucose solutions of 

varying concentration and refractive indexes showed sensitivities similar or greater than 

bare sensors exposed to alcohols (Figure 3.5D). The Graft-then-Shrink fabrication 

method with pCB produces sensors that operate in aqueous environments with 

sensitivities of 320 ± 120 to 800 ± 200 δλ/δRIU, depending on grafted polymer MW and 

hydration state, which is similar to sensitivity of many types of LSPR sensors.36 All 

methods that produce Au wrinkling (Graft-then-Shrink wet/dry and Shrink-then-Graft) 
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will yield LSPR sensors, with no clear obvious bulk sensitivity benefit for any method. 

No improvement in sensitivity from glucose bulk shifts would be expected from an 

increase in polymer content.  

3.3.5. Capture ligand immobilization and analyte sensing with Graft-then-

Shrink sensors 

Using the Graft-then-Shrink fabrication method, polymer coated sensors were 

developed for the immobilization of biotin or desthiobiotin as the capture ligand and 

detection (sensing) of avidin binding using similar procedures to commercial LSPR 

sensors where capture ligands are covalently immobilized to polymer coatings, followed 

by exposure to the corresponding analyte. This is the first demonstration of a wrinkled 

Au surface as an LSPR sensor for the detection of biomolecules; previous LSPR sensors 

have been made from nano sized particles, rods, stars, cubes and triangles or nano/micro 

arrays, which suffer from lower sensitivities or require more complex processing 

methods.36 

To demonstrate that Graft-then-Shrink (dry) LSPR sensors detect the covalent 

immobilization of biomolecules, avidin was first immobilized to 10, 25 and 60 kDa pCB 

coatings using EDC/NHS chemistry. After avidin immobilization, all three MW pCBs 

showed similar responses with peak shifts of ~ 2.5 nm. Poly(oligo(ethylene 

glycol)methyl ether methacrylate) (POEGMA) coated surfaces had a much smaller shift 

of ~ 0.3 nm post avidin immobilization because each polymer chain only contains one 

terminal carboxylic acid for conjugation (Figure 3.6A). Similar responses from all three 

pCB MWs suggests that the protein is primarily immobilized on the surface of the 
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polymer layer, with limited penetration. Therefore, the Graft-then-Shrink sensors can 

detect macromolecules binding to their polymeric coatings like commercial sensors. To 

improve the efficiency of sensing volume usage, multiple sizes of polymer could be 

grafted prior to shrinking to produce hierarchical surfaces similar to those previously 

created by surface-initiated methods.32,38,39 

 

Figure 3.6: Sensing avidin binding/unbinding with polymer coated LSPR 
sensors. a) LSPR peak shift of Graft-then-Shrink dry surfaces from avidin 
immobilization via EDC/NHS onto pCB and POEGMA surfaces (mean ± SD, n = 2 or 3). 
b) A sensorgram of peak absorbance shifts over time of a 5 nm Au film fabricated using 
Graft-then-Shrink with 10 kDa pCB-co-APMA (30% APMA content). The “No Ligand” 
control shows no response to avidin; pCB-co-APMA was not modified with biotin or 
desthiobiotin. The “Ligand” condition includes a ~ 3 nm increase in peak absorbance 
wavelength following exposure of the biotinylated surface to avidin (10-5 M) in PBS. The 
injection sequence for both sensors was: (1a) Biotin-NHS in 4:1 PBS:DMF, (1b) 4:1 
PBS:DMF without Biotin-NHS, (2) 0.1 M butylamine, (3) PBS, (4) avidin (10-5 M) in 
PBS, (5) PBS. c) Overlaid sensorgrams of PBS, avidin pre-saturated with biotin, and free 
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avidin using a sensor modified with biotin, demonstrating minimal nonspecific binding of 
pre-saturated avidin. d) Overlaid sensorgrams of Graft-then-Shrink sensors with 10 kDa 
pCB-co-APMA (30% APMA) functionalized with either NHS-biotin or NHS-
desthiobiotin: (1) association of avidin (10-5 M) and (2) dissociation of avidin in either 
PBS or a biotin solution (10-3 M). Maximum peak absorbance shifts are normalized to 
illustrate the different dissociation rates from different ligands and dissociation buffers. 

 Graft-then-Shrink LSPR sensors successfully detected biotin-avidin interactions 

as shown by sensorgrams obtained using a standard plate reader. Because the LSPR 

signal is proportional to the analyte’s MW, Au surfaces were modified with a primary 

amine containing pCB copolymer, pCB-co-APMA (10 kDa, Ɖ = 1.06). The surfaces were 

then shrunk to produce amine functionalized Graft-then-Shrink sensors for 

immobilization of NHS-Biotin, the capture ligand (step 1a, red line in Figure 3.6B); a 

large peak shift was observed due to the refractive index of NHS-Biotin’s DMF/PBS 

solution. The activity of pCB-co-APMA conjugated biotin was confirmed using the 

HABA displacement assay (Figure S3.8). Sensors were then washed with butylamine to 

inactivate unreacted NHS-Biotin or residual EDC molecules (step 2), followed by PBS 

(step 3); the peak shift between step 3 and before step 1a is due to the immobilization of 

biotin. The sensor was then exposed to an avidin solution in PBS (step 4), and a clear 

peak shift of ~3 nm was registered, similar to the covalent avidin immobilization 

obtained in Figure 3.6B (~2.5 nm). The avidin solution was then removed from the 

sensor and replaced with PBS (step 5). No decrease in signal was observed because of the 

long half-life of the biotin-avidin interaction (~200 d).40 A control experiment (black line 

in Figure 3.6B) where the sensor was exposed to a DMF/PBS mixture without NHS-

Biotin was conducted to detect nonspecific binding of avidin. After avidin exposure 

(black line step 4), no peak shift was observed, indicating little to no avidin binding. 
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Graft-then-Shrink sensors can therefore detect the immobilization of biotin and the 

capture of avidin and are applicable for the detection of specific protein-ligand 

interactions.  

Sensorgrams with avidin and biotin-saturated avidin were then constructed to 

demonstrate that the biotin-avidin interaction is responsible for the detection signal. 

Graft-then-Shrink sensors with pCB-co-APMA modified with NHS-biotin were exposed 

to: 1) 10-5 м avidin pre-saturated with biotin; 2) 10-5 м avidin; and, 3) PBS only. Only the 

avidin condition produced a significant signal from the complexation of avidin with pCB-

co-APMA immobilized biotin (Figure 6C). Because avidin pre-saturated with biotin 

cannot bind biotin modified sensor surfaces, the sensorgram signal increase of ~0.25 nm 

compared to the PBS only control is due to bulk shifts and nonspecific binding, which is 

similar to the signal from the bulk shift in RI produced by non-binding protein solutions 

of BSA at comparable concentrations (Figure S3.9). The sensors therefore have minimal 

nonspecific binding, and the signal is due to the specific binding of avidin to surface 

biotin.  

Graft-then-Shrink sensors can also detect dissociation events after the association 

phase. Graft-then-Shrink sensors with biotin or desthiobiotin immobilized to pCB-co-

APMA were fabricated and exposed to avidin solutions. Because of avidin’s long half-

life with biotin (dissociation rate constant of 7.5x10-8 s-141), no peak shift was observed 

during the dissociation phase of the biotin modified sensor (yellow line in Figure 3.6D); 

the dissociation phase occurs once the avidin solution is removed from the sensor and 

replaced with PBS buffer. The weaker desthiobiotin-avidin interaction (d-desthiobiotin at 
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pH 7, KD 5x10-13 м vs 1.3x10-15 м)40 and greater dissociation rate constant compared to 

biotin (3.6x10-5 s-1 vs 7.5x10-8 s-1; unmodified desthiobiotin and biotin) allows for avidin 

dissociation from desthiobiotin modified sensors and acquisition of the dissociation phase 

once the sensor is in the PBS solution (purple line in Figure 3.6D). Modification of 

desthiobiotin’s carboxylic acid, such as in the immobilization technique used here, has 

been shown to increase its dissociation rate from avidin.40 The sensors were placed in a 

biotin solution to prevent re-association of avidin with surface desthiobiotin during the 

dissociation phase42 (blue line in Figure 3.6D), yielding the true dissociation rate of 

avidin from the sensor surface. Therefore, Graft-then-Shrink sensors can detect both the 

association and dissociation phase of sensorgrams.   

Graft-then-Shrink sensors functionalized with ligand detect analytes in a 

concentration dependent manner. A biotin modified sensor was sequentially exposed to 

solutions of increasing avidin concentrations in HEPES (Figure 3.7). It should be noted 

that biotin immobilized to a polymer coating will have a greater KD than free biotin for 

avidin. A small shift in LSPR peak position was observed at the lowest concentration of 

avidin (1x10-7 м) when compared to buffer only. More appreciable shifts from 740 to 745 

nm at higher concentrations were then observed, with peak positions remaining after 

avidin removal and exposure to buffer due to the near irreversible nature of the biotin-

avidin interaction (Figure 3.7A, buffer line without avidin). Concentrations between 

2x10-7 and 1x10-5 м produced a sigmoidal response (Figure 3.7B), which is similar 

dynamic concentrations ranges reported in previous reports of LSPR sensors with biotin 

ligands.43 The sensing dynamic range occurs over 2 orders of magnitude, similar to 
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streptavidin binding to immobilized biotin on an LSPR sensor and follows the typical 

dynamic range of protein-ligand binding curves.43 

 

Figure 3.7: Graft-then-Shrink LSPR sensors are concentration sensitive. a) 
Sensorgram of 10 kDa pCB-co-APMA (30 mol% APMA) covalently functionalized with 
biotin-NHS and exposed to solutions of increasing avidin concentrations in 10 mM 
HEPES buffer supplemented with 1% BSA. b) Average (± SD, SD is variation in signal 
from a single sensor) LSPR peak location from the sensorgrams in a); inset of dose 
response curve composed of peak shift on linear axes (average ± SD, SD is variation in 
signal from a single sensor).  

3.4. Conclusion 

Enhancing antifouling properties of surfaces remains an active area of research 

for application in medicine, biosensing and materials exposed to natural elements such as 

coatings for marine equipment. Graft-then-Shrink is a new method that improves the 

antifouling properties of polymer coated surfaces over traditional graft-to methods. The 

method can be extended to other shrinkable, expandable or stretchable substrates, with 

higher shrinking ratios such as polyolefin,44 or elastomeric substrates to produce similarly 

high-performing surfaces through simple “graft-to” functionalization. For example, 

Graft-then-Shrink may be applied to many elastomeric implantable biomaterials (e.g., 

silicone) or marine coatings. Graft-then-Shrink could also be combined with other “graft-
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to” methods, such as cloud point grafting,45 to maximize polymer density. Furthermore, 

the Graft-then-Shrink method, when applied to thin Au layers with functionalizable 

polymers, yields highly sensitive biosensors with limited bulk shift and nonspecific 

binding. This method has been applied for the benchtop production of LSPR biosensors 

from commonly available and affordable materials, yielding a platform which can be 

used in a 96 well format within ubiquitously available plate readers, eliminating the need 

for specialized SPR or LSPR equipment. Graft-then-Shrink sensors may lead to the 

development of cost-effective, antifouling sensors using simple fabrication techniques for 

both in vitro and in vivo applications. 

3.5. Experimental Section/Methods  

3.5.1. Materials  

N-[3-(dimethylamino)propyl]methacrylamide, tert-butyl bromoacetate, 2,4,6 

trinitrobenzene sulfonic acid, trifluoroacetic acid (TFA), 4-Cyano-4-

(phenylcarbonothioylthio)pentanoic acid, 4,4’-azobis(4-cyanovaleric acid), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), sodium hydroxide, QuantiPro™ BCA Assay Kit, 2-(N-

morpholino)ethanesulfonic acid sodium salt (MES), fluorescein sodium salt, n-butanol, 

isopropyl alcohol, ethanol, sodium acetate, D-(+)-glucose, Poly(ethylene glycol) methyl 

ether methacrylate (Mn 500), and bovine serum albumin (BSA) were purchased from 

Sigma Aldrich (Oakville, ON, Canada). Avidin, fetal bovine serum (FBS), and calf 

bovine serum (CBS) were obtained from Thermo Fisher Scientific (Burlington, ON, 

Canada). Methanol from Caledon Laboratories (Georgetown, ON, Canada). Pre-stressed 
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polystyrene from Graphix (Maple Heights, OH, USA). Au (99.999%) from LTS 

Chemical (Chestnut Ridge, NY, USA). Phosphate buffered saline (PBS) at pH 7.4 

contained 10 mм sodium phosphate and 137 mм NaCl. 

3.5.2. Substrate preparation 

 Prestressed PS shrink film was cleaned by sequential submersion in 2-propanol, 

ethanol, and DI water for 5 min each with orbital shaking at 100 RPM and dried under 

nitrogen stream between each step. The PS film was then cut into 1.4 cm diameter discs, 

which were then sputter coated with Au at 0.3 Å s-1 to final thicknesses of 2.5, 3.7, 5 or 

7.5 nm. Following sputter coating, Au coated PS discs (PS-Au) were stored at room 

temperature. 

3.5.3. Carboxybetaine methacrylamide monomer synthesis 

 Carboxybetaine methacrylamide (CB) monomer was synthesized via a previously 

published method.46 Briefly, 23.25 g of N-[3-(dimethylamino)propyl]methacrylamide 

was dissolved in 300 mL of dry acetonitrile under nitrogen. Tert-butyl bromoacetate (30 

g) was added, and left to react overnight at 50 °C. The reaction was cooled to room 

temperature and the product was precipitated with 500 mL of ether. The product was left 

to stand at 4 °C overnight, and then decanted. The white powder was collected, washed 

with 100 mL of ether, decanted, and dried under a stream of nitrogen followed by 

overnight under vacuum. 1H NMR (D2O, 600 MHz) δ: 5.63 (s, 1H), 5.34 (s, 1H), 4.10 (s, 

2H), 3.53 (m, 2H), 3.28 (t, J = 6.42, 2H), 3.18 (s, 6H), 1.96 (m, 2H), 1.85 (s, 3H). 
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3.5.4. Synthesis of thiol terminated polycarboxybetaine methacrylamide 

 Polycarboxybetaine methacrylamide (pCB) polymers at three different molecular 

weights (10 , 25 and 60 kDa) were synthesized. CB monomer (750 mg) was dissolved in 

4.2 mL of 2:1 acetate buffer (0.1 м, pH 4.5):1,4-dioxane. This solution was split into 3 

equal parts in 50 mL round bottom flasks and to each 4-Cyano-4-

(phenylcarbonothioylthio)pentanoic acid was added (21.56 mg for 10 kDa pCB, 8.48 mg 

for 25 kDa pCB, 3.51 mg for 60 kDa pCB), following this, 4,4′-Azobis(4-cyanopentanoic 

acid) was added to each flask (10.81 mg for 10 kDa pCB, 4.25 mg for 25 kDa pCB, 1.76 

mg for 60 kDa pCB). Each flask was then degassed by 3 subsequent freeze pump thaw 

cycles, backfilled with nitrogen gas and left to react at 70 °C for 24 h. The 

polymerizations were quenched by exposure to air and freezing, and 50 µL of butylamine 

was added to each flask, pH adjusted to 10 with 8 м NaOH and stirred for 2 h at room 

temperature to produce thiol-terminated pCB (pCB-SH). Each aminolysed pCB solution 

was then dialyzed against water for 2 d before the addition of 15 mg of TCEP. Finally, 

pCB solutions were dialyzed at pH 4 for 3 d and lyophilized to yield a white powder (300 

– 400 mg). 

3.5.5. Synthesis of thiol terminated polycarboxybetaine methacrylamide – 

co – N-(3-aminopropyl)methacrylamide 

 pCB-co-APMA copolymer containing 30% mole fraction APMA was 

synthesized as follows: CB monomer (0.7 g), APMA-HCl (0.24 g), and 2,2'-Azobis[2-(2-

imidazolin-2-yl)propane]dihydrochloride (3.4 mg) were dissolved in 0.1 м acetate buffer 

(pH 4.9). Next, 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (13.2 mg) was 
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dissolved in 2:1 acetate buffer:1,4-dioxane and added to the monomer mixture. The pH 

was adjusted to 4.5 and transferred into a Schlenk flask. The solution underwent three 

freeze-pump-thaw cycles, followed by five minutes of nitrogen flow, and was immersed 

into a 40°C oil bath overnight with gentle stirring. The solution was dialyzed against 

water adjusted to pH 5 with HCl for 3 d and lyophilized yielding a pink powder. The 

lyophilized polymer was then aminolysed by dissolving in water adjusted to pH 10 with 8 

м NaOH and 50 µL of butylamine and stirred for 2 h at room temperature. The resulting 

clear solution was dialyzed for 2 d before the addition of 15 mg of TCEP. This solution 

was then dialyzed for 3 d at pH 5 and lyophilized, yielding a white powder. 

3.5.6. Synthesis of thiol terminated poly (oligo ethylene glycol) methyl ether 

methacrylate 

 Poly(ethylene glycol) methyl ether methacrylate monomer (1 g) was dissolved in 

1.1 mL of 1,4-dioxane. 14.1 mg of 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid 

was added, following this, 7.1 mg of 4,4′-Azobis(4-cyanopentanoic acid) was added. The 

flask was then degassed by 3 subsequent freeze pump thaw cycles, backfilled with 

nitrogen gas and left to react at 70 °C for 24 h. The polymerization was quenched by 

exposure to air and freezing, and 50 µL of butylamine was added, pH adjusted to 10 with 

8 м NaOH and stirred for 2 h at room temperature to produce thiol-terminated POEGMA 

(POEGMA-SH). Aminolysed POEGMA was then dialyzed against water for 2 d before 

the addition of 15 mg of TCEP. Finally, POEGMA-SH was dialyzed at pH 4 for 3 d and 

lyophilized yielding a clear viscous liquid. 
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3.5.7. Preparation of Graft-then-Shrink PS-Au-pCB 

 Thiol terminal pCB (5 mg) was dissolved in 5 mL pH 6.5 MES buffer (10 mм) 

and incubated with PS-Au discs for 4 d under nitrogen atmosphere, producing “No 

Shrink” PS-Au-pCB. The surfaces were rinsed with DI water and subsequently, “No 

Shrink” PS-Au-pCB discs were incubated at 130 °C for 15 min to shrink the PS substrate, 

producing “Graft-then-Shrink dry” surfaces, or autoclaved in PBS at 121 °C for 15 min 

producing “Graft-then-Shrink wet” surfaces. Graft-then-Shrink wet surfaces were 

subsequently rinsed with DI water, dried under a stream of nitrogen, and finally 

incubated in a 130 °C oven for 15 min to remove cloudiness in PS base from the 

autoclave procedure (Figure S3.10). 

3.5.8. Preparation of Shrink-then-Graft PS-Au-pCB 

 PS-Au discs were incubated at 130 °C for 15 min to shrink the PS substrate. 

These shrunk surfaces were then incubated with thiol terminal pCB-SH (5 mg) in 5 mL 

pH 6.5 MES buffer (10 mм) and incubated for 4 d under nitrogen atmosphere. Substrates 

were removed and rinsed with DI water, yielding “Shrink-then-Graft” surfaces. 

3.5.9. Polymer characterization by GPC 

 Polymer molecular weight (Mn, Mw) and dispersity (Đ) was determined by gel 

permeation chromatography using an Agilent 1260 infinity II GPC system equipped with 

an Agilent 1260 infinity RI detector, and either PL aquagel-OH 30 and PL aquagel-OH 

40 (Agilent) columns in series or a Superose 6 10/300 GL (GE) column, with PBS 

running buffer at 30 °C. The column was calibrated using polyethylene glycol (PEG) 

standards (Mn of 3,000 to 60,000; Figure S3.11). 
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3.5.10. Characterization of surface hydrophilicity 

 Static water contact angle measurements were performed with an OCA 20 (future 

digital scientific) contact angle measurement system and calculated with the SCA 20 

software module. 3 μL droplets of MilliQ water (>18.2 MΩ cm resistivity) were 

deposited on PS-Au and PS-Au-pCB surfaces and photographed. Three droplets were 

placed at different locations on non-shrunk surfaces and single droplets were placed on 

shrunk surfaces due to the small size following the shrinking procedure. Three surfaces 

for each condition were measured. 

3.5.11. Scanning electron microscopy 

 SEM images were acquired with a JSM-7000S SEM (JEOL USA Inc., Peabody, 

MA, USA). All images were collected with a working distance of (10 mm), accelerating 

voltage of (3.0 kV) and a probe current setting of “small”. PS-Au discs were attached to 

the SEM stub via graphite tape and nickel paint was used to connect the Au surfaces to 

the SEM stub. Length of wrinkles was measured using 100 peak to peak measurements in 

ImageJ. 

3.5.12. Determination of relative polymer content 

 Graft-then-Shrink and Shrink-then-Graft PS-Au-pCB discs were incubated in a 

1:1 solution of DI water and BCA solution prepared according to manufacturer protocols. 

The discs were incubated for 2 h at 37 °C in a 96 well plate, the discs were then removed 

from the solution and solution absorbance at 562 nm measured with a Biotek Cytation 5 

plate reader. 
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3.5.13. XPS 

 Surface elemental composition of PS-Au-pCB60 discs were analyzed with a PHI 

Quantera II scanning x-ray photoelectron spectroscopy (XPS) microprobe. A 45° take-off 

angle was used for all samples, pass energy and step size were 55 eV and 0.1 eV for high 

resolution scans, which were used to determine elemental composition. 

3.5.14. Determination of grafting density by fluorescent polymer microscopy 

 Fluorescein-NHS was synthesized by combining 82.5 mg of fluorescein sodium 

salt, 21 mg of EDC and 12.6 mg of NHS in 1 mL of PBS at 4˚C and incubating for 1 h. 

60 kDa pCB-co-APMA with 5% APMA content was fluorescently labeled with 

fluorescein-NHS by addition of 50 mg of polymer to previous solution, followed by 

incubation overnight at 4˚C. The fluorescent polymer solution was then centrifuged at 

5000 RPM for 5 mins, and the supernatant dialyzed for 3 d against DI water, and freeze 

dried yielding 40 mg of orange powder. Known masses of pCB-co-APMA labeled with 

fluorescein were drop cast onto Au discs and shrunk. Shrink-then-Graft and Graft-then-

Shrink surfaces were prepared by immersion of the surfaces in 1 mg mL-1 solutions of 

fluorescent pCB-co-APMA for 4 d. These surfaces were then imaged and surface 

fluorescence of known mass calibrants were used to determine the mass of polymers on 

Shrink-then-Graft and Graft-then-Shrink surfaces. The known area of the surfaces and 

molecular weight of the polymers determined by gel permeation chromatography were 

used to calculate chains per nm2.  
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3.5.15. Macrophage adhesion 

 PS-Au-pCB discs were bonded to PS plates with 40 µL of silicone (Sylgard™ 

184) and cured at 60 °C for 1 h, then sterilized by incubation with 70% ethanol for 1 h 

and exposed to UV light for 1 h. Surfaces were then incubated with 100% CBS for 48 h 

to allow for nonspecific protein adhesion to surfaces. Finally, serum was removed, and 

wells were seeded with 200 µL per 96 well and 1 mL per 24 well, of 50 000 cells mL-1 

Raw 264.7 macrophages. Following a 24 h incubation at 37 °C at 5% CO2, cells were 

stained with Calcein AM according to manufacturer instructions and imaged with a 

Biotek Cytation 5 plate reader equipped with a GFP filter cube. 

3.5.16. Pseudomonas aeruginosa adhesion 

 PS-Au-pCB surfaces were immobilized onto glass slides with droplets of silicone 

(Sylgard 184) and cured at 60 °C for 1 h. All slides were then sterilized via autoclave in 

sterilization pouches, and then heated at 130 °C for 15 min to remove haze from the PS 

bases. Pseudomonas aeruginosa (PA01) were incubated in LB at 37 °C until and OD600 

of 0.1 was reached. Samples were then incubated for 20 h with P. aeruginosa at 37 °C in 

LB media. The glass slides were then removed from the bacterial suspension and rinsed 

gently 3 times with room temperature sterile PBS. Bacteria on each surface were then 

stained with a BacLight kit according to the manufacturer’s instructions. A cover slip was 

taped over the PS-Au surfaces and fluorescence microscopy was performed with a Nikon 

Eclipse Ti inverted microscope. 
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3.5.17. LSPR sensitivity measurements 

 Non-coated PS-Au and coated PS-Au-pCB surfaces were immobilized into a 96 

well plate with 40 µL of silicone (Sylgard 184) and cured at 60 °C for 1 h. Each non-

coated surface (2.5, 3.7, 5, and 7.5 nm Au thickness) was then exposed to various 

aqueous solutions of D-(+)-glucose and alcohols (MeOH, EtOH, IPA and n-BuOH), 

coated pCB-Au-pCB (5 nm Au thickness) surfaces were exposed to D-(+)-glucose 

solutions only. Absorbance spectra from 300 to 999 nm (1 nm step size) were acquired of 

each sensor with a Biotek Cytation 5 plate reader. Peaks were then fit to data between 

750 and 870 nm with GraphPad Prism 5.  

3.5.18. Protein sensing with LSPR surfaces 

 Avidin detection was performed by immobilizing protein covalently to pCB 

homopolymer surfaces and through non-covalent avidin-desthiobiotin and avidin-biotin 

interactions with desthiobiotinylated and biotinylated pCB-co-APMA sensor surfaces. 

Absorbance was measured in 1 nm intervals from 700 to 870 nm every 9 s with a Biotek 

Cytation 5 plate reader for the duration of each reading period. 

3.5.19. Covalent protein immobilization 

 For covalent avidin detection, sensors with pCB coatings were sequentially 

exposed to PBS (5 mL), EDC (0.1 м) and NHS (0.1 м) in water (1 mL), Avidin (1 μM; 

200 µL) in PBS and PBS buffer for 23 minutes each. Sensors were rinsed with sodium 

acetate buffer (10 mм, pH 4.5) after EDC/NHS step. The immobilization process was 

tracked by maximum absorbance peak position. 
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3.5.20. Fluidic device fabrication 

 Wells were removed from a polystyrene 96 well plate with pliers, and 2 mL of 

Sylgard 184 PDMS was cured in the well free area to create a flat surface. A 0.54 cm 

diameter sensor was placed in the location of a well in the 96 well plate and was held in 

place by curing 2 mL of Sylgard 184 PDMS around the sensor. A slab of PDMS was 

cured with a 0.6 cm wide channel, an inlet, and an outlet, and adhered over the embedded 

sensor with a thin layer of PDMS to allow solutions to flow over the sensor surface 

(Figure S3.12). 

3.5.21. Non-covalent protein sensing 

 Non-covalent avidin detection was performed similarly to covalent sensing with 

maximum absorption peak position tracked for 21 minutes for each exposed solution. 

Sensors with pCB-co-APMA coatings were functionalized with biotin or desthiobiotin 

prior to exposure to avidin solutions; sensors were exposed to biotin-NHS or 

desthiobiotin-NHS at 2 mg mL-1 in 4:1 PBS:DMF (1 mL) for 21 minutes, then rinsed 

with 0.1 м butylamine in PBS (1 mL) to passivate unreacted EDC/NHS. Finally, sensors 

were flushed with 20 mL of PBS before exposure to analytes.  

3.5.22. Statistical analysis 

 All statistical analyses were performed using GraphPad Prism 8. Significant 

differences were determined by one-way ANOVA with Bonferroni post hoc test. 

Significant p-values are indicated on graphs as follows p < 0.05 is indicated by *,and p < 

0.01 by **. Replicates were performed on multiple samples prepared and analyzed at the 

same time, in a single experiment. 
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3.6. Supporting information 

Additional experimental figures, photographs and equations including BCA assay, 

High-resolution XPS, Fluorescent microscopy, Low magnification SEM, WCA, P. 

aeruginosa fouling, Confocal microscopy of BSA-Cy5, HABA – Avidin displacement 

assay, Calibration curve of BSA on sensor, Removal of haze from PS, Gel permeation 

chromatographs, Construction of fluidic channel 

 

 

Figure S3.1: BCA activity with pCB. Calibration curve for the BCA assay with 
10 kDa pCB solutions (mean ± SD, n = 3). 
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Figure S3.2: High-resolution XPS of wrinkled Au surfaces. XPS of binding 
energy in Au region for a) Shrink-then-Graft, b) Graft-then-Shrink, and c) bare wrinkled 
Au surfaces. XPS of binding energy in N region for d) Shrink-then-Graft and e) Graft-
then-Shrink surfaces. 60 kDa pCB was used for all surfaces. f) Table of elemental 
concentrations of bare and pCB modified surfaces. 
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Figure S3.3: Determination of chain density of fluorescently labeled pCB-co-
APMA. a) Quantification of fluorescent micrographs of dropcast known masses of 
fluorescent pCB-co-APMA and b) calculated chain densities of fluorescent pCB-co-
APMA surfaces prepared via either Shrink-then-Graft or Graft-then-Shrink techniques. 
(mean ± SD, n = 3). 
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Figure S3.4: Low magnification SEM of surfaces. SEM of control 5 nm gold 
surface with no polymer coating and pCB coated Graft-then-Shrink dry surfaces showing 
large scale heterogeneity in 25 and 60 kDa samples. Scale bar = 10 μm. 
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Where 𝜆 is the wrinkle length, h is the thickness of the film, 𝐸௦ is the modulus of 

the skin, 78 GPa in the case of Au, and 𝐸 is the modulus of the base material, 3 GPa in 

the case of polystyrene. 
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Figure S3.5: Hydrophilicity of pCB coated surfaces. a) Micrographs of 3 μL 
MilliQ water droplets on bare and pCB coated flat and shrunk (wrinkled) 5 nm gold 
surfaces. b) Variance of WCAs of coated surfaces from a) (mean ± SD, n = 3). WCAs for 
polymer coated surfaces are shown in Figure 3.3.  
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Figure S3.6: Nonspecific adhesion of P. aeruginosa to bare and pCB coated 
wrinkled gold. a) Quantification of adhered cells in each field of view (mean ± SD, n = 
3). b) Fluorescence micrographs of stained P. aeruginosa. Scale bar = 10 μm. 
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Figure S3.7: Confocal microscopy for quantification of nonspecific BSA-Cy5 
adsorption to wrinkled pCB-Au surfaces. pCB-Au surfaces with 3 molecular weights 
of pCB were exposed to BSA-Cy5 solutions, rinsed, and imaged via confocal microscopy 
(mean ± SD, n = 3). Graft-then-Shrink conditions for 25 and 60 kDa pCB trended to 
lower BSA adsorption, although samples were not statistically significant due to large 
variability in Shrink-then-Graft controls. Similar trends in nonspecific adsorption were 
seen in macrophage fouling experiments. 

  



Ph.D. Thesis – A.H. Jesmer; McMaster University – Chemical Biology 

146 
 

 

Figure S3.8: HABA – Avidin displacement assay of pCB-co-APMA modified 
with biotin and desthiobiotin. To determine if pCB conjugated desthiobiotin and biotin 
remains bioactive, the HABA displacement assay was used to observe desthiobiotin and 
biotin binding events. Both pCB-co-APMA modified with desthiobiotin and biotin 
resulted in absorbance changes due to displacement of HABA from avidin binding 
pocket, demonstrating their bioactivity. Unmodified pCB (without desthiobiotin or 
biotin) did not displace HABA, as expected. The HABA-avidin assay was performed 
according to the manufacturer’s protocol. First, absorbance at 500 nm was quantified for 
180 μL of HABA-avidin solutions. 20 μL of 1 mg mL-1 polymer solutions in water were 
then added to each corresponding well. After a 20 minute incubation at room temperature 
with shaking, absorbance at 500 nm was measured and the change in absorbance was 
calculated. (mean ± SD, n = 3). 
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Figure S3.9: LSPR response of biotin modified pCB-co-APMA sensor 
exposed to BSA in HEPES buffer. To determine bulk shift response due to nonspecific 
protein signal in solution and adsorbed to the sensor surface, a biotin modified LSPR 
sensor similar to that used for avidin detection was exposed to various concentrations of 
BSA in HEPES.  
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Figure S3.10: Removal of haze from PS following Graft-then-Shrink wet. 
After the shrinking process in Graft-then-Shrink wet, the PS is cloudy. To remove the 
cloudiness and return the PS to transparent, the devices were heated for 15 minutes at 130 
°C. a) Circular 5 nm Au layer on polystyrene base following shrinking in an autoclave to 
produce Graft-then-Shrink wet surface. b) Sample from a) after 15 min incubation at 130 
°C to remove cloudiness. 
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Figure S3.11: Gel permeation chromatographs of polymers used. a) 
homopolymer pCB and POEGMA using Agilent PL aquagel-OH 30 and Agilent PL 
aquagel-OH 40 columns in series (y-axes represent normalized refractive index intensity) 
and b) pCB-APMA copolymer using a Superose 6 Increase 10/300 GL column. c) 
Calculated MWs and dispersities of polymers in a) and b).   
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Figure S3.12: Construction of fluidic channel in a 96 well plate for placement 
of a Graft-then-Shrink sensor. Wells are first removed from a section of the plate, 
leaving a rough surface, PDMS is the cured to create a flat surface, and a sensor is placed 
onto a region of the plate that corresponds to a well location. The sensor is held in place 
by the layer of PDMS. A simple channel is the placed over the sensor for the flow of 
solutions over the sensor surface; the device is held in place with a thin layer of PDMS. 
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CHAPTER 4. GRAFTING POLYMERS TO SOLVENT SWELLED 

PDMS ELASTOMERS INCREASES THIN FILM DENSITY 

AND ANTIFOULING PERFORMANCE 
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4.1. Abstract: 

Elastomers, such as PDMS, are clinically important materials for implanted 

medical devices such as those used in urinary and venous catheters, cosmetic and 

reconstructive surgeries, and sensor platforms. These materials continue to suffer from 

nonspecific interactions with cells and proteins, leading to failure modes. To reduce these 

deleterious interactions, antifouling polymer coatings are routinely grafted on to the 

device surface. Even though graft-from techniques result in higher polymer densities and 

lower fouling in controlled settings, graft-to methods often show improved results due to 

real world fabrication complexities. Herein, we demonstrate enhanced efficiency of graft-

to procedures for poly(oligo(ethylene glycol) methyl ether methacrylate) (pOEGMA) 

with pre-swollen PDMS, referred to as Graft-then-Shrink. Polymer grafting occurs via 

Click conjugations onto pre-swollen PDMS substrate that are subsequently deswelled to 

yield improved antifouling coatings. By using this method, total grafted polymer content 

of pOEGMA was increased by 44.9× over non swollen controls. By optimizing solvent 

swelling conditions with toluene to ethyl acetate, which both swells PDMS and 

solubilizes pOEGMA, polymer content increased by another 5× compared toluene 

swollen PDMS. These increases in polymer density led to bacterial and mammalian cell 

adhesion reductions of 75% and 91% respectively, compared to Shrink-then-Graft 

pOEGMA coated PDMS. The Graft-then-Shrink method did improve immobilization 

content of a zwitterionic polymer, poly(carboxybetaine), by 9.4× but did not consistently 

improve antifouling activity compared to controls. Interestingly, grafting pCB in the 

presence of a specific guanidinium concentration onto swollen PDMS further improved 
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grafting by over an order of magnitude. The Graft-then-Shrink method using swollen 

elastomers allows for 3D coated materials and provides a simple method for the 

improvement of antifouling pOEGMA coatings on common medical devices. 
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4.2. Introduction 

Nonspecific interactions and immune responses between medical implants or 

implantable biomaterials and host cells and proteins continues to result in negative 

outcomes for current and new devices. Capsular contractions (i.e., breast implants1 and 

the foreign body response (FBR)) often lead to issues in patient comfort and 

compromised performance. More recently, devices for the in vivo monitoring of 

biomolecules, such as glucose sensors for diabetes2, are proving difficult for clinical 

translation because of nonspecific interactions. To overcome these limitations, we can 

introduce immunomodulatory agents to reduce the FBR or incorporate antifouling 

coatings to minimize nonspecific interactions, which is particularly important for 

temporary implants (e.g., catheters) and in vivo sensors to improve device performance 

and patient comfort3.   

Polydimethylsiloxane (PDMS) remains a widely used elastomeric material for 

implanted biomaterials4. PDMS is used in many applications including catheters, 

cosmetic and reconstructive implants, and implanted sensors. Nonspecific interactions of 

device surfaces with bacterial and mammalian cells remains an undesirable occurrence 

leading to hospital acquired infections5,6, degradation of device performance2, pain3, and 

implant removal7. For example, urinary catheters result in two infections per 1000 days 

of use, making them the most common source of hospital acquired infection8. Methods to 

improve device performance towards decreasing the rate of hospital-acquired infection is 

therefore needed. 
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To control or eliminate these undesirable nonspecific interactions, the effects of 

surface topography9–12, material stiffness13, and the inclusion of antifouling materials 

have been widely explored14. Because polymer coatings can be applied to materials 

without changing the underlying properties, they provide a path to device optimization by 

minimizing alterations of existing materials. Among potential polymers, thin coatings of 

zwitterionic polymers (such as poly(2-methacryloiloxyethyl phosphorylcholine)15,16, 

poly(sulfobetaine methacrylate)17 (pSBMA) and poly(carboxybetaine methacrylamide)18 

(pCB)) and non-charged hydrophilic polyethylene glycol (PEG)19 and 

poly(oligo(ethylene glycol)) methyl ether methacrylate (pOEGMA)20 based polymers 

have shown promise. PDMS has been functionalized with polymers either by grafting-

from (i.e., surface initiated polymerization)21–23, or grafting-to,24,25 where pre-synthesized 

polymers are immobilized onto the surface. Even though graft-from can result in higher 

polymer densities and thus better anti-fouling properties in simple material conditions26, 

the coating of complex materials (e.g., medical devices) is practically difficult using 

graft-from surface-initiated procedures.27 Indeed, simpler graft-to coatings exceed the in 

vivo performance of graft-from for complex polymeric devices with the use of end 

functionalized polymer groups28. Efforts to improve graft-to techniques therefore 

represent a viable strategy to improve antifouling polymer coatings.  

Polymer coatings tethered to elastomeric substrates respond to the mechanical 

stimulus applied through stretching and relaxation as the interchain distance is effectively 

modified, leading to changes in surface properties. For example, immobilizing initiators 

to mechanically stretched PDMS, provides access to tailored polymer density via the 



Ph.D. Thesis – A.H. Jesmer; McMaster University – Chemical Biology 

165 
 

graft-from technique29,30. Also, thermoresponsive poly(N-isopropylacrylamide) 

(pIPAAM) was grafted from PDMS, and then mechanical stretching and temperature 

variation produced a dual stimuli responsive thin film, as stretching was able to 

effectively reduce the thickness of the grafted pIPAAM and influence cell adhesion31. 

Similarly, pSBMA was grafted from poly(vinylmethylsiloxane) (PVMS) and, following 

biofilm formation, stretching the elastomer showed release of the film32. Mechanical 

stimuli can therefore influence the fouling properties of polymer coated materials.  

Recently, a method dubbed “Graft-then-Shrink” was developed on thermoplastic 

shrinkable substrates to improve the antifouling performance of graft-to pCB films on 

gold coatings. Therein, a thiol terminated polymer layer was grafted onto a gold coated 

thermoplastic substrate, and then thermally shrunk, producing a microstructured surface 

with greater grafted polymer content within a defined footprint33. Here, we extended the 

Graft-then-Shrink method beyond thermoplastic shrinking substrates and two 

dimensional surfaces to PDMS and the ability to increase pOEGMA and pCB content on 

all solvent swollen surfaces (Figure 4.1). pOEGMA and pCB were directly compared to 

evaluate antifouling properties of uncharged versus zwitterionic polymer coatings for 

PDMS. 

Applying the graft-to method in concert with the previously developed Graft-

then-Shrink approach led to increased grafted polymer content on elastomers. PDMS 

elastomers were functionalized with maleimide click handles, and a library of 15 thiol 

terminated pOEGMA (all pOEGMA polymers used have a side chain length of 8-9 OEG 

units, unless otherwise stated as 2mer or 4mer) and pCB polymers, synthesized via 
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reversible addition-fragmentation chain-transfer polymerization (RAFT), were 

immobilized to swelled elastomer substrates. The degree of swelling of the elastomer 

substrate, controlled by combinations of crosslinker density and swelling solvent, was 

shown to tune total grafted polymer content, with increased swelling yielding greater 

amounts of grafted polymer. Using the adapted Graft-then-Shrink protocol on elastomers 

improved the antifouling properties of grafted pOEGMA towards mammalian 

macrophages and bacterial E. coli by 95% and 75% respectively compared to PDMS 

modified with the same polymer using the control Shrink-then-Graft procedures, where 

polymers are immobilized to deswelled PDMS. Interestingly, even though pCB content 

was improved by Graft-then-Shrink, no benefit to antifouling properties was observed. 

Therefore, Graft-then-Shrink can further improve the already promising graft-to, as 

compared to graft-from, procedures for the modification of PDMS devices with 

uncharged hydrophilic polymers.  
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4.3. Results and discussion 

 

Figure 4.1. Graft-then-Shrink via thiol maleimide click chemistry for 
increasing grafted polymer content on PDMS. (A) Overview schematic of the Graft-
then-Shrink method using swelled elastomers, where swollen PDMS is functionalized 
with succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC), then 
either deswelled before grafting thiol terminated polymers (“Shrink-then-Graft” control) 
or deswelled after grafting thiol terminated polymers (“Graft-then-Shrink”). (B) 
Structures of RAFT synthesized thiol terminated pOEGMA 2mer, 4mer and 8mer, and 
pCB-TBu/COOH polymers. (C) Calculated LogP values of monomers corresponding to 
pOEGMA and pCB. (D) Swelling ratio with toluene of Sylgard™ 184 PDMS with 10:1 
(1.94×) and 30:1 (3.87×) base:crosslinker ratio (mean ± SD, n = 3) by calculation of total 
surface area using calibrated photographs of top area and thickness, measured in ImageJ. 
(E) Photographs of PDMS in non-swollen and toluene swollen states. Scale bar = 10 mm. 
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4.3.1. Graft-then-Shrink with substrate swelling increases polymer content 

on PDMS 

Using fluorescent copolymers (pOEGMAf, pCB-Tbuf, pCB-COOHf) and 

microscopy characterization, it was found that Graft-then-Shrink improved grafting 

efficiency by up to 44.9× and 9.4× for pOEGMAf and pCB-COOHf, respectively, which 

resulted in enhanced polymer mediated properties such as limited fouling rates for 

pOEGMA base polymers, compared to Shrink-then-Graft modified surfaces. For 

appropriate characterizations and comparisons, samples where polymers were grafted 

onto swollen PDMS (referred to as “Graft-then-Shrink,” GtS in figures) were compared 

to control samples where polymers were grafted onto deswelled PDMS (referred to as 

“Shrink-then-Graft,” StG in figures); all PDMS materials were thoroughly washed before 

any experiments to extract free PDMS chains. By using PDMS unreactive to polymers 

(no maleimide modification), it was determined that polymers did not significantly 

entangle into the top layer of the PDMS in the swelled state; surfaces with maleimides 

were required for a significant fluorescent signal (Figure 4.2A, Figure S4.1). As 

expected, maleimide content on the PDMS surfaces decreased following the polymer 

immobilization (Figure S4.2), though some maleimide content remained, which was 

hydrolyzed with pH 8.5 borate buffer before conducting nonspecific adhesions assays to 

avoid covalent maleimide-protein bonding. Therefore, Graft-then-Shrink utilizing 

swollen PDMS modified with maleimide can enhance thiol-terminated polymer 

immobilization. 
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Controlling the PDMS base:crosslinker ratio can control the swelling degree and 

thus polymer immobilization amount. Swelling increased the grafted pOEGMAf polymer 

content by 7.5× on the 10:1 PDMS and 13.8× on the 30:1 PDMS compared to respective 

Shrink-then-Graft controls. When comparing 30:1 to 10:1, 30:1 resulted in 44.9× more 

polymer content, thus greater swelling (30:1 PDMS) provides increased grafted polymer 

content over less swelling (10:1 PDMS), though even in the deswelled state, 30:1 PDMS 

has greater surface fluorescence than 10:1 PDMS. Confocal microscopy z-stacks showed 

that all grafted polymer fluorescence was located within the first 200 μm of all PDMS 

materials studied, with Graft-then-Shrink PDMS having broader grafted polymer 

distributions (full width at half maximum (FWHM) = 60 – 140 μm) than Shrink-then-

Graft (FWHM = 30 – 50 μm) (Figure 4.2B, C), likely because of polymer penetration 

into the swollen PDMS. Increased swelling leads to greater polymer modification of 

PDMS and a deeper polymer penetration into the first ~200 µm from the surface. 
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Figure 4.2. Grafting polymers onto swelled PDMS increases graft polymer 
content. (A) Fluorescence intensity by microscopy of 50 kDa fluorescein methacrylate 
pOEGMA (8mer) copolymers grafted onto PDMS (mean ± SD, n = 3). (B) Confocal 
microscopy of depth distribution of fluorescently labeled polymer. (C) Calculated 
FWHM of the polymer distributions in (B). 
 

Besides base polymer content and crosslinking density, grafted polymer content 

can also be tuned by choice of swelling solvent, as increased solvent mediated swelling 

of PDMS increased polymer grafting (Figure 4.3A, B). The solvents for swelling PDMS 

were chosen to have different swelling ratios (S) for PDMS but similar solubility 

parameters (δ) to best isolate swelling ratio alone (toluene: S = 1.31, δ = 8.9 cal1/2 cm-3/2 

and ethyl acetate (EtAc): S = 1.18, δ = 9.0 cal1/2 cm-3/2)34. The surface fluorescence 

intensity of the pCB-COOHf and pCB-TBuf modified elastomers was strongly correlated 

to swelling ratio as mediated by solvent choice (Figure 4.3A, B), providing a route to 

tailor grafted polymer content independent of crosslinker density so that elastomer 
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properties such as stiffness can be partially tailored outside of swelling degree. For 

example, 10:1 PDMS swelled with toluene and 30:1 PDMS swelled with EtAc have 

similar swelling ratios (1.95 and 1.96 respectively) but the 30:1 elastomer had 76% more 

surface fluorescence upon grafting fluorescent pCB-Tbu f. Therefore, PDMS swelling for 

Graft-then-Shrink applications can be controlled by solvent swelling, crosslinker density 

or a combination thereof.  

 

Figure 4.3: PDMS swelling solvent modulates polymer grafting content. 
Fluorescence intensity of (A) 10:1 and (B) 30:1 PDMS swelled in EtAc or toluene 
functionalized with pCB-COOH and pCB-TBu fluorescent copolymers and (B) 8mer 
pOEGMA fluorescence copolymers (mean ± SD, n = 3). 

The solubility of the graft polymer in the elastomer swelling solvent was 

investigated with swollen PDMS exposed to pOEGMAf  in aqueous MES buffer 

solutions. EtAc is a good solvent for both PDMS and pOEGMAf, which lead to increased 

grafted polymer content, compared to toluene which is not able to solubilize the 

pOEGMAf. Conversely to CB based polymers, 50 kDa 8mer pOEGMAf (50 kDa 8mer) 

had greater fluorescence intensities on EtAc swelled PDMS than on toluene swelled 

PDMS. Despite the similar δ of the two solvents, their LogP values differ by almost 2, 
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denoting a near 100× difference in partition (toluene LogP = 2.60, EtAc LogP = 0.6535) 

between water and octanol. Previously it has been shown that pOEGMA based materials 

can partition between water and EtAc solvent systems, but not between water and toluene 

systems, partly explaining improved functionalization with EtAc36. Oppositely to 

pOEGMA, pCB polymers showed greater grafted content when conducted with toluene. 

This difference in solvent swelling effect between the two polymer types is likely due to 

the insolubility of pCB polymers in both swelling solvents (EtAc and toluene), and 

solubility of pOEGMA in the EtAc but not toluene. Solubility of the grafting polymers 

and PDMS swelling degree must therefore be considered when conducting Graft-then-

Shrink PDMS with polymers like pOEGMAs.35,36  

To further illustrate that factors beyond swelling degree and solubility must be 

considered, we compared the grafting of zwitterionic pCB-COOHf and the positively 

charged pCB-Tbuf, where, in most conditions, pCB-Tbu resulted in less grafting. 

Hydrophobicity and total charge influenced polymer immobilization with TBu protected 

CB based polymers (which are both more hydrophobic and positively charged) producing 

less surface fluorescent signal than deprotected free carboxylic pCB-COOHf, potentially 

due to electrostatic repulsion between the polycations (Figure 4.3). It should be noted 

that the pCB-TBuf and pCB-COOHf fluorescent content was identical as both polymers 

were sourced from the same batch; pCB-COOHf was produced by deprotecting pCB-

TBuf under acid conditions (Figure S4.3). As most graft-to procedures, polymer-polymer 

interactions within the coating can influence grafting density.   
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 The effect of buffer composition and concentration on grafting density were 

further investigated using zwitterionic pCB-COOHf given the effects salts exhibit on 

zwitterion hydration from the antipolyelectrolyte effect37. Two grafting buffer 

compositions were compared, MES and guanidine HCl (GHCl). MES has been 

previously used in similar applications, and GHCl is a strong chaotrope and guanidine 

salts have been shown to interact with amide bonds present in the methacrylamide 

backbone of the pCB-COOHf
38. Interestingly, the incorporation of specific GHCl 

concentrations enhanced the grafting of pCB-COOHf, with 10 mM GHCl resulting in the 

greatest grafting degree (Figure 4.4, Figure S4.4). Absorbance of PDMS and the loss of 

fluorescence from the grafting solution was used to quantify the grafting degree of the 

pCB-COOHf copolymer; the high grafting density on the PDMS resulted in fluorescence 

quenching39,40 (Figure S4.4). Absorbance values at 502 nm were used to quantify 

polymer content in lieu of fluorescence, where 10 mм GHCl values were the highest 

overall, with intense absorbance due to fluorescein methacrylate content observed.  

To explore the influence of GHCl on pCB-COOH, we conducted gel permeation 

chromatography (GPC) studies in buffers containing GHCl. GPC analysis of pCB-COOH 

in varying GHCl buffer strengths between 1 and 100 mм (pH 6.5) showed decreasing 

apparent Mws and hydrodynamic radii with increasing buffer concentration, while PEG 

standards eluted at nearly identical times, with no change in apparent Mw, in all three 

GHCl buffer strengths tested (Figure S4.5). Differences in grafting efficiency may be the 

result of improved polymer packing at 10 mм over 1 mм and improved thiol accessibility 

and reactivity at 10 mм over 100 mм due to the more extended polymer conformation at 
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10 mм. Guanidine has previously shown effects on amphiphilic block copolymer grafting 

density41, and has also been shown to control the collapsed and uncollapsed state of 

elastin like peptides in solution through interactions with amide bonds38, which are also 

present in pCB-COOH. Therefore, GHCl is most likely influencing the hydrodynamic 

radii of pCB-COOH, indicating that buffer conditions beyond solubility can also 

influence grafting density for zwitterionic polymers.  

 

Figure 4.4. Grafting salt choice and concentration modifies grafted pCB-
COOH content. (A) Absorbance of elastomers at 502 nm modified with fluorescent 
pCB-COOH copolymers (mean ± SD, n = 3). Concentrations refer to MES or GHCl (B, 
C) Photographs of grafting solution after polymer grafting procedure and 10:1 Graft-
then-Shrink elastomers grafted with fluorescent pCB-COOHf copolymers in various 
buffers. 
 

4.3.2. Characterization of biological fouling properties 

For medical devices to be implanted, the binding of macrophages is an important 

parameter and metric for relative FBRs. The nonspecific adhesion of RAW 264.7 

macrophages to functionalized PDMS was therefore characterized by fluorescence 
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microscopy. Interestingly, Graft-then-Shrink improved the antifouling properties of 

pOEGMA towards macrophages but not pCB (see section 4.3.4 for further discussion). In 

all pOEGMA conditions Graft-then-Shrink was equally or more antifouling than Shrink-

then-Graft, with 100 kDa pOEGMA on 10:1 PDMS reducing adhesion by 98% compared 

to hydrolyzed SMCC controls and 91% compared to the Shrink-then-Graft condition, 

with similar improvements on the 30:1 PDMS. Therefore, Graft-then-Shrink is suited for 

the functionalization of PDMS using pOEGMA polymers, and can improve fouling 

resistance towards macrophages by up to 98%.  

 Fouling resistance was found to be Mw dependent, with pOEGMA being most 

antifouling at the highest studied Mws in the Graft-then-Shrink condition (in agreement 

with bacterial resistance on pOEGMA presented below). The highest Mw pCB-COOH on 

10:1 PDMS was also the best performing zwitterion condition, reducing macrophage 

adhesion by 97% (8 ± 5 cells) compared to hydrolyzed SMCC control, potentially due to 

a thicker layer being produced at higher Mws, which provides improved antifouling42,43. 

We have previously seen resistance towards macrophage adhesion to be dependent on 

polymer molecular weight (Mw) for wrinkled gold Graft-then-Shrink surfaces, but no 

correlation on flat or Shrink-then-Graft was seen33. Here, pOEGMA based polymers on 

both 10:1 and 30:1 PDMS show similar Mw dependence on Graft-then-Shrink conditions 

and not on Shrink-then-Graft surfaces, as expected from previous studies.  

As expected, applying the Graft-then-Shrink procedure to pOEGMAs with shorter 

2 and 4 repeat unit OEG side chains (i.e., more hydrophobic) enhanced their cell adhesive 

properties. On the highly swelling 30:1 PDMS, effects of 2mer and 4mer pOEGMA are 
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maximized in Graft-then-Shrink conditions, cell adhesive 2mer and 4-5mer polymers (m 

= 2 or 4-5 in Figure 4.1) increased cell adhesion by 359 and 403% respectively, 

compared to Shrink-then-Graft (Figure S4.6). 10:1 PDMS produced insignificant 

differences on 2mer and 4mer surfaces between Graft-then-Shrink and Shrink-then-Graft, 

indicating insufficient polymer differences to influence fouling. Graft-then-Shrink can 

therefore modulate cell adhesive properties in either direction depending on the 

properties of the polymer to be grafted.  

 

Figure 4.5. Graft the shrink with high Mw pOEGMA onto swelled elastomers 
improves antifouling properties. (A, B) Cell adhesion of Raw 264.7 macrophages on 
10:1 and 30:1 PDMS modified with pOEGMA and pCB-COOH polymers (mean ± SD, n 
= 3). (C) Representative images of cell adhesion on 10:1 PDMS modified with 100 kDa 
pOEGMA. Scale bar = 1000 µm. Representative micrographs of all other conditions are 
shown in Figure S4.7.  
 

4.3.2.1. Nonspecific bacterial adhesion 

Similar to nonspecific macrophage adhesion, the Graft-then-Shrink protocol 

consistently for the nonspecific adhesion of E.coli to pOEGMA coatings but not pCB. 
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Because the polymer materials used are not antibacterial but are cell repellant, we 

measured adhesion resistance by live bacterial transfer. To detect small degrees of 

bacterial binding, PDMS devices were exposed to bacteria under orbital shaking, then 

dipped into three sequential sterile LB broth wash containers to remove unbound bacteria 

and exposed to sterile LB growth media to detect bacteria by optical density at 600 nm 

(OD600) following overnight incubation. 100 kDa pOEGMA Graft-then-Shrink on 10:1 

PDMS (OD600 = 0.04 ± 0.03) showed the best improvement at resisting live bacteria 

transfer compared to the corresponding Shrink-then-Graft condition (OD600 = 0.16 ± 

0.1; Figure 4.6). For bacterial adhesion, no consistent trend was observed between 10:1 

and 30:1 PDMS, with increasing pOEGMA Mw improving antifouling properties for 10:1 

PDMS but not 30:1 (Figure 4.6B). Therefore, the Graft-then-Shrink procedure using 

solvent swelled PDMS is dependent on the grafted polymer type and Mw with the 

antifouling properties of uncharged polymers being improved.  

 

Figure 4.6. Resistance of pOEGMA and pCB-COOH modified elastomers 
towards E. coli bacterial attachment.  
Live bacterial adhesion was characterized by culturing the elastomers in E. coli 
suspensions overnight and then gently rinsing the elastomers with sterile LB broth and 
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incubating them in fresh LB broth overnight, allowing adhered bacteria to proliferate. 
OD600 values of the LB broth following overnight incubation with bacteria exposed 
(A)10:1 and (B) 30:1 elastomers modified with pOEGMA and pCB-COOH was then 
measured (mean ± SD, n = 4).  
  

4.3.3. Physical characterization of modified elastomers 

Because water contact angle is often used to predict antifouling properties of 

surfaces by comparing hydrophilicity, we compared pOEGMA of varying OEG side 

chain length (2mer, 4mer, and 8mer) and pCB-COOH grafted before and after 

deswelling. For nearly all polymer compositions, Mws and base ratios, Shrink-then-Graft 

and Graft-then-Shrink surfaces had statistically similar hydrophilicities. In the water 

contact angle comparisons, 2mer modified elastomers were the lone exception with 

Graft-then-Shrink elastomers displaying increased hydrophilicity compared to Shrink-

then-Graft. Interestingly, the traditionally more hydrophobic 2mer modified PDMS also 

showed the lowest absolute water contact angle at 67° (Figure 4.7, Figure S4.8), despite 

being the most hydrophobic monomer (cLogP = 0.89). Water contact angles of graft-from 

pOEGMA on PDMS have been reported between 54° and 71° depending on layer 

thickness, appreciably lower than most of the values for pOEGMAs reported here, 

indicating polymer grafting was either not as dense or as thick as traditional graft-from 

procedures44, even though Graft-then-Shrink enhanced antifouling properties towards 

macrophages and bacteria for the 8mer pOEGMA. 

The change in WCA between the two conditions is influenced by two variables, 

the amount of grafted hydrophilic polymer, and the accelerated hydrophobic recovery of 

the PDMS surface due to the extended solvent swelling in the Graft-then-Shrink state. In 
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the Graft-then-Shrink procedure PDMS was swollen during the 4 d polymer grafting 

where Shrink-then-Graft was not, which can lead differences in PDMS hydrophobic 

recovery. To validate if the difference in swelling procedure influences the WCA, we 

prepared SMCC modified PDMS by Graft-then-Shrink and Shrink-then-Graft without 

grafting polymers (i.e., exposed swollen and non-swollen SMCC modified elastomers to 

MES buffer for 4 d). The SMCC modified Shrink-then-Graft surface had lower WCAs 

(10:1 = 80° ± 10, 30:1 = 105° ± 3) than SMCC modified Graft-then-Shrink surfaces (10:1 

= 96° ± 4, 30:1 = 107° ± 1), demonstrating that both lower crosslink density and swelling 

increases hydrophobic recovery. Even though Graft-then-Shrink results in greater 

polymer immobilization (Figure 4.3), Graft the shrink results in higher WCAs for 

hydrophilic polymers because of accelerated hydrophobic PDMS recovery from solvent 

swelling. For hydrophobic polymers (i.e., pOEGMA 2mer), Graft-then-Shrink decreased 

WCAs which may be due to hydrophobic POEGMA-POEGMA interactions (lower 

critical solution temperature of 26°C for 2mer) limiting rearrangement at the surface. 
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Figure 4.7. Graft-then-Shrink on elastomers does not modify hydrophilicity. 
(A)Water contact angles of 3 μL droplets of Milli-Q water on pOEGMA modified (A) 
10:1 and (B) 30:1 PDMS and pCB-COOH modified (C) 10:1 and (D) 30:1 PDMS 
elastomers. Mean ± SD, n = 4.  
 

4.3.4. Further Discussion 

The efficiency of the Graft-then-Shrink method is maximized when the properties 

of the graft polymer – swollen elastomer system are chosen to achieve a solvated reaction 

environment and a high degree of swelling. The total grafted polymer content was highest 

when using neutral high Mw pOEGMAs, coupled with a low crosslink density elastomer, 

which maximizes swelling, that is swollen with a solvent that also solubilizes the graft 

polymer. In this case, considering two different measures of hydrophobicity, δ and LogP, 

allowed the solvent to be matched to the elastomer (δ) for swelling purposes and LogP 

solvent selection maximized the graft polymer partitioning onto the swollen surface. 
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The two polymer types investigated here represent two separate classes of 

hydrophilic antifouling polymer, uncharged, and neutral charged (i.e., zwitterionic). Both 

polymers prevent protein adsorption via strong interactions with a water shell, but the 

branched pOEGMA also repels protein through steric repulsion due to the long (Mn = 

500 Da) OEG side chains. These differences in antifouling mechanisms, and the 

difference in cLogP between the constituent monomers (8-9mer OEGMA = -0.34, CB = -

6.88) may make OEGMA based polymers more amenable to the Graft-then-Shrink 

method on hydrophobic PDMS and other medically relevant elastomers. Moreover, 

because Graft-then-Shrink distributed the polymer within the first ~200 µm, the larger 

and branched pOEGMAs may improve antifouling activity at the surface through steric 

repulsion mechanisms.  

The Graft-then-Shrink method for swellable elastomeric substrates could be 

extended to other commonly used medical polymers such as polyurethane or 

polyvinylchloride45.The wide range of relevant swellable materials, growing number of 

ways to fabricate antifouling polymer films via graft-to, and recent indications that the 

graft-to method can perform better than graft-from in medical applications means that the 

Graft-then-shrink method represents a path to improve the already leading technique. The 

method could also be used on PDMS with higher swelling ratios such as 60:1 Sylgard™ 

18446, or on highly stretchable PDMS via mechanical stretching47 rather than solvent 

swelling. Grafting of polymers onto swelled elastomers could also be performed using 

physicochemical methods such as 3,4-dihydroxyphenylalanine (DOPA) anchoring rather 

than click reactions to expand potential materials for coating48. Though click reactions, 
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especially thiol ene reactions, are well suited for Graft-then-Shrink and have been 

previously explored for the modification of biomaterial surfaces49, due to the simple 

production of thiol terminated polymers and the catalyst free mild reaction conditions50. 

Finally, the growing array of click reactions allow for the method to be extended to allow 

for multiple types of polymers to be patterned at once, before shrinking the material to 

improve final fidelity. Therefore, Graft-then-Shrink has the potential to be widely applied 

to medical devices and implants.  

4.4. Conclusions 

The Graft-then-Shrink technique was applied to two formulations of 

commercially available PDMS with multiple antifouling homo and copolymers of 

various compositions.  The degree of swelling of the elastomeric substrate can tune total 

polymer grafting, either through crosslink density or through swelling solvent choice. 

Graft-then-Shrink on stiffer 10:1 material with higher Mw pOEGMA (100 kDa) had the 

best overall results, reducing macrophage adhesion by 98% compared to hydrolyzed 

SMCC controls and 91% compared to 10:1 PDMS coated using Shrink-then-Graft, 

potentially due to the grafted pOEGMA penetrating less deeply into the elastomer 

compared to the 30:1 PDMS, leading to a higher concentration near the surface of the 

material. Although, Graft-then-Shrink did not improve the antifouling properties for pCB 

even though polymer content was increased, indicating that polymer and swelling 

procedures must be carefully chosen. With appropriate swelling solvent and polymer 

choice, Graft-then-Shrink offers a method to both increase polymer coating content and 

improve antifouling properties for graft-to procedures on PDMS.  
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4.5.  Materials and methods 

4.5.1. Materials 

N-[3-(dimethylamino)propyl]methacrylamide, tert-butyl bromoacetate, 

trifluoroacetic acid (TFA), 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid, 4,4’-

azobis(4-cyanovaleric acid), sodium hydroxide, 2-(N-morpholino)ethanesulfonic acid 

sodium salt (MES), ethanol, sodium acetate, and Poly(ethylene glycol) methyl ether 

methacrylate (Mn = 186, 300, and 500), fluorescein methacrylate, fluorescein maleimide 

assay kit, guanidine hydrochloride, (3-aminopropyl)triethoxy silane (APTES), 

acetonitrile, and ethyl acetate were purchased from Sigma Aldrich (Oakville, ON, 

Canada). Fetal bovine serum (FBS), Calcein AM, Hoescht, Sylgard 184 elastomer kit, 

was obtained from Thermo Fisher Scientific (Burlington, ON, Canada). LB broth was 

purchased from Bioshop Canada (Burlington, ON, Canada). SMCC was donated by Todd 

Hoare from McMaster University (Hamilton, ON, Canada). Phosphate buffered saline 

(PBS) at pH 7.4 contained 10 mм sodium phosphate and 137 mм NaCl. 

4.5.2. PDMS elastomer preparation and swelling 

PDMS was prepared using a Sylgard™ 184 elastomer kit, with ratios of 10:1 and 

30:1 base to crosslinker. Elastomers were mixed, degassed, and then cured for 30 min at 

80°C. Discs of 3 mm thickness and 6 mm diameter were punched out using a leather 

punch. Discs were then extracted with toluene 4 times to remove uncured free PDMS. 

Finally, discs were deswelled and stored at room temperature until use. 
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4.5.3. Tert-butyl protected Carboxybetaine methacrylamide monomer 

synthesis  

Adapted from previously published procedure51, N-

[3(dimethylamino)propyl]methacrylamide (25 g, 147 mmol, 1 equiv.) was dissolved in 

200 mL of dry acetonitrile under nitrogen. Tert-butyl bromoacetate (34 g, 176 mmol, 1.2 

equiv.) was added, and left to react overnight at 50 °C. The reaction was cooled to room 

temperature and the white product was precipitated with 500 mL of ether, decanted, 

washed with 100 mL of ether 3 times and dried under a stream of nitrogen. 1H NMR 

(D2O, 600 MHz) δ: 5.7 (s, 1H), 5.5 (s, 1H), 4.3 (s, 2H), 3.6 (m, 2H), 3.4 (t, 2H), 3.3 (m, 

6H), 2.1 (tt, 2H), 1.9 (s, 3H), 1.5 (s, 9H) (Figure S4.9). 

4.5.4. General polymerization protocol 

Reaction mixtures for pDMAPMA and pOEGMA homopolymers and pOEGMA-

fluorescein and pCB-fluorescein copolymers were prepared for reactions using a RAFT 

polymerization technique with appropriate amounts of monomer, 4-Cyano-4-

(phenylcarbonothioylthio)pentanoic acid chain transfer agent (CTA), 4,4’-azobis(4-

cyanopentanoic acid) initiator and solvent as detailed in Table S4.1. Reaction mixtures 

were then degassed by 3 rounds of the freeze pump thaw method, and incubated, with 

stirring, at 70°C overnight. The crude polymer mixtures were then aminolysed by 

incubation with butylamine (10x CTA mol amount) for 2 h, at pH 10, and finally 

dialyzed for 3 d against pH 5 water, and lyophilized. Synthesized pDMAPMA was then 

reacted with tert-butyl bromo acetate at a 3:1 molar excess of TBu to DMAPMA 

monomer content, in acetonitrile for 3 d, and dialyzed against methanol for 3 d to 
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produce pCB-TBu. pCB-TBu was then deprotected by incubation at 50°C for 6 hours in 

pH 1.3 HCl, and dialyzed for 3 d against pH 5 water to yield pCB-COOH. Protection and 

deprotection steps were quantified by H NMR (Figure S4.10). 

4.5.5. Polymer characterization by GPC 

Characteristic molecular weights (Mn and Mw) and dispersities (Ɖ) were measured 

by an Agilent 1260 infinity II GPC system equipped with an Agilent 1260 infinity RI 

detector at 30°C, a Superose 6 Increase 10/300 GL column, and with PBS running buffer 

supplemented with 0.05% sodium azide at room temperature. The column was calibrated 

using polyethylene glycol (PEG) standards (Mn of 3,000 to 60,000). Degree of 

polymerization (N) was calculated using monomer molecular weight and reported 

measured Mn by GPC (Table S4.2). 

4.5.6. Polymer grafting procedure 

PDMS discs were plasma oxidized for 45 s on “high” setting, then immediately 

placed into 1% (v/v) APTES in dry toluene and shaken for 1 h. The APTES solution was 

then removed, and the discs were rinsed 3 times with dry toluene. A solution of 2 mg mL-

1 SMCC in PBS was added to the discs and shaken for 2 h. The SMCC solution was then 

removed, then discs were dried and either deswelled prior to polymer grafting, reswollen 

with EtAc or kept swollen in toluene. The discs were then incubated with the appropriate 

thiol terminated polymer at 2 mg mL-1 in either MES or GHCl buffer at pH 6.5 for 4 d 

with shaking. Materials that had polymer grafting in the swollen state were then 

deswelled overnight. Finally, discs were incubated overnight with shaking in pH 9.3 

borate buffer to hydrolyze remaining maleimides on the material surface. 
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4.5.7. Excess maleimide assay 

Maleimides on the surface of the PDMS discs were quantified using a modified 

fluorescence detection assay kit. Fluorescent maleimide reactive probes were prepared 

according to the manufacturer guidelines and 100 μL of fluorescent probe in supplied 

Assay Buffer was added to a well containing a PDMS disc to be assayed and incubated at 

room temperature overnight, with shaking. Each disc was then rinsed 3 times with DI 

water, dried with a laboratory wipe, and surface fluorescence was quantified by 

fluorescence microscopy using a Biotek Cytation5 plate reader equipped with a GFP 

channel filter cube. 

4.5.8. Fluorescent polymer content characterization 

Fluorescent polymer distribution into modified elastomers was characterized by 

confocal laser scanning microscopy depth profiles Z-stacks corresponding of the 

fluorescein tagged copolymers were acquired at a step size of 10 µm. 

4.5.9. Characterization of surface hydrophilicity 

Material hydrophilicity was characterized by static water contact angle 

measurements (OCA 20 contact angle goniometer, with SCA 20 software). Droplets of 

MilliQ water (2 μL, resistivity > 18.2 MΩ cm) were placed onto modified PDMS discs 

and photographed. One measurement per disc was made, replicates represent three 

separate discs.  
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4.5.10. Bacterial adhesion assay 

A culture of E. coli BL21 was inoculated in LB broth and incubated overnight at 

room temperate with shaking. The following day, the culture was subcultured and grown 

to an OD of 0.5 and then 200 μL of this suspension was added to functionalized PDMS 

discs in a 96 well plate and incubated at room temperature overnight with shaking. The 

PDMS discs were then removed from the bacterial suspension, rinsed 3 times with sterile 

LB broth and placed into fresh LB broth to grown overnight. Following overnight 

incubation, the OD of the LB broth was measured. 

4.5.11. Macrophage adhesion 

PDMS discs were immobilized into a 96 well plate with PDMS (Sylgard™ 184) 

and cured at 80 °C for 30 mins, then sterilized by incubation with 70% ethanol for 1 h, 

and rinsed with sterile DI water 3 times. Sterilized materials were then incubated with 

100% aged FBS overnight at 37°C at 5% CO2
 then the serum was removed and the 

materials were incubated with RAW 264.7 macrophages (10 000 cells per well) for 48 

hours 37°C at 5% CO2. Following incubation, the cell containing media was removed 

from the wells, surfaces were gently rinsed a single time with PBS to remove non-

adhered cells from the well, and the materials were stained with Calcein AM and Hoescht 

according to the manufacturer protocol prior to imaging with a Biotek Cytation5 

microscope. 
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4.5.12. Statistical analysis 

All statistical analyses were performed using GraphPad Prism 8. Significant 

differences were determined by multiple comparisons corrected multiple t-tests, using the 

Holm-Sidak method. Significant p-values are indicated on graphs as follows p < 0.05 is 

indicated by *, p < 0.01 by **, and p < 0.001 by ***. All replicates were multiple 

samples prepared at the same time under the same conditions, and tested within a single 

experiment with biological material derived from a single lot, inoculation, or cell 

passage, where applicable. 

4.6. Supporting information 

Additional supporting figures and tables related to maleimide content of 

elastomers, GPC characterization of pCB-COOH molecular weights in guanidine, tert-

butyl ester deprotection and NMR characterization, water contact angle measurements, 

micrographs of cell adhesion, NMR characterization of synthesized monomers, and GPC 

analysis of polymers 
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Figure S4.1. Surface fluorescence of pOEGMA on PDMS.  

Grafting of fluorescent (A) 20 and (B) 100 kDa 8mer pOEGMA to PDMS with and 
without maleimide functionalization.  
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Figure S4.2. Maleimide content of elastomers after polymer grafting.  (A) Surface 
fluorescence of SMCC modified elastomers after reaction with a thiol-fluorescein tracer. 
(B) Maleimide content of elastomers before and after polymer grafting. Means ± SD, n = 
3. 
  



Ph.D. Thesis – A.H. Jesmer; McMaster University – Chemical Biology 

191 
 

 

Figure S4.3. pCB-TBu ester deprotection in pH 1.3 HCl.  (A) Relative tert-butyl 
group signal by NMR after exposure to HCl at pH 1.3 for between 2 and 6 hours at room 
temperature and 50°C. (B) Calculated percent of ester deprotection based on relative 
signal from NMR of pCB-TBu. (C) Solution fluorescence intensity of pCB-TBu and 
pCB-COOH fluorescein methacrylate copolymers. Mean ± SD, n = 3. 
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Figure S4.4. Quantification of fluorescence of pCB copolymers grafted in MES and 
GHCl on PDMS.  

(A) Surface fluorescence of 10:1 PDMS elastomers modified with fluorescent pCB-
COOH in MES and GHCl grafting buffers between 1 and 1000 mM. (B) Grafting 
solution fluorescence of 10:1 PDMS elastomers modified with fluorescent pCB in MES 
and GHCl grafting buffers between 1 and 1000 mм.   
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Figure S4.5. Apparent molecular weight of pCB changes with GHCl concentration. 
(A) GPC of PEG standards and pCB-co-methacrylate in three GHCl buffer 
concentrations. (B) Plotted apparent molecular weight of pCB calculated by GPC 
calibrated with  PEG standards in PBS. 
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Figure S4.6. Macrophage adhesion to PDMS modified with non-antifouling 
polymers. (A) Cell adhesion of Raw 264.7 macrophages on 10:1 and 30:1 PDMS 
modified with 2mer and 4mer pOEGMA (mean ± SD, n = 3). (C) Ratio of cells adhered 
between Graft-then-Shrink and Shrink-then-Graft materials modified with 2mer and 4mer 
pOEGMA.  
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Figure S4.7. Representative fluorescence micrographs of RAW 264.7 macrophage 
adhesion on polymer modified PDMS. 

Scale bar = 1000 µm. 
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Figure S4.8. Water contact angle measurements of polymer modified PDMS. 
(A) Representative images of 3 µL droplets of MilliQ water on PDMS samples. (B) 
Average water contact angle of PDMS samples. Mean ± SD, n = 4. 

 

Figure S4.9. H NMR spectroscopy of CB-TBu monomer. 
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Figure S4.10. NMR spectroscopic characterization of pCB-TBu synthesis from 
pDMAPMA. (A) Quantification of monomer percent modification by NMR. (B) 
Reaction scheme of pCB-TBu preparation. (C-E) H NMR of precursor pDMAPMA, 
protected pCB-TBu and deprotected pCB-COOH. (F) Structures and assignments of H 
NMR. 
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Table S4.1: Polymerization conditions used for the preparation of RAFT polymer 
library. 

Monomer Molecular 
weight 
(kDa) 

Monomer 
(g) 

CTA 
(mg) 

Initiator 
(mg) 

Solvent 
(mL) 

Solvent type 

2m
er

 20 2 28.3 14.2 8.7 Dioxane 

50 2 11.2 5.6 8.7 Dioxane 

100 2 5.6 2.8 8.7 Dioxane 

4m
er

 20 2 28.3 14.2 7.6 Dioxane 

50 2 11.2 5.6 4.7 Dioxane 

100 2 5.6 2.8 7.6 Dioxane 

8m
er

 20 2 28.3 14.2 3.9 Dioxane 

50 2 11.2 5.6 3.9 Dioxane 

100 2 5.6 2.8 3.9 Dioxane 

p
O

E
G

M
A

8,
9-

 
fl

u
o 

20 
0.5 / 
0.004 

7.1 3.6 0.98 Dioxane 

50 
0.5 / 
0.004 

2.6 1.4 0.98 Dioxane 

100 0.5 / 0.004 1.4 0.7 0.98 Dioxane 

p
D

M
A

P
M

A
 20 2 27.9 18.7 11 

2:1 
Buffer*:Dioxane 

40 2 14.0 9.3 11 
2:1 

Buffer*:Dioxane 

120 2 4.7 3.1 11 
2:1 

Buffer*:Dioxane 

*Sodium acetate buffer (pH 5, 1 M) 
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Table S4.2: Calculated molecular weights, dispersities and degrees of 
polymerization of polymers used. 

Name Monomer MW Mn Mw Đ N 

20
 k

D
a 2mer 186 5.7 7.8 1.36 31 

4mer 300 7.9 9.7 1.21 26 

8mer 500 7.8 11.1 1.41 16 

50
 k

D
a 2mer 186 10.4 14.5 1.40 56 

4mer 300 16.2 27.2 1.67 54 

8mer 500 16.9 34.5 2.04 34 

10
0 

k
D

a 2mer 186 15.9 30.2 1.90 85 

4mer 300 44.8 112.3 2.50 149 

8mer 500 51.3 157.8 3.07 103 

p
O

E
G

M
A

8

,9
- 

fl
u

o 

20 kDa 499 13.1 14.4 1.10 26 

50 kDa 499 24.4 34.3 1.41 49 

100 kDa 499 41.1 84.5 2.06 82 

p
C

B
-T

B
u 20 kDa 285 16.0 23.5 1.46 56 

40 kDa 285 33.1 83.9 2.53 116 

120 kDa 285 122.1 409.1 3.34 428 
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 CHAPTER 5. CONCLUSIONS 

The number of implantable devices is increasing, with physicians and patients 

expecting increased performance with respect to infection and foreign body response 

prevention and improvements to outcomes such as implant longevity, pain, and implant 

associated diseases. Further, the increased interdisciplinary nature of research related to 

protein therapeutics and biomaterials require label free biosensor technology that is both 

accessible and high performance. 

5.1. Major Contributions 

Simple methods for romantic polymer coatings for biosensor applications were 

found, providing new routes to these important materials. The novel use of wrinkled gold 

films as LSPR biosensors was also investigated, and coupled with Graft-then-Shrink 

coating methods, widens access to romantic biosensors. Accomplishments supporting 

these contributions include: 

1. pH controlled RAFT for hierarchical surfaces.  

2. Novel continuous wrinkled gold LSPR sensor material. 

3. Graft-then-Shrink method for increasing polymer content for 

thermoplastic and elastomeric substrates. 

The work in this thesis demonstrates that the performance of RAFT synthesized 

polymer coatings is strongly dependent on polymer density, and through controlling this 

parameter, simple routes to romantic materials can be found. These methods, and their 

extensions, will improve access to high performance biosensors. 
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5.2. Limitations 

The coatings produced throughout this thesis were characterized as platform 

technologies, without specific application environments. Because of the general nature of 

the platforms, the biological characterization is limited with respect to activation states of 

the environment. In specific, macrophage adhesion experiments were designed to 

determine and compare nonspecific cell adhesion characteristics exclusively, and so 

activation signals of human derived macrophages should be explored for specific in vivo 

applications. Other unexplored aspects of biological characterization include the blood 

compatibility of the materials, and the resistance to a variety of bacterial types and flow 

environments, specific to individual applications. 

In Chapter 2, pH controlled partial aminolysis and Graft from techniques were 

successfully used to produce high-loading, low-fouling surfaces. Nevertheless, these 

employed techniques are limited in complexity of the modified surfaces, and limited 

specifically in the use of pH labile monomers. Open questions remain generally around 

the layer densities of bimodal surfaces, and molecular weight distributions within the 

layers. Layer density differences could be probed in situ by QCM-D as silicon sensor 

chips are amenable to the methods used in the synthesis. Further interrogation of the 

molecular weights could be undertaken by removing and collecting the grafted polymers 

for analysis. Initial attempts at this via surface etching and GPC analysis were 

unsuccessful due likely to the limited surface area of the modifications producing less 

than 100 µg of total polymer for analysis. 
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Chapter 3 explored two phenomena, the first being the introduction of an 

extension to the grafting to polymer layer synthesis technique, and the second being a 

novel LSPR biosensor application exploiting the resulting wrinkled gold, biofunctional 

coating. The Graft-then-Shrink technique produced polymer densities of ~ 0.11 chains 

nm-2, this value is a 5.5 times increase in apparent density compared to Shrink-then-Graft 

but represents an apparent increase derived from a fluorescent polymer grafting. More 

thorough interrogation of the actual polymer densities on the surfaces, and their 

comparison against the same polymers produced via grafting from would provide useful 

insight into the limits of performance of the new method. This improved probing of the 

polymer densities, coupled with shrinking substrates of different shrink ratios would 

allow for better design of high quality antifouling and sensing surfaces. Finally, sensing 

in complex environments with non-target proteins present would be a useful next step 

towards understanding the performance of the platform. 

Chapter 4 extends the methods developed in the previous chapter to three 

dimensional elastomers, using a two-part silicone as the model material, a suite of neutral 

hydrophilic and zwitterionic polymers, and a click chemistry immobilization scheme. 

Towards the goal of reduced synthetic complexity of these antifouling elastomers, the 

multistep elastomer modification process should be eliminated. Initial attempts at 

employing vinyl containing PDMS, and immobilizing the thiol terminated graft polymers 

directly to the elastomer via radically initiated thiol – ene reaction were not successful, so 

a different approach such as maleimide containing PDMS copolymers to imbue the 

elastomer with a click functionality could be explored. 
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The stability of the modified antifouling elastomers should also be explored, 

particularly in the relevant biologic environments. The surface reconstruction of PDMS 

can move the modifying polymers away from the surface, so a longer term antifouling 

experiment should be conducted to understand the impact of this phenomenon. Finally, 

the propensity of silicone materials to absorb lipids in vivo should be investigated, and 

compared against other elastomeric substrates to inform material choices for specific 

applications past these initial platform demonstrations.  

5.3. Concluding Remarks 

Here it was demonstrated that strong effects of polymer density on material 

function can be leveraged to modify the performance of polymer films without changing 

the polymer composition. By grafting polymers onto a metallic surface, and shrinking, it 

was also shown that even without decreasing the distance between grafting sites, the 

effective polymer density above a structured surface can be increased, and this increase 

can translate into improved performance. Further, these methods were simple to 

implement, and can be applied to a wide range of material substrates, given the array of 

deformable materials and simple grafting methods via click chemistry and dopa grafting.  

There remain a variety of open avenues of research for both the Graft-then-Shrink 

methods and the LSPR wrinkled biosensors described in this thesis. For example, the 

variety of grafting strategies (e.g., click handles, dopa grafting, physisorption etc.) as well 

as the variety of underlying substrates with controllable levels shrinkage and expansion 

provide a ripe opportunity for novel architectures and grafted polymer patterns to be 

explored. Further, effects of grafted polymer patterns and compositions in conjunction 
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with wrinkled material structure should be investigated. The physics of the polymer 

compression during shrinkage, in the dry and hydrated state, as well as state of 

thermoresponsive polymers during shrinkage also requires investigation. 

Production of antifouling materials has been an area of growing research intensity 

for decades, with polymer coatings to this end receiving a high level of interest. The 

implementation of these kinds of coatings still suffers from the complexity of the 

problem hand, namely that all protein and cell interactions must be resisted, despite the 

enormous variety of these interactions, and length of time for which they must be 

resisted, requiring either exceptionally durable coatings, or self-healing or self-

rejuvenating degradable properties, as even small defects can lead to failure over time. 

The field might focus on developing a series of standardized conditions for testing the 

relevant long term performance of newly discovered surfaces to work towards translation 

of the enormous body of research to overcome the associated important challenges of 

nonspecific interactions, as has been suggested by a number of groups recently1–3. 
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