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neutravidin concentration. (d) Calibration curve for {-potential cha-
nge against the mass of bound neutravidin measured using QCM.
Vertical and horizontal error bars areinred. . . . . . ... ... ...
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(a) Surface design used in our study. The base layer is composed of
a copolymer synthesized using chemical vapor deposition, incor-
porating binding sites (aminomethyl groups or AM) and polymer-
ization initiation sites (Ester bromide or EB). Negatively charged
nanoparticles were expected to attach to the AM groups and we
studied nanoparticle adsorption kinetics for different copolymer
compositions. Sorbitol methacrylate brushes were grafted from the
EB sites through SI-ATRP. (b) FTIR spectra showed that ratio of
AM and EB is tunable. The decrease in peak heights of the car-
bonyl peak around 1730 cm™! indicated that the ratio of EB rela-
tive to AM was reduced. (c) Surface charge of copolymer surfaces
became more positive with increasing AM concentration. The iso-
electric point was varied from 3-6 by changing the copolymer com-
position. Seven copolymer surfaces were studied (CP1 to CP7).

(a), (b), (c) Plots show how an increase in aminomethyl surface
density (as measured by the isoelectric point) leads to a higher
nanoparticle adsorption rate. The presence of the sorbitol brush is
successful in retarding nanoparticle binding though in the case of
(a), it is not entirely retarded. (d) Fluorescence study substantiates
the results obtained from electrokinetic measurements. PS-COOH
nanoparticles do not adhere to the sorbitol-grafted copolymer sur-
faces. Scale bar is 10um (e) Comparison of surface density of fluo-
rescent PS-COOH nanoparticles adsorbed on copolymer and PPX-
EB before and after the SI-ATRP of sorbitol. High intensities were
observed on the copolymer while low intensities were observed
on PPX-EB (without amine groups) and also on sorbitol brushes

61

grafted from PPX-EB and copolymer coatings. Error bars are in red. 64

Synthetic strategy for model surfaces: In the first step we employed
chemical vapor deposition (CVD) copolymerization to function-
alize substrates with polymerization initiators (bromoisobutyryl
groups, abbreviated as EB) and aminomethyl moieties (CH,NH,
groups, abbreviated as AM). The positively charged AM groups
serve as binding sites for electrostatically driven adsorption of vi-
ral species and protein molecules. The ratio between AM and EB
functional groups can be controlled by varying CVD operating pa-
rameters. In the second step, polymer brushes with pendant car-
bohydrate residues (a-glucose or p-galactose or x-mannose.) were
grafted from the EB groups using surface-initiated atom transfer
radical polymerization (SI-ATRP). Surfaces devoid of AM groups
were used as controls. Our two-step synthetic strategy affords pre-
cise control over brush density, thickness, composition and bind-
ing site density. Finally, the effects of each of these variables on

protein and viral adsorption was examined. . . . . . ... ... ...
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44

4.5

(a)-(d) Statistical models describe the probability of capturing viru-
ses on copolymer surfaces (IEP of 4.9) when polymer brushes are
absent. The probability is calculated as a function of copolymer
compositions (amine density), pH values (4 or 5), Debye Lengths
(red: 30 nm, yellow: 10 nm, green: 3 nm, blue: 1 nm) and viral
radii (20 nm or 100 nm). (e) At pH values above the copolymer
isoelectric point (4.9), repulsive interaction energy was calculated
whereas attractive interactions were observed below the IEP. (f)
When a 10 nm thick layer of polymer brushes is introduced, repul-
sive interactions gradually begin to dominate over a larger range
of pH values. (g) When the brush thickness is increased further to
15 nm, repulsive interactions prevail over the entire pH range. . . .
(a) Chemical structures of the four surfaces studied. (b) FTIR con-
tirms the chemical structures of these coatings. Effect of surface
composition on the adsorption kinetics of (c) fibrinogen and (d)
influenza HIN1 particles on the four surfaces. In both (c) and (d),
aminomethyl-containing surfaces promoted adsorption while the
mannose brushes reduced adsorption levels. (e) Quantification of
adenovirus attachment on surfaces. (f) Representative SEM im-
ages. Scale bar: 5 ym. Adsorption trends were similar to the ones
observed in fibrinogen and influenza. . . . ... ... .. ... ...

XPS characterization of poly(2’-acrylamidoethyl-a-d-mannopyrano-

side) brushes grafted from ATRP initiator coatings. (a) Elemental
composition of ®-mannose brushes as measured using high resolu-
tion XPS scans. (b) & (d) High resolution XPS spectra of Cy further
confirms the chemical composition of the a-mannose brushes. (c)
XPS Survey spectra of the surface bearing a-mannose brushes. . . .
Four sets of copolymers (CP44-red, CP45-green, CP46-blue, CP47-
purple) with different concentrations of aminomethyl (AM) and
ester bromide (EB) groups were prepared. (a) FTIR and (b) XPS

measurements together verified that the AM concentration decreased

progressively from CP 44 to CP47. Conversely ,the EB content in-
creased as shown by the growing intensity of the carbonyl band.
(c) Ellipsometric thicknesses of glucose polymers grafted from the
copolymer coatings. QCM traces of (d) fibrinogen and (e) influenza
indicate that the adsorption levels of both the protein and the virus
particles are correlated with the AM density. . ... .........
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Four sets of copolymer coatings (CP40-red, CP41-green, CP42-blue,
CP43-purple) with different ratios of aminomethyl (AM) and es-
ter bromide (EB) groups were synthesized and differences in ad-
sorption evaluated. (a) FTIR spectra and (b) X-ray photoelectron
spectroscopy (XPS) were jointly employed to assess variations in
AM content. Subsequently, glucose polymer chains (ellipsomet-
ric thicknesses tabulated in (c)) were grafted from these surfaces
using SI-ATRP. The adsorption kinetics of (d) fibrinogen and (e)
influenza HIN1 on glucose chains grown from copolymers were
studied using QCM. For both fibrinogen and influenza, adsorbed
masses were near baseline levels, indicating that the glucose layers
prevented non-specific protein and viral adsorption. . . . ... ..
(a) {-potential variations as a function of brush thickness and wet-
tability. (b) Roughness is about the same on all surfaces irrespec-
tive of thickness and water contact angle. (c) & (d) Nanomechani-
cal properties (data collection: Salwan Butrus), E; (reduced Young'’s
Modulus) and H (hardness) depend on degree of association as
well as thickness. (e) ANOVA for E, and H respectively where F-
values are separated by commas. For E,, thickness has the most
impact, followed by the interaction term and contact angle. For H,
the interaction termis most significant, followed by the thickness
and contactangle . . ... ... ... ... .. ... L.
(a)Three-dimensional surface plot predicting film thickness as a
function of catalyst ratio and reaction time at 1.5 mol% catalyst
quantity. The statistical model that this plot represents, can predict
thickness across all possible experiments that can be performed
within the studied range. (b) Three-dimensional surface plot pre-
dicting film contact angle as a function of catalyst quantity and
reaction time at a catalystratioof 9. . . . . ... ... . oL
(a) Scatter plot of thickness versus contact angle. The data were
classified into four regimes by setting boundaries of 70 nm (hori-
zontal blue line) for thickness and 30°(vertical red line) for contact
angle. (b) Quadrants representing four regimes of gel architecture,
as identified from the scatterplot. . . . . . ... ... ... ... ...
Comparison of experimental and predicted values (hollow circles)
for (a) thickness and (b) contact angle. Horizontal error bars in
green indicate 95% confidence interval of the statistical model pre-
diction while vertical error bars in red represent standard devi-
ation of experimental measurement. The blue line is a reference
representing an ideal agreement between predicted and measured
values (y=X). . . . . . ...
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55 Design space for thin associated brushes across different catalyst
quantities (in mol%). The yellow regions represent the experimen-
tal boundaries within which it is possible to obtain coatings be-
longing to this regime of gel architecture. The design space was
obtained by simultaneous solution of statistical model equations
to yield operating conditions which will lead to thickness less than
70 nm and contact angle greater than 30°. These plots show how
the experimentally accessible space becomes larger with increas-
ing catalyst quantity. . . ... ... ... ... oo o L. 123

5.6 Main effects on thickness. From left to right, the effects of catalyst
ratio, catalyst quantity and reaction time on thickness are plotted.
The red dotted line refers to the location of the overall mean thick-
ness (53.4 nm) of all 90 data points. By comparing slopes, we can
see that reaction time and catalyst ratio have the strongest effects

on thickness. The effect of catalyst quantity is less pronounced. . . . 124
5.7 Interaction plot for thickness. The increase of thickness with cata-
lyst ratio is dependent on the catalyst quantity. . . . ... ... ... 125

5.8 Wettability transition of PMEDSAH from hydrophilic to hydropho-
bic. The schematic represents the architecture of a PMEDSAH brush
and its interaction with water when it is unassociated and when it
undergoes hydrophobic collapse due to zwitterionic self-association.
Images of representative water droplets illustrate the wettability
differences. . . . . .. ... o 126
59 Main effects on contact angle. From left to right, the effects of cata-
lyst ratio, catalyst quantity and reaction time on contact angle are
plotted. The red dotted line refers to the overall average contact
angle (24°) of all 90 data points. From the slopes, we can conclude
that catalyst quantity and reaction time exert the most prominent
effecton contactangle. . . ... ... ... .. ... .. .0 0. 127
510 Interaction plot for contact angle. The level of catalyst quantity
employed determines the dependence of contact angle on reaction
time. At a higher catalyst quantity, the contact angle becomes more
dependent on reactiontime. . . . . ... ... o 0oL 128
6.1 Synthetic schemes for the polymer coatings under study (a) Syn-
thesis of 2’-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyrano-
side from a-mannose pentaacetate and the subsequent deprotec-
tion to synthesize 2’-acrylamidoethyl-a-D-mannopyranoside. (b)
Surface-initiated atom transfer radical polymerization from the ini-
tiator coating PPX-EB to form poly(2’-acrylamidoethyl-a-D-manno-
pyranoside) brushes. (c) Synthesis of monolayers bearing a-mannose
and pB-glucose molecules by copper catalyzed Huisgen 1,3-dipolar
cycloaddition of PPX-alkyne with the azidosaccharides. (d) Tab-
ular list of polymer coatings and their abbreviations used in this
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IRRAS spectrum of (a) poly(4-ethynyl-p-xylylene-co-p-xylylene) (PPX-

alkyne) coating indicates the presence of reactive alkyne groups.
(b) B-D-glucopyranosyl azide clicked to PPX-alkyne surfaces to
yield 4. (c) a-D-mannopyranosyl azide clicked to PPX-alkyne to
yield 3. The click reaction resulted in the appearance of the hy-
droxyl peaks adjacent to the alkynyl C-H stretch. Since only a mono-
layer is formed, most of the subsurface alkyne groups remain un-

reacted. . . . . . L

Surface characterization of poly(2’-acrylamidoethyl-a-D-mannopy-
ranoside) brushes. (a) Elemental composition of ®-mannose brushes
as measured using high resolution XPS scans is in close agree-
ment with theoretical values. (b) & (d) High resolution XPS spec-
tra of carbon (Figure 6.3(d) and Table 4.4(b)) further confirms the
chemical composition of the a-mannose brushes. (c) XPS Survey
spectra of the surface bearing a-mannose brushes. (e) Thickness
of the brushes increases in a non-linear and rapid fashion, reach-
ing a plateau within 8 hours, with very little increase in thickness
occuring between 8-24 hours. (f) IRRAS spectrum of a-mannose
brushes recorded after SI-ATRP reaction. The presence of N-H and
carbonyl peaks from the amide, as well as the hydroxyl groups

were verified. . . . . . ..

Assessing bioactivity of a-mannose brushes by measuring Con-
canavalin A binding. (a) QCM studies were undertaken to evalu-
ate Con A binding kinetics to four sets of surfaces. While the a-
mannose brushes exhibited strong lectin uptake, very little lectin
binding was observed on the a-mannose monolayer, indicating
that the brush architecture promotes multivalent protein-carbo-
hydrate binding. The B-glucose monolayer and brushes were not
expected to bind to the a-mannose-specific lectin. (b) The bind-
ing extent of Alex Fluor tagged Con A was compared on four sur-
faces using fluorescence measurements. Adsorption trends were
similar to those from QCM measurements. (c) Con A patterns were
obtained by synthesizing microstructured x-mannose brushes (on
the gridlines) and subsequent incubation with the lectin. Con A ad-
sorption occurred only on regions where the a-mannose brushes
were present and not on the underlying SI-ATRP initiator coat-
ing. Scale bar is 100 ym. (d) Our thermodynamic model predicts
that for the same number of x-mannose molecules on the surface,
the brush architecture results in a far higher equilibrium constant
of Con A binding compared to the monolayer architecture. Our
model explains the contrasts in Con A binding between the «a-

mannose brushes and the monolayers. . . . . ... ... .......
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7.1
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Results from studies performed with Mps derived from peripehral
blood (a) - (d) Representative images of M1 and M2 Mps adhered
to mannose and glucose brushes (1 and 2). (e) - (h) Representative
images of M1 and M2 Mps adhered to monolayers of mannose and
glucose (3 and 4). (i)-(j) Representative images of M1 and M2 Mps
adhered to unfunctionalized glass. (k) Cell numbers of M1 and M2
Mps adhering to the surfaces evaluated. (1) Selectivity ratio of the

surfacesunderstudy. . . . . ... ... ... Lo Lo

Results from studies performed with Mps derived from THP-1
monocytes. (a) Flow cytometry was performed to measure the ex-
pression of CD206 in M2 Mps and CCR7 in M1 Mps. Our results in-
dicated that the polarization protocol was successful in transform-
ing MO Mps into M1 and M2 phenotypes. Subsequently, polarized
cells were sorted from unpolarized MO Mps using magnetic sort-
ing. (b) Cell count of M1, M2 and Mo Mps on various surfaces.
Error bars indicate two standard deviations. (c) Ratio of M2 to M1

cell numbers for each coating. . . . .. ... ........... ...

The ratio of equilibrium constants between brushes and monolay-
ers is plotted as a function of binding state i for (a) Mannose-Con
A interactions with a K, of 7.5e73M~! (b) Mannose-CD206 inter-

actions whichhavea K, of 2¢="M~Y . . . . . . ... ... ... ...

ELISA data collected by Tugba Topal. (a) Comparison of solution

concentrations of bFGF across TCPS, polystyrene, heparin and PME-

DSAH at 0 and 2 hour time points. Only negligible differences
were observed (b) ELISA measurements of bFGF concentration af-
ter 24 hours incubation on TCPS and PMEDSAH as a function of
bFGF loading. PMEDSAH seems to shield bFGF from denatura-
tion even after 24 hours while TCPS surfaces did not. (c) Adsorbed
quantities of bFFGF were quite low on PMEDSAH compared to
TCPS. Lowering the temperature did not increase the adsorption

of bFGFon PMEDSAH . . .. ... ... ... ... ... ......

Cell culture and reprogramming performed by Prof. Villa-Diaz’s
lab at Oakland University. Optical micrographs display morpho-
logical differences between naive hIPSCs on matrigel (left) and
PMEDSAH (center) and primed cells on PMEDSAH (right). Scale

bars are 1000 ym for 4x and 400 ym for 10x respectively. . . . . . .

Cell culture and reprogramming performed by Prof. Villa-Diaz’s
lab at Oakland University. Inmunostaining reveals the presence

of the characteristic cellular markers for naive hiPSCS . . . . . . ..
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Chemical structures of (a) poly(propargyl methacrylate-co-{poly(ethyl-
ene glycol) methacrylate}) (b) 3’-Sialyllactose azide and (c) 6’-Sialyl-
lactose azide. Using the propargyl-based copolymer brushes as
scaffolds, we could obtain surfaces with pendant sialyllactose groups.
FTIR spectroscopy confirmed the presence of reactive alkyne groups

in (d) at 3325 and 2125 cm™!. The formation of sialyllactose-functional
polymer brushes is evident from the appearance of the hydroxyl
bands in the 3300 cm™ region asseenin(e). . . . ... ........ 175
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Abstract

Polymer brushes are versatile surface modification tools, wherein composition, ar-
chitecture and biological functionality can be controlled precisely and indepen-
dently. By growing biomimetic polymer chains from substrate-bound initiator sites
through atom transfer radical polymerization (ATRP), engineered biointerfaces
were developed for four application areas.

Spatioselective deactivation of ATRP initiator coatings made via chemical va-
por deposition polymerization was demonstrated to synthesize micropatterned
polymer brushes in a substrate-independent, modular and facile manner. Expo-
sure of 2-bromoisobutyryl groups to UV light resulted in the loss of the bromine
atom and effectively inhibited polymer brush growth. Microstructured brushes
were selectively grown from those areas on the initiator that were protected from
UV exposure, as confirmed by atomic force microscopy (AFM), Time-of-Flight Sec-
ondary Ion Mass Spectrometry (ToF-SIMS) and imaging ellipsometry. Protein pat-
terns based on specific as well as non-specific adsorption can be created on tech-
nologically relevant substrates such as polystyrene, PDMS, polyvinyl chloride and
steel.

Model surfaces can aid in examining different hypotheses relevant to viral ad-
sorption and formulating design rules for virus-resistant coatings. Thermodynamic
models predicted that the extent of viral adsorption is shaped by the interplay be-

tween electrostatic attraction offered by binding sites and steric and hydration re-
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pulsions arising from surrounding polymer brushes. To verify these predictions,
electrostatically heterogeneous carbohydrate-functional brushes were developed.
Experimental results confirmed model predictions and offered guidelines for de-
signing virus-resistant surfaces in realistic scenarios where electrostatically attrac-
tive defects are prevalent. By allowing the carbohydrate brushes to attain brush
thicknesses between 3-5 nm, low levels of protein and viral adsorption could be
achieved, even when the defect density was as high as 25-30%.

The development of polymeric materials that facilitate the culture of large num-
bers of human pluripotent stem cells in fully defined conditions, poses a critical en-
gineering challenge. Prior work had indicated that modifying the extent of zwitte-
rionic self-association of PMEDSAH coatings could enhance the propagation rate
of human embryonic stem cells (hESCs). Moderately self-associated PMEDSAH
coatings were reported to be capable of expanding an initial population of 20,000
hESCS to 4.7 billion pluripotent cells at the end of five weeks, which is 2-fold and
12-fold higher than the estimated propagation rates for unassociated and highly
associated coatings respectively. It was hypothesized that a property-prediction
tool based on statistical design of experiments could identify reaction parameters
that would yield targeted gel architectures. Model predictions were used to de-
crease the critical thickness at which the wettability transition occurs by merely
increasing the catalyst quantity from 1 mol% to 3 mol%.

Pro-regenerative M2 macrophages (M2 Mps) have the potential to remediate
chronic inflammation in a spectrum of disorders pertaining to macrophage polar-
ization, such as diabetic wounds. By targeting the CD206 receptor on these cells
using x-mannose molecules presented in multivalent architectures, we could en-
gineer coatings that preferentially adhered to M2 cells over pro-inflammatory M1
cells. While a selectivity ratio (for M2 over M1) between 6 to 7 was observed on

mannosylated surfaces, the control glucosylated surfaces did not discriminate be-
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tween M1 and M2 phenotypes, exhibiting a selectivity ratio between 0.4 to 0.7.

By applying insights from polymer chemistry, surface science, and thermody-
namics, an intimate understanding of biomedically relevant interfacial phenomena
was acquired. This enabled the development of a platform based on multifunc-
tional polymer brushes to address diverse problems at the interface of polymers

and biology.
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CHAPTERI

Introduction

1.1 The need for engineered biointerfaces

Biointerfaces, ubiquitous and pivotal in physiological processes, are considered
a key organizing principle in living systems.? Ranging from the assembly of pro-
teins at intracellular interfaces, to the interchange of biomolecules and signals at
intercellular junctions, or the transport processes occurring between various or-
gan systems, examples can be found at various length scales and for almost ev-
ery biological function performed within living organisms. From a chemical engi-
neering perspective, the biological processes comprising life can be modeled sim-
ply as molecular transformations and transport processes involving three com-
ponents: 1) cells, 2) water and 3) biomacromolecules such as proteins, peptides,
nucleic acids, carbohydrates. The interfaces between these three components are
not merely static staging grounds for biological events, but are intelligent and re-
sponsive structures orchestrating life processes, playing the roles of gates, valves,
amplifiers, reactors, controllers or catalysts.4'5

Considering the enormous influence of interfaces in physiology, it is perhaps
unsurprising that when biomaterials fail, the failure most often originates from
the interface and not from the bulk of the material.® Blood clotting, microbial infil-

tration, non-specific protein and cellular adhesion, foreign body reaction, are some



of the commonly observed modes of failure for biomedical implants. These typi-
cally occur at the surfaces of orthopedic implants, stents, heart valves, implanted
sensors, dialysis machines or drug delivery vehicles. Importantly, these biointer-
facial events carry life-and-death consequences as they can hinder the biomaterial
from fulfilling its healing and sometimes life-saving functions.

The grand challenge in biomaterials research is to engineer the elusive attribute
of “biocompatibility". Biocompatibility is an often misapplied term, whose defini-
tion has been the subject of vigorous debate within the community.” Since bioma-
terials research is inherently interdisciplinary, spanning engineering, medicine and
polymer chemistry, the term “biocompatibility" has been assigned varying defini-
tions by practitioners trained in different disciplines.® In the view of a surface sci-
entist, a material is said to be biocompatible if the interface between the biomaterial
and its physiological environment is designed such that resulting interactions with
cells, biomolecules or pathogens promote the intended physiological outcome.’

Within this definition of biocompatibility, engineering biointerfaces requires a
three-pronged approach: 1) Constructing models that quantitatively predict in-
terfacial outcomes, given an input function of surface design parameters. 2) De-
veloping a toolbox of surface characterization tools to understand the interac-
tions between relevant biological entities and biomaterial surfaces. 3) Employing
modeling-derived insights as well the molecular picture of adsorption processes
from characterization tools to engineer surfaces that possess the optimal compo-
sition, architecture and interfacial properties. Recognizing the significance of tai-
loring interfacial properties for different biomedical contexts, the development of
platform technologies for surface characterization as well as model-guided surface

modification has emerged as a key research focus.°
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Figure 1.1: Schematic illustration of the preparation of polymer brushes using
grafting to and grafting from methods. Cartoon adapted from Kocak et al.

1.2 Engineering functional interfaces using polymer brushes

Surface modification techniques leave the bulk properties and composition of
the biomaterial unchanged, while dramatically transforming its interactions with
cells, biomolecules and pathogens. Due to the flexibility, multifunctionality and
versatility afforded by polymers, they are ideal surface modification tools to impart
properties such as hydrophilicity, bio-compatibility, protein resistance, lubrication,
stimuli-responsiveness, surface charge and chemical reactivity to the substrate.!!
There are two synthetic strategies for introducing a polymeric nanofilm on a sur-
face: grafting to and grafting from (Figure 1.1).1

In one version of the grafting to approach, thin polymer films can be produced
using a variety of physical approaches such as spin coating, spray coating, dip

coating from a polymer in solution or by self-assembly of block copolymers con-



taining adhesive segments that rely on electrostatic or hydrophobic interactions to
physically adsorb to the surface.!? In the absence of covalent bonds between the
polymers and the substrate, the coating is unlikely to be chemically and mechan-
ically robust and is therefor vulnerable to delamination upon exposure to solvent
or heat or by competitive displacement.!3 These coatings don’t possess long-term
stability against delamination in physiological buffers, or changes in pH and tem-
perature. An additional consequence of their instability is that these physisorbed
polymers cannot be further modified by chemical reactions thereby limiting their
utility. 13 To control the ordering and orientation of the coated polymer at a molec-
ular level, covalent anchoring strategies are required.

Another version of the grafting to strategy involves the covalent ligation of
pre-synthesized polymer chains with reactive end groups to substrates functional-
ized with complementary reactive entities.'* Examples of covalent bonds include
those between carboxylic acids and amine groups, epoxies and thiols, silane chem-
istry, alkynes and azides. While this approach helps graft monodisperse and well-
characterized polymer chains to the substrate, high grafting densities and con-
trollable thicknesses are difficult to achieve due to steric repulsions between long
polymer chains.#!> Further, the kinetics of grafting-to processes are limited by
diffusion of long polymer chains and are frequently slow and inefficient, mostly
failing to yield true polymer brushes, where the distance between tethering points
is smaller than the radius of gyration.!®

In contrast, the "grafting from" approach is capable of producing dense, tun-
able and multifunctional polymer brushes which meet the above definition. This
proceeds via the functionalization of the substrate with polymerization-enabling
initiators and subsequent growth of polymer brushes from the initiation sites cre-
ated on the surface through a bottom-up polymerization process wherein polymer

chains are grown directly from the substrate.!* The convergence of controlled radi-



cal polymerization (CRP) methods such as ATRDP, reversible addition-fragmentation
chain transfer (RAFT), nitroxide mediated polymerization (NMP), photoiniferter
mediated polymerization (PIMP) and ring-opening metathesis polymerization (RO-
MP) with grafting-from strategies has enabled the synthesis of polymer brushes of
diverse architectures and functionalities.!® It is now possible to create polymer
brushes with precisely and independently controlled grafting densities, molecular
weight distributions and chemical and biological functionalities. The development
of SI-CRP! techniques such as SI-ATRP, SI-NMP, SI-RAFT and SI-PIMP has trans-
formed the synthetic possibilities of polymer brushes, enabling the formation of
structures hitherto unrealizable.

Similar to other CRP techniques, SI-ATRP allows for exquisite control over the
kinetics of brush growth, thereby achieving the target brush thickness and molec-
ular weight distribution. However, SI-ATRP offers additional advantages of tol-
erating the presence of both impurities and a multitude functional groups within
the monomer.® Moreover, for biofunctional monomers, it is sometimes essential
to conduct the reaction at room temperature and aqueous media, conditions that
are more easily realizable in ATRP compared to other techniques. %%

SI-ATRP proceeds in two steps: 1) functionalization of the substrate with bro-
moisobutyryl initiators followed by 2) growth of polymer brushes from these surface-
bound initiation sites. Due to its compatibility with initiator immobilization strate-
gies such as click chemistry, thiol-based initiators for gold substrates, silane-based
initiators for silica substrates and chemical vapour deposition polymerization ini-
tiators, it is possible to grow polymer brushes from diverse substrates. The ver-
satility of SI-ATRP initiation has been successfully exploited to grafting polymer

23-25
4

brushes from nanoparticles?!, 3D printed constructs??, electrospun fibers and

even cysteine residues in living cells and proteins.2°

SI-ATRP offers a rich and multidimensional design space, spanning numerous



physicochemical, biological and architectural design variables. Being amenable
to several polymerizable backbones such as acrylates, methacrylates, methacry-
lamides, acrylamides, stryenes or vinyl benzenes. ATRP enables us to calibrate
the polymerization kinetics by tuning the reactivity of the monomer. By choosing
an appropriate pendant chain, such as zwitterionic groups, carbohydrate residues,
oligoethylene glycol (OEG), or reactive moieties such as alkynes, azides, maleimides
or activated esters, we can incorporate functionality into polymer brushes. In sev-
eral instances, post-polymerization modification processes focusing on either the
halogenated chain end or the functional side chains can be employed to further
enhance the chemical and biological activity of the brushes.?” In addition to ho-
mopolymer brushes, mixed brushes, block copolymer brushes, statistical copoly-
mer brushes, gradient, hyperbranched, crosslinked brushes and other complex ar-
chitectures such as Y-shaped, loop-type and bimodal brushes can be realized.?’
Finally, polymer brushes can be readily combined with other classes of nanoma-
32

terials such as quantum dots?8, liquid crysta1529'30, MOFs, 3! organic electronics,

etc. to create novel multifunctional materials.

1.3 Motivation for this dissertation

As a theoretical construct, the history of polymer brushes dates back to the
seminal work of Alexander®® and De Gennes,** who employed the Flory argu-
ment to develop a structural and mathematical definition of polymer brushes. A
simple scaling relationship between polymer brush height 1, degree of polymer-
ization N and segment diameter a was proposed by assuming that monodisperse
polymer chains are grafted from a non-interacting substrate with a density ¢. The
spherical blobs or segments are assumed to be uniformly distributed across the
depth of the polymer brush in a stepwise fashion The equilibrium height of the

polymer brushes is calculated by minimizing the free energy and is determined
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Figure 1.2: Number of hits for the search term, "polymer brushes" plotted against
year. Sourced from Web of Science.

by the balance between the excluded volume interactions between adjacent poly-
mer chains and the entropic loss caused by chain stretching. The Flory argument
approximates the loss in configurational entropy caused by chain stretching by as-
suming a random walk from the substrate surface to the outer edge of the polymer

brush. Ultimately, the following expressions are obtained:

hg ~ Na®/3¢1/3in a good solvent (1.1)

hy ~ Na201/2 in a bad or 6 solvent (1.2)

Though these simple scaling expressions are useful in several contexts, Alexander

and DeGennes’ description of segment distribution as a step function proved to



be inaccurate. In 1991, Milner used self-consistent field theory (SCFT) to derive a
more detailed relationship between brush parameters and also succeeded in pre-
dicting the parabolic segment distribution profiles accurately, which describes ex-
perimental results better than the AdG theory does, especially for large molecular
weights and high grafting densities.>® Subsequently, theoretical researchers have
investigated the physical and thermodynamic behavior of end-tethered polymer
chains using self-consistent field theory, density functional theory, Monte Carlo
and molecular dynamics simulations.3¢® These models were particularly valu-
able in pointing out contrasts in the physical behavior of dilute, end-tethered “mush-
room-like" polymer coils formed via grafting to methods and fully extended, densely
ordered polymer brushes.3*#! Theoretical models have been instrumental in mo-
tivating the development of well-controlled SI-CRP methods that can produce
monodisperse and densely grafted polymer brushes. It was only in 1999, when
Matjaszewski and others demonstrated SI-ATRP without the use of sacrificial ini-
tiators to form well-defined polymer brushes, that this theoretical ideal of “true
polymer brushes” could be realized experimentally.*>43 From 2000 onwards, re-
search activity in this area has grown exponentially as seen in Figure 1.2. Progress
in polymer brush research has been driven largely by the synthetic ingenuity of
chemists, leading to a steadily expanding library of functional monomers, reac-
tion systems and polymer architectures. The creativity and versatility afforded by
polymer brush synthetic techniques makes them ideal tools for engineering bio-
material surfaces possessing the requisite interfacial properties. Currently, poly-
mer brushes are being widely utilized in several areas of biomedical research: in
cell sheet harvesting, protein purification, as platforms for biosensing and cell cul-
ture, stealth coatings for drug delivery, non-fouling coatings and anti-microbial
surfaces.!” However several engineering challenges prevent the widespread adop-

tion of polymer brushes in biomedical research, preventing them from reaching



their fullest potential. They are:

¢ Biofunctionality: In contrast to bionert non-fouling brushes, which have been
embraced in several research areas, very little attention has been paid to de-
veloping biofunctional polymer brushes that can bind to biomolecules via
specific interactions. Such biofunctional brushes can be used to provide spa-

tiotemporal guidance for cell behavior.

e Trial & Error Approaches: Polymer chemists frequently employ iterative
"one-factor-at-a-time" experimentation to navigate the vast design space in-
volved in polymer brush synthesis. The optimization of SI-ATRP reaction pa-
rameters and identification of the relevant brush properties (surface charge,

thickness, wettability etc.) is often time-consuming and tedious.

e Substrate-specificity: In order to prepare stable polymer brushes, initiator
immobilization methods often rely on the presence of specific functional groups
on the substrates, limiting the choice of substrates to a handful of model sur-
faces like silicon and gold. For many biomedically relevant substrates, poly-

mer brushes are synthetically inaccessible.

To address these challenges and to potentiate polymer brushes in biomedical

research, a multi-pronged strategy (Figure 1.3) has been applied:

1. Bioimetic motifs: Carbohydrates and zwitterions are not only reminiscent of
chemical structures found in abundance within organisms, but can elicit a
well-defined predictable response from cells and other biomolecules. By in-
corporating these bioinspired motifs within polymer brushes, we can reca-
pitulate biological interactions occurring within the body. If the biomaterial
presents ligands that are recognized by our cells, this will allow us to direct

the behavior of cells, biomolecules and other entities. Instead of restricting
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Figure 1.3: Dissertation outline and summary of aims.

polymer brushes to non-fouling or "stealth" applications, it would be more
beneficial to design brushes that can actively communicate with cells by pre-
senting and amplifying biological signals in the form of bioactive ligands
immobilized to polymer brushes. Polymer brushes are particularly attractive
scaffolds for ligand presentation due to their inherent multivalency and chain

flexibility.

. Model-guided design: Although polymer brushes have a rich multidimen-
sional design space and a vast synthetic capacity for generating new infor-
mation and insights, developing first-principles based models that quanti-
tatively relate surface design decisions to interfacial properties and ultimate
performance is a difficult undertaking. Additionally, knowledge-driven mod-
els do not account for uncontrollable experimental errors, multidimensional

surface design space and may generate unreliable predictions that do not
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guarantee the desired end-use properties for our materials. In this disser-
tation, unbiased data-driven models constructed from decision-oriented de-
sign of experiments and simplified thermodynamic models have been used
in concert to guide the design of polymer brushes for various applications.
Model-guided design is expected to save time, experimental effort and lead
to a deeper understanding of the relationships between polymer brush prop-

erties and performance.

3. Reactive coatings: Chemical vapor deposition (CVD) polymerization is a sur-
face modification platform for preparing reactive coatings in substrate inde-
pendent manner from functional paracyclophane precursors. We can func-
tionalize the substrate with a library of chemical moieties, including the ATRP
initiator, irrespective of substrate chemistry and properties. SI-ATRP from a
CVD polymerized initiator coating represents a universal approach to grow-
ing polymer brushes from any material. In addition, CVD copolymerization
of one or more functional paracylophanes bearing alkyne, amine or alcohol
functionalities, with the ATRP initiating unit enables us to further enhance

the functionality of our brush coatings.

1.4 Dissertation aims

This dissertation aims to bridge the gap between the enormous progress made
in polymer brush synthesis and unmet needs in biomedical research by engineer-
ing a multifunctional plaftorm based on biomimetic polymer brushes. In order to
obtain the desired biointerfacial outcomes, a model-guided approach to polymer
brush design and synthesis will be employed, in concert with the use of biomimetic
motifs and reactive coatings created via CVD copolymerization.

Four areas of application have been addressed in this dissertation:
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e To engineer a facile and scalable approach for the spatioselective adhesion of

cells and biomolecules, in a substrate-independent manner.

e To design a model surface that provides an experimental framework for un-

derstanding and preventing viral adsorption to surfaces.

e To develop and validate a property prediction tool that can guide the synthe-

sis of coatings for rapid proliferation of human embryonic stem cells (hESCs).

e To demonstrate the capabilities of carbohydrate brushes to capture pro-re-
generative macrophages, paving the way for cell-based therapeutics that can
be deployed in conditions such as diabetic wounds, that result from dysreg-

ulated macrophage polarization.

Chapter II reports the synthesis of micropatterned polymer brushes through
photolytic deactivation of chemically vapor deposited SI-ATRP initiators. Two modes
of spatially selective protein immobilization will be discussed.

In Chapter 1III, the development and validation of an electrokinetic approach
for studying adsorption kinetics will be described. Real time {-potential measure-
ments were employed to visualize the adsorption of virus-like nanoparticles on
electrostatically heterogeneous model surfaces.

Chapter IV details the design and synthesis of carbohydrate-based model sur-
faces that were used to probe viral adsorption and derive design rules for virus-
resistant coatings.

In Chapter V, statistical design of experiments was applied to develop a model
that could predict the relationship between SI-ATRP reaction parameters and the
interfacial attributes of poly(zwitterionic) brushes employed for hESC culture.

Chapter VI investigates the utility of mannose-functionalized surfaces for the

selective capture of M2-polarized macrophages. Specifically, the role of glycan stere-
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ochemistry and architecture was examined in promoting specific interactions be-
tween mannose and the CD206 receptors on the macrophages.
Chapter VII will conclude this dissertation and provide directions for future

studies.
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CHAPTER II

Substrate-Independent Micropatterning of Polymer
Brushes based on Photolytic Deactivation of Chemical

Vapor Deposition-based SI-ATRP Initiator Films

The material in this chapter has been adapted with minor modifications from
the following manuscript in preparation
Ramya Kumar, Alexander Welle, Fabian Becker, Irina Kopyeva, Joerg Lahann, “Sub-
strate-Independent Micropatterning of Polymer Brushes based on Photolytic De-

activation of Chemical Vapor Deposition-based SI-ATRP Initiator Films”

2.1 Abstract

Precise microscale arrangement of biomolecules and cells is essential for tis-
sue engineering, microarray development, diagnostic sensors and fundamental
research in the biosciences. Biofunctional polymer brushes have attracted broad in-
terest in these applications. However, patterning approaches to create microstruc-
tured biointerfaces based on polymer brushes often involve tedious, expensive
and complicated procedures that are specifically designed for model substrates.
We report a substrate-independent, facile and scalable technique to prepare mi-

cropatterned and biofunctional polymer brushes. Employing chemical vapor de-
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position (CVD) polymerization, a functionalized polymer coating decorated with
2-bromoisobutyryl groups that act as atom transfer radical polymerization (ATRP)
initiators, was prepared and subsequently modified using UV light. Exposure of
2-bromoisobutyryl groups to UV light with wavelengths between 187-254 nm re-
sulted in the loss of bromine and effectively prevented polymer brush growth.
Microstructured brushes were selectively grown from those areas on the initiator
that were not exposed to UV treatment, as confirmed by atomic force microscopy
(AFM), Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and imaging
ellipsometry. Furthermore, spatial control over protein adhesion was achieved in
two ways: 1) Patterned non-fouling brushes resulted in non-specific protein ad-
sorption to areas not covered with polymer brushes. 2) Patterned brushes deco-
rated with specific binding sides (biotin molecules) gave rise to specific protein
immobilization on areas covered with polymer brushes. This novel technique is
independent of the substrate’s physicochemical properties and can be extended to
technologically relevant substrates such as polystyrene, PDMS, polyvinyl chloride
and steel. With further work, photolytic deactivation of CVD-based initiator films
promises to advance the utility of patterned biofunctional polymer brushes across

a spectrum of biomedical applications.

2.2 Introduction

Several research areas in biomedical science require spatial control over the pre-
sentation of cells and biomolecules such as polysaccharides, growth factors or ex-
tracellular matrix (ECM) proteins**. Examples of such research objectives include
spatio-temporal control of interactions between cells and ECM proteins to eluci-
date signaling pathways*¢, high-throughput platforms for screening protein-
protein and protein-glycan interactions for pharmacology and proteomic stud-

es?”, bioMEMS devices for diagnostics and sensing®, engineering neuronal net-
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works on synthetic materials* and well-defined protein arrays that direct stem
cell fate using geometric and chemical cues®. Engineered biointerfaces are essen-
tial tools to accomplish these goals and it is particularly desirable that platforms
for obtaining custom biomolecular patterns are simple, substrate-independent and
scalable.

A rich toolbox of bottom-up and top-down surface engineering techniques has
been developed to meet these challenges. Direct protein-writing approaches such
as dip-pen nanolithography,®! inkjet printing,>? laser ablation, nanoimprint lithog-
raphy> (NIL), polymer pen lithography°* (PPL), colloidal lithography > (CL) and
e-beam lithography°® are geometrically versatile and allow for the orthogonal cre-
ation of multiplexed protein patterns. Unfortunately, these methods are often lim-
ited by low throughput and the requirement of multiple serial processing steps,
each of which needs delicate handling, sometimes in cleanrooms®’. Micro-contact
printing (#CP) and its variations have been widely used in creating protein ar-
rays®® and patterns thanks to its inexpensive nature and flexibility of use in lab-
on-chip and microfluidic applications.® However, uCP can suffer from technical
difficulties owing to PDMS stamp collapse with decreasing feature sizes, and pat-
tern reproducibility issues due to stamp inking and drying.®°

Alternatively, indirect approaches rely on patterned polymer brushes to direct
biomolecular and cellular adhesion. ! Polymer brushes have been used to impart
the desired interfacial properties and create surfaces with tailored architectures, or
chemical and biological functionalities®!. Depending on the brush composition, re-
searchers have either engineered resistance to non-specific protein adsorption®? or
precisely controlled the composition and orientation of proteins that can recognize
and bind to bioactive polymer brushes through specific interactions. 6364

Polymer brush synthesis has dramatically benefited from the development of

surface-initiated polymerization techniques such as surface-initiated atom transfer
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radical polymerization (SI-ATRP),*?

surface-initiated radical addition-fragmentation
transfer (SI-RAFT)!” and surface-initiated nitroxide mediated polymerization (SI-
NMP)®, of which SI-ATRP is most widely used. Polymer brushes are typically
synthesized in two steps: i) immobilization of an SI-ATRP initiator (usually the
bromoisobutyryl group) followed by ii) SI-ATRP of the desired monomer from the
initiation sites to form densely tethered polymer chains. By exerting spatial con-
trol over either of these two steps, it is possible to create micro and nano-scale
patterns of polymer brushes.?” The advent of oxygen-tolerant SI-RAFT®® and SI-
ATRP? has eliminated the necessity of specialized equipment (such as schlenk
lines and glove boxes) and formal training in air-free chemistry techniques, mak-
ing polymer brushes more accessible to non-experts®®. Previously developed poly-
mer brush patterning strategies can be classified into three categories: 1) Selec-
tive activation of a photosensitive iridium catalyst by irradiating the reaction sys-
tem through a mask®; or selective initiator functionalization via photolysis of
nitrophenyl-protected molecules”’. 2) Creating patterns of the SI-ATRP initiator
using DPN7!-73, PPL>* or CL747> techniques, #CP”®, or the application of DOPA-
based macro-initiators.””7? 3) Post-polymerization top-down approaches involv-
ing selective degradation of the polymer brushes using e-beam treatment®%8! or
the use of photodegradable polymer brushes.? 4) Spatially selective deactivation

83,84

of the bromoisobutyryl initiator using near-UV photolithography, and direct

e-beam treatment for bond scission®.

There are some shortcomings associated with current techniques for pattern-
ing polymer brushes. Photolabile monomers and photosensitive catalyst systems
can be challenging to synthesize. Besides requiring clean room conditions, e-beam
lithography is time-consuming, when large substrate areas and high numbers of

substrates have to be patterned.?® Common to all these patterning platforms is

that they are restricted to a handful of substrate choices, making it difficult to
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adapt them to petri dishes, well plates, microfluidic devices or other substrates
typically employed in biomedical research. Photolytic deactivation of silane-based
initiator systems confine their application to Si/SiO, substrates, whereas uCP and
DPN-based approaches rely on patterning gold substrates with thiol-based initia-
tors. Specialized initiators have been developed for graphene®”, graphene oxide®,
ITO® and titanium® substrates, but they typically require extensive multi-step
synthesis. Overall, there is a need for a rapid, facile and substrate-independent
patterning strategy that resolves these technological issues while achieving a high
degree of pattern fidelity and reproducibility.

Chemical vapor deposition (CVD) polymerization is a substrate-independent
surface-modification tool that yields reactive coatings in a solvent-free, pinhole-
free and conformal manner.?® Capable of coating almost any substrate material!,
CVD presents a versatile route to chemically reactive surfaces®!. In the past, soft
elastomeric stamps such as PDMS were used to transfer chemical patterns onto
reactive CVD-based coatings via click reactions.”?>? Subsequently, these patterns
could be amplified into cellular and biomolecular patterns. CVD-mediated mi-
crostructuring was not limited to flat substrates; three-dimensional objects were
also patterned by employing photolithography on benzophenone based CVD poly-
mers.?* Significantly, Jiang et al. 95 developed a CVD-based ATRP initiator immo-
bilization strategy that decoupled SI-ATRP from the underlying surface chemistry.
In addition to developing a bromoisobutyryl based CVD precursor that could be
vapor-deposited on any substrate, they employed Vapor-Assisted Micropattern-
ing in Replica Structures (VAMPIR)® to create patterned initiator surfaces. Due to
its reliability, scalability, flexibility and substrate-independence, the union of CVD
with traditional patterning approaches has been highly beneficial. However, VAM-
PIR is typically limited to discontinuous patterns and intimate contact must be en-

sured between the PDMS construct and the substrate for VAMPIR to be effective.?”
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Here, we report a patterning strategy for polymer brushes using CVD-based
initiator surfaces that is substrate-independent and can create polymer brushes
along arbitrary micropatterns. By exposing the CVD-polymerized bromoisobu-
tyryl coatings to UV light through a photomask, we were able to deactivate the
initiator on the exposed regions, while preserving the ATRP-initiating abilities of
the coating on the masked regions. This UV-treated surface was then employed as
a substrate for SI-ATRP, resulting in well-defined patterns of polymer brushes. Our
platform confers the ability to simultaneously process multiple patterns in parallel
and can be applied to a large library of substrates, as long as they are compatible
with the CVD process, regardless of chemical composition, optical and mechanical
properties. Moreover, the development of bioinert and bioactive polymer brushes
makes it possible to orchestrate contrasting biointerfacial outcomes on these pat-

terned brushes. While Iwata et al. 83

employed UV to completely strip off the ATRP
initiator layer that was deposited in the form of a SAM, our technique merely de-

brominates the surface while leaving the polymer backbone intact.

2.3 Experimental

2.3.1 Chemical vapor deposition

Around 30 mg of the precursor, [2.2]paracyclophane-4-methyl 2-bromoisobuty-
rate (PCP-EB) was sublimed at 115-125 °C under reduced pressure (0.3 mbar)
and then pyrolysed at 550 °C. Substrates were placed on a cooled stage (14 °C)
where radical species got adsorbed. Subsequently, they underwent polymerization
to form coatings composed of poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-

(p-xylylene)] (PPX-EB).
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2.3.2 Initiator patterning

First, substrates were coated with PPX-EB using the procedure described above.
Then, copper TEM grids (Structure Probe, Inc., PA) were placed on the substrates
and treated in the 144AX chamber (Jet light, CA) for 10-30 minutes. Thereafter the

grids were removed and the patterned substrates were used for SI-ATRP.

2.3.3 Surface-initiated atom transfer radical polymerization

After UV treatment, the patterned PPX-EB substrates were subjected to SI-
ATRP using typical schlenk techniques. For the SI-ATRP of poly(2-methacryloyl-
oxyethyl phosphorylcholine) or poly(MPC) brushes, the following procedure was
employed. Copper (I) bromide, copper (II) bromide and 2,2, bipyridyl were pur-
chased from Sigma Aldrich and used without further purification. Substrates were
placed in a glove bag and degassed using 3 cycles of vacuum-argon purge and
left at room temperature under argon. 10 mL of methanol and 2 mL of water were
mixed together in the monomer flask and then degassed by three cycles of freeze-
pump-thaw. In parallel, 10 mg CuBr,, 34.5 mg CuBr and 140 mg 2,2 bipyridyl
were placed in a separate catalyst flask and degassed using 3 cycles of vacuum-
argon purge. After the completion of the final thaw operation, 3 mL of the solvent
mixture was transferred to the catalyst flask from the monomer flask under ar-
gon using a degassed needle and syringe. Then, 5 g of 2-methacryloyloxyethyl
phosphorylcholine (Sigma Aldrich) was added to the monomer flask under argon.
Upon dissolution, the brown-colored catalyst mixture was added to the degassed
monomer solution and mixed thoroughly at ambient temperature (22 °C) under
argon. This mixture was transferred to the glove bag and distributed such that
each substrate was submerged completely in the reaction solution. The SI-ATRP
reaction was allowed to proceed for 24 hours under argon atmosphere. Finally,

substrates were rinsed repeatedly with 0.05 M EDTA solution and deionized wa-
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ter and dried.

For the synthesis of Poly(propargyl methacrylate-co-{[2-(methacryloyloxy) ethyl]
dimethyl-(3-sulfopropyl) ammonium hydroxide} brushes, a similar procedure was
employed. Propargyl methacrylate (PMA) was purchased from Dajac Labs (Trevose,
PA). Substrates were placed in a glove bag along with a 20 mL vial and degassed
using 3 cycles of vacuum-argon purge and maintained in an inflated state under
argon.To a schlenk flask, 25 mL methanol was added. To a second schlenk flask, 3.5
ml propargyl methacrylate (PMA), 3.5mL dimethylformamide and 70 uL Me TreN
were added. Both flasks were subjected to thee cycles of freeze pump thaw. After
the third freeze, 28.5 mg of CuBr, 4.8 mg of CuBr, added under argon to the PMA
flask. Then, pump and thaw operations proceeded as usual to yield a blue solu-
tion. For the methanol flask, 5 g MEDSAH added under argon upon completion
of the third freeze operation. Thereafter, pump and thaw were completed as usual
and clear solution obtained. Both flask were taken into the glove bag and the bag
was degassed twice. Then 5 mL of the MEDSAH solution was combined with 1.2
mL of the PMA solution in a 20 mL vial placed in the glove bag to achieve a 1:1
mole ratio of the two monomers. The vial was shaken well and poured over the
substrates. The glove bag was kept inflated with argon for four hours, after which,

substrates were rinsed repeatedly with 0.05 M EDTA solution and deionized water

and dried.

2.3.4 Atomic force microscopy

AFM of patterned areas was performed using a Dimension Icon (Bruker, WI).
Measurements were taken in tapping mode at room temperature in air using PNP-
TRS probes (Nano World, CA) with resonant frequency and spring constants of
0.32 N/m and 67 kHz. Measurements were taken at a scan rate of 0.1 Hz over a

55 x 55 ym? area.
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2.3.5 Imaging ellipsometry

Height differences on patterned brushes were visualized using the Accurion
EP3 imaging ellipsometer (Accurion GmbH, Germany) fitted with a 10x objec-
tive.The A maps were recorded at a wavelength of 531.9 nm and thickness values

were fitted using interpolation and a refractive index of 1.58.

2.3.6 Protein patterning & fluorescence microscopy

For the non-specific protein adhesion studies, glass cover slips patterned with
poly(MPC) brushes were incubated with 50 ug/ml solution of bovine serum albu-
min conjugated to Alexa Fluor 594 (catalog # A13101, Thermo Fisher Scientific) in
10 mM PBS. Subsequently, the cover slips were washed copiously with 10 mM PBS
and then deionzied water, and then dried and imaged.

For specific protein adhesion, glass cover slips bearing patterned brushes com-
posed of poly(propargyl methacrylate-co-{[2-(methacryloyloxy) ethyl] dimethyl-
(3-sulfopropyl) ammonium hydroxide} were employed. First, they were biotiny-
lated using the Husigen copper catalyzed 1,3 alkyne azide cycloaddition. In brief,
a solution consisitng of 10 mg/ml solution of biotin-PEG-azide (PG2-BNAZ-5k,
Nanocs, NY) was prepared in 10 mM PBS. Substrates were incubated in this solu-
tion and shaken at 70 RPM over 24 hours. Then the substrates were washed thor-
oughly and passivated with a 1 mg/ml solution of BSA in 10 mM PBS with 0.01%
v/v Tween-20. Thereafter, a solution of 50 zg/ml Cy3-conjugated streptavidin (cat-
alog # 56402, Sigma Aldrich) was prepared by dissolution in PBS containing 0.01
% (v/v) Tween 20. Biotinylated brushes were incubated with this solution for 10
minutes. The substrates were repeatedly washed with PBS and finally rinsed with
deionized water. Substrates were dried and fluorescence micrographs recorded.
All fluorescence imaging was performed using Nikon E-800 microscope. Exposure

times were substrate-dependent, with steel requiring 1-2 s whereas glass required
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only 500 ms. For all other substrates, exposure times of 500 ms to 1 s were used.

2.3.7 X-ray photoelectron spectroscopy

XPS was performed on a Kratos AXIS Ultra DLD spectrometer equipped with a
monochromated Al Ka source. Samples were pumped down till the pressure in the
analysis chamber was around 1071? Pa. The analysis region was around 710 pm?.
Survey spectra were initially collected to ascertain peak ranges of interest (C,O,Br)
over a binding energy range of 0-600 eV, pass energy of 160 eV, step size of 0.5
eV, and dwell time of 0.1 s. Thereafter elemental composition was determined by
performing high resolution scans of the C 1s, O 1s and Br 3d regions collected using
a pass energy of 20 eV, step size of 0.1 eV, and sweep time of 60 s. Peak fitting and

data analysis were performed using the CasaXPS software.

2.3.8 ToF-SIMS

ToF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry) was performed
on a TOESIMSS5 instrument (ION-TOF GmbH, Miinster, Germany). This instru-
ment is equipped with a Bi cluster primary ion source and a reflectron type time-
of-flight analyzer. UHV base pressure was < 5x10® mbar. For high mass resolu-
tion analyses, the Bi source was operated in the “high current bunched” mode
providing short Bi;" primary ion pulses at 25 keV energy, a lateral resolution of
approximately 4 ym, an a target current of 0.1 pA at a repetition rate of 5 kHz.
The short pulse length of 0.8 ns allowed for high mass resolution. The primary ion
beam was usually rastered across a 300 x 300 um? field of view on the sample, and
128 x 128 data points were recorded. Spectra were calibrated on the omnipresent
C~,C,7,C57, oron the C*, CH", CH,", and CH;" peaks. Based on these datasets
the chemical assignments for characteristic fragments were determined. For high

lateral resolution imaging, “burst alignment” mode, providing only nominal mass
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resolution, was applied. Here, 100 x 100 ym? fields of view on the sample were
analyzed, and 128 x 128 data points were recorded.

For depth profiling a dual beam analysis was performed in non-interlaced mode.
For patterned initiator samples, prior to MPC grafting, Figure 2, the primary ion
source was operated in “high current bunched” mode with a scanned area of
300 x 300 ymz (3 frames), ; or in “burst alignment” mode with a scanned area
of 100 x 100 um? (5 frames) , and a sputter gun operated with Arsy," cluster ions,
5 keV, (scanned over a concentric field of 600 x 600 ]/tmz, target current 0.8 nA;
or 450 x 450 ym?, , target current 0.5 nA, respectively) was applied to erode the
sample for 3 s followed by a 0.3 s pause.

For samples carrying poly(MPC) brushes, the primary ion source was operated
in “high current bunched” mode with a scanned area of 300 x 300 ymz (3 frames),
or in “burst alignment” mode with a scanned area of 100 x 100 ym? (5 frames)
, and a sputter gun operated with Ar," cluster ions, 10 keV, (scanned over a
concentric field of 500 x 500 um?, or 350 x 350 um?, respectively, target current 1.0

nA) was applied to erode the sample for 3 s followed by a 0.3 s pause.

2.3.9 Patterning experiments with non-model substrates

PDMS samples were prepared by uniformly mixed PDMS prepolymer and cur-
ing agent (Sylgard 184, Dow Corning, USA) at a ratio of 10:1 and were cured at
70 for 1 hr. Glass coverslips (Fisher Scientific, USA), Thermanox polystyrene cov-
erslips (Ted Pella Inc), polyvinyl chloride sheets (Ted Pella, Inc., USA), and steel
(Goodfellow, USA) were used as received. Substrates were coated with PPX-EB
through CVD and then poly(MPC) using SI-ATRP as described in previous sec-

tions.
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Figure 2.1: Spatioselective deactivation of SI-ATRP initiator using UV-ozone treat-
ment through a photomask. Polymer brush growth only occurs from masked re-
gions whereas in treated regions, the initiator activity is suppressed.

2.4 Results and discussion

Figure 2.1 outlines the first step of the research strategy involving coating of
substrates with the SI-ATRP initiator, poly[(p-xylylene-4-methyl-2-bromoisobuty-
rate)-co-(p-xylylene)] (PPX-EB) through CVD polymerization of the precursor [2.2]pa-
racyclophane-4-methyl 2-bromoisobutyrate (PCP-EB). The thickness of these PPX-
EB coatings was determined using ellipsometry and confirms the formation of the
coating. Additionally, XPS and FTIR were performed in order to ascertain that the
ATRP-initiating ester bromide functional groups were present.

Next, PPX-EB coated substrates were exposed through photomasks with hexag-
onal patterns to UV light for treatment times ranging from 10-20 minutes in order
to understand the impact on the spatial distribution of residual bromine on the
initiator layer. To measure bromine content as a function of spatial location (lateral
and depth profiling), we employed Time-of-Flight Secondary Ion Mass Spectrom-
etry (ToF-SIMS). Static ToF-SIMS has excellent surface sensitivity (<2 nm) and a
lateral resolution down to 150 nm and was hence employed to capture chemi-
cal contrasts across these patterns. To probe deeper layers and buried interfaces,
dynamic SIMS based on erosion of the sample with an argon cluster ion beam

was employed to capture chemical contrasts across these patterns. In Figure 2.2,
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the bromine distribution of the hexagonally patterned initiator coatings changes
as a function of UV treatment time. We noticed that the highest intensity signals
from the 7”Br~ and 3 Br~ fragments were emitted from the areas lying between
the hexagons (yellowish in colour), with the interiors of the hexagons displaying
very low Br™ intensity (darker regions in the heatscale). An unexpected, albeit in-
teresting observation was the progressive deterioration of pattern quality upon
increasing UV treatment time. High-resolution images of the bromine chemical
maps (Figures 2.2(d), 2.2(e) and 2.2(f)) revealed that the bromine in the hexagonal
borders became progressively thinner with increased treatment times. Also, char-
acteristic halos could be discerned in the UV-treated regions inside the hexagons in
the 15 minute and 20 minute samples, signifying an increase in ablated area. Dur-
ing UV treatment, deep UV light (between 185 and 257 nm) can generate ozone
from oxygen.?® The simultaneous action of UV light and ozone results in surface
oxidation of carbon-based materials and is frequently employed for polymer sur-
face modification and in stripping surfactant layers from end-capped Pt and Pd
nanoparticles to improve their catalytic activity.”” For SI-ATRP reactions to be initi-
ated, the halogen atom (usually bromine) needs to be transferred from the initiator
species to the coordination complex formed between the ligand and the Cu(I) bro-
mide. If the bromine atom is absent on the initiator surface, SI-ATRP will not occur.
Further, ozone-triggered bromine depletion can explain why treatment time plays
such a critical role. Once the optimum treatment time is exceeded, UV-generated
ozone diffuses under the mask and begins to ablate masked areas. With longer
treatment time, the ozone diffuses across larger areas beneath the mask, explaining
why we obtained differences in feature sizes despite using identical photomasks.

These findings agree well with a recent report by Sheridan et al. 1%

, who reported
that UV treatment could deactivate the ATRP-initiating bromoisobutyryl groups.

In order to further our mechanistic understanding of the UV-induced bromine

26



(a) 10 minutes (b) 15 minutes

S N T SR SR etT

103 1 T : 7
T F 3 5 1
% 4
2 e
4
2 & s 1
" 2 0.
1 20 f i
.3 dK ;
m @ o Bl um O =0 um © e
(d) 10 minutes (e) 15 minutes (f) 20 minutes
¥ s Cor O area (CPS*eV) Br area (CPS*eV)
603 60 7000 T T T T r n 100
553 553 Oxygen
E 6000
503 503 180
453 45§ 5000 -
3 3 Carbon ,
@ 403 & 403 4000 | 60
© 35 © 353
30, 30_5 3000 140
25 253 2000 -
E 120
20‘; 203 1000 |
153 153 Bromine
LB I S e S i s B L e B e e e I EL s 0 . . . . ) 0
78 75 72 69 78 75 72 69 0 5 10 15 20 25 30
Binding Energy (eV) Binding Energy (eV) UV Treatment Time (minutes)
(8) (h) (@)

Figure 2.2: Evolution of vapor-deposited initiator (PPX-EB) surface composition
with UV treatment. (a)-(f) Depth integrated lateral distribution of Br from ToF-
SIMS (sum of both isotopes.) (a) & (d) Distribution of Br~ on PPX-EB surfaces
treated for 10 minutes through a hexagonal photomask. (b) & (e) When treatment
time was increased to 15 minutes, we could discern shrinkage in the areas previ-
ously emitting Br™. This is apparent in the formation of a halo around the hexag-
onal borders and the reduced thickness of hexagon borders. (c) & (f) At the 20
minute time point, we could observe a starker contrast between the interior of the
hexagons and the borders. This was also accompanied by reduction of bromine
content within the masked border regions, apparent in the red streaks formed in
the yellow hexagonal bands. (g)-(i) XPS data of unpatterned samples: (g) High res-
olution scan of Br 3d on PPX-EB prior to UV treatment. (h) High resolution scan
of Br 3d after 30 minutes of UV exposure. (i) Even 5 minutes of treatment causes
a steep decrease in area under Br 3d peaks (red). This decrease continued with
progressively higher UV treatment times until the peak disappeared. While the C
1s (green) area remained more or less constant with UV treatment, oxygen (blue)
content increased significantly.
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Figure 2.3: Atomic Force Microscopy (AFM) was used to visualize the topographic
contrasts of patterned poly(MPC) brushes. (a), (b), (c) Two-dimensional topo-
graphical maps of the patterned poly(MPC) brushes obtained from AFM imaging
of dry substrates. Topographic contrasts were congruent with the geometry of the
photomask employed. (d), (e), (f) Height profiles from AFM measurements. Brush
heights of 20-40 nm were observed, which agreed with the imaging ellipsometry
results. (g), (h), (i) Three-dimensional projections of the patterned surfaces.
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depletion process, we conducted XPS measurements of homogeneously treated
PPX-EB surfaces (without photomasks) to understand how its elemental composi-
tion changes with UV treatment time. As seen in Figure 2.2(g), the Br 3d signal at
70.3 eV can be clearly discerned from the untreated PPX-EB surface, whose theo-
retical bromine content is around 4.8%. However, after 30 minutes of UV treatment
(Figure 2.2(h)), the peak intensity falls drastically and can no longer be discrimi-
nated from the background. Upon quantifying the area under the Br 3d peak ob-
tained from high-resolution scans (Figure 2.2(i)), we observed that the bromine
content was significantly reduced even within 5 minutes of UV exposure and con-
tinued to decrease steadily with increasing treatment time before being reduced to
near-zero levels at 30 minutes. The quantification of high-resolution XPS spectra
(Table S3 in SI) agreed well with our conclusions from the chemical maps gener-
ated by ToF-SIMS, where there were strong contrasts in bromine content between
treated and masked areas. Further, we were able to glean additional insights from
XPS, specifically the role of ozone in the initiator deactivation process. In contrast
to Br 3d, the O 1s signal rises continually with UV exposure. The oxygen content
was observed to increase from 18.3 % for the untreated PPX-EB surfaces to 31.8 %
after 30 minutes of UV exposure. This indicates that the removal of bromine from
the PPX-EB surface is accompanied by the transformation of C-H and C-Br bonds
into aldehydes, alcohols and acids by ozone. This conclusion is supported by the
changes in the high resolution C 1s spectra (Figure 54 in SI), which show a gradual
increase in C=0 and C—O signals with higher UV treatment times. Together, the
XPS and ToF-SIMS results led us to conclude that the ability of PPX-EB to initiate
polymer brush growth is hindered by its exposure to ozone.

Next, we proceeded to verify that the initiator patterns could be used to pre-
pare microstructured polymer brushes. We grafted poly(2-methacryloyloxyethyl
phosphorylcholine) (poly(MPC)) brushes from these patterned PPX-EB substrates
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and acquired ToF-SIMS images, focusing on the PO,™ and PO;~ fragments emit-
ted by the phosphorylcholine brushes. We observed a strong contrast in PO,™ and
PO;™ signals owing to the high thickness and density of the poly(MPC) brushes
in the masked areas compared to the dilute and short polymer chains present in
the UV-treated regions. Regions from which PO,~ and PO;™ signals (characteriz-
ing the poly(MPC) brushes) were observed, overlapped with the areas from which
the Br™ signals (associated with the initiator coatings) were recorded. The POy and
bromide signals were co-localized in the masked areas which were shielded from
UV exposure, confirming that patterned polymer brushes arise from the patterned
initiator coatings.

To demonstrate the geometric versatility and ease of controlling feature shapes,
we prepared poly(MPC) brushes using initiator coatings patterned using pho-
tomasks with hexagonal, square and striped patterns. We characterized these pat-
terned poly(MPC) brushes using atomic force microscopy (AFM) as shown in Fig-
ure 2.3, where the height profiles, two-dimensional topographic maps and three-
dimensional projections, all reveal thickness differences existing between the re-
gions from which the brushes were successfully grafted. We observed that the
geometrical shapes of the brushes were identical to that of that of the patterned
photomask employed. Using AFM, we also confirmed that the dry brush thick-
ness was between 25-40 nm.

To complement the AFM study, brush thickness was studied as a function of
spatial location using imaging ellipsometry. From Figures 2.4(b), 2.4(e) and 2.4(h),
we discerned the variation in brush thickness between areas where the polymer
brush growth was allowed to proceed and the areas where brush growth was in-
hibited. Thickness differences between the brush patterns and the surrounding
brush-free substrate were between 20-40 nm, which is consistent with the differ-

ences in dry thickness reported by the AFM study.
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Figure 2.4: (a) Controlled deposition of fluorescent BSA occurs in areas where zwit-
terionic poly(2-methacryloyloxyethyl phosphorylcholine) or poly(MPC) brushes
are absent. No protein adhesion occurs in domains where the poly(MPC) brushes
are grafted. Geometric versatility of our approach. (b), (e), (h) Imaging ellipsom-
etry profiles indicate thickness differences between UV-treated and untreated re-
gions. Thick poly(MPC) brushes were formed only on untreated areas whereas
only a dilute thin layer resulted in the UV-treated areas. (c), (f), (i) Fluorescence-
labeled bovine serum albumin only adheres to regions where poly(MPC) is absent.
Scale bar is 100 pm. (d), (g), j ToF-SIMS snapshot of PO,™ and PO;~ fragments
reveal high phosphonate intensity in untreated areas but very weak signals from
treated areas. The imaging ellipsometry, fluorescent protein patterns and ToF-SIMS
together suggest that our patterning strategy was successful.
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We further hypothesized that the exceptional resistance of poly(MPC) brushes
to non-specific protein adsorption'?! should lead to the selective deposition of
proteins such as bovine serum albumin on domains where the initiator was de-
activated and where poly(MPC) brush growth was prevented. We thus challenged
these surfaces with a solution of BSA labeled with a fluorescent molecule and im-
aged the substrate thereafter. In Figures 2.4(c), 2.4(f) and 2.4(i), it is evident that
BSA adhesion only happened in areas where the brushes were absent and that no
protein adsorption occurred in areas where the brushes were grafted. To substanti-
ate this conclusion, these substrates were characterized in parallel using ToF-SIMS
(Figures 2.4(d), 2.4(g) and 2.4(j) ). We observed that the PO,™ and PO;~ signals
associated with the poly(MPC) brushes emanated from the same regions where
protein adhesion was circumvented. This unambiguously establishes that a high
level of geometric control over non-specific protein deposition was achieved by
controlling the spatial distribution of non-fouling brushes. If we consider the re-
sults gathered from complementary studies involving AFM, imaging ellipsometry,
ToF-SIMS and BSA adsorption (Figure 2.4), we can conclude that our approach to
polymer brush patterning represents a viable and robust path to creating protein

patterns.
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Next, we designed biointerfaces with specific interactions between biomolecules
and polymer brushes. We engineered patterned polymer brushes presenting reac-
tive alkyne side chains that can be further functionalized with biomolecules via
click chemistry. To this end, we prepared copolymer brushes composed of propar-

gyl methacrylate 102

and zwitterionic monomer, [2-(methacryloyloxy)ethyl]dimethyl-
(3-sulfopropyl)ammonium hydroxide (MEDSAH) from patterned initiator surfaces
(Figure 2.5(a)). These copolymer brushes are designed such that the hydrophilic
MEDSAH ensures that that non-specific protein adhesion is prevented,'®® while
the propargyl methacrylate offers reactive groups to which biomolecules such as
biotin can be tethered via Husigen'’s copper catalyzed 1,3 alkyne azide cycloaddi-
tion (CuAAC)?2. Using FTIR spectroscopy (Figure 2.5), we verified that the pen-
dant alkyne groups (at 3300 and 2125 cm!) as well as the sulfobetaine side chains
were present in the copolymer brushes. Next, biotin-PEG-azide was clicked to
the alkyne side chains in the patterned copolymer brushes using CuAAC. Sub-
sequently, we exploited the strong and specific affinity existing between strepta-
vidin and biotin to immobilize streptavidin-cy3 onto the biotinylated brushes. Ul-
timately, we obtained streptavidin-cy3 patterns in the form of fluorescent hexagons
(Figure 2.5), which conformed to the geometry of the photomask. Moreover, the ra-
tio between the propargyl methacrylate repeat units and MEDSAH can be tuned
by controlliong the cmposition of the monomer feed as seen in Figure 2.5(c). By en-
gineering specific interactions between patterned polymer brushes and proteins,
we were able to develop and validate a simple protein patterning approach that
can be employed generically for patterning any streptavidin-conjugated biomolecule.
Finally, in order to demonstrate the substrate independence of our technique,
we created protein patterns based on non-specific BSA adhesion around microstruc-
tured poly(MPC) brushes grafted from diverse substrates. Apart from the model

substrates glass and quartz, we also studied patterned brush formation on poly(vinyl
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Figure 2.5: A generic strategy for engineering specific interactions between pro-
teins and microstructured polymer brushes. (a) In the first step, copolymer
brushes, poly(propargyl methacrylate-co-{[2-(methacryloyloxy) ethyl] dimethyl-
(3-sulfopropyl) ammonium hydroxide}), consisting of zwitterionic repeat units
and clickable alkyne-containing repeat units were grafted from the patterned ini-
tiator layer. Then, biotin-PEG-azide was clicked to the reactive alkyne side chains
in the brushes. Finally streptavidin-conjugated molecules were immobilized to the
patterned polymer brushes by taking advantage of the strong and specific inter-
action between streptavidin and biotin. (b) Biotinylated brushes bound to strepta-
vidin bearing a fluorescent tag. Scale bars is 100 ym. This approach can be gener-
alized to precisely pattern any streptavidin-conjugated biomolecule. (c) XPS mea-
surements of sulfur content indicate that the ratio of propargyl repeat units and
thereby teh degree of biotinylation can be tuned by varying the monomer feed
composition. (d) FTIR confirms the presence of alkyne groups in the copolymer
brushes, which were then conjugated to biotin-PEG-azide molecules.
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(a) Glass (b) Polyvinyl chloride (c) Polystyrene

(d) Quartz (e) Steel (f) PDMS

Figure 2.6: Our patterning approach can be applied to virtually any substrate in-
dependent of surface chemistry. Fluorescence micrographs of BSA bound to pat-
terned poly(MPC) brushes grown from initiator (PPX-EB) coatings that were vapor
deposited on (a) glass, (b) polyvinyl chloride, (c) polystyrene, (d) quartz, (e) steel,
and (f) polydimethylsiloxane (PDMS). These images demonstrate that patterning
quality can be obtained not just on a model substrates, but also on conventional
polymers and metals.
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chloride) (PVC), polystyrene (PS), polydimethylsiloxane (PDMS) and steel (Figure
2.6). Although these substrates vary widely in their mechanical, optical and inter-
facial properties (roughness, refractive index, hardness, surface charge, hydropho-
bicity), comparable pattern quality was obtained on all substrates, including the
steel substrates, which possessed micron-scale surface roughness. Our technique
can therefore be applied not only for model surfaces such as gold, silicon and glass,
but also technologically more relevant “non-model” materials possessing less than

ideal surface characteristics.

2.5 Conclusions

In summary, we have developed and validated a facile and substrate-independ-
ent approach to patterning proteins through both specific and non-specific means
using microstructured polymer brushes. Our patterning strategy relies on spatially
selective deactivation of a vapor-deposited SI-ATRP initiator surface by combining
a patterned photomask with UV treatment. Mechanistically, we demonstrate that
the ozone formed under these conditions plays a critical role in the deactivation of
the ATRP initiator groups. Post SI-ATRP, AFM and imaging ellipsometry revealed
thickness and topographical contrasts between the polymer brush domains and
the inactivated regions. Chemical characterization of the patterned brushes was
completed using ToF-SIMS, which substantiated the conclusions from AFM and
ellipsometry. Finally, we demonstrated patterned non-fouling brushes that spa-
tially regulate non-specific protein adsorption as well as biotinylated brushes that
promote specific protein recognition events on the desired locations. Given the
prominent utility of polymer brushes in biotechnology,'? this surface-modification
approach will likely find broad applicability in cell patterning, high-throughput

screening, bioMEMS devices and enzymatic assays.
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CHAPTER III

Examining Nanoparticle Adsorption on
Electrostatically “Patchy” Glycopolymer Brushes using

Real-time (-potential Measurements

The material in this chapter has been adapted with minor modifications from

the following published article

Ramya Kumar, Irina Kopyeva, Kenneth Cheng, Kai Liu, and Joerg Lahann,
“Examining Nanoparticle Adsorption on Electrostatically “Patchy” Glycopolymer
Brushes Using Real-Time (-Potential Measurements”, Langmuir, 2017, 33, (25), 6322-
6332

3.1 Abstract

Biomaterial surfaces can possess chemical, topographical or electrostatic het-
erogeneity, which can exert profound influences on their performance. By devel-
oping experimental models that reliably simulate this nanoscale heterogeneity, we
can predict how these “patchy” surfaces are transformed by their interactions with
the dynamic physiological environment. In this work, we present a model sur-

tace where well-defined glycopolymer brushes are interspersed with positively
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charged binding sites, giving rise to an interface presenting a mixture of repul-
sive and adhesive cues to an approaching virus particle. We show that the den-
sity of the affinity sites can be tuned precisely by modifying the chemical vapor
deposition (CVD) copolymerization conditions. Using {-potential measurements,
we quantified the surface charge of these coatings and established that their iso-
electric point (IEP) can be controlled by varying the surface composition. Fur-
ther, we examined the effects of binding site density and glycopolymer brush ar-
chitecture on the adsorption kinetics of virus-like nanoparticles using a new ap-
proach based on time-resolved {-potential measurements. Most materials have
charge-bearing, dynamic surfaces that are sensitive to electrostatic effects. Hence
adsorption-triggered changes in -potential measurements can be captured in real
time to monitor interfacial events. To validate this electrokinetic method, we exam-
ined the effect of neutravidin concentration on its rate of binding to biotinylated
surfaces using {-potential and compared our results with QCM studies. Real-time
{-potential measurements present an interesting platform to probe the structure
and function of chemically and electrostatically heterogeneous polymer interfaces.
Tunable glycopolymer coatings have enormous utility as model systems to exam-
ine the roles of polymer brush architecture and surface charge on virus-biomaterial

interactions.

3.2 Introduction

Reliable experimental models can identify design specifications for optimal bio-
material performance but developing a suitable model system is challenging. This
is largely due to the complexity of biological responses triggered by the biomaterial
within the host organism 194, Interactions between biomaterials and the physiolog-
ical environment, such as the formation and remodeling of the protein corona, the

receptor-mediated binding of viruses and cells'®®, begin within nanoseconds but
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its effects can last for years!%. In addition to dealing with the complex physiolog-
ical environment, we have to take into account the additional layer of complexity
inherent within heterogeneous biomaterial surfaces. Nanoscale heterogeneity can
exist in several forms- the surface can contain randomly distributed domains of
neutral, positive and negative surfaces charge; or the surface could be amphiphilic
with both hydrophobic and hydrophilic characteristics, leading to interesting in-
terfacial behavior!%”. Consider the example of non-fouling polymer brushes that
prevent non-specific adsorption. Despite advances in surface-initiated polymer-
ization techniques, it is possible for nanoscale defects to form in the brush due
to trace impurities, low grafting density, or processing limitations'%®. As a result,
the non-fouling performance of the brushes in a biomedical setting will be com-
promised 1%, leading to undesirable outcomes such as hospital-acquired infections
and thrombosis!'?. Since the defects can interact with proteins and pathogen species
through hydrogen bonding, Van der Waals interactions, electrostatic attraction, or
hydrophobic interactions, the surface simultaneously offers both adhesive and re-
pulsive cues to the adsorbate species. A suitable experimental model will help us
understand the adsorption characteristics of these chemically and topographically
heterogeneous interfaces. The use of such model surfaces will ensure that interfa-
cial interactions promote intended functional outcomes, ranging from the preven-
tion of non-specific adsorption to the modulation of bioactive molecules.

Santore and co-workers showed that electrostatically heterogeneous model sur-
faces possessing systematically engineered “defects” are useful in several contexts-
:the prevention of non-specific adsorption, selective protein and bacterial capture,
protein separation, and importantly, fundamental understanding of the underly-
ing mechanisms of adhesion!!!. By carefully introducing charged binding sites
at the base of protein-resistant brushes, the competing effects of steric repulsion

and electrostatic attraction could be controlled precisely, achieving the desired
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bioadhesion outcome 112

. Nanotextured surfaces composed of positively charged
patches such as poly-l-lysine hydrobromide (PLL), and polyethylene glycol (PEG)
brushes have been used extensively as model systems to probe the effects of de-
fect density, brush architecture, ionic strength, flow conditions and protein and
particle characteristics on the adsorption kinetics 131>, Though several useful in-
sights have been gleaned from these surfaces, they have a few drawbacks. First,
the creation of cationic patches and PEG brushes is based on physisorption rather
than covalent attachment, imperiling their use in biological environments for long
durations!. Secondly, even though PEG is the most commonly employed non-
fouling polymer brush due to ease of synthesis, its use is fraught with the risk of
auto-oxidative !¢ degradation in vivo. Investigators seeking to identify alternatives
possessing comparable non-fouling properties have concluded that zwitterionic
polymer brushes and carbohydrate-based polymer brushes are the most promising
options®!. In a comparison of mannitol-terminated and PEG-terminated SAMs, it
was discovered that PEG-terminated SAMs lost the fidelity of their cell patterns!!”.
In contrast the mannitol patterns were able to retain their non-fouling properties
over a long term and the cell pattern fidelity was preserved. From the perspec-
tive of technological relevance and clinical translation, it would be advantageous
to replace PEG-based model systems with biomimetic carbohydrate-based model
surfaces while investigating the role of binding site density on the adsorption of
proteins, bacteria or viruses.

Carbohydrate-based polymer films are inspired by the sugary sheath surround-
ing the endothelial cells, the glycocalyx 8. On account of its hydration and steric
resistance, the endothelial glycocalyx can achieve near zero-levels of non-specific
protein adsorption!!?. Theoretical and experimental studies indicate that glycocalyx-
inspired surfaces composed of sorbitol and mannitol interact strongly with hydrat-

ing water molecules. These studies concluded that the enthalpic cost of disrupting
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this hydration layer generates repulsive forces, and ultimately renders adsorption
thermodynamically unfavorable 20121,

Through surface-initiated atom transfer radical polymerization (SI-ATRP) and
chemical vapor deposition (CVD) copolymerization, we have a developed a ro-
bust and substrate-independent glycopolymer brush platform. The versatility and
control afforded by SI-ATRP enables us to create of a high spatial density of sor-
bitol molecules with any desired brush architecture. In addition, we have rendered
the glycopolymer coating electrostatically heterogeneous by embedding positively
charged binding sites or defects in the form of aminomethyl functional groups,
which can be co-presented with the sorbitol brushes in any desired ratio. In this pa-
per, we describe the design and synthesis of a tunable electrostatically patchy gly-
copolymer brush interface that can build on the progress made by preceding model
systems in understanding adhesion events. Additionally, we have demonstrated
tunable binding of virus-like nanoparticles to our model surface by varying the
relative densities of binding sites and glycopolymer brushes. We used carboxylate-
functionalized polystyrene nanoparticles as “model viruses” for two reasons-: 1)
Its size is comparable to those of many viruses. 2) Most viruses have isoelectric
points below 6, implying that they possess negative charge at physiological pH'%2.

To study adsorption kinetics at the nanometer scale, a variety of techniques
have been used -: attenuated total reflectance infrared spectroscopy 23124 (ATR-
IR), ellipsometry 1?°, optical waveguide light mode spectroscopy 124127 (OWLS), to-
tal internal reflection fluorescence 1?812% (TIRF), atomic force microscopy '*° (AFM),
and quartz crystal microbalance-dissipation 31132 (QCM-D). In recent years, sur-

face plasmon resonance spectroscopy 133134 (

SPR) has emerged as the gold stan-
dard for studying biointerfacial phenomena. The use of optical methods to track
the binding of viruses and their nanoparticle surrogates is difficult owing to their

small size and limited ability to scatter light 3. Fluorescence based schemes for vi-
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ral detection are hindered by photobleaching and low emission rates. Hence, mea-
suring the adsorption kinetics of virus-like particles to our surface would require
alternative approaches. Since we are interested in visualizing binding events oc-
curring on electrostatically heterogeneous surfaces, we decided to depart from the
traditionally used toolbox listed above and instead, explore an electrokinetic ap-
proach for the detection and time-resolved measurement of nanoparticle binding.
In this work, we apply real-time {-potential measurements to study the adhesion
of virus-like nanoparticles to our glycopolymer coatings.

Typically, biomaterials perform their function in an aqueous environment, where
functional groups on its surface can be ionized, preferential adsorb ions, and even-
tually acquire an electrical double layer. Consequently, the {-potential is a sen-
sitive indicator of interfacial charge development in physiological fluids such as

blood 1%, Prior work has linked changes in the {-potential to biofilm formation??,

137 138

viral adhesion"*/, changes in the performance of an implanted neuronal electrode **°,

13 1140

progression of osteogenesis!'®” or the inflammatory response to a biomateria
Although electrostatic effects exert a profound influence over the rate at which
biomolecules, pathogens and cells adsorb to the material surface, there have been
very few studies employing {-potential measurements to elucidate adsorption events

in a time-resolved manner. In pioneering work, Norde et al. 141

reported that mea-
suring temporal changes in {-potential was an effective way to record the ad-
sorption kinetics of a charged protein, such as lysosyme, on a complementarily
charged surface, such as glass or silica'#2. Here, the change of the {-potential from
its baseline value was linearly dependent on the amount of adsorbed protein.
Etheve and Dejardin 43 were able to build on this earlier work by simultaneously
acquiring the values of both J-potential and the deposited mass of protein. The

outcome was a defined relationship between the change in {-potential and the

total amount of adsorbed protein. So far, in situ {-potential measurements have
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been predominantly used to characterize equilibrium states of surfaces exposed to

144,145 146,147

proteins , viruses or nanoparticles 4314, In comparison, time-resolved
-potential measurements are still in their infancy!® in spite of their prominent
potential for understanding interfacial events at a biomaterials interface in a label-
free and inexpensive manner.

In this report, we examine the effect of the surface composition of electrostati-
cally heterogeneous glycopolymer on the binding kinetics of virus-like nanoparti-
cles using real-time {-potential measurements. Before we embarked on these mea-
surements, we validated our electrokinetic approach by comparing its adsorp-
tion response with that of QCM and verifying whether similar trends were ob-
served. For this validation study, we chose to measure the adsorption kinetics of
a well-characterized binding pair-neutravidin and biotin. This contribution em-
ploys electrokinetic measurements to study two interfacial processes: (i) the spe-
cific binding of neutravidin to biotin with the objective of comparing adsorption
trends with those from QCM and validating the technique (ii) the non-specific

charge-promoted binding of virus-like nanoparticles to glycopolymer brush inter-

faces interspersed with positively charged binding sites.

3.3 Experimental

The first and second sections describe chemical vapor deposition (CVD) poly-
merization and surface-initiated ATRP procedures. In the third, fourth and fifth
sections, characterization procedures for these coatings using {-potential, FTIR and
fluorescence are described. The sixth and seventh section explains the collection of
real-time {-potential measurements using our electrokinetic analyzer and QCM
measurements respectively. Finally, the modeling procedure is summarized in the

eighth section.
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3.3.1 Chemical vapor deposition

As described in Nandivada et al.??, the precursor, ethynyl[2,2]paracyclophane
was sublimed at 100 °C and then subjected to thermal pyrolysis at 660 °C under
low pressure (0.3 bar). The radical species that were generated thus, adsorbed to
the cooled substrate (15 °C) in the deposition chamber and underwent polymeriza-
tion. Coatings composed of poly(4-ethynyl-p-xylylene-co-p-xylylene) (PPX-alkyne)
were obtained. Poly(p-xylylene) (PPX-N) was prepared using the same procedure
from [2,2]paracyclophane. 4-Aminomethyl[2,2]paracyclophane (PCP-AM) was ob-
tained from Uniglobe Kisco and coatings of poly(p-xylylene-4-aminomethyl)-co-(p-
xylylene)] (PPX-AM) were prepared using the same operating parameters. To pre-
pare poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-xylylene)] (PPX-EB), we
employed the CVD conditions described in Jiang et al. % In brief, 32 mg of [2.2]para-
cyclophane-4-methyl 2-bromoisobutyrate (PCP-EB) was sublimed at 115-125 °C
under reduced pressure (0.3 mbar) and then pyrolysed at 540 °C. Deposition of the
polymer onto the substrate occurred on a sample holder maintained at 14 °C. To
prepare a copolymer of [2.2]paracyclophane-4-methyl 2-bromoisobutyrate (PCP-
EB) and 4-aminomethyl[2,2]paracyclophane (PCP-AM), a two-source CVD system
was employed as described by Elkasabi et al.'>! An amount of 25 mg of PCP-
AM was loaded into one source and 32 mg of PCP-EB was loaded into the second
source. The two source furnaces were heated independently to pyrolysis temper-
atures of 660 °C and 540 °C respectively. The ratio of the two functional groups
deposited on the target surface of the coating was controlled by changing the sep-
aration distance to the respective source. For the PCP-EB precursor, the separation
was held constant at 0.8 cm while for the PCP-AM, distances ranging from 2.8-3.2
cm were employed. Each precursor was sublimed between 80 °C and 110 °C at
a pressure of 0.125 torr. The sample holder was cooled to 14 °C and rotated con-

tinuously to ensure compositional homogeneity. At each source, a flow rate of 10
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standard cubic centimeters per minute was maintained using Argon carrier gas
in order to carry the sublimated dimers into the pyrolysis zone, from where they
entered the deposition chamber to form coatings of poly[(p-xylylene-4-methyl-2-
bromoisobutyrate)-co-(p-xylylene-4-aminomethyl)-co-(p-xylylene)] on the substrates.
Once the PCP-EB precursor was sublimed completely, deposition was stopped im-

mediately.

3.3.2 Glycopolymer brush synthesis

Sorbitol methacrylate monomer (SMA) was purchased from Monomer Polymer
Dajac Labs, Trevose, PA, and polymerized from the PPX-EB initiator surfaces us-
ing SI-ATRP to yield glycopolymer brushes. Substrates bearing bromoisobutyryl
groups (EB), either the homopolymer PPX-EB or the copolymer with PCP-AM,
were prepared according to the CVD process described in previous sections. Prior
to SI-ATRP, substrates were coated with either the copolymer or with PPX-EB. The
initial and final values of the coating thickness were ascertained using nulling el-
lipsometry before and after SI-ATRP. Upon subtracting the initial thickness from
the final thickness, the extent of brush growth could be measured. Results from
ellipsometry studies are furnished in the supplementary information section. In
a typical SI-ATRP run, copper (I) chloride, copper (II) chloride and 2,2, bipyridyl
were purchased from Sigma Aldrich and used without further purification. Sub-
strates were placed in a glove bag and degassed using 3 cycles of vacuum-argon
purge and left at room temperature under argon. 8 mL of solution of 1 g/ml SMA
in methanol, 2 mL of methanol and 6 mL of water were mixed together in the
monomer flask and then degassed by three cycles of freeze-pump-thaw. In paral-
lel, a mixture of 3 mL methanol and 1 mL water was degassed using freeze-pump-
thaw cycles in a separate catalyst flask. The catalyst was pre-complexed with the

ligand and dissolved separately from the monomer as the Cu! and Cu'! tend to
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form a strong complex with the sorbitol monomer. After completion of the third
freeze operation, 207.4 mg bipyridyl, 35.5 mg CuCl and 7.9 mg CuCl, were added
to the catalyst flask under argon. Pump and thaw operations were continued sub-
sequent to catalyst addition. Upon dissolution, the brown-colored catalyst mixture
was added to the degassed monomer solution and mixed thoroughly at room tem-
perature. This mixture was transferred to the glove bag and distributed such that
each substrate was submerged completely in the reaction solution. The SI-ATRP
reaction was allowed to proceed for 24 hours under argon atmosphere. Finally,
substrates were rinsed repeatedly with 0.05 M EDTA solution and deionized wa-

ter and dried.

3.3.3 FTIR spectroscopy

To verify whether the desired functional groups were present on the surface of
the polymer coatings, Fourier-transformed infrared (FTIR) spectroscopy was per-
formed using Nicolet 6700 spectrophotometer in the grazing angle configuration
against a gold background. Polymers were deposited on gold wafers and 128 scans

were collected with a resolution of 4 cm™!.

3.3.4 Isoelectric point determination

For measuring the {-potential as a function of pH and to determine the isoelec-
tric point (IEP), streaming current measurements were collected for multiple val-
ues of pH. Polymer coatings were prepared using the CVD processes described in
previous sections. The clamping cell of the electrokinetic analyzer SurPASS (An-
ton Paar GmBH) was used in asymmetric mode!®? to acquire streaming current
readings from the samples across a pH range of 3 to 6. Polypropylene foil was
used as the reference. For each sample, titration was performed from the neu-

tral to the acidic range using 0.1 M hydrochloric acid as the titrant and 0.001

46



M potassium chloride solution as the electrolyte. The pH value was controlled
using an automated titration unit, which effected pH changes in increments of
0.3, while the electrolyte solution was stirred continuously. The electrolyte solu-
tion was purged continuously with nitrogen to prevent carbon dioxide dissolution
and unintended changes in the pH value. Streaming current was measured using
Ag/AgCl electrodes and the Helmholtz-Smoluchwski equation 1°3-1%° was applied
to compute the {-potentials. Flow rates of 50-70 ml/min were observed at a pres-
sure of 400 mbar and a gap of 100-120 ym was maintained between the sample and
the polypropylene reference standard. Samples were rinsed for 3 minutes before

each measurement to equilibrate the surface against the electrolyte solution.

3.3.5 Fluorescence measurements for streptavidin and nanoparticle adsorption

Initially, samples were incubated in a solution of 0.1 % (w/v) bovine serum al-
bumin (Sigma Aldrich) in phosphate buffered saline (PBS) for 30 minutes and then
thoroughly rinsed with PBS. Subsequently, they were incubated in streptavidin-
Cy3 (50 pg/ml) in PBS containing 0.02 % (v/v) Tween 20 for 10 minutes. The sub-
strate was then repeatedly washed with PBS and finally rinsed with deionized
water. Substrates were dried and fluorescence micrographs recorded using a fluo-
rescence scanner (Fluorochem M, Protein Simple Inc) with an exposure time of 200
ms. The fluorescence intensity was extracted using ImageJ and an average of read-
ings obtained from three substrates for each sample group (PPX-N, PPX-alkyne
clicked with PEG, PPX-alkyne clicked with biotin-PEG-azide®?) was computed.
The PS-COOH nanoparticles (Molecular Probes, carboxylated latex, 0.02 ym, 4%
w/v) were purchased from Life Technologies and diluted down to a concentration
of 8*107g/mL in 0.1 mM phosphate buffer solution. The pH of the solution was
adjusted to 5.90 by mixing NaH,PO, and Na,HPO, in the desired ratio. Glass cov-

erslips coated with the polymers of interest were incubated with this nanoparticle
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suspension for 60 minutes and then imaged using a Nikon fluorescence micro-
scope. Image] was used to quantify the density of adsorbed nanoparticles. Three

substrates were used per sample group.

3.3.6 Adsorption kinetics through (-potential measurements

This adsorption accessory (Attract, Anton-Paar GmbH) enabled the acquisition
of {-potential values at a temporal resolution of 1 second. Since our samples were
rigid and did not exhibit swelling, streaming current measurements accompanied
by the Helmholtz Smoluchowski correlation were used to compute (-potential.
Measurements were performed in symmetric mode wherein both the top and bot-
tom surfaces of the rectangular slit flow chamber were comprised of the polymer
coating of interest. Consistent with the procedure for IEP determination, a solu-
tion of 1 mM potassium chloride in Milli-Q water was continually purged with
nitrogen gas to prevent the dissolution of carbon dioxide and subsequent changes
in pH. Streaming current measurements were collected every second at a pressure
of 200 mbar and a separation of 100-120 ym between the two parallel surfaces
forming the flow chamber. Before the adsorbate species could be added, base-
line measurements were acquired for a duration of ten minutes to ascertain that
a stable baseline was observed. After the baseline phase of the experiment was
completed, the desired quantity of adsorbate was added and {-potential recorded
every second for the duration of the adsorption phase. The adsorption response
was quantified by subtracting the average of {-potential values collected in the
baseline phase from the {-potential observed at any instant of time. The magni-
tude of (-potential change was employed to determine the time and concentra-
tion dependence of adsorption. For adsorption kinetics experiments, carboxylated
polystyrene nanoparticles (PS-COOH), nanoparticles were obtained from Thermo

Fisher (Molecular Probes, carboxylated latex, 0.02 ym, 4% w/v). We employed a
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nanoparticle concentration of 8*107g/mL. The pH value was maintained constant
at 6.00 for the experiments investigating the effect of copolymer composition on
nanoparticle adsorption.

For the neutravidin-biotin binding experiments, a 1 mM solution of phosphate
buffer was employed. The buffer solution consisted of NaH,PO, and Na,HPO,
mixed in a ratio of 81:19 v:v to achieve a pH of 7.4. The upper and lower faces of
the rectangular slit chamber were coated with PPX-alkyne according to the pro-
cedure outlined in the second section. Substrates were subsequently biotinylated
using biotin-PEG-azide (PG2-BNAZ-5k, Nanocs, NY) as described previouslygz.
As a control, one pair of the PPX-alkyne coated surfaces was coated with 8-arm
star PEG (MW 10K, PSB-881, Creative PEG works, NC) using 1 mg/ml of the func-
tional PEG reagent, 1 mM CuSO, (Sigma Aldrich) and 8 mM sodium ascorbate
(Sigma Aldrich). Neutravidin (catalog # 31050) was purchased from Life technolo-
gies. To understand the effect of neutravidin concentration on binding kinetics,

three concentration values were studied-: 10, 100 and 1000 nM.

3.3.7 QCM measurements to measure the binding kinetics of neutravidin to
biotin

The QCM-200 instrument (Stanford Research Systems, CA) was used for these
studies. AT-cut quartz crystals coated with chrome/gold (O100RX1, Stanford Re-
search Systems, CA) were functionalized with PPX-alkyne according to the proce-
dure outlined in the second section. Quartz crystals were biotinylated using biotin-
PEG-azide (PG2-BNAZ-5k, Nanocs, NY) as described previously”?. As a control,
one of the PPX-alkyne coated crystals was coated with 8-arm star PEG (MW 10K,
PSB-881, Creative PEG works, NC) using 1mg/ml of the PEG compound, ImM
CuSOy (Sigma Aldrich) and 8 mM sodium ascorbate (Sigma Aldrich). Prior to mea-

surement, the biotinylated crystal surfaces were allowed to equilibrate overnight
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in a 1 mM solution of phosphate buffer. The buffer solution consisted of NaH,PO,
and Na,HPO, mixed in a ratio of 81:19 v:v to achieve a pH of 7.4. Then, they were
mounted on a flow cell and the phosphate buffer was pumped through the flow
cell at a flow rate of 0.1 ml/hour using a syringe pump. Once a stable baseline was
observed, neutravidin was injected and the adsorption response recorded. The ad-
sorbed neutravidin mass was computed from the frequency decrease through the

Sauerbrey equation°.

3.3.8 Extraction of apparent rate constants using kinetic modeling

Neutravidin-biotin adsorption experiments performed with the electrokinetic
analyzer and the QCM yielded plots of adsorption response y as a function of
time t. Assuming that the adsorption behavior conforms to a first-order kinetic
model, these values were fitted according to the following monoexponential equa-
tion where A denotes plateau value of adsorption (units of mV for streaming po-
tential and ng/cm? for QCM) and k is the apparent rate constant of adsorption
with units of sec™.

y=A(1—e k)
The quality of the fit was assessed using the following model diagnostics-:

e RMSE which estimates total deviation of the response values from the fitted

values.

e R-squared, which signifies how well the fit describes experimental behavior.

e Degree of freedom adjusted R-squared which detects "over fitting".
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3.4 Results and discussion

3.4.1 Binding kinetics of neutravidin to biotinylated surfaces assessed via QCM

and real-time (-potential measurements

Before conducting electrokinetic measurements to examine the adsorption of
nanoparticles to electrostatically heterogeneous glycopolymer surfaces, we needed
to establish the validity of this technique. We employed QCM studies in parallel
with real-time (-potential measurements to investigate a well-established binding
process and then compared results obtained from both methods. We wished to
verify whether similar trends in neutravidin-biotin association are observed from
both methods while monitoring the binding events in real time.

The non-covalent interaction between biotin and avidin analogues has been
widely exploited in developing biosensors, drug delivery systems, biomolecular
imaging probes, immunoassays and other applications where high affinity and
specificity are desired !’. This is a well-established model for affinity interactions
and is considered to be a reliable binding pair. Since biotin-avidin association hap-
pens extremely rapidly, the acquisition of kinetic data and determination of the
binding constant for this interaction are quite challenging!®®. Nevertheless, the
binding kinetics of streptavidin with biotin!>® has been thoroughly characterized
by a variety of techniques, including fluorescence resonance energy transfer >
(FRET), QCM-D !0 and SPR!®!. Compared to streptavidin (pl of 5-61%%) and avidin
(pl of 10.5'92), neutravidin (pI of 6.3'%?) has an isoelectric point closest to neu-
tral pH and is expected to exhibit the least non-specific binding among the three.
Hence neutravidin has been used in our study. We evaluate the adsorption kinet-
ics of neutravidin on biotinylated surfaces using two methods in parallel- real-time
{-potential measurements and QCM measurements.

The surfaces of the QCM crystals and the measurement surfaces of the elec-
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trokinetic analyzer were coated with poly(4-ethynyl-p-xylylene-co-p-xylylene) (PPX-
alkyne), which displays highly reactive alkyne functional groups. The Huisgen 1,3-
dipolar cycloaddition between azides and terminal alkynes was used to conjugate
biotin-PEG-azide to the substrates using a procedure described in the methods sec-
tion and in previous reports®2. To confirm that biotinylation was successful, fluo-
rescence measurements were performed with both biotinylated cover slips and
non-biotinylated PEG-coated cover slips (negative control) using a fluorescently
labeled streptavidin molecule. Fluorescence results are discussed in the support-
ing information section.

After verifying that biotinylation was successful, we proceeded to detect and
quantify the binding of neutravidin molecules to these surfaces (Figure 3.1(a)) us-
ing real-time {-potential measurements and QCM. In a typical measurement, the
buffer was pumped through the measurement chamber, which was a flow cell in
the form of a rectangular slit. Flow conditions in our measurement chamber are
in the laminar regime and the velocity profile can be described by the Hagen-
Poiseuille equation. Since, rapid transport of neutravidin is not possible in this
flow setup, the rate constants observed from these studies are only transport-
limited “apparent rate constants" and not the true rate constants.

{-potential values were recorded continuously at a frequency of one measure-
ment per second. After a stable baseline was established, neutravidin was injected
into the flow circuit and changes in {-potential could be observed in real time.
Three concentrations of neutravidin were studied-:10 nM, 100 nM and 1000 nM.
In addition, a control experiment was performed at 1000 nM on a PEGylated sur-
tface devoid of biotin molecules. The adsorption response (Figure 3.1(b)) could be
obtained by subtracting the average of the (-potential values collected during the
baseline phase from the {-potential values obtained after the introduction of neu-

travidin. The average (-potential values collected during the baseline phase were
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quite similar across all experimental runs-: -44 mV for 10 nM experiment, -42.4 mV
for 100 nM and -41.93 mV for the 1000 nM experiment. In all three experiments,
upon addition of neutravidin, the {-potential became less negative, resulting in its
net increase. However the magnitude of increase in the {-potential was highest
for the 1000 nM concentration at 29.9 mV, followed by the 100 nM run which had
a 23.4 mV change (Figure 3.2(c)). Among the three experiments, the least change
in {-potential (19.1 mV) was observed in the 10 nM condition (Figure 3.2(c)). This
change in {-potential can be attributed to the adsorption of neutravidin to the sur-
face caused by its specific association with biotin molecules. It appears that the
rate of increase of {-potential values as well as the magnitude of its increase is a
function of neutravidin concentration, with higher concentrations promoting more
rapid changes. When we consider the control experiment, the average baseline -
-potential was -40.6 mV, which was only slightly higher than the values obtained
with the biotinylated surfaces. However when we added neutravidin to achieve a
1000 nM concentration, we did not observe any departure of the {-potential trends
from baseline levels, indicating that neutravidin did not adsorb to the surface in
the absence of biotin. (Figure 3.1(b)).

Now, we will describe the reasons for the oscillations and scatter obtained in
our adsorption data, A target pressure of 150 mbar was employed to pump the
fluid through the measurement chamber and this pressure difference is achieved
by the motorized movement of plungers placed within two 100 ml glass syringes.
The oscillatory nature of the adsorption traces can be attributed to the periodic
emptying and refilling of the syringe. Every time 100 ml of the electrolyte solu-
tion flows through the measurement chamber, this periodic refilling is performed
to re-establish the target pressure. This cyclical pressure variation occurs every 90
seconds or so and is a typical feature of this technique. Further, overshoots in the

target pressure can result in the spikes in the data. This scatter in the adsorption
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Figure 3.1: (a) In step 1, biotin-PEG-azide is conjugated to reactive alkyne groups
on the PPX-alkyne substrate using Huisgen 1,3-dipolar cycloaddition. In step 2,
neutravidin binds to the biotinylated surfaces. Binding kinetics were studied as
a function of neutravidin concentration using (b) Real-time {-potential measure-
ments and (c) Quartz crystal microbalance (QCM) measurements. Three concen-
trations of neutravidin were employed (10 nM in blue, 100 nM in black and 1000
nM in green). For the control experiment, a PEGylated surface without any biotin
was studied using a neutravidin concentration of 1000 nM (red). In both QCM and
real-time J-potential measurements, the rate and extent of neutravidin adsorption
was controlled by its solution concentration. Also, no adsorption could be detected
in the control experiment even when the highest neutravidin concentration was
employed.
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response has been observed in prior reports on time-resolved {-potential measure-
ments 43150, When we constructed monoexponential adsorption models from the
{-potential data (described in the next section), we concluded that this scatter does
not affect the ability of the technique to clearly discriminate between adsorption
trends from different neutravidin concentrations.

Next, we repeated this study using QCM instead of {-potential (Figure 3.1(c)).
In all three experiments performed with biotinylated surfaces (10 nM, 100 nM and
1000 nM), we observed a decrease in frequency upon neutravidin addition. The
frequency decrease was transformed into an estimate of adsorbed mass using the
Sauerberey equation . Neutravidin adsorption was highest when the concentra-
tion of neutravidin was 1000 nM, and an adsorption plateau of 1214 ng/cm? was
reached. This plateau value was lowered dramatically when concentrations of 100
nM (931 ng/cm?) and 10 nM (40.3 ng/cm?) were used, indicating that the extent
of neutravidin coverage on the surface is controlled by its concentration. This re-
sult mirrors what we observed in the {-potential studies performed using the same
coatings and identical concentration values.

Interestingly, for the control experiment where the adsorption of 1000 nM neu-
travidin was measured on a PEGylated surface, a plateau value of 20-30 ng/cm?
was obtained, which is only slightly less than the value (40.3 ng/cm?) for the 10 nM
experiment performed with a biotinylated surface (Figure 3.1(c)). Though a near-
zero adsorption signal was obtained from this control surface using (-potential
measurements in the 1000 nM neutravidin run, the adsorption signal from the
parallel QCM control experiment is somewhat high. This suggests that the up-
take of water and sodium phosphate salts by the QCM crystal also contributes to
the adsorption signal. In the absence of measurements of the energy dissipation
factor AD, it is difficult to subtract these non-neutravidin contributions from the

buffer solution itself and obtain more accurate adsorption profiles. Results from
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our quantitative analysis are discussed in the next section.

3.4.2 Kinetic modeling of adsorption data

Consistent with previous studies that employ Langmuirian adsorption kinet-
ics, we assumed that neutravidin binding follows a first order process and that our
{-potential and QCM data can be described by a monoexponential fit. The model
equation and fitting procedures are described in the methods section. Two model
parameters-: 1) A, the plateau value of adsorption (units of mV for streaming po-
tential and ng/cm? for QCM) and 2) k, the apparent rate constant of adsorption
(units of sec’!) were computed within a 95 % confidence interval. As an example,
Figure 3.2(a) shows how closely the model (A= 23.4 mV and k= 7.96 * 107 sec’!)
tits the experimental values for the {-potential experiment describing the kinet-
ics of neutravidin adsorption at 100 nM. Despite the scatter in the data, we can
see that most values fall within the prediction boundaries within a 95 % confi-
dence interval, indicating that the monoexponential model describes experimental
behavior accurately. We concluded that the monoexponential model matches our
experimental trends for both measurement approaches. From a closer look at the
QCM adsorption traces, it appears that the biexponential model may have been
more suitable than the monoexponential model. If we consider the QCM experi-
ments performed at 10 nM and 100 nM, we can discern two phases of adsorption,
an extremely rapid first phase and a slower second phase. After the initial expo-
nential increase in adsorbed neutravidin is completed and a stable plateau value is
attained, a second slower phase of adsorption begins. In contrast to the other two
experiments, we don’t detect two plateaus in the 1000 nM QCM run. Yet, we can
see that the steep exponential climb is followed by a gradual linear growth in the
mass of adsorbed neutravidin. This biphasic adsorption behavior can be explained

by the heterogeneity of binding sites on the neutravidin molecule, with each site
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Figure 3.2: (a) Experimental values from the real-time {-potential measurements
of the adsorption of 100 nM neutravidin to biotinylated surfaces were fitted to
the monoexponential model with model parameters A= 23.4 mV and k= 7.96 *
1073 sec’!. The model values (solid blue line) compares well with experimental val-
ues (black dots) within the prediction boundaries (95 % confidence interval). The
monoexponential model successfully captures the experimental adsorption trends
despite the oscillations and scatter inherent to the technique. (b) Apparent rate con-
stants are plotted against the logarithm of neutravidin concentration. The rate of
neutravidin adsorption increases exponentially with concentration. (c) The magni-
tude of (-potential increase is plotted as a function of neutravidin concentration.
(d) Calibration curve for {-potential change against the mass of bound neutravidin
measured using QCM. Vertical and horizontal error bars are in red.
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possessing different affinities°®. Though the binding of the first biotin molecule is
sterically unhindered and quite rapid, the binding of the second biotin molecule
is hindered by the presence of adjacent biotin molecules that have already asso-

ciated with neutravidin 163

. This two-step adsorption behavior was not evident in
the {-potential experiments because electrokinetic methods, unlike QCM, lack the
ability to detect changes in molecular orientation. Since this biphasic adsorption
was did not appear in the {-potential runs, we have used the monophasic mo-
noexponential model for both the QCM and (-potential adsorption data for the
sake of consistency and ease of modeling. From the model diagnostic tests, we
concluded that the accuracy with which the monoexponential model predicts the
QCM adsorption response is adequate.

In Figure 3.2(b), we can see that the apparent rate constant of binding increases
linearly with the logarithm of neutravidin concentration, a result which is in good
agreement with previous studies. The apparent binding constant extracted from
the slope of this plot is in the order of 10* M'sec”!, which is far lower than values
of 3.0*10°—4.5* 107 M!sec”! reported using droplet microfluidics techniques 128164,
where the transport limitation is greatly minimized by rapid mixing. In compar-
ison, {-potential measurement is quite limited in its ability to characterize rapid
binding processes, resulting in an apparent neutravidin-bioitin binding constant
that is two to three orders of magnitude lower.

We can define a binding constant in terms of the adsorption response by eval-
uating the slope of Figure 3.2(c), (9.4mV /umole of neutravidin), which allows us
to estimate neutravidin concentration from the change in (-potential. In addition,
we have mapped the adsorption signal from real-time {-potential measurements
to the values of adsorbed neutravidin mass from QCM (Figure 3.2(d)), providing a

means to evaluate the quantity of bound neutravidin from the {-potential signal.

We conducted a parallel study of neutravidin-biotin adsorption in order to
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compare results from from QCM and real-time {-potential measurements. We con-
cluded that time-resolved electrokinetic measurements can yield kinetic trends
that closely mirror those obtained from QCM. Upon completion of the investiga-
tion of biotinylated surfaces, we proceeded to interrogate electrostatically hetero-

geneous glycopolymer surfaces using this validated technique.

3.4.3 Tuning the surface density of binding sites on brush surfaces.

Next, we applied real-time {-potential measurements to evaluate the adsorp-

tion kinetics of nanoparticulate models of viruses !

on electrostatically heteroge-
neous polymer brush surfaces. Our surface design seeks to recapitulate aspects of
the nanostructured organization of brush-like interfaces found in the body, most
particularly the endothelial glycocalyx!®®. Our composite surface consists of two
components (Figure 3.3(a)). The first element is a copolymer formed by chemical
vapor deposition (CVD) copolymerization of two paracyclophane-based monomers.
One co-monomer contains an initiator (ester bromide or EB) for surface-initiated
atom transfer radical polymerization (SI-ATRP) and the other co-monomer an ion-
izable amine moiety (aminomethyl or AM). The protonated amine functions as
a positively charged binding site to which negatively charged species of interest

such as viruses1%2

can adsorb. The second element is composed of glycopolymer
brushes bearing sorbitol side chains, which are grafted from the EB initiation sites
on the copolymer using SI-ATRP. The density of the binding sites relative to that of
the SI-ATRP initiation sites on the copolymer coating can be tuned by modifying
the CVD co-polymerization conditions. The model system can provide answers to
the following questions: How does the density of aminomethyl groups affect the
rate of adsorption of the virus-like nanoparticles? How does the introduction of a

glycopolymer brush influence the adsorption behavior?

First, the surface composition of the copolymer was tuned by varying the CVD
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process parameters as described in the methods section. To engineer varying ra-
tios of AM and EB functional groups, copolymers were prepared using different
CVD parameters. As seen in Figure 3.3(b), the FTIR spectra show an increasing
intensity of the carbonyl peak of the EB component from top to bottom, indicating
that the surface concentration of the AM group in the copolymer was reduced suc-
cessively. We concluded that surface composition is tunable and that the ratios of
ester bromide and aminomethyl functional groups present on the surface could be
controlled merely by varying the CVD parameters appropriately.

To further validate this result, we employed (-potential measurements to com-
pare the interfacial charge of these copolymers of varying surface compositions. It
was hypothesized that if a greater number of aminomethyl groups were present on
the surface, then the resulting copolymer would carry a higher positive charge than
a copolymer containing fewer aminomethyl groups. Figure 3.3(c) summarizes the
results of this study wherein the J-potential values of the seven copolymer coat-
ings (CP1 through CP7) were plotted as a function of pH. The copolymer surfaces
had isoelectric points (IEPs) ranging from 3-6, where the copolymer surfaces with
IEPs close to 3 were mostly composed of the ester bromide whereas those closer to
6 were dominated by the aminomethyl containing repeating unit. We concluded
that our copolymer charge could be tuned by controlling surface composition and
that a progressively more positively charged surface could be obtained by increas-

ing the concentration of aminomethyl groups relative to the ester bromide groups.
3.4.4 Adsorption rate of PS-COOH nanoparticles can be tuned by varying the
surface composition

We studied three surfaces of varying AM/EB ratios and isoelectric points of 5.7,
4.8 and 3.6 respectively. The pH was maintained constant at 6.0 for all experiments.

Though this pH value is higher than the isoelectric points of all three copolymers,
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Figure 3.3: (a) Surface design used in our study. The base layer is composed of
a copolymer synthesized using chemical vapor deposition, incorporating bind-
ing sites (aminomethyl groups or AM) and polymerization initiation sites (Ester
bromide or EB). Negatively charged nanoparticles were expected to attach to the
AM groups and we studied nanoparticle adsorption kinetics for different copoly-
mer compositions. Sorbitol methacrylate brushes were grafted from the EB sites
through SI-ATRP. (b) FTIR spectra showed that ratio of AM and EB is tunable. The
decrease in peak heights of the carbonyl peak around 1730 cm™! indicated that the
ratio of EB relative to AM was reduced. (c) Surface charge of copolymer surfaces
became more positive with increasing AM concentration. The isoelectric point was
varied from 3-6 by changing the copolymer composition. Seven copolymer sur-
faces were studied (CP1 to CP7).
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we anticipated that the proportion of ionized amine groups would be highest on
the copolymer with the isoelectric point of 5.7.

We continuously measured changes in {-potential values with time before and
after the addition of the nanoparticles. The addition of the PS-COOH nanoparticles
to the electrolyte solution was accompanied by a steady decrease in the {-potential
for all three samples (Figure 3.4). However, for copolymers with IEPs of 5.7 and 4.8,
the decrease of {-potential was faster than it was for the sample with an IEP of 3.6.
This is consistent with the predictions of models describing electrostatically driven
adsorption166, which demonstrate that a greater availability of binding sites in-
creases the rate constant for the adsorption step. Also the magnitude of -potential
change (160 mV and 122 mV) was higher for the amine-rich surfaces than for the
surfaces on which the EB groups were more abundant (51 mV). The relationship
between adsorption rates and copolymer composition could be clearly discerned
using real-time (-potential measurements. We concluded that nanoparticle adsorp-
tion rates could be tuned by modifying the surface concentration of aminomethyl
groups.

Next, we studied the effect of incorporating glycopolymer brushes on the ad-
sorption rate of nanoparticles. Poly(sorbitol methacrylate) brushes were grafted
from the three sets of copolymers prepared. In all three cases, the adsorption rate
was dramatically lower than what was observed without the polymer brushes. In
two of the three experiments (Figure 3.4(c) and Figure 3.4(b)), the sorbitol brushes
were successful in preventing adsorption of PS-COOH nanoparticles almost com-
pletely. However, in the case of the copolymer with the highest density of amine
groups (Figure 3.4(a)), the sorbitol brushes were able to reduce the rate and extent
of adsorption but could not prevent it completely.

We studied the variation of sorbitol brush thicknesses with copolymer com-

position through ellipsometry. The thickness was greatest for the sorbitol brushes
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grafted from the copolymer with an IEP of 3.6 (8.7 nm) and lowest for the amine-
rich copolymer with an IEP of 5.7 (3 nm). The copolymer with the intermediate IEP
of 4.8 had 7.2 nm thick sorbitol brushes, which is the second largest brush thick-
ness observed. This trend can be attributed to the lower density of ester bromide
initiator groups in the more positively charged copolymer coatings, leading to a
proportionally slower rate of brush growth and thinner brushes. Since initiator

167 if we main-

density and polymer brush growth rates have a linear relationship
tain identical SI-ATRP conditions, the copolymer bearing more EB groups would
have thicker brushes than the copolymer with fewer EB groups.

It is pertinent to note that even though all the brush thickness values are within
the Debye screening length (9.62 nm) of the ionic environment, they still succeed in
retarding nanoparticle adsorption. It is possible that thicker brushes improve the
resistance to adsorption as they carry higher thermodynamic costs of brush com-

pression!!3

, making it less likely for nanoparticles to adhere to the aminomethyl
groups. However, this energy cost could be offset by promoting the electrostatic
driving forces for adhesion in two ways-: a higher AM surface density or a more
acidic environment that leads to a greater degree of amine protonation. Therefore,
the critical polymer brush thickness required to span the aminomethyl binding
sites and prevent binding is dependent on the relative densities of initiator and
aminomethyl groups and on the pH value of the medium. Future work will fo-
cus on the interplay between the degree of amine ionization and the chain length
distribution of the sorbitol brushes and their roles in shaping nanoparticle adsorp-
tion. Our results so far suggest that we can not only modulate binding rates of the
particles by changing the copolymer composition, but also switch off binding by
introducing sufficiently thick glycopolymer brushes.

To verify that sorbitol brushes function as barriers against nanoparticles and to

validate the results from real-time electrokinetic measurements, we performed flu-
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Figure 3.4: (a), (b), (c) Plots show how an increase in aminomethyl surface den-
sity (as measured by the isoelectric point) leads to a higher nanoparticle adsorp-
tion rate. The presence of the sorbitol brush is successful in retarding nanoparticle
binding though in the case of (a), it is not entirely retarded. (d) Fluorescence study
substantiates the results obtained from electrokinetic measurements. PS-COOH
nanoparticles do not adhere to the sorbitol-grafted copolymer surfaces. Scale bar
is 10um (e) Comparison of surface density of fluorescent PS-COOH nanoparticles
adsorbed on copolymer and PPX-EB before and after the SI-ATRP of sorbitol. High
intensities were observed on the copolymer while low intensities were observed on
PPX-EB (without amine groups) and also on sorbitol brushes grafted from PPX-EB
and copolymer coatings. Error bars are in red.
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orescence microscopy to compare equilibrium adsorption of fluorescent nanopar-
ticles. Four sets of surfaces were compared: the copolymer containing AM and EB
with an IEP of 4.8, PPX-EB without AM binding sites, as well as the respective sur-
faces after grafting sorbitol brushes. We observed very little PS-COOH binding to
the PPX-EB surfaces (no AM groups), both before and after the introduction of the
sorbitol brushes, indicating that the AM groups are required for for the nanoparti-
cle to bind. Interestingly, fluorescence measurements showed a high particle den-
sity on the copolymer surfaces and almost no particles on the sorbitol brushes
grafted from the copolymer (Figure 3.4(d) and Figure 3.4(e)). This observation is
consistent with the decrease in {-potential observed during nanoparticle adsorp-
tion on the copolymers and little or no change in {-potential during the study of
nanoparticle adsorption on the sorbitol brush. {-potential has been a valuable tool
to develop a temporal map of virus-like particle adsorption events transpiring on
polymer brush interfaces that are populated with electrostatic tethers. This is the
tirst {-potential based study that has studied adsorption kinetics of a biologically
relevant adsorbate on a complex biomimetic interface. We suggest that this elec-
trokinetic characterization approach, so far limited to simple homogeneous sur-
faces such as glass, quartz and mica, can be readily extended to heterogeneous

and nanotextured surfaces typical of biomaterials.

3.5 Conclusions

Using real-time (-potential measurements, we were not only able to detect the
well-known binding of neutravidin to biotinylated surfaces, but also successfully
quantify the neutravidin adsorption rate as a function of its concentration. By per-
forming a parallel adsorption kinetics study using QCM, we could compare ad-
sorption trends from (-potential with those obtained through QCM. Real-time (-

-potential measurements can be a powerful tool in understanding biomimetic sur-
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faces possessing chemical heterogeneity, especially for applications sensitive to ki-
netic constraints as well as interfacial charge formation. We anticipate that this
electrokinetic approach will be equally relevant to the study of affinity-based inter-
actions of biological species with receptors as well as non-specific binding events
that are electrostatically driven.

Employing a combination of chemical vapor deposition copolymerization and
surface-initiated atom transfer radical polymerization, we successfully multifunc-
tional polymer coatings where the ratio of glycopolymer brushes and positively
charged binding sites could be tuned. Because CVD copolymerization affords exq-
uisite control over the surface composition and ultimately the surface charge of
these coatings, the isoelectric point of the base copolymer can be increased sim-
ply by increasing the density of aminomethy functional groups. Increasing the
aminomethyl surface concentration resulted in a progressively more rapid adsorp-
tion trajectory of the virus-like nanoparticles on the copolymer surface. In addition
to tailoring the adsorption rates of nanoparticles by varying the copolymer com-
position, we can also reduce the adsorption extent to near-zero levels by growing
sorbitol brushes from the initiator sites present on the copolymer. Fluorescence
microscopy was used to confirm findings from electrokinetic measurements of ad-
sorption.

We conclude that the adsorption of virus-like nanoparticles is shaped by the
interplay of aminomethyl concentration and sorbitol brush architecture. In future
work, we will investigate the effect of glycopolymer brush composition by devel-
oping coatings based on glucose, galactose and mannose in their bioactive forms.
We will also examine the adsorption of viruses such as adenoviruses and influenza
on these surfaces as a function of amine density and glycopolymer brush architec-

ture.
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CHAPTER IV

A Study of Viral Adsorption on Electrostatically

Heterogeneous Carbohydrate Brushes

The following chapter has been adapted from the following manuscript in prepa-
ration
Ramya Kumar, Domenic Kratzer, Kenneth Cheng, James Sugai, Julia Prisby and
Joerg Lahann, “A Study of Viral Adsorption on Electrostatically Heterogeneous

Carbohydrate Brushes”

4.1 Abstract

Nanoscale heterogeneity on material surfaces can transform its wettability, ad-
hesion behaviour, and even colloidal interaction profiles. Chemical, topographical
or electrostatic heterogeneity on biomaterial surfaces is profoundly consequential
for bioadhesion, as it can aid or hinder biomaterial performance. To better under-
stand the role of electrostatic heterogeneity in the adsorption of viruses on syn-
thetic surfaces, we have developed a model surface. Our coating incorporates a
tunable mixture of electrostatic tethers that serve as binding sites for negatively
charged virus particles, and carbohydrate brushes, bearing pendant a-mannose,

B-galactose or B-glucose side chains. Thermodynamic models predicted that a few
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critical coating design parameters would determine the balance between attractive
interactions offered by the binding sites and steric repulsion originating from the
polymer brushes. Accordingly, we experimentally evaluated the impact of bind-
ing site density, brush composition and brush architecture, with the goal of iden-
tifying design specifications for coatings that would resist viral adsorption. Upon
measuring the adsorption of adenoviruses, influenza and fibrinogen on a library
of carbohydrate brushes co-immobilized with different ratios of positively charged
binding sites, we concluded that the viral adhesion is shaped by the interplay be-
tween brush architecture and binding site density. When the fraction of binding
sites is below 30%, resistance to viral adsorption can be preserved by engineer-
ing carbohydrate brushes with high thicknesses (3-5 nm). When brush thicknesses
were lowered and binding site densities raised, we observed that the extent of
viral adsorption was proportional to the surface concentration of binding sites. Ul-
timately, the brush architecture determines whether the binding sites are exposed
to, or shielded from approaching viral particles. These insights will be of utility
in guiding the design of polymer coatings in realistic settings where they will be
populated with defects. By engineering sufficiently thick glycopolymer brushes,
these surfaces can overcome the presence of electrostatically attractive defects and

function successfully as barriers against viral attachment.

4.2 Introduction

Interactions between biomaterial surfaces and biomolecules, bacteria or viruses
instantaneously transform its surface, resulting in beneficial or detrimental effects
on its performance.!'®® For instance, non-specific adsorption and denaturation of
proteins on the surfaces of biomedical devices, such as insulin pumps, orthope-
dic devices and coronary stents, can adversely impact their function, causing im-

plant failures, which often prove to be fatal. Spatiotemporal control of DNA adhe-
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sion and transport in nanopore-based sequencing platforms still pose engineering
challenges to which very solutions exist.!®® Beyond proteins and DNA, bacterial
and viral adhesion pose even more complex challenges. Bacterial adsorption on
catheters can trigger the formation of polymicrobial biofilm communities incor-
porating drug-resistant species.!”? Adsorption of viruses to crops, soils and wa-
ter purification membranes are significant problems in agriculture and environ-
mental engineering.!”! In recent years, viruses have gained attention as potential
agents of biological warfare, especially the use of genetically modified influenza
strains, Ebola and smallpox viruses, meriting investigations of virus-material in-
teractions. 172

Bioadhesion on synthetic materials has long been treated as a two-headed prob-
lem, encompassing both material design parameters and biological variables.!”3
While biological variables such as environmental pH, ionic strength, the size, ori-
entation and surface characteristics of the biological adsorbate involved, the pres-
ence of synergistic interactions in a mixture of biological adsorbates, can seldom
be controlled, material properties can be modified to elicit the desired outcome. In
order to elucidate the complex relationships between interfacial properties, such as
surface charge, hydrophilicity, roughness, topographical and nanomechanical fea-
tures or chemical heterogeneity on the interfacial behavior of protein, viruses or
bacteria, model surfaces are required.'”* Model surfaces with tunable composition
and structural features can be used to systematically test hypotheses and evalu-
ate relationships between material features and adsorption outcomes, ultimately
generating design guidelines or heuristics for engineering interfaces.

The use of self-assembled monolayers (SAMs) as model surfaces pioneered the
pursuit of materials that can resist non-specific protein adsorption.!”> A combina-
tion of experimental effort and modeling studies involving SAMs has been used to

understand the fundamental processes and mechanisms driving protein adsorp-
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tion in molecular detail.'”® In seminal work by Whitesides et al., the protein re-
sistance of large SAM libraries was evaluated, yielding several useful insights on
molecular design: overall neutral charge, polar functional groups and the pres-
ence of hydrogen bond acceptors but not donors.!”” From this screening process,
polyethylene glycol (PEG), carbohydrate and zwitterionic functionalities emerged
as the most suitable choices for protein resistant SAMs.!”* Although SAM-based
model surfaces have been useful in evaluating the molecular mechanisms of ad-
hesion, their practical utility is limited by their instability, incompatibility with

polymer-based materials, and requirement for pristine gold substrates. 7817

As model surfaces, polymer brushes enjoy distinct advantages over SAMs. 18
The advent of controlled radical polymerization techniques (CRP), such as surface-
initiated nitroxide-mediated polymerization, (SI-NMP), surface-initiated reversible
addition-fragmentation transfer, (SI-RAFT) polymerization and surface-initiated
atom transfer radical polymerization (SI-ATRP), have enabled the creation of tai-
lored zwitterionic and carbohydrate polymer brushes of diverse architectures.!”

Advances in SI-ATRP have helped to amplify zwitterionic and carbohydrate func-

tionalities by presenting them with high spatial densities in the form of well-defined

181 These surfaces that can resist bacterial and cellular attachment, both in

brushes.
vitro and in vivo by interacting strongly with water molecules. The enthalpic cost
of disrupting this hydration layer generates repulsive forces and ultimately ren-
ders adsorption thermodynamically unfavorable. Importantly, the substrate scope
is almost unlimited, and the instability associated with SAMs can be circumvented.

While synthesizing polymer brushes on a large scale, impurities, contaminants
and other processing limitations inevitably introduce defects on the surface, which
are most often discounted in experimental and modeling studies. These defects

sometimes take the form of positively charged regions, which compromise the

ability of these brushes to resist bacterial and protein adsorption!®2. The electro-
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static driving forces originating from these defects is particularly relevant espe-

cially since most bacteria and viruses and many protein molecules bear a negative

H. 122,183

surface charge at physiological p Deliberately embedding what Santore

et al. term as “engineered defects” at the base of the polymer brushes has been
viewed as a promising approach to study the impact of chemical and electrostatic
heterogeneity. !> However, synthetic challenges have to be overcome in order to
access model surfaces wherein electrostatic binding sites are randomly coimmobi-
lized with polymer brushes.

The variation of brush density and architecture is accomplished by controlling
the spatial organization of polymerization initiator groups that are deposited on

the substrate. For CRP, a broad range of grafting densities can be accessed by us-

184

ing mixtures of initiator-functionalized and inert SAMs, 13 initiator backfilling, 18

tuning initiator solution concentrations and the reaction times in the initiator cou-

186

pling step, 186 photo-decomposition of initiators,'®” or through the use of cleavable

initiators. 188 In the case of “grafting to”, the variation of grafting densities presents
a greater challenge since high grafting densities can seldom be achieved, espe-
cially for polymer chains with large molecular weights. Common workarounds to

this bottleneck include diblock or triblock copolymers incorporating an anchor-

ing block that can irreversibly bind to the substrate through electrostatic'® or

190

hydrophobic interactions,™ using progressively poorer solvent mixtures in the

191,192

grafting step to facilitate dense chain packing, cloud point grafting'*? in so-

lutions of high salt concentrations, modifying the size and chemistry of the anchor-

ing groups, 1%

or simply by varying the molecular weight of the polymers.
Thanks to the above approaches, researchers have investigated the effect of
brush architectural attributes on cell adhesion and migration, %> bacterial adhe-

1

sion!®” and most extensively, non-specific protein adsorption,'*® with the goal of

identifying the optimal polymer brush design space. For instance the hemocom-
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patibility of zwitterionic sulfobetaine!® and phosphorylcholine brushes?® was
found to be strongly correlated with grafting density while sufficiently dense PEG
layers were required to resist the adsorption of serum proteins. "1 Also, the rela-

201

tionships between bacterial adhesion and brush density, composi’cion,181 thick-

ness,?%? and architectures?®® have been systematically examined.

Despite methodological differences between these studies, they reached con-
sensus on a few aspects: high brush densities are required to completely suppress
protein, cellular and bacterial adhesion. Another finding is the critical role of poly-
mer conformation; vast differences in bioadhesion between highly stretched poly-
mer brushes and mushroom-like polymer coils have been repeatedly observed. As
brush density is raised, they serve as increasingly effective steric and hydrophilic
barriers against bacteria and viruses. Though there have been several efforts fo-
cused on brush architecture, the question of electrostatic interactions has remained
under-investigated.?* Though a few studies have examined the effect of surface
charge on bacterial adhesion through coatings with tunable {-potential,?%>2% they
were performed using polymer brushes of constant and spatially uniform grafting
density. Though both “grafting to” and “grafting from” strategies enable precise
control over the brush density and conformation, they cannot address electrostatic
interactions. Whereas, LbL coatings and zwitterionic copolymer brushes allow us
to systematically vary surface charge and examine its impact on biofouling, they
are homogeneous and do not allow us to study the role of nanoscale electrostatic
heterogeneity. 114207

To solve this, Santore et al. developed electrostatically heterogeneous PEG bru-
shes with a tunable distribution of cationic poly(L-lysine) patches embedded at
their base.!!2 Using these “patchy” PEG surfaces, they demonstrated that design

rules for surfaces that resist non-specific protein adsorption should not be ap-

plied in the design of brushes that will hinder bacterial adhesion.!!* By study-
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ing the competing effects of steric repulsion and electrostatic attraction, they con-
cluded that surface-bacteria interactions are governed by different mechanisms
as opposed to surface-protein interactions.!!® Despite being ideal for studying
nanoscale electrostatic heterogeneity and developing a mechanistic picture of bac-
terial adhesion, PLL-PEG coatings are limited by their “model” nature and cannot
be applied on biomaterial surfaces in a stable and scalable manner.

Extensive use of model surfaces such as SAMs, peptidomimetic brushes?%
and patchy PEG-PLL brushes!!3 has contributed to the development of heuris-
tics for the design of surfaces with improved anti-fouling abilities and bacterial
resistance. However, the majority of bioadhesion studies performed in the past
have focused on protein adsorption, and to a limited extent bacterial adhesion,
to the exclusion of adsorption processes involving viruses. This is further compli-
cated by the fact that the interfacial behavior of proteins is not helpful in predicting
the adsorption levels of the other adsorbates. For instance, it was widely believed
that protein resistance was a prerequisite for the prevention non-specific bacte-
rial adhesion. While some zwitterionic and glycopolymer brushes perform well
against both bacteria and proteins, PEG brushes get colonized by bacteria despite
repelling proteins. Recent studies have conclusively established that design rules
for protein-resistant surfaces cannot be directly applied to prevent bacterial adhe-
sion and vice versa. 134299210 Gimilar investigations probing the overlap in design
criteria between virus-resistant surfaces and non-fouling surfaces are sorely lack-
ing, largely because interactions between polymeric coatings and viruses are yet to
be probed. Additionally, since viral attachment precedes the onset of infection, it is
imperative to prevent this initial event. It has been shown that the first interactions
of viruses with cells are often electrostatic and serve primarily to give a virus an
initial catch-hold from which it can then recruit specific receptors that drive cellu-

lar entry.?!! Hence it would be critical to incorporate electrostatic interactions into
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any model surface employed to probe viral attachment.

Recent years have witnessed increasing research activity in bacterial adhesion,
but a significant gap in exists in our ability to control viral attachment to synthetic
surfaces. So far interactions between viruses and material surfaces have not re-
ceived much attention except in the development of biosensors.?'??13 No study
so far has systematically examined the mechanism of viral adhesion and whether
the forces driving protein adsorption are also implicated in viral attachment. As
a result, there is a lot of uncertainty involved in designing surfaces that can resist
viral attachment. To reduce this uncertainty, we propose a novel model surface us-
ing which we will derive design rules from simultaneously evaluated adsorption
profiles of viruses and proteins on a rich multifaceted library of polymer coatings.
In this contribution, we have developed a model surface wherein a tightly con-
trolled distribution of electrostatic tethers for virus binding are incorporated at the
base of well-defined carbohydrate brushes. We have jointly examined the effects
of brush architecture and binding site density on viral adhesion and determined
design criteria for virus-resistant surfaces.

In previous work, we developed robust, modular and multifunctional coatings
using vapor-based polymerization of substituted [2,2]paracyclophanes. Chemical
vapor deposition (CVD) polymerization is a versatile and simple process that of-
fers several benefits: not only is it solvent-free, pinhole-free and substrate-indep-
endent, this process produces reactive coatings with exceptional stability.?!* We
have a large paracyclophane library, containing a variety of functional groups, us-
ing which we can synthesize multifunctional copolymer coatings of desired com-
position.?!* Using our custom-designed two-source CVD system, we can achieve
orthogonal presentation of the SI-ATRP initiators with either alkynes, amines, acti-
vated esters, ketones with fluorinated groups, or aldehydes.>> Using CVD copoly-

merization, we have synthesized binary copolymers and demonstrated co-imm-
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obilization of sugar molecules,?!> peptides and growth factors in order to regu-
late of cellular responses.?!® Additionally, we have investigated the adhesion of

217 and DNA?2!® on CVD-based copolymer coatings in several studies.

proteins
CVD copolymerization is unique in its capacity to produce versatile surfaces that
not only serve as model surfaces well-suited for basic research, but also speed-
ily bridge the gap between fundamental insights and technological translation,
owing to its scalability, substrate independence and reliability. 1! The results ob-
tained from these surfaces will not only shed light on the mechanisms involved,
but can also provide practically useful insights that can be readily implemented in
engineering virus-resistant coatings.

Combining CVD copolymerization and SI-ATRP, we have developed model
surfaces composed of positively charged binding sites and polymerization initi-
ation sites for the growth of polymer brushes bearing carbohydrate residues («-
mannose, B-glucose and B-galactose). Binding sites were introduced in the form
of ionizable aminomethyl groups whose positive charge can be exploited for viral
and protein binding. The aminomethyl functionality was added to the surface in
order to simulate coating defects that could compromise performance. We chose
to investigate the virus-resistance capabilities of carbohydrate brushes since have
glycopolymers have displayed promise as non-fouling surfaces against several
bacteria species and most proteins. However, realizing that “perfect brushes” are
unlikely to be produced at scale, we decided to investigate several questions con-
jointly. Do carbohydrate brushes possess the ability to retard viral adsorption? Is
the ability to prevent non-specific protein adsorption predictive of virus-resistance?
If defects exist on these carbohydrate brushes, in what circumstances will their
presence lead to protein and viral adsorption? Our goal was to identify the de-
sign space in which defect-laden carbohydrate brushes could still function suc-

cessfully as coatings that resist the attachment of viruses. Our modular synthetic
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approach allows to control surface attributes independently, generating a library
of electrostatically heterogeneous glycopolymer coatings to evaluate these unan-
swered questions.

We employed thermodynamic and statistical models to predict the degree of vi-
ral attachment as a function of surface attributes, and identified brush architecture
and aminomethyl density as the key design variables. Thereafter, we synthesized
and characterized a library of coatings with different ratios of aminomethyl groups
and B-glucose brushes, thereby validating our ability to control surface composi-
tion orthogonally. We evaluated the adsorption of fibrinogen, adenoviruses and
influenza HIN1 as a function of carbohydrate brush composition, brush architec-
ture and aminomethyl concentration. Upon performing adsorption measurements,
we observed two regimes of viral and protein adsorption. When the carbohydrate
brushes were thin and sparse, adsorption was a function of the aminomethyl con-
centration. Whereas, with thicker denser brushes, viral and protein adsorption lev-
els remained consistently low and were insensitive to the aminomethyl density,
indicating that the viruses were prevented from interacting with the binding sites.
We concluded that the interactions between the viruses and polymer coatings are
shaped by the interplay between the electrostatic attraction, which is a product of
the binding site density, and the resistance offered by the brush, which depends on

brush architecture.

4.3 Experimental

4.3.1 Synthesis of initiator and copolymer coatings using chemical vapor de-

position polymerization.

CVD copolymerization protocols developed by Kenneth Cheng.
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The initiator coatings for SI-ATRP, poly[(p-xylylene-4-methyl-2-bromoisobuty-

rate)-co-(p-xylylene)] (PPX-EB)were prepared as described in Jiang et al.*®

Briefly,
32 mg of [2.2]paracyclophane-4-methyl 2-bromoisobutyrate (PCP-EB) was sub-
limed at 115-125 °C under reduced pressure (0.3 mbar) and then pyrolysed at 540
°C. The polymers were subsequently deposited on the substrates maintained at 14
°C.

Copolymer coatings comprised of [2.2]paracyclophane-4-methyl 2-bromoiso-
butyrate (PCP-EB) and 4-aminomethyl[2,2]paracyclophane (PCP-AM) were syn-
thesized using a custom-built two-source CVD system. !> In a typical experiment,
25 mg of PCP-AM and 32 mg of PCP-EB were loaded into the first and second
tubes. Both source furnaces were heated to pyrolysis temperatures of 660 °C and
540 °C respectively using independently operated temperature controllers. In or-
der to vary the ratio of the two functional groups deposited on the substrate, the
separation distance between the precursor and the furnace was adjusted. For the
PCP-EB precursor, this distance was maintained at 0.8 cm. For the copolymers
CP44 through CP47, the separation between PCP-AM and the furnace was var-
ied between 2.8 to 3.2 cm. For the copolymers CP40 through CP43, the separation
between PCP-AM and the furnace was varied between 3-5 cm. Both precursors
were sublimed between 80 °C and 110 °C at a pressure of 0.125 torr. The de-
position chamber was cooled to 14 °C and the stage was rotated continuously
to ensure uniform composition throughout the substrates. An argon flow rate of
10 standard cubic centimeters per minute was maintained in each tube and the
sublimated dimers were transported into the pyrolysis zone by the argon carrier
gas. Thereafter, they entered the deposition chamber to adsorb to the substrates
and undergo copolymerization. Ultimately, coatings of poly[(p-xylylene-4-methyl-
2-bromoisobutyrate)-co-(p-xylylene-4-aminomethyl)-co-(p-xylylene)] were formed

on the substrates. Upon the complete sublimation of the PCP-EB precursor, depo-
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sition was halted immediately.

4.3.2 Synthesis of 2’-acrylamidoethyl-a-d-mannopyranoside monomer

This synthetic method was developed by Dr. Domenic Kratzer.

In the first step, we synthesized 2’-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-d-manno-
pyranoside

from a-d-mannose pentaacetate. In the final step, we deprotected the latter to syn-
thesize 2’-acrylamidoethyl-a-d-mannopyranoside.

Briefly, 5 g (0.012moles) of a-d-mannose pentaacetate (Sigma Aldrich) was added
to a clean and dry round-bottomed flask under argon. The solid was degassed us-
ing three cycles of vacuum-argon purging to remove adventitious moisture. Then,
50 mL of anhydrous dichloromethane was added under argon through a degassed
needle and syringe. This mixture was stirred to dissolution under argon atmo-
sphere and then cooled to 0-5 °C. Then, 2 mL (1.5 equivalents, 0.0188 moles) of
hydroxy ethyl acrylamide (Sigma Aldrich) was injected into the reaction mass un-
der argon. Finally 3.5 mL boron trifluoride diethyl etherate (1.2 equivalents, 0.015
moles) was added slowly over 15-30 minutes to the cooled reaction mass under
argon. The flask was maintained at 0-5 °C for 30 minutes and then the reaction
was allowed to proceed overnight at 22 °C. The next morning, the reaction mass
was washed thoroughly with a saturated solution of sodium bicarbonate, then
with deionized water and finally with a saturated solution of sodium chloride. The
dichloromethane was removed at 37 °C in a rotavap until a yellow and oily crude
was obtained. The crude was purified using column chromatography using a 7:3
mixture of ethyl acetate and n-hexane. The product was obtained by distilling off
the ethyl acetate-hexane mixture under vacuum at 39 °C and 1.2 g of a white solid
was obtained. After thorough drying on a schlenk line, this solid was analyzed

using NMR to confirm the formation of 2’-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-
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a-d-mannopyranoside.

In the second step, 40 mL of anhydrous methanol was added to 1 g (0.033
moles) of the above material and stirred to dissolution under argon. Then 2.3 mL of
25 % sodium methoxide in methanol (3 equivalents, 0.01 moles) was added slowly
over 15 minutes under argon. The reaction mass was stirred for 1.5 hours under
argon at 22 °C. Then a small quantity of the ion-exchange resin Dowex 500, which
was pre-washed with methanol, was added to the reaction mass and stirred for 10
minutes. Then the Dowex was filtered off and the methanol filtrate was distilled
at 37 °C in a rotavap to obtain a white foamy solid. After thorough drying on a
schlenk line, this solid was analyzed using NMR to confirm the formation of 2’-
acrylamidoethyl-a-d-mannopyranoside. Similar procedures were adopted to syn-
thesize 2’-acrylamidoethyl-f-d-galactopyranoside and 2’-acrylamidoethyl-B-d-glu-

copyranoside from their respective pentaacetate forms.

4.3.3 Surface-initiated atom transfer polymerization

Substrates bearing bromoisobutyryl groups (EB), either the homopolymer PPX-
EB or the copolymer with PCP-AM, were prepared according to the CVD processes
described above. The initial and final values of the coating thickness were ascer-
tained using nulling ellipsometry before and after SI-ATRP. In a typical SI-ATRP
run, copper (I) chloride, copper (II) chloride and Me;Tren were purchased from
Sigma Aldrich and used without further purification. Substrates were placed in a
glove bag and degassed using 3 cycles of vacuum-argon purge and left at room
temperature under argon. The respective carbohydrate-functionalized acrylamide
monomer (2’-acrylamidoethyl-B-d-galactopyranoside or 2’-acrylamidoethyl-g-d-
glucopyranoside or 2’-acrylamidoethyl-a-d-mannopyranoside) was synthesized as
described previously. Typically, about 1 g of the monomer contained within a 50

mL flask was degassed using 3 cycles of vacuum-argon purges. In parallel, 25 mL
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of milli-Q water, 500 mg NaCl and 200 uL of Me;Tren were added to a 50 mL
schlenk flask and three cycles of freeze-pump thaw were performed. After com-
pletion of the third freeze operation, 29 mg CuCl and 3 mg CuCl, were added to
the catalyst flask under argon. Pump and thaw operations were continued subse-
quent to catalyst addition. Upon dissolution, the blue-colored catalyst mixture was
transferred to the degassed monomer flask and mixed thoroughly at room temper-
ature under argon atmosphere. This mixture was transferred to the glove bag and
distributed such that each substrate was submerged completely in the reaction so-
lution. The SI-ATRP reaction was allowed to proceed for either 1 hour or 24 hours
under argon atmosphere. Finally, substrates were rinsed repeatedly with 0.05 M

EDTA solution and deionized water and dried.

4.3.4 Ellipsometry

Ellipsometry was performed on silicon wafers (Silicon Valley Microelectronics,
CA) with a native silicon dioxide layer of 2.5 nm thickness. Coating thickness was
measured before and after SI-ATRP with a nulling ellipsometer (EP3 Nanofilm,
Accurion GmbH, Germany). Ellipsometric delta and psi values were collected at a
wavelength of 531.9 nm. Fixed values were used for the real (n=1.58) and imagi-
nary (k=0) components of the refractive index of the polymer coatings. Using spec-
troscopic measurements, we verified that the refractive index of the initiator coat-
ing was very close to that of the carbohydrate brushes. After SI-ATRP, the thickness
of the carbohydrate coatings formed was calculated by subtracting the initial thick-
ness of the initiator layer from the post-ATRP thickness. Two substrates were used

per experimental run.
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4.3.5 Fourier transformed infrared spectroscopy

To verify whether the desired functional groups were present on the surface of
the polymer coatings, Fourier-transformed infrared (FTIR) spectroscopy was per-
formed using Nicolet 6700 spectrophotometer in the grazing angle configuration
against a gold background. Polymers were deposited on gold wafers and 128 scans
were collected with a resolution of 4 cm™. The absorbance intensities were normal-

ized using the OMINIC software.

4.3.6 X-ray photoelectron spectroscopy

XPS was performed on an Axis Ultra X-ray photoelectron spectrometer (Kratos
Analyticals, UK) equipped with a monochromatized Al-Ka X-ray source. All peaks
were calibrated with respect to the non-functionalized aliphatic carbon with a
binding energy of 285.0 eV. The area under each high resolution spectra was quan-
tified and elemental compositions calculated using relative sensitivity factors of 1,
2.93, 2.84 and 1.8 for Cyg, Oy, Brag and Ny respectively. Peak fitting and analysis

was performed using Casa XPS software.

4.3.7 Modeling

The model plots were developed jointly with Julia Prisby (undergraduate researcher)
For the statistical models, the Poisson cumulative distribution functions were cal-
culated as a function of actual amine density on the copolymer surface and the
critical amine density required for viral capture. The latter is dependent on the
dissociation constant (Keq) of aminomethyl, which is assumed to be of 10° and the

pH value. The area of the electrostatic zone of influence was determined as per the

Derjaguin approximation (2 x \/ParticleRadius x DebyeLength).
The interaction energy was calculated as the sum of the three terms, Uypw,

Ugpr and Uy,ygh. For the Van Der Waals contribution to the interaction energy,
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we assumed a Hamaker constant of 102" J and a particle radius of 20 nm. Ugpy,
stemming from electrostatic interactions, was quantified by assuming a virus sur-
face charge of -43.5 mV and a Debye Length of 1 nm. For surfaces from which
brushes were grafted, Uy, s, the interaction energy was first calculated assuming
a Kuhn length of 0.2 nm, excluded volume of 0.5 nm? and a grafting density of 0.4
chains/nm?. Both elastic energy and excluded volume contributions were consid-

ered in calculating Uy ysh-

4.3.8 Quartz crystal microbalance measurements

The QCM-200 instrument (Stanford Research Systems, CA) was used for these
studies. AT-cut quartz crystals coated with chrome/gold (O100RX1, Stanford Re-
search Systems, CA) were functionalized with polymer coatings prepared using
CVD and SI-ATRP as described in earlier sections.

For fibrinogen adsorption measurements, the following procedure was em-
ployed. Prior to measurement, the polymer-coated crystal surfaces were allowed to
equilibrate overnight in a solution of 10 mM phosphate buffered saline (PBS). After
the crystal was mounted on a flow cell, a syringe pump was employed to circulate
the PBS through the flow cell at a rate of 0.1 mL/hour. Once a stable baseline was
established, the pump inlet was switched from PBS to a reservoir containing the
tibrinogen solution in PBS (concentration of 10 ug/mL). This solution was injected
into the flow cell for over 5000 seconds and the adsorption response recorded at
intervals of 1 second. The adsorbed fibrinogen mass was computed from the fre-
quency decrease through the Sauerbrey equation.

For influenza HIN1 adsorption measurements, a similar procedure was em-
ployed. Influenza A /PR/8/34 HIN1 strain was obtained from Charles River avian
vaccine services (catalog # 10100782). Again, the polymer-coated crystal surfaces

were allowed to equilibrate overnight in a solution of 10 mM PBS. Then, the crystal
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was mounted on a flow cell and the PBS buffer was pumped through the flow cell
at a flow rate of 0.1 mL/hour using a syringe pump. Once a stable baseline was
observed, the pump inlet was switched over to a reservoir of the influenza sus-
pension in PBS (diluted to achieve a final concentration of 500 HA units/mL). This
suspension was injected into the flow cell for over 5000 seconds and the adsorp-
tion response recorded at intervals of 1 second. The adsorbed mass of the virus

was computed from the frequency decrease through the Sauerbrey equation.

4.3.9 Adenovirus adsorption measurements

Viral incubation performed by James Sugai, Giannobile Lab. SEM analysis was per-
formed by Kenneth Cheng
Si wafers of size 0.5 cm x 0.5 cm were functionalized with the polymer coatings
of interest as described earlier. These were placed in a 24-well plate and sterilized
with 70% ethanol for 30 minutes. Thereafter, they were washed 5 x 5 minutes with
sterile PBS. Then, 1 mL of a solution of Ad-pLpA (obtained from the University
of Michigan’s Vector Core) was added to each of the wells and incubated for 3-4
hours at 4 °C while being shaken gently. The viral concentration was maintained
at 1 x 10 particles/mL. The virus solution was subsequently aspirated and the
wafers washed 5 x 5 minutes with sterile PBS. Finally the viruses adsorbed to the
polymer coatings were fixed using 2.5 % paraformaldehyde (Electron Microscopy
Services) in PBS. The samples were then dehydrated in ethanol and dried in a
dessicator overnight. Viral adsorption was compared across different surfaces us-
ing scanning electron microscopy. Samples were mounted on a copper-taped SEM
mount and sputter-coated with gold for 120 seconds. All images were acquired
at 10,000 x magnification using the FEI Helios 650 nanolab instrument. For each
sample group, viral particles were counted manually twice from four images for

each sample group. Bright particles of the size range 50-100 nm were included in
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Figure 4.1: Synthetic strategy for model surfaces: In the first step we employed
chemical vapor deposition (CVD) copolymerization to functionalize substrates
with polymerization initiators (bromoisobutyryl groups, abbreviated as EB) and
aminomethyl moieties (CH,NH, groups, abbreviated as AM). The positively
charged AM groups serve as binding sites for electrostatically driven adsorp-
tion of viral species and protein molecules. The ratio between AM and EB func-
tional groups can be controlled by varying CVD operating parameters. In the sec-
ond step, polymer brushes with pendant carbohydrate residues (a-glucose or -
galactose or a-mannose.) were grafted from the EB groups using surface-initiated
atom transfer radical polymerization (SI-ATRP). Surfaces devoid of AM groups
were used as controls. Our two-step synthetic strategy affords precise control over
brush density, thickness, composition and binding site density. Finally, the effects
of each of these variables on protein and viral adsorption was examined.

the count.

4.4 Results and discussion

Our model surface (Figure 4.1) consists of two components. The base layer is
a binary copolymer synthesized via CVD copolymerization of functional paracyl-
cophanes -: 1) The aminomethyl group (AM), with a pKa value of 10, acquires

a positive charge upon protonation.?!” 2) The ester bromide (EB) functionality,

84



which initiates surface-initated atom transfer radical polymerization of glycopoly-
mer brushes.

The ratio of AM to EB on the surface of the copolymer can be tuned by mod-
ulating the CVD operating conditions and compositional control has already been
demonstrated in our previous work??. In Kumar et al.??’, we had studied the
adsorption kinetics of virus-like nanoparticles on model surfaces where the com-
mercially available glycomonomer sorbitol methacrylate had been used. In this
contribution, we have extended the scope of our investigation to surfaces with
greater chemical complexity by incorporating carbohydrate moieties in their bioac-
tive pyranose forms. Our library of glycopolymers consists of polymer brushes
with poly(acrylamide) backbones bearing pendant side chains composed of either
a-glucose or B-galactose or a-mannose.

In another step forward from the previous work, we have replaced particulate
models of viruses (carboxylated polystyrene nanoparticles) with two viral strains,
adenoviruses and influenza HIN1. By using these two viral strains, we anticipated
that we would acquire a realistic and practically useful picture of polymer-virus

interactions.

4.4.1 Predictive models of virus-polymer interactions: Identifying key surface

design variables

Before evaluating viral and protein adhesion on our library of coatings, we con-
structed simplified models to identify the surface design variables that would exert
the most influence.

First, we employed a statistical treatment developed by Duffadar et al.??” to
calculate the capture efficiency of viral particles by brush-free copolymer surfaces
composed of AM and EB moieties. This approach has been successfully employed

in the past to probe the attachment behavior of micron-sized particles on hetero-
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geneous surfaces. In this calculation, we assume that the AM groups are randomly
distributed in patch-wise fashion on the copolymer surface according to the Pois-
son distribution. Despite the existence of an overall or global negative zeta poten-
tial on the copolymer coatings, the AM groups provide “hotspots” of local positive
charge to which viral particles can bind through point-wise interactions. How-
ever, these interactions cannot be predicted if we consider the averaged out sur-
face charge of the copolymer coatings. Though DLVO theory predicts repulsive
interactions between negatively charged particles and surfaces with a net negative
(-potential, viral adsorption can still occur if the number of attractive elements
present on the surface exceeds the threshold value.??! A statistical treatment is ca-
pable of identifying this threshold, which is dependent on several variables- ionic
strength, contact area between the virus and the surface and the pH-dependent
degree of ionization of the AM groups.

The contact area over which electrostatic interactions are exerted is calculated
in accordance with the Derjaguin approximation for the sphere plate geometry as
shown previously. '3 At a pH value of 4, (Figure 4.2(a)), the probability of captur-
ing a viral particle with a radius of 20 nm increases monotonically as we add more
amine groups to the surface, before hitting a plateau at an amine concentration
where viral adsorption is certain. Additionally, as the environment becomes less
acidic, upon increasing the pH to 5, the capture probabilities are greatly reduced
while keeping the copolymer composition constant (Figure 4.2(b)). This is because
a lower proportion of AM groups are likely to be protonated at a pH of 5, render-
ing viral capture less probable. Viral radius was singled out as another pertinent
factor, with a particle radius of 20 nm resulting in lowered capture efficiencies (Fig-
ures 4.2(c) and 4.2(d)). This is due to the reduction in the area of the electrostatic
zone of influence. Finally the dependence on capture efficiency on the density of

electrostatic tethers can range from sigmoid at low ionic strength (Debye length of
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30 nm) to linear at higher ionic strength (1 nm) (Figure 4.2(d)).

From our statistical model, we learned that when polymer brushes are absent,
viral adhesion is largely shaped by “external factors” such as ionic environment
and the viral geometry and is dependent to a lesser extent, on controllable factors
such as the surface composition. Since the magnitude and length scale of electro-
static repulsion exerted by the AM-containing copolymer surface are dependent
on pH and Debye length respectively, the surface cannot be shielded from viruses
merely by minimizing the AM density. Reduction of local electrostatic driving
forces by controlling the AM density is therefore not a reliable strategy to control
viral adhesion. This analysis underscores the necessity of a design element that
functions as a barrier against adsorbing viral particles, namely polymer brushes
with the optimal architecture and composition.

To investigate the effect of polymer brush thickness and density on the ther-
modynamics of virus-surface interactions, we neglected the mosaic-like nature of
our model surfaces. To minimize computational effort, we performed DLVO cal-
culations by employing a mean-field approximation. Assuming that the copoly-
mer surface had an isoelectric point of 4.9 and that the viral radius was 20 nm,
we quantified the energy of the virus-surface interaction as a function of pH and
distance separating the virus from the copolymer surface. The electrostatic repul-
sion (or attraction) arising from the electrical double layer forces was added to the
Van Der Waals attraction (copolymer and brush VAW forces were described by a
single Hamaker constant). In Figure 4.2(e), we can see that when the pH is above
the IEP of the copolymer, the virus is repelled from the surface whereas attrac-
tive interactions result at pH values lower than the IEP (4.9). However, when a
10 nm thick polymer brush is introduced (Figure 4.2(f)), the interaction energy as-
sumes positive values, indicating that it becomes thermodynamically unfavorable

for the virus to adhere to the surface across a broad range of pH values. When
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the brush thickness is increased further to 15 nm (Figure 4.2(g)), the height of
the energy barrier forbidding viral adhesion only grows further. When a virus ad-
sorbs to the surface, it either penetrates the polymer brushes in regions where its
brush character is compromised by the interspersed AM groups, or it compresses
the brush, resulting in a decrease in its equilibrium height. In the latter case, the
brush compression imposes an entropic penalty and carries high thermodynamic
costs, whereas in the former case, excluded volume interactions prohibit viral pen-
etration of the brush. Irrespective of the mechanism involved, we expect polymer
brushes to prevent viral adsorption, possibly through phenomena that resemble
those involved in protein resistance. In our model, we have only included the ef-
fects of entropic loss and steric repulsion. In reality, the water structure associated
with the exceptionally hydrophilic glycopolymer brushes will also be disrupted
by the adsorbed virus, giving rise to hydration repulsion caused by displacement
of water molecules. However, hydration repulsion has not been accounted for in
our model. Notwithstanding this approximation, our modeling study predicts that
the thermodynamic landscape of virus-polymer interactions is transformed by the

incorporation of the polymer brushes.

4.4.2 Synthesis and characterization of copolymer coatings and carbohydrate

brushes

From the models described above, we anticipated that viral adhesion would be
promoted by AM groups and inhibited by the carbohydrate brushes. We wanted
to verify this hypothesis through experimental measurements that help us under-
stand how viral and protein adsorption would be affected by the incorporation
of AM binding sites and carbohydrate brushes. To this end, we synthesized four

groups of surfaces:
e Initiator coatings solely composed of EB.
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e Copolymer surfaces composed of both EB and AM.
e a-mannose brushes grafted from the initiator coatings.

e a-mannose brushes grafted from the copolymer coatings.

The chemical structures of the above surfaces are shown in Figure 4.3(a). The
initiator and copolymer surfaces were both synthesized using CVD (co)polymer-
ization. Both sets of surfaces were subsequently used as substrates in the same SI-
ATRP run to synthesize a-mannose brushes from each, giving rise to four groups
of coatings. Fourier-transformed infrared (FTIR) spectroscopy was used to verify
the presence of functional groups associated with each coating. The initiator coat-
ings were characterized by the presence of bands in the 1730 cm™ and 1100 cm™
regions, that are signature peaks belonging to the C=0 and C—O bonds from the
ester bromide. In addition to these two bands, the copolymer coatings also gave
rise to a broad N—H peak in the 3400 cm™ area, signifying that AM groups were
present. Moreover, the bands belonging to the C—H stretches were much stronger
in the copolymer coating than in the initiator coating owing to the preponderance
of methylene groups from the CH,NH,. After SI-ATRP, mannose brushes grafted
from the copolymer and the initiator were analyzed using ellipsometry, FTIR spec-

troscopy (Figure 4.3(b)) as well as X-ray photoelectron spectroscopy (Figure 4.4)

We observed the appearance of two new signals in the FTIR spectra upon graft-
ing mannose polymers from the surface. The 3300cm™ band that is typical of the
hydroxyl group and the N—C=0 amide stretch at 1658 cm™!, both of which con-
tirm the formation of the mannose polymer brush.

XPS analysis of the mannosylated sample revealed that the elemental compo-
sition was in close agreement with the theoretical values derived from the molec-

ular structure. High resolution scans of the Cy5 region were performed in order to
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quantify signals from the aliphatic C-C bonds, the C-C-O bonds from the pyranose
ring, the N-C bonds and the C=0 from the acrylamide. The distribution of areas
under each of the fitted peaks matches the theoretical contribution from each com-
ponent, which provides additional validation that the a-mannose brushes were
synthesized successfully. Since XPS has a penetration depth of 5-10 nm, only the
a-mannose polymer brushes were sampled when they were grafted from the ini-
tiator as their thickness (18 nm) exceeds this limit. On the other hand, when they
were grafted from the copolymer, they were thinner (3 nm) and hence presented
a mixture of signals from both the brush and the copolymer, rendering analysis a
challenge.

Overall, from our characterization studies, we were able to confirm that all
four surfaces were successfully synthesized and that the chemical structure of a-

mannose side chains remained intact after SI-ATRP.

4.4.3 Evaluation of virus and protein adhesion on mannose brushes

Next we proceeded to examine the effect of surface composition on the ability
of these surfaces to retard non-specific adsorption of fibrinogen, influenza HIN1
and adenoviruses. Specifically, we wanted to evaluate the impact of introducing
AM groups and a-mannose brushes on viral and protein interfacial behaviour. Ac-
cordingly we challenged the four surfaces characterized above (initiator coatings,
copolymer coatings, a-mannose brushes grafted from each of them) with a solution
of fibrinogen and measured the adsorption response using QCM. Since undesired
fibrinogen adsorption to biomedical implants is known to trigger thrombosis, it is
frequently used as a model protein molecule to evaluate non-fouling abilities of
polymeric surfaces.

As seen in Figure 4.3(c), the quantities of fibrinogen deposited on the the copoly-

mer and initiator surfaces were quite high (2000 and 1500 ng/cm? respectively).
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Figure 4.4: XPS characterization of poly(2’-acrylamidoethyl-a-d-mannopyrano-
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Streaming potential measurements have previously shown?? that the isoelectric
point of the copolymer coatings is higher than that of the initiator coatings. We
concluded that the difference in surface charge between the copolymer and initia-
tor enhanced the deposition of fibrinogen (IEP of 5.8), whose adsorption behaviour
is known to be sensitive to pH and electrostatic double layer thickness.

In contrast to the unmodified copolymer and initiator surfaces, the fibrinogen
adsorption was greatly reduced when mannose brushes were grafted (750 and 50
ng/cm? respectively). This represents a 63% reduction in protein adsorption for
the copolymer surfaces and a 97% reduction for the initiator surfaces. However
protein adsorption was 15 times higher on the mannose brushes which were co-
immobilized with AM on the copolymer than on surfaces composed of mannose
brushes alone. Overall these results suggest that the while the mannose brushes
are capable of preventing fibrinogen deposition, the incorporation of AM groups
promotes fibrinogen adsorption.

In the case of influenza HIN1 adsorption, we observed similar trends (Figure
4.3(d)). The mass of virus particles adhering to the copolymer and the initiator
were quite high and unlike fibrinogen, the difference in the extent of adsorption
between these two coatings was negligible. At a pH of 7.4 and in a 10 mM PBS so-
lution, conditions identical to those in which QCM was performed, the {-potential
of influenza was recorded as -29 mV. From this, we realized that the the interactions
between the influenza and the polymer coatings are not as sensitive to electrostatic
attraction as compared to fibrinogen.

The adsorption traces of influenza differed from those of fibrinogen in another
aspect. While the adsorbed fibrinogen mass increased exponentially with time be-
fore hitting a plateau, representing a typical first-order adsorption profile, the ad-
sorption profile of influenza followed a linear trend. It appears that fibrinogen’s

adsorption kinetics fit the monoexponential model in which the protein unfolds at
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the surface, forms a monolayer and ceases to adsorb to the surface upon reaching
saturation coverage. On the other hand, influenza’s adsorption kinetics suggest an
accumulation process resulting in the formation of a multilayer.

However, the introduction of a-mannose to the interface has the effect of sup-
pressing viral adsorption on both the copolymer and the initiator surfaces. While a
plateau value of around 500 ng/cm? was reached for the mannose brushes grafted
from the copolymer, the frequency did not change much on the mannose brushes
grafted from the initiator, indicating near-zero levels of adsorbed influenza. These
observations closely mirror the results from the fibrinogen study.

Influenza HIN1 apart, we also tested these four surfaces against adenoviruses.
After incubation, the surfaces were washed, fixed, and imaged using scanning
electron microscopy and the density of viruses on the surfaces evaluated (Figure
4.3(e)). The copolymer had the highest number of adenoviruses adsorbed per m?,
followed by the initiator coating and the mannose brushes grafted from the copoly-
mer. The a-mannose brushes free of AM groups had nearly no adenoviruses on its
surface, implying that the a-mannose brushes are successful in preventing the ad-
sorption of not just the influenza viral particles but also adenoviruses. However,
the virus-resistance displayed by the a-mannose brushes grown from the copoly-
mer was not as effective, indicating that the AM functions as a binding site for the
adenoviruses.

The results from the fibrinogen, influenza and adenovirus studies follow a con-
sistent trend and prove that the x-mannose brushes serve as a barrier against vi-
ral adhesion. They also verify the predictions of the models which suggested that
the electrostatic attraction offered by the AM groups could be counteracted by the
presence of the carbohydrate brushes. This study was repeated for S-glucose and
B-galactose polymer brushes, with similar results. We concluded that viral and

protein adsorption trends were largely independent of the composition or stereo-
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chemistry of the carbohydrate brushes, possibly because neither viral strain bears
lectins possessing specific affinities for the glycans we employed.???

In the first phase of our study, we established that our tunable coating compris-
ing carbohdyrate brushes and electrostatic tethers, is an effective model surface to
probe the competing effects of Coulombic forces and steric repulsion. In the sec-
ond phase of our study, we synthesized surfaces with varying ratios of brushes

and electrostatic tethers and simultaneously evaluated the impact of polymer con-

formation and binding site density on viral and protein adhesion outcomes.

4.4.4 Thin carbohydrate coatings with high AM densities

We proceeded to evaluate the effect of AM surface concentration and brush
architecture on the adsorption kinetics of influenza HIN1 and fibrinogen. Two sets
of surfaces were synthesized. In the first set, we sought to create thin and sparse
glucose brushes from four copolymer surfaces with varying amine concentrations.

The relative concentrations of aminomethyl and ester bromide repeat units
were varied in copolymers CP44 through CP47. As seen in Figure 4.5(a), the car-
bonyl bands at 1730 cm™! are prominent in CP47, but not as intense in CP44 and
CP45, indicating that CP47 has the highest EB density. Conversely, the C—H and
N—H bands associated with the aminomethyl are most intense in CP44 and their
intensities decline steadily from CP45 to CP47, implying that the CP44 has the
highest proportion of AM repeat units. These observations from FTIR studies were
turther verified using XPS scans (Figure 4.5(b)). From XPS, it was revealed that the
nitrogen content is highest in CP44 and lowest in CP47. Overall, the FTIR and XPS
results verified that copolymer coatings with a broad compositional range were
prepared successfully.

Upon synthesizing and characterizing copolymer surfaces using CVD, glucose

brushes were grafted from CP44 through CP47. We ensured that all the copoly-
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Figure 4.5: Four sets of copolymers (CP44-red, CP45-green, CP46-blue, CP47-
purple) with different concentrations of aminomethyl (AM) and ester bromide (EB)
groups were prepared. (a) FTIR and (b) XPS measurements together verified that
the AM concentration decreased progressively from CP 44 to CP47. Conversely
,the EB content increased as shown by the growing intensity of the carbonyl band.
(c) Ellipsometric thicknesses of glucose polymers grafted from the copolymer coat-
ings. QCM traces of (d) fibrinogen and (e) influenza indicate that the adsorption
levels of both the protein and the virus particles are correlated with the AM den-

sity.
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mer surfaces underwent SI-ATRP in the same experimental run to ensure that they
were exposed to identical polymerization conditions. During the synthesis of glu-
cose brushes, the SI-ATRP reaction time was restricted to one hour with the intent
of obtaining short polymer chain lengths. Even though all the copolymers were
treated to the same SI-ATRP conditions, we anticipated that the grafting density of
the glucose brushes would vary due to differences in AM/EB ratios. Ellipsometric
characterization (Table 4.5(c)) of the resulting glucose coatings indicated that the
thickness was highest in CP47 and lowest in CP44, suggesting that differences in
polymer conformation caused these variations. Despite the fact that these glucose
chains are expected to be around the same molecular weight by virtue of being syn-
thesized under identical reaction conditions, the thicknesses ranged from under 1
nm for AM-rich copolymers CP44 and CP45 to nearly 5 nm for CP47, which had
the least AM density and consequently the highest grafting density. These results
agree with previous studies which concluded that high grafting densities promote
the formation of thicker brush-like polymers while lower densities result in thin
and sparse mushroom-like polymers.2%4

Finally, we performed QCM measurements of influenza and fibrinogen adsorp-
tion on these four glucose surfaces to ascertain the impact of AM density and poly-
mer conformation on adhesion kinetics. For fibrinogen, we observed that glucose
brushes grafted from CP44 had the highest adsorbed mass of protein at around
1200 ng/cm? while those grafted from CP47 displayed the least fibrinogen adsorp-
tion among the four surfaces compared. We observed similar trends for influenza
adsorption, though the difference in adsorbed viral masses between CP44-glucose
and CP47-glucose was lower. It is pertinent to note that the glucose chain density
is highest for CP47-glucose and lowest for CP44-glucose. It appears that the fib-
rinogen and influenza adsorption can be promoted or retarded merely by varying

the proportion of AM and EB functionalities.
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4.4.5 Thick carbohydrate coatings with lower AM content

In the second set of surfaces studied, we desired to graft glucose brushes from
the copolymer surfaces such that they had higher thicknesses and grafting densi-
ties than in the first of surfaces. Accordingly, we synthesized copolymer coatings
where the AM surface density would be lower than those in the first set, thereby
ensuring sufficiently numerous ATRP initiators (EB) exist on the coating.

As seen in Figure 4.6(a), though the FTIR bands representing the aminomethyl
functionality are quite prominent in CP40, the remaining surfaces in this set, CP41,
CP42 and CP43 are mostly composed of the EB repeat unit. This finding is appar-
ent in XPS measurements (Figure 4.6(b)), where we can see that with the excep-
tion of CP40, whose composition reflects 75%-25% split between the AM and EB
components respectively, the nitrogen content is consistently low in the remaining
surfaces. In CP41, CP42 and CP43, the AM proportion varies between 25% to 30%,
thereby ensuring adequate initiator coverage.

Later, glucose brushes were synthesized from these four surfaces in the same
SI-ATRP experiment in order to ensure that they were all subjected to identical
reaction conditions. In this ATRP run, we allowed the reaction to proceed for 24
hours so that the maximum possible degree of polymerization could be attained
for these surface-grafted polymer chains. Thicknesses of these glucose-functional
layers were determined using ellipsometry and tabulated in Table 4.6(c). We ob-
served that though the glucose layer thickness is quite thin in the CP40 surfaces,
the glucose coatings were significantly higher in the remaining samples (CP41,
CP42 and CP43), ranging from 3-5 nm. This striking contrast in brush thickness be-
tween CP40 and the other copolymers can be attributed to the higher AM content
in CP40 and denser distribution of ATRP-initiating EB moieties in CP41 through
CP43. Additionally, the increase in reaction time compared to the first set of sur-

taces (24 hours as opposed to 1 hour) likely allowed us to attain higher degree of
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Figure 4.6: Four sets of copolymer coatings (CP40-red, CP41-green, CP42-blue,
CP43-purple) with different ratios of aminomethyl (AM) and ester bromide (EB)
groups were synthesized and differences in adsorption evaluated. (a) FTIR spec-
tra and (b) X-ray photoelectron spectroscopy (XPS) were jointly employed to as-
sess variations in AM content. Subsequently, glucose polymer chains (ellipsometric
thicknesses tabulated in (c)) were grafted from these surfaces using SI-ATRP. The
adsorption kinetics of (d) fibrinogen and (e) influenza HIN1 on glucose chains
grown from copolymers were studied using QCM. For both fibrinogen and in-
fluenza, adsorbed masses were near baseline levels, indicating that the glucose
layers prevented non-specific protein and viral adsorption.
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polymerization and consequently thicker coatings.

Subsequently, we evaluated the interactions between these glucose-functional
surfaces and fibrinogen using QCM measurements. In the CP40-glucose surface,
we detected a small decrease in the measured frequency upon the introduction of
tibrinogen (around 1800 seconds), indicating that only a low quantity of protein
had been adsorbed. As for the rest of the surfaces, the deviation of frequency mea-
surements from baseline levels was even smaller, and in two cases (CP42-glucose
and CP43-glucose) could not be distinguished from the noise in the baseline read-
ing. Similar results were obtained when we assessed influenza HIN1 adsorption
on these surfaces, with barely discernible decreases in frequency being recorded
upon the injection of the influenza suspension. Overall, we concluded that both
non-specific protein and viral adsorption levels were minimal (100-200 ng/cm?) in
the second set of surfaces (CP40 to CP43).

We note the dissimilarities in the adsorption trends observed between the first
set of surfaces and the second set of surfaces (Figure 4.5 and Figure 4.6). In the for-
mer, the extent of viral and protein adsorption was dependent on the copolymer
composition, with a strong correlation between the adsorption response and the
AM concentration. In contrast, the latter case presents a scenario wherein the ad-
sorption remained low on all samples irrespective of whether the AM levels were
at their highest (as in the case of CP40) or lowest (CP43). The fact that the adsorp-
tion profiles were independent of binding site density in Figure 4.6 but varied with
AM density in Figure 4.5 suggests that AM density alone cannot influence adsorp-
tion outcomes. From these two studies, it is apparent that adsorption behavior is
shaped by the complex interplay between binding site density and polymer con-
formation.

In the first case, the polymer chains were short, thin and dilute and did not

flop over to form a bridge across adjacent the AM binding sites. As a result, the
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AM groups were able to interact with the approaching virus particle or protein
molecule, leading to AM concentration-dependent adsorption trends. In the sec-
ond case, due to a combination of higher reaction time as well as initiator density,
the polymer chains were long enough and numerous enough to shield the AM
binding sites, thereby preventing adsorption altogether and screening the electro-
static attraction offered by the AM binding sites. While the electrostatic screening
provided by the addition of electrolytes has limited utility in the prevention of
Coulombically driven viral adsorption, our carbohydrate polymer brushes func-
tion as hydrophilic and steric screens that can ward off viruses in a manner inde-

pendent of Debye length and pH.

4.5 Conclusions

In identifying design guidelines for virus-resistant coatings, model surfaces can
prove to be useful in bridging the gap between theoretical predictions and techno-
logical applications. In this study, we developed a model surface incorporating car-
bohydrate brushes of tailored composition and architecture as well as AM groups,
which served as binding sites promoting viral adhesion. Employing a combination
of chemical vapor deposition copolymerization and surface-initiated atom transfer
radical polymerization, we successfully synthesized multifunctional polymer coat-
ings where the carbohydrate brushes and positively charged binding sites could
be co-immobilized in the desired ratio. We observed two effects on copolymer sur-
faces enriched with AM groups have 1) reduced initiator densities leading to a
thinner diluted brush, thereby compromising its ability to screen viral adsorption
2) enhancement of electrostatically driven adsorption of fibrinogen and influenza
HINT1. Further, we examined the adsorption of fibrinogen and influenza on a di-
verse set of coatings and concluded that the adsorption of virus-like nanoparticles

is a complex function of AM concentration and carbohydrate brush architecture.
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By allowing the carbohydrate brushes to grow to their maximum extent and attain
brush thicknesses in the order of 3-5 nm, low levels of protein and viral adsorption
could be achieved, even when the AM proportion was as high as 25-30%. When
carbohydrate polymer chains were sufficiently long and numerous, the resulting
steric and hydration repulsions could effectively block the virus from interacting
with the positively charged affinity sites. Among coatings where AM was the dom-
inant repeat unit the viral and protein adsorption varied in accordance with the
aminomethyl concentration, especially since short and sparse polymer chains did
not form a viable barrier. We posit that viral resistance can remain uncompromised
despite the existence of positively charged aminomethyl-like “defects” on the coat-
ings if our design guidelines (maintaining defect density below 30%, maximizing
the degree of polymerization of grafted brushes) are implemented. We conclude
that virus-resistant coatings will retain their ability to repel proteins and viruses if
the surrounding carbohydrate chains are carefully engineered to mask the attrac-

tive interactions offered by the defects.

103



CHAPTER V

A Predictive Model for the Design of Zwitterionic
Polymer Brushes: A Statistical Design of Experiments

Approach

The material in this chapter has been adapted with minor modifications from

the following published articles

e Xu Qian, Luis G. Villa-Diaz, Ramya Kumar, Joerg Lahann, Paul H. Krebs-
bach,”Enhancement of the propagation of human embryonic stem cells by
modifications in the gel architecture of PMEDSAH polymer coatings”, Bio-
materials, 2014, 35, (36), 9581-9590

e Ramya Kumar and Joerg Lahann, “Predictive Model for the Design of Zwit-
terionic Polymer Brushes: A Statistical Design of Experiments Approach”,

ACS Applied Materials & Interfaces, 2016, 8, (26), 16595-16603

Nanoindentation studies herein performed jointly with Salwan Butrus, undergrad-

uate researcher.
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5.1 Abstract

The performance of polymer interfaces in biology is governed by a wide spec-
trum of interfacial properties. With the ultimate goal of identifying design param-
eters for stem cell culture coatings, we developed a statistical model that describes
the dependence of brush properties on surface-initiated polymerization (SIP) pa-
rameters. Employing a design of experiments (DOE) approach, we identified op-
erating boundaries within which four gel architecture regimes can be realized, in-
cluding a new regime of associated brushes in thin films. Our statistical model
can accurately predict the brush thickness and the degree of intermolecular asso-
ciation of poly[{2-(methacryloyloxy) ethyl} dimethyl-(3-sulfopropyl) ammonium
hydroxide] (PMEDSAH), a previously reported synthetic substrate for feeder-free
and xeno-free culture of human embryonic stem cells. DOE-based multifunctional
predictions offer a powerful quantitative framework for designing polymer inter-
faces. For example, model predictions can be used to decrease the critical thickness
at which the wettability transition occurs by simply increasing the catalyst quan-

tity from 1 mol% to 3 mol%.

5.2 Introduction

223228 anti-fouling coatings'%,

The performance of responsive polymer brushes
anti-microbial coatings??*?3Y, biosensor coatings??!, or substrates for regenerative
medicine is defined by the subtle interplay of interfacial properties such as thick-
ness, wettability, swelling ratio, friction coefficient, roughness or charge!!2%7232,
In the case of polymer brushes, these properties are readily modified by vary-
ing the brush composition, i.e., by choosing a suitable monomer, as well as by

varying the brush architecture. Recent advances in controlled radical polymeriza-

tion techniques (CRP), such as surface-initiated nitroxide-mediated polymeriza-
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tion® (SI-NMP), surface-initiated reversible addition-fragmentation transfer 233,234

(SI-RAFT) polymerization and surface-initiated atom transfer radical polymeriza-
tion*? (SI-ATRP), have enabled the creation of tailored polymer brushes of desired
architectures. CRP, when used to grow polymer brushes from substrate-bound ini-
tiators, has far-ranging possibilities, with a vast and steadily expanding library of
monomers, initiator systems, substrate choices and polymer architectures 719235,
Compared to other CRP techniques, SI-ATRP is compatible with a wider range of
functional monomers, more tolerant of impurities and easier to access experimen-
tally.

The selection of optimal SI-ATRP conditions is a critical element in polymer
brush design, because the resultant brush properties are influenced by several
experimental parameters and sometimes even combinations of SI-ATRP param-
eters?302%7_ The traditional iterative approach that relies on one-factor-at-a-time?38
optimization of polymerization recipe is inefficient and time-consuming. High-

239 and computer-aided methods?4° for scree-

throughput combinatorial approaches
ning and optimizing solution ATRP conditions have been proposed, but it is un-
clear whether these will be effective when translated to SI-ATRP. A recent study
tried to address this issue by developing a photonic microring resonator for real
time monitoring?*! of brush growth, but data interpretation remains difficult.
Properties of polymer brushes prepared by surface-initiated polymerization
(SIP) have been predicted using a combination of experimental investigations and
mathematical models?#2. Kinetic modeling and simulations have been employed
successfully to predict polymer film thickness as a function of time?*324*, In pre-
dicting the kinetic trajectory for certain polymerization conditions, these studies
have also provided mechanistic insights on the nature of initiation, chain transfer,

propagation and termination?*® in SI-ATRP. However, the development of these

mathematical models requires prior knowledge of the rate constants as well as ex-
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perimental determination of the chain length distribution (CLD) of tethered poly-
mer chains. Obtaining this information is usually not straightforward. Releasing
tethered polymer chains from the substrate can introduce impurities and the sev-
ered polymers are not always obtained in a quantity that is sufficient for molecu-
lar weight determination using size exclusion chromatography (SEC)%*. Precise
experimental determination of rate constants neccessitates use of special meth-
ods, such as pulsed laser polymerization and electron paramagnetic resonance
(EPR)?%248 which can be difficult to implement. Sometimes, if the experimental
estimates of rate constants are unavailable, they are iteratively determined so as to
bring the model predictions in line with experimental results?42.

Non-idealities inherent to the SI-ATRP process further complicate the devel-
opment of ab initio models. These include confinement effects caused by a high
grafting density, gradients in monomer and catalyst concentration and mass trans-
fer limitations?*. In some cases, the catalysts and the monomer are not equally
accessible to all growing chains, resulting a broader CLD for the surface-initiated
process as compared to the highly monodisperse molecular weight distribution
than is routinely obtained in a solution ATRP process?*%?!. Techniques such as
Monte Carlo?®? and Gillespie Stochastic Simulation Algorithm (GSSA)?°32%* sim-
ulations that can account for these non-idealities require computationally expen-
sive approaches. Finally, the predictive scope of these models is restricted to CLD
alone and does not include other interfacial properties, such as surface charge or
wettability.

Due to these limitations, developing a quantitative understanding of the de-
pendence of polymer coating properties on SI-ATRP parameter design through
stochastic methods and molecular modeling can be challenging. In contrast, we
decided to develop an alternative modeling approach using statistical design of

experiments (DOE).
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Poly[{2-(methacryloyloxy) ethyl} dimethyl-(3-sulfopropyl) ammonium hydrox-
ide] (PMEDSAH), a zwitterionic polymer brush, undergoes a hydrophilic to hy-
drophobic transition that is governed by brush-specific parameters (e.g., thick-
ness and monodispersity) as well as kinetic features of the polymerization step
(e.g., propagation rate during ATRP?>®).To create tailored polymer architectures
and tunable CLD for PMEDSAH, surface-initiated atom transfer radical polymer-
ization (SI-ATRP?°%) has been used?”. For PMEDSAH brushes produced by SI-
ATRP, Cheng et al.?>® found that thin brushes are usually unassociated and hy-
drophilic, whereas thick brushes may or may not produce self-associated hydropho-
bic brushes depending on the propagation rate. If the critical thickness for the
hydrophilic-to-hydrophobic transition can be lowered, typically achieved by bring-
ing about low propagation rates in SI-ATRP, unusually thin associated gel archi-
tectures can be realized >,

PMEDSAH brushes have been identified as promising synthetic substrates for
culturing human embryonic stem cells (hESCs) under feeder-free and xeno-free
conditions?®®. PMEDSAH coatings can maintain hESC pluripotency in fully de-
fined culture conditions during long-term expansion, thereby circumventing the
drawbacks of animal-derived products?>”. Earlier, we reported that hESC prolif-
eration rates are highly sensitive to differences in the gel architecture of PMED-
SAH, with a coating possessing a moderate degree of self association favoring
rapid stem cell self-renewal?®’. In Qian et al.?®?, we concluded that the rate of
stem cell self-renewal can be increased or decreased by modifying the gel archi-
tecture of PMEDSAH. Therefore, the architecture of PMEDSAH brushes is a key
design parameter that exerts a substantial influence over the proliferation rate of
hESCs cultured for tissue engineering applications. Our work was motivated by
the need for a property prediction tool that could guide SI-ATRP parameter selec-

tion and enable access to PMEDSAH brushes possessing any desired architecture.
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We anticipate that accurate prediction of SI-ATRP outcomes will aid the synthesis
of PMEDSAH brushes with the optimal properties for facilitating rapid expansion
of hESC populations.

In this paper, we report the development of a statistical model that successfully
guided the SI-ATRP of PMEDSAH brushes of diverse architectures and functions,
including a previously inaccessible polymer brush regime. This predictive model
will be more effective in informing experimentalists about reaction conditions for
obtaining polymer brushes with desired interfacial properties, compared to con-

ventional trial-and-error approaches.

5.3 Experimental

5.3.1 Chemical vapor deposition polymerization of ATRP initiator

Using a previously described chemical vapor deposition (CVD) polymerization
approach,® the initiator coatings were deposited on the substrates in the form of
a thin film bearing bromoisobutyryl ester groups for subsequent ATRP initiation.
Using Fourier-transformed infrared (FTIR) spectroscopy, two characteristic bands
— the first at 1730 cm™, indicative of the C=O bond of the ester groups and the
second band at 1160 cm™!, which is characteristic of the C-O-C stretches, were used

to confirm the chemical structure of the initiator.?°

5.3.2 Experimental design for SI-ATRP

To conduct a systematic exploration of the experimental space of SI-ATRP, we
used a general factorial design with the three design variables set at the levels sum-
marized in Table 5.1. The design variables form the inputs to our statistical model
and the responses (thickness and contact angle) are its outputs. It is important

to note that these 45 combinations merely represent a systematic sampling of the
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Table 5.1: Experimental space constructed for statistical model development. This
general factorial design gave rise to 45 combinations (3*3*5). This statistical model,
developed from a finite number of experimental runs, can predict the results of a
larger superset of possible experiments within the range of SI-ATRP parameters
studied.

Factor Coding Number Units Factor Levels Studied
of Levels

Cat. Qty [CuCl]:[Monomer] A 3 Mol% 1% 2% 3%

Cat. Ratio [CuCl]:[CuCl,] B 3 - 25 5 10

Reaction time C 5 hours 1 4 8 12 24

infinite combinations possible within the SI-ATRP parameter space. Each of the
45 experimental runs was performed twice. Once a satisfactory statistical model
was obtained, it was not necessary to conduct further replicates (the supporting
information section includes a description of the procedure used for model dis-
crimination and selection of the best statistical model). By analyzing results from
this small sample space, we can make predictions about any point in the entire
experimental space, including those points about which we have no prior knowl-
edge. The order of experimental runs was randomized to ensure independence of
the data points. Experimental results from the systematic sampling were used to
construct the statistical model. Other experimental variables, i.e., monomer con-
centration, solvent composition, ratio of ligand (2,2-bipyridyl) to total copper and

reaction temperature were maintained constant throughout the study.

5.3.3 Procedure for SI-ATRP of MEDSAH

Unless otherwise specified, all the chemicals described in this section were pur-
chased from Sigma Aldrich and used without further purification. The surface-
initiated ATRP of [2-{(methacryloyloxy)ethyl}] dimethyl-(3-sulfopropyl) ammonium
hydroxide MEDSAH) (Monomer Polymer Dajac Labs, Trevose, PA) was conducted
using the procedure detailed by Qian et al.?%” In brief, the ATRP reaction was al-

lowed to proceed for the desired duration (1, 4, 8, 12, 24 hours) under argon atmo-
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sphere at 22 °C. Upon completion, substrates were rinsed with 1% sodium chlo-
ride solution and deionized water and dried with a jet of nitrogen. The solvent
ratio (methanol: water) and the concentration of monomer (0.4 g/ml) was main-
tained constant for all experiments whereas the molar ratio of copper (I) chloride
to monomer and the molar ratio of copper (I) chloride and copper (II) chloride was
varied across experiments according to the values specified in the experimental
design (Table 5.1). The number of moles of 2,2 bipyridyl charged was maintained
constant at twice the total number of moles of copper (I) chloride and copper (II)

chloride.

5.3.4 Thickness measurements using ellipsometry

Ellipsometry was performed on silicon wafers (Silicon Valley Microelectronics,
CA) with a native silicon dioxide layer of 2.5 nm thickness. Coating thickness was
measured before and after ATRP with a nulling ellipsometer (EP3 Nanofilm, Ac-
curion GmbH, Germany). Ellipsometric A and ¥ values were collected at a wave-
length of 531.9 nm. Fixed values were used for the real (n=1.58) and imaginary
(k=0) components of the refractive index of the polymer coatings. It should be
noted that the refractive index of the initiator coating was very close to that of
PMEDSAH. After ATRP was completed, the thickness of the PMEDSAH coating
formed was calculated by subtracting the initial thickness of the initiator layer from
the post-ATRP thickness. Three readings were collected for each substrate and two

substrates were used for each experimental run.

5.3.5 Contact angle measurements

Static contact angles of deionized water were measured using a contact angle
goniometer (Ramé-Hart 200-F1 goniometer). Measurements were taken at three

different locations and averaged for each substrate. Two substrates were used per
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experimental run.

5.3.6 Data analysis using analysis ofvariance

Analysis of variance (ANOVA) is a statistical inference tool that identifies sig-
nificant causes of variation — main effects and interactions between experimen-
tal factors. ANOVA was performed for thickness and contact angle on Minitab
(Minitab Inc, State College, PA) with a 5% level of significance. Model reduction
was performed by selecting the significant factor effects identified from the re-
gression ANOVA (Partial sum of squares - Type III) and discarding insignificant
model terms. Regression analysis was performed using response surface reduced

quadratic model on Design Expert 9 software (Stat-ease Inc, Minneapolis, MN).

5.3.7 Validation experiments

For every regime of gel architecture, the statistical model was verified by per-
forming validation experiments and comparing their results to predictions. We se-
lected validation points such that they did not overlap with the points used for
statistical model construction. Four points were chosen in the design space so that
each point would yield coatings belonging to each of the four regimes. All vali-
dation runs was replicated to be consistent with the experimental design (n=2). In
total, eight validation experiments were performed to see whether the statistical
model equations were successful in predicting thickness and contact angle in the
four regimes identified. The point prediction tool of Design Expert 9 (Stat-ease Inc,

Minneapolis, MN) was used to generate predictions.
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5.4 Results and discussion

5.4.1 Effect of PMEDSAH gel architecture on physicochemical characteristics :

Comparison of {-potential, roughness and nanomechanical properties

With the goal of identifying the causes and mechanisms behind the stark dif-
ferences in hESC propagation rates between PMEDSAH brushes of varying gel ar-
chitectures, we compared physicochemical properties. Briefly, we evaluated the -
potential, roughness, reduced Young’s modulus and hardness of PMEDSAH bru-
shes possessing different thicknesses and wettabilities. In Qian et al.?, PMED-
SAH polymer coatings were fabricated using two different surface-initiated poly-
merization procedures: UVO-initiated free radical polymerization (UVO-grafting)
and surface-initiated atom transfer radical polymerization (SI-ATRP). With the lat-
ter, we could vary SI-ATRP parameters in order to independently control thick-
nesses and the strength of inter-chain associations. Because neither grafting den-
sity nor molecular weight distribution can be precisely controlled ?°° in UVO-grafted
tilms, the resulting polymer brush is likely to be thin, polydisperse and unassoci-
ated. In the unassociated state, ionic attractions between the sulphonate and the
ammonium groups in the side chains are not dominant, allowing the polymer to
be fully hydrated, resulting in a low contact angle. In contrast, ATRP coatings have
a controllable and high grafting density that results in greater proximity of poly-
mer chains and increased opportunities for short-range ionic interactions.

Previous studies suggest that maximal cell adhesion to metallic biomaterial sur-
faces are promoted by tuning the surface charge to fall within an optimal range2®!.
This finding prompted us to examine the {-potential of the different PMEDSAH
surfaces used in our hESC study?®, to verify whether differences in hESC be-
haviour could be explained by variations in (-potential .As seen in Figure 5.1(a),

the {-potential of UVO-grafted PMEDSAH was less negative than ATRP coatings.
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In addition, the 25 nm and 176 nm thick PMEDSAH coatings exhibited more nega-
tive charge than the 105 nm thick coating in the neutral range of pH values. How-
ever, we concluded that the surface charge differences did not explain the trends
observed in hESC culture. Based on the surface charge, the UVO-initiated surface
should offer the least electrostatic repulsion to the hESCs and possess the most fa-
vorable interfacial environment for hESC culture. However, this was not observed
and the propagation rates observed on the UVO-initiated PMEDSAH brushes was
much lower than the brushes prepared using SI-ATRP2%0.

In several studies, engineering roughness into soft cell culture substrates in the
form of nano-grooves and pillars has been shown to play a role in mediating cell
adhesion?%2. Thus, the roughness of the four coatings possessing different thick-
nesses and hydrophilicities, was quantified with a topographical examination us-
ing atomic force microscopy (AFM). It has been shown that surfaces with a rough-
ness of R, around 1 nm, which are categorized as smooth, support hESCs growth
better than nano-rough surfaces with a R, of 75-150 nm?2%3. Our AFM analyses of
substrate roughness on all four surfaces (Figure 5.1(b)) showed a R, lower than 1.5
nm and had no statistical differences among them, which suggested that all these
surfaces could be considered smooth. We concluded that differences in hESC prop-
agation and adhesion on PMEDSAH brushes could not be attributed to roughness
effects. However, the roughness data confirms that the differences in wettability
were caused by zwitterionic self-association alone and not induced by roughness
differences.

Finally, we conducted nanoindentation studies using four groups of polymer
brushes: thick and thin brushes with hydrophobic or hydrophilic properties. Prior
work has indicated that surface rigidity and elasticity are influential parameters
that can affect cell attachment, spreading, proliferation and differentiation??. The

properties evaluated from our experiments were reduced Young’s modulus (E;),

114



which is a measure of deformability, and hardness (H), which is a measure of
the relative resistance that the brush surface imposes against the penetration of
a harder body. The data (shown in Figure 5.1(c) and Figure 5.1(d)) indicate that
E, and H were significantly higher for coatings with lower wettabilities. The thin
hydrophobic brushes displayed higher E, and H than the thick hydrophobic ones.
We speculate that the contributions arising from the underlying stiff PPX-EB initia-
tor coating (E,=0.94 GPa, H=1.22) is much higher for the former (where the brush
thickness is insufficient to insulate the PPX-EB contributions) than the latter (where
thickness cushions the PPX-EB’s influence).

Performing ANOVA for E, and H (Figure 5.1(e)) , we concluded that thickness
is the strongest contributing term for E, with higher thicknesses reducing the ob-
served magnitudes of E, and H. In contrast, higher contact angles led to increases
in E, and H values. We suspect that highly associated brushes are stiffer than less
associated ones. The thickness-wettability interaction term also exhibiting a sig-
nificant influence, suggesting that the nanomechanical behaviour is shaped by a
complex interplay between thickness and wettability .We could draw three con-
clusions from the nanomechanical studies-: 1) A higher degree of electrostatically
promoted inter-chain association between PMEDSAH brushes renders the surface
stiffer and harder. 2) Synthesizing thicker brushes is an effective way to attain
“softer” surfaces. 3) The ultimate values of E, and H are shaped by both these
competing effects of thickness and self-association as indicated by the interaction
term.

We suggest that differences in E, and H across polymer brushes can explain
the cell behavior in Qian et al.?. Cells did not propagate as rapidly on the most
hydrophobic brushes due its high level of zwitterionic self-association which in
turn resulted in higher levels of stiffness and hardness. The cells also did not

propagate as rapidly on the thin hydrophilic coating, because the environment
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provided by the thin brush was likely too hard to maintain self-renewal, despite
its hydrophilicity. Thus, cells preferred the moderately thick and moderately hy-
drophobic coatings as they likely had the optimal nanomechanical properties for
rapid hESC propagation.

These results emphasized the importance of gel architecture of PMEDSAH bru-
shes and motivated us to pursue a modeling based approach to achieving indepen-
dent and simultaneous control over the wettability and thickness, thus enabling us
to tune gel architecture precisely.

)264,265 will enable

We hypothesized that a response surface methodology (RSM
determination of the SI-ATRP reaction parameters required to achieve a desired gel
architecture. Although RSM is used widely in organic synthesis?627 to predict re-
action outcomes, this study is, to the best of our knowledge, the first report of an
RSM-based study of surface-initiated polymerization. The initial goal was to iden-
tify a quantitative relationship between the property space of PMEDSAH coatings
and the vast experimental space accessible by SI-ATRP. We implemented a factorial
design of experiments (Table 5.1) to sample the experimental space systematically
and analyzed the roles of statistically significant main effects and interactions in
determining thickness and wettability. The result was a predictive model that de-
scribed thickness and contact angle as a function of (i) catalyst quantity, (ii) ratio of
activator Cu! to deactivator Cul! species and (iii) reaction time. After a validation
phase, the statistical model was employed to guide the synthesis of thin associated

brushes, a gel architecture that was discovered to be limited to a narrow experi-

mental region.

5.4.2 Comparing the impact of design variables on thickness and contact angle

After completing 90 experimental runs (Table 5.1), the next step was to perform

a statistical analysis of the results in order to identify the most significant sources
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Source Sum of Degrees Mean Square Fy P-value
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Thickness 582, 0.036 1 582, 0.036 163.32,67.8 <0.0001
Contact Angle 329.5,0.011 1 329.5,0.011 92.5,20.9 <0.0001
Interaction 338.3,0.069 1 338.3, 0.069 949,128.2 <0.0001
Error 85.53,0.0128 24 3.6, 0.0054
Total 2107,0.217 27
(e)

Figure 5.1: (a) {-potential variations as a function of brush thickness and wettabil-
ity. (b) Roughness is about the same on all surfaces irrespective of thickness and
water contact angle. (c) & (d) Nanomechanical properties (data collection: Salwan
Butrus), E; (reduced Young’s Modulus) and H (hardness) depend on degree of as-
sociation as well as thickness. () ANOVA for E, and H respectively where F-values
are separated by commas. For E,, thickness has the most impact, followed by the
interaction term and contact angle. For H, the interaction termis most significant,
followed by the thickness and contact angle
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of variation and thereby understand the roles of the three experimental variables
on thickness and contact angle. We thus completed two sets of ANOVA analysis
for thickness and contact angle. ANOVA yields F-ratios, which forms the basis
for rank-ordering main effects and understanding their relative importance. Apart
from quantifying the impact of the three main effects on each response, ANOVA
is well-suited to identifying statistically significant two-factor and three-factor in-
teractions. In Table 5.2, polymer brush thickness is found to be significantly influ-
enced by all parameters studied (all p-values are below 10°%). The ANOVA analy-

Table 5.2: Summary of ANOVA results for thickness. The tabulated values of the
F-test statistic help identifying the principal sources of variation in thickness, with
higher F-ratios implying a greater contribution.Here, catalyst ratio and reaction
time are the two most significant factors.

Source Sum of Degrees Mean Square F P-value
of Variation = Squares of Freedom

Cat. Qty (A) 15360 2 768.0 156 <1073
Cat. Ratio (B) 194892 2 9744.6 198.1 <1073
Time (C) 57124.6 4 14281.2 290.4 <1073
AB 4260.8 4 1065.2 216 <1073
AC 1946.8 8 243.4 49 <1073
BC 34327 8 429.0 87 <1073
ABC 6623.0 16 413.9 84 <1073
Error 22129 45 492

Total 96626.1 89 1085.7

sis identifies reaction time, followed by catalyst ratio, as the lead parameters with
the highest impact. In the range of catalyst quantity studied (1-3 mol%), thickness
does not appear to be particularly sensitive to catalyst quantity. However, catalyst
quantity has a strong interaction (AB) with catalyst ratio. In contrast, the ANOVA
analysis for contact angle (Table 5.3) presents a completely different picture, with
catalyst quantity identified as the clearly dominant factor. The higher the quantity
of catalyst, the more hydrophobic are the resulting coatings. Interestingly, catalyst
quantity was even more relevant than reaction time, which also favored higher

contact angles. Catalyst ratio, however, only marginally influences contact angle, a
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finding that contrasts with the strong effect of catalyst ratio on thickness. Among
the interaction terms, the interaction between reaction time and catalyst quantity

is most significant (AC).

Table 5.3: Summary of ANOVA analysis for contact angles. Unlike in the film thick-
ness model, the catalyst quantity dominates the statistical model for contact angles.
Reaction time is prominent both, as a stand-alone effect and because of its interac-
tion with catalyst quantity.

Source Sum of Degrees Mean Square Fy  P-value
of Variation =~ Squares of Freedom

Cat. Qty (A) 71959 2 3598.0 90.9 <1073
Cat. Ratio (B) 1511.0 2 755.5 19.1 <1073
Time (C) 10826.4 4 2706.6 68.4 <1073
AB 939.3 4 234.8 59  0.001
AC 50922 8 636.5 161 <1073
BC 12893 8 161.2 41 0.001
ABC 1151.7 16 72.0 1.8  0.059
Error 1781.8 45 39.6

Total 29787.6 89 3598.0

Predictive models for thickness and contact angle were constructed using re-
gression analysis, as described in sections 4 and 5 of the supporting information
section. Two equations, each describing thickness and contact angle as functions
of significant model terms, were obtained. These include main effects and interac-
tion terms. The statistical model equations are depicted graphically in the form of
response surface plots as shown in Figure 5.2. These 3D surface plots are complete
representations of the effects of all three experimental variables and their interac-

tions.

5.4.3 Prediction of four regimes of gel architecture

The contact angle and thickness results obtained from the 90 experimental runs
were plotted in the form of a scatter plot (Figure 5.3(a)) and then segmented into
four quadrants (Figure 5.3(b)), as described below. The thickness ranged from

2.5 nm to 140.5 nm. Coatings thicker than 70 nm (median value) were classified
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Figure 5.2: (a)Three-dimensional surface plot predicting film thickness as a func-
tion of catalyst ratio and reaction time at 1.5 mol% catalyst quantity. The statis-
tical model that this plot represents, can predict thickness across all possible ex-
periments that can be performed within the studied range. (b) Three-dimensional
surface plot predicting film contact angle as a function of catalyst quantity and
reaction time at a catalyst ratio of 9.

as thick and those below 70 nm were denoted thin. For segmenting contact an-
gle data, we have to consider zwitterionic self-association222268-270 of PMEDSAH,
which causes an increase in contact angle in proportion to the degree of self-ass-

ociation. Consistent with previous studies?>2%

, contact angles less than 30° were
considered to belong to the hydrophilic and unassociated regime, those greater
than 30° fall within the self-associated regime255'269. Therefore, the data can be
grouped into four regimes: thick associated, thick unassociated, thin unassociated
and thin associated.

From the scatter plot in Figure 5.3(a), we deduced that there exists a weak
overall correlation (R?> = 0.514) between contact angle and thickness. In the thick
associated regime and the thin unassociated regime alone, where the thickness-
dependent behavior of contact angle is evident, the correlation between the hy-

drophobicity of the coatings and its thickness is very strong. However, if we con-

sider the data points in the thick unassociated regime and the thin associated
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Figure 5.3: (a) Scatter plot of thickness versus contact angle. The data were clas-
sified into four regimes by setting boundaries of 70 nm (horizontal blue line) for
thickness and 30°(vertical red line) for contact angle. (b) Quadrants representing
four regimes of gel architecture, as identified from the scatter plot.

Contact Angle

regime alone, this correlation does not hold and thickness and contact angle are
independent of each other. Based on this analysis, it appears that the relation-
ship between PMEDSAH’s thickness and its degree of self-association is regime-

dependent and complex.

5.4.4 Assessment and validation of the predictive character of the statistical

model

By simultaneously solving model equations for thickness and contact angle,
it should be possible to experimentally access arbitrary combinations of contact
angle and thickness, thereby realizing the desired gel architecture. As an example,
if we wish to synthesize a thin associated brush architecture with a target thickness
of 70 nm and a target contact angle of 45°, we would have to employ the following
ATRP conditions: catalyst quantity of 3 mol%, catalyst ratio of 9 and a reaction time

of 10 hours, as suggested by the simultaneous solution of thickness and contact
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angle model equations. In Figure 5.4, experimental values were plotted against
predicted values for each regime. We found that the experimental results correlate

well with statistical model predictions in all four regimes.
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Figure 5.4: Comparison of experimental and predicted values (hollow circles) for
(a) thickness and (b) contact angle. Horizontal error bars in green indicate 95%
confidence interval of the statistical model prediction while vertical error bars in
red represent standard deviation of experimental measurement. The blue line is a
reference representing an ideal agreement between predicted and measured values

(y=x).

5.4.5 Identifying a design space for the thin associated regime

In Figure 5.3(a), we observed prominent differences of the population density
in the four regimes, with the thin unassociated regime being the most densely
populated and the thick unassociated and the thin associated regimes the most
sparsely populated. This suggests that the thin unassociated regime is the easi-
est brush architecture to obtain experimentally, whereas it is feasible to obtain the
thick unassociated and the thin associated regimes only within narrow regions.
This observation raises the following question: Can our statistical model identify

experimental boundaries, within which a given gel architecture can be obtained
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reliably? If so, does this hold even for atypical brushes such as thin and associated
brushes? In Figure 5.5, regions of experimental viability predicted for thin associ-
ated brushes have been represented graphically. Model equations for contact angle
and thickness were solved simultaneously to yield a design space where thickness
will be 70 nm or less and contact angle 30° or greater. At a catalyst concentration of
1.5 mol% and below, no solution exists, indicating that it is unfeasible to produce
thin associated brushes at low catalyst concentrations. As we increase the catalyst
quantity to 2 mol% and higher, the solution space widens, attaining a maximum

area at 3 mol% catalyst quantity.

1.5 mol% 2 mol% 2.5 mol% 3 mol%

Thickness: 70
Contact Angle: 30

Contact Angle: 30

Catalyst Ratio

5
T T T T T 1 T T T T T 1
1 56 102 148 194 24 1 56 102 148 194 24 1

Reaction Time (hours)

Figure 5.5: Design space for thin associated brushes across different catalyst quan-
tities (in mol%). The yellow regions represent the experimental boundaries within
which it is possible to obtain coatings belonging to this regime of gel architecture.
The design space was obtained by simultaneous solution of statistical model equa-
tions to yield operating conditions which will lead to thickness less than 70 nm and
contact angle greater than 30°. These plots show how the experimentally accessible
space becomes larger with increasing catalyst quantity.

5.4.6 Reaction time and catalyst ratio dominate film thickness

From the ANOVA analysis, we established that all three main effects (reaction
time, catalyst quantity and catalyst ratio) were significant in determining thick-
ness. The individual impact of each effect can be pictured as protagonistic or an-
tagonistic depending on whether the slope of the plot in Figure 5.6 is positive or
negative. Reaction time had the highest slope, with thickness growing linearly

with increasing reaction time. With time, more monomer is added to the grow-
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Figure 5.6: Main effects on thickness. From left to right, the effects of catalyst ratio,
catalyst quantity and reaction time on thickness are plotted. The red dotted line
refers to the location of the overall mean thickness (53.4 nm) of all 90 data points.
By comparing slopes, we can see that reaction time and catalyst ratio have the
strongest effects on thickness. The effect of catalyst quantity is less pronounced.

ing PMEDSAH chain, resulting in a linear increase of thickness with time. The rate
of increase of thickness with time is controlled by the catalyst ratio. Increasing the
initial quantity of the activating Cu' relative to the deactivating Cull will affect the
equilibrium position of the activation-deactivation step?’!. Thus for the same reac-
tion time, thicker coatings are obtained for a higher ratio of Cu! to Cull. The effect
of catalyst quantity on thickness, though statistically significant (Table 5.2), was
less pronounced and had the lowest F-ratio among the three main effects. Unlike
the other two effects, it was observed to have an antagonistic effect on thickness,
with a slight decrease in thickness observed upon increasing catalyst quantity (Fig-
ure 5.6). According to SI-ATRP kinetic models, the time-evolution of chain length
distribution is expected to depend only on the catalyst ratio and not on the catalyst
quantity. The migration-termination hypothesis?*® has explained the departure of
these experimental trends from SI-ATRP kinetic models. Among two-factor inter-
action terms, the interaction AB between catalyst quantity and catalyst ratio was
the most relevant (Table 5.2, AB interaction, p-value less than 0.001). Figure 5.7 in-

dicates that the sensitivity of thickness to catalyst ratio is lowered, when a high
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catalyst quantity is employed, whereas thickness is highly correlated with catalyst
ratio at low levels of catalyst quantity. Interestingly, the interdependence of cata-

lyst quantity and catalyst ratio suggests that they operate in tandem rather than

independently.
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Figure 5.7: Interaction plot for thickness. The increase of thickness with catalyst
ratio is dependent on the catalyst quantity.

5.4.7 Hydrophilic-to-hydrophobic transition is controlled by catalyst quantity

The four regimes of gel architecture differ clearly in the degree of correlation
between thickness and contact angle, with high correlation in the thick associated
and thin unassociated regimes and none in the thick unassociated and thin asso-
ciated regimes. In spite of possessing a lower mean brush thickness than the thick
associated regime, the polymer brushes in the thin associated regime still exhibit a
high degree of association, with contact angles comparable to those of the thick as-
sociated regime. Secondly, although thick unassociated brushes are much thicker
than thin unassociated brushes, they remain unassociated and are as hydrophilic
as those in the thin unassociated regime. This anomalous behavior of brushes be-
longing to the thick unassociated and thin associated regimes indicates that a high

thickness is not a necessary condition for forming association in zwitterionic poly-
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Figure 5.8: Wettability transition of PMEDSAH from hydrophilic to hydrophobic.
The schematic represents the architecture of a PMEDSAH brush and its interaction
with water when it is unassociated and when it undergoes hydrophobic collapse
due to zwitterionic self-association. Images of representative water droplets illus-
trate the wettability differences.

mer brushes. It is well established that PMEDSAH undergoes a transition from its
original hydrophilic state to a hydrophobic brush as a consequence of zwitterionic
self-association 269270272 Water is excluded from the brush due to the formation of
inter-chain and intra-chain association between the quaternary ammonium cation
and sulfonate anion of adjacent side chains?® (Figure 5.8). Thicker brushes are
likely to have increased chain association and thus exclude more water from the
brush, explaining the increase of contact angle with reaction time. What is surpris-
ing is that the catalyst quantity variable, which had only a slightly negative effect
on thickness, is the most powerful factor in the contact angle model. Consider-
ing the slopes of the main effects plots for contact angle (Figure 5.9) and thickness
(Figure 5.6), catalyst quantity has a positive slope in Figure 5.9, whereas it has a

negative slope in Figure 5.6. Moreover, catalyst quantity is highly influential not
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Figure 5.9: Main effects on contact angle. From left to right, the effects of catalyst
ratio, catalyst quantity and reaction time on contact angle are plotted. The red dot-
ted line refers to the overall average contact angle (24°) of all 90 data points. From
the slopes, we can conclude that catalyst quantity and reaction time exert the most
prominent effect on contact angle.

only as a standalone effect, but also in its interaction with reaction time, which
has the highest F-ratio among all interaction terms in the contact angle model. The
interaction plot for contact angle is shown in Figure 5.10, where the contact angle
increases rapidly with reaction time at high catalyst quantity, whereas it remains
unaffected by reaction time at low catalyst quantity. Therefore the sensitivity of
contact angle to reaction time is governed by the level of catalyst quantity em-
ployed. In order to understand these findings, it is helpful to refer to the study
performed by Cheng et al.2>® The authors noted that the self-association of PMED-
SAH is driven by two factors: the thickness of the brush as well as the monodisper-
sity of the CLD. In a monodisperse brush, the critical thickness required to trigger
self-association is lower than it would be for a polydisperse brush. Exploring only
6 combinations of catalyst quantity and catalyst ratio, Cheng et al.>> reported that
that decreasing the ratio of activator to deactivator (Cu':Cu'") would reduce the
critical thickness by improving monodispersity. However, this study not explored
the effects of catalyst quantity as exhaustively and systematically. From our statis-
tical models, we established that catalyst ratio, albeit an important determinant of

thickness, has only a marginal role in determining contact angle. Hence we pro-
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pose that the critical thickness at which zwitterionic association causes wettability

changes is controlled by catalyst quantity and not by catalyst ratio.
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Figure 5.10: Interaction plot for contact angle. The level of catalyst quantity em-
ployed determines the dependence of contact angle on reaction time. At a higher
catalyst quantity, the contact angle becomes more dependent on reaction time.

5.4.8 Physical validity of the statistical model and potential uses for hESC cul-

ture.

In all four validation tests, the experimental results for thickness and contact
angle were within the predicted range. Therefore, this statistical model can be con-
sidered a valid mathematical representation of the SI-ATRP process and employed
as a predictive tool to obtain PMEDSAH coatings of the desired gel architecture.
In Qian et al.?®Y, we reported that PMEDSAH’s capacity for facilitating hESC self-
renewal could be tuned by modifying the gel architecture. We had studied three
coatings: two belonging to the thick associated regime and one to the thin unas-
sociated regime. Even though they all had similar surface charge and roughness,
the thick associated coating with a moderate degree of association was found to
have higher hESC propagation rates. Using the predictive tool established in this

paper, we can now access coatings from the yet unevaluated thick unassociated
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and thin associated regimes, perform hESC culture studies using these coatings,

and discover whether higher or lower rates of hRESC expansion result.

5.5 Conclusions

We quantified the dependence of brush thickness and wettability on key SI-
ATRP parameters by constructing and validating a statistical model that simulta-
neously predicted the thickness-time trajectory as well as the degree of zwitterionic
self-association. Our model indicates that we can reduce the critical thickness at
which self-association triggers wettability changes by increasing the catalyst quan-
tity. This provides reliable polymerization conditions to synthesize coatings with
unusual gel architectures, such as thin associated brushes. Since our model is con-
structed from empirical results of systematically designed experiments, we did
not require any simplifying assumptions. Moreover, as a property prediction tool,
DOE, unlike ab initio modeling, can be used to model a range of coating properties.
We further developed a quantitative relationship between the properties of PMED-
SAH brushes and SI-ATRP parameters. This predictive tool provides on-demand
access to PMEDSAH brushes for four regimes of gel architecture. Since our mod-
eling approach can predict the outcomes of SIP accurately, it can be extended to
other SIP systems to discover, design and identify unusual combinations of poly-

mer brush attributes.
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CHAPTER VI

a-mannose Functional Polymer Brushes Promote
Selective Adhesion of Pro-Regenerative M2

Macrophages

The following chapter has been adapted from the following manuscript in prepa-
ration.
Ramya Kumar, Nahal Habibi, Amber de Groot, Domenic Kratzer, Irina Kopyeva,
Kenneth Pienta, and Joerg Lahann,”a-Mannose Functional Polymer Brushes Pro-

mote Selective Adhesion of Pro-Regenerative M2 Macrophages”

6.1 Abstract

Dysregulated macrophage polarization has been implicated in many disorders
such as diabetes, resulting in severe consequences such as chronic non-healing
wounds. In order to accelerate healing and achieve wound closure, the popula-
tion imbalance between pro-inflammatory M1 macrophages, and pro-repair M2
macrophages needs to be remedied. In this contribution, we describe a coating
which promotes the selective adhesion of M2 macrophages while resisting the at-
tachment of M1 macrophages. We synthesized polymer coatings decorated with

mannose molecules, either in the form of monolayers or as polymer brushes with
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pendant glycan side chains. Initially the interactions of these surfaces with a model
lectin was probed in order to assess its bioactivity. We discovered that the architec-
ture of the glycans was as important as its stereochemistry, since poor lectin bind-
ing was observed on the mannose monolayers. This agreed with the predictions
of thermodynamic models, which were developed to understand multivalency ef-
tects. Thereafter, we examined the adhesion of macrophages in two parallel stud-
ies. In one study, we employed primary macrophages derived from blood donors,
and in the other we derived M1 and M2 macrophages from a monocyte cell line.
In both cases, we observed selective binding of M2 macrophages on the mannose
surfaces, which was promoted by the upregulation of mannose-binding CD206 re-
ceptors on the M2 cells compared to the M1 cells. We concluded that cell-based
wound-healing constructs coated with mannose could be a promising therapeutic

strategy to administer M2 macrophages.

6.2 Introduction

Type-2 diabetes is a chronic disease that has assumed epidemic proportions,
affecting one in eleven people in the world.?”> Among all the causes of diabetes-
related morbidity and mortality, chronic non-healing wounds are particularly per-
nicious. Often taking the form of foot ulcers, these wounds carry high risks of sep-
sis and consequent lower limb amputation, resulting in costs upwards of $116 bil-
lion in the US alone.?” It is believed that the normal progression of wound healing
is compromised in diabetes patients due to dysfunctional macrophage activation,
leading to the persistence of a chronic inflammatory state and delays in healing.?”*
Though cell-based therapeutics hold the promise of mitigating inflammation by
delivering pro-regenerative macrophages to the wound, they need to be supported
275 In

by the development of biomaterials that ensure efficacious wound closure.

this contribution we present a coating composed of x-mannose-functionalized poly-
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mer brushes that can selectively adhere to macrophages possessing a pro-regene-
rative phenotype, while resisting the adhesion of pro-inflammatory macrophages.
Due to its ability to capture pro-regenerative macrophages with high phenotypic
selectivity, these polymer brushes can be easily grafted from wound healing mats
and dressings to accelerate healing in diabetic individuals.

In the early phase of wound healing, classically activated macrophages (M1
Mps) infiltrate the wound site and trigger host defense mechanisms by initiating
inflammatory responses and removing damaged tissue debris through phagocy-
tosis.?’® In contrast, during the later stages of healing, M1 Mps make way for
alternatively activated (M2 Mps) macrophages, which resolve inflammation and
remodel tissue, eventually promoting wound repair.?’” Unlike in healthy indi-
viduals, the regulation of macrophage polarization states and the maintenance of
the optimal population balance between pro-inflammatory M1 Mps and the pro-
healing M2 Mps (M1/M2 ratio) is severely impaired in diabetics.?”® Though in-
flammation is necessary in the early stages of wound healing, a failure to resolve
this initial inflammatory burst stalls the healing process.?”” Delays and defects
in the phenotypic transition from M1 to M2 results in a high M1/M2 ratio and
prolonged inflammatory responses, ultimately delaying tissue regeneration in di-
abetic wounds. 2%

To control macrophage behaviour in vivo, specifically to address this M1/M2
imbalance, three classes of therapeutic strategies have been proposed : a) Sequen-
tial injection of chemoattractant proteins and cytokines to recruit and polarize
endogenous macrophages towards the required phenotype.?81282 b) Micro and
nanoparticles decorated with macrophage-targeting ligands, that undergo phago-
cytosis and subsequently induce the desired macrophage response.?®® ¢) Admin-
284

istration of in vitro polarized M2 Mps at the wound site.

The first strategy relies on identifying the modulators of macrophage polariza-
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tion and then releasing these molecules in a timed manner in order to reprogram
the wound environment and mitigate inflammation. In theory, if we engineer a
therapeutic that switches macrophage polarization on demand, it is possible to ei-
ther promote inflammation or tissue repair responses. In reality, the extracellular
milieu of wounds is a complex and dynamic soup of signaling cues, where several
stimuli act simultaneously upon unpolarized macrophages, across different time
intervals and spatial locations.?®> Analyzing the relative contributions of these dis-
parate stimuli on polarization fate is challenging. Hence the underlying cellular
pathways dictating macrophage activation and phenotypic switching are yet to be
understood completely.?%® Therefore, a cytokine-based strategy is not viable until
a sufficiently advanced understanding of macrophage responses to these signals is
obtained.

Though the use of micro and nanoparticles holds great therapeutic potential
in targeting macrophages, particle uptake by macrophages is highly sensitive to
surface charge, particle size, particle geometry, hydrophobicity and surface chem-
istry. 287288 In order to be approved for clinical use, this multi-dimensional particle
design space has to be thoroughly investigated in order to achieve consistently
reproducible levels of safety and therapeutic efficacy. However, this a highly com-
plex and time-consuming endeavor, rendered more challenging by the polydisper-
sity in the micro and nanoparticle design space.?*’

Another promising approach is the direct administration of M2 Mps that have
been polarized in vitro, at the site of the chronic wound. Typically, M2 Mp based cell
therapy has employed direct injection of the M2 Mps at the wound site, with con-
tradictory results on healing time.?34 These conflicting results may be explained by
the timing of M2 administration, which appears to be a critical variable determin-

284

ing the success of M2 administration.~** If the M2 Mps are introduced too early

in the inflammatory phase of the healing cycle, wound healing is compromised as
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the M2 Mps interfere with the initial acute inflammatory response that is essential
to ward off infections. On the other hand, if the M2 Mps are applied too late, then
the inflammatory response becomes so persistent that healing becomes compro-
mised. Therefore, there is a dire need for research that focuses on optimizing both
the timing and the mode of cell delivery during M2 macrophage administration.

From a biomaterials standpoint, it would be highly desirable to develop thera-
peutic alternatives to the practice of directly Mp injection. When M2 Mps were in-
jected exogenously, without using a scaffold or a hydrogel, poor localization was
observed at the wound bed after 3-4 days.?%* Engineering scaffolds, whose sur-
faces have been functionalized to support a high density of phenotypically well-
characterized M2 macrophages, may resolve this issue. We hypothesize that the
surface modification of wound healing constructs using polymer brushes will cre-
ate a bioactive wound-material interface that promotes the persistence of M2 Mps
at the wound site and ultimately tissue remodeling and re-epithelialization.

In this paper, we propose a surface modification strategy based on polymer
brushes bearing pendant a-mannose groups to promote phenotype-specific adhe-
sion of Mps on wound dressing materials. We rely on differences in the expres-
sion of the macrophage mannose receptor (MMR or the CD206 receptor) between
the M1 and M2 populations?® in order to selectively capture M2 Mps. Since the
CD206/MMR receptor is upregulated in M2 Mps, many drug and siRNA deliv-
ery platforms have targeted this receptor to bring about CD206/MMR-mediated
macrophage uptake of nanoparticles for varied applications. These include tar-
geting tumor associated macrophages in prostate cancer, gene silencing, overcom-
ing multi-drug resistance, management and diagnosis of infectious diseases.?’! We
suggest that the overexpression of the CD206/MMR on M2 Mps compared to M1
Mps makes it a very attractive target, not just for drug-loaded and siRNNA-loaded

nanoparticles, but also for modifying biomaterial surfaces to promote wound heal-
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ing.

In the case of polymeric drug carriers such as nanoparticles, this is typically
accomplished by covalently conjugating the a-mannose ligand via a variety of
click chemistry strategies, resulting in a monolayer of x-mannose molecules teth-

ered rigidly to the surface.?%22%

. In other reports, polymers were modified with
mannose through post-polymerization processes and then these block copolymers
underwent self-assembly into glyconanoparticles of diverse architectures. Recent

studies??5295

verified that the spatial presentation of the mannose ligand plays a
decisive role in determining how strongly the ligand-decorated substrate binds to
the CD206 receptor. Structural investigations of the CD206-mannose interaction
reveal that not only is the stereochemistry and conformation of the ligand critical,
but also the density of mannose molecules presented.?’® CD206 is a transmem-
brane receptor that possesses eight mannose recognition domains on its surface,
allowing each receptor to interact simultaneously with eight copies of the mannose
ligand, thereby strengthening the interaction through the “glycocluster” or “mul-
tivalency” effects. Though the interaction between mannose and CD206 possesses
high specificity, the affinity between the receptor and the monovalent carbohy-
drate ligand is low (around 107 M1).?%” We posit that a multivalent presentation
of mannose ligands is required to achieve binding avidity strong enough to cre-
ate a densely adherent layer of M2 Mps on our coating. It is unclear whether the
inflexible monolayer topology is optimal for enhancing the avidity of the CD206-
mannose interaction. On the other hand, densely grafted and flexible glycopoly-
mer brushes wherein all the glycopolymer chains are maintained in an extended
conformation would be the ideal polymer architecture for designing coatings to
maximize surface-macrophage interactions and ultimately the adhesion of M2 Mps.
Therefore, instead of organizing the mannose ligands in the form of a monolayer,

we decided to exploit the glycocluster effect by developing polymer brush coatings
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bearing pendant a-mannose side chains.

Research involving polymer brushes functionalized with carbohydrate residues
has hitherto focused on their application as glycocalyx-mimetic interfaces that can
achieve near-zero levels of non-specific protein adsorption.?”® Their exceptional
performance as non fouling surfaces has led to their extensive use as hemocom-
patible coatings on catheters and other biomedical implants.?®® Surprisingly, the
specific interactions of these brushes with carbohydrate-binding proteins present
on cell surfaces has received sparse attention in comparison. A few studies have
exploited these affinity-based interactions to develop label-free biosensors that can
selectively capture several sub-types of influenza viruses and bacterial strains such
as E.Coli, S.Aureus and P.Aeruginosa, that express carbohydrate-binding receptors.
Other applications of carbohydrate brushes include glycan-based microarrays that
serve as high-throughput screening platforms and in protein purification, partic-
ularly in affinity chromatography and membrane separation processes.3%03%1 We
could only find one report where polymer brushes were employed to selectively
capture a specific cell type- hepatocellular carcinoma cancer cells (HepG2) were
grown on galactose-functional polymer brushes by engineering specific interac-
tions between galactose and the hepatic asialoglycoprotein receptors (ASGPR).302

In this study we engineer a surface modification strategy for the selective iso-
lation of M2 Mps, thereby paving the way for bioactive wound healing constructs.
Specifically, we evaluate the effect of carbohydrate stereochemistry as well as ar-
chitecture on the ability of carbohydrate-functionalized surfaces to bind to M2
Mps. We synthesized and characterized four sets of surfaces— a-mannose and -
glucose in the form of polymer brushes and monolayers. We employed surface-
initiated atom transfer radical polymerization (SI-ATRP) to graft the carbohydrate-

functional monomers from a parylene-based SI-ATRP initiator coating. This vapor-

deposited SI-ATRP initiator coating, apart from being biocompatible, is also sub-
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strate independent and can be applied to virtually any surface including wound
dressing materials.

Initial studies performed with Concanavalin A or Con A, a mannose-binding
lectin, revealed that Con A binding was dependent on both the stereochemistry
as well as the architecture of the carbohydrate-functional surfaces. In contrast, the
M2 Mps, despite preferring x-mannose to B-glucose surfaces, was insensitive to the
spatial presentation of the carbohydrate residues. We were able to explain these re-
sults using thermodynamic calculations of the free energy of carbohydrate-protein
associations in both binding configurations, monolayers and brushes.

Our study demonstrates the potential of coating wound dressing surfaces with
a-mannose polymer brushes to support the selective adhesion of M2 Mps. We sug-
gest that this strategy is a promising alternative to the manipulation and modula-
tion of of macrophage behaviour in vivo by use of cytokines and cytokine-loaded
particles. Overall, our coating lends itself very well to both fundamental biological
studies of macrophage function as well as clinical investigations of macrophage-
based wound healing therapeutics. Future work will employ a-mannose coated
wound healing mats and meshes in in vivo studies, where the timing of M2 Mps

delivery and the macrophage density will be investigated.

6.3 Experimental
All chemicals were purchased from Sigma Aldrich unless otherwise mentioned.

6.3.1 Chemical vapor deposition polymerization

Following the procedure outlined in Nandivada et al.??, ethynyl[2,2]paracyc-
lophane was sublimed at 100 °C and then pyrolysed at 660 °C under a pressure

of 0.3 bar. The radical species entered the deposition chamber from the pyrolysis
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chamber and then adsorbed to the cooled substrates (15 °C). Coatings composed of
poly(4-ethynyl-p-xylylene-co-p-xylylene) (PPX-alkyne) were obtained upon poly-
merization. For preparing poly|[(p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-xy-
lylene)] (PPX-EB), we followed the CVD procedure described in Jiang et al.”> In
brief, 32 mg of [2.2]paracyclophane-4-methyl 2-bromoisobutyrate (PCP-EB) was
sublimed at 115-125 °C under reduced pressure (0.3 mbar) and then pyrolysed at
540 °C. Deposition of the polymer onto the substrate occurred on a sample holder

maintained at 14 °C.

6.3.2 Copper catalyzed alkyne azide cycloaddition reaction for preparing sur-

faces 3 and 4

To conjugate B-D-glucopyranosyl azide (LC Scientific, Ontario, Canada) to sub-
strates coated with PPX-alkyne, the following protocol was adopted. An aque-
ous solution containing 10 mg/mL of the azidosaccharide, 1 mM CuSO, and 8
mM sodium ascorbate was prepared. After thorough dissolution, this solution was
poured on top of PPX-alkyne substrates and gently shaken (90 RPM) on an orbital
rotator overnight. Finally, substrates were removed from the solution, washed with
deionized water and dried under a stream of nitrogen. An identical procedure was

employed to obtain mannose monolayers from a-D-mannopyranosyl azide

6.3.3 Surface-initiated atom transfer radical polymerization for preparing sur-

faces 1 and 2

Standard air-free techniques involving a vacuum-argon manifold and the usual
precautions against oxygen entry were employed. In a typical SI-ATRP run, 25
mL of milli-q water, 400 mg sodium chloride and 150 L. Me,Tren were taken in
a schlenk flask and degassed using three cycles of freeze pump thaw. Simulta-

neously, 800 mg of 2’-acrylamidoethyl-x-D-mannopyranoside in a round bottom
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flask was degassed using 3 cycles of vacuum and argon. In parallel, glass chamber
slides, cover slips silicon and gold substrates coated with PPX-EB were placed in
a glove bag and degassed using 3 cycles of vacuum and argon. After the comple-
tion of the third freeze operation, 20 mg CuCl and 5 mg CuCl, were added to the
schlenk flask under argon. After the final pump and thaw operations, the catalyst
mixture was stirred to dissolution under continuous argon flow. Then the solu-
tion was transferred to the monomer flask using a degassed luer lock syringe and
luer lock needle and the monomer was stirred to dissolution under an argon en-
vironment. Subsequently, the flask with the combined solution was taken into the
glove bag. After evacuating and inflating the bag 3 times to eliminate air, the flask
was opened and the solution was distributed among all the substrates. At the end
of the reaction time, substrates were removed from the bag, washed thoroughly
with 0.05 M EDTA and deionized water and dried under a stream of nitrogen.
Coatings comprised of poly(2’-acrylamidoethyl-a-d-mannopyranoside) were thus
obtained. A similar procedure was used to prepare poly(2’-acrylamidoethyl--D-

glucopyranoside)

6.3.4 Quartz crystal microbalance measurements of Concanavalin A binding

The QCM-200 instrument from Stanford research systems, CA was used along
with a flow cell (catalog # O100FC). AT-cut quartz crystals coated with gold (cata-
log # O100RX1) were coated with 1, 2, 3, and 4 surfaces respectively. The function-
alized QCM substrates were subsequently used to collect time-resolved measure-
ments of Con A binding. The lectin conjugation buffer was composed of 10 mM
HEPES, 0.15 M NaCl, 1 mM MnCl, and 1 mM CacCl,. First the QCM substrates
were blocked with a solution of 1 mg/mL Bovine Serum Albumin (BSA) dissolved
in 10 MM PBS with 0.01% v/v Tween-20. this was done to prevent non-specific

Con A adsorption. Then, the blocked QCM substrates were placed in the crystal
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holder and allowed to equilibrate in the buffer overnight. The next day, the flow
cell was mounted on the crystal holder and connected through tubings to a sy-
ringe pump and a 50 mL reservoir of the lectin conjugation buffer. The buffer was
pumped through the flow cell at 0.1 mL /hour until a stable baseline was observed
(fluctuation of less than 5 Hz in 60 minutes). Then the Con A was injected into the
flow circuit at a concentration of 50 ug/mL. The decrease in frequency with time
was measured continuously at intervals of 1 second. The mass of Con A adsorbed

was computed from the AF values using the Sauerbrey equation.

6.3.5 Fluorescence microscopy for Concanavalin A imaging

For comparing Con A binding across surfaces, 1, 2, 3, and 4, glass cover slips
were coated with each of these four polymers. Thereafter, the surfaces were incu-
bated with a solution of 1 mg/mL bovine serum albumin (BSA) dissolved in 10
MM PBS with 0.01% v /v Tween-20 for 30 minutes and washed throughly with 10
mM PBS. Then, a solution Con A tagged with Alexa Fluor 547 (Thermo Fisher)
was dissolved in the lectin conjugation buffer (10 mM HEPES, 0.15 M NaCl, 1 mM
MnCl, and 1 mM CaCl,) to attain a concentration of 50 ug/mL. The substrates
were immersed in the solution and shaken gently for 2 hours in the dark. Then,
they were washed with the lectin conjugation buffer, 10 mM PBS, deionized water
and dried thoroughly. The binding of Con A was observed using a fluorescence
scanner (Fluorochem M, Protein Simple Inc) with an exposure time of 400 ms. The
fluorescence intensity was quantified using Image] and an average was obtained
from three substrates for each sample group. For the patterned mannose brushes, a
similar procedure was performed for Con A conjugation. Imaging was done using

a Nikon E-800 fluorescence microscope using a 20 x objective.
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6.3.6 X-ray photoelectron spectroscopy

XPS was performed on an Axis Ultra X-ray photoelectron spectrometer (Kratos
Analyticals, UK) equipped with a monochromatized Al-Ka X-ray source. All peaks
were calibrated with respect to the non-functionalized aliphatic carbon with a
binding energy of 285.0 eV. The area under each high resolution spectra was quan-
tified and elemental compositions calculated using relative sensitivity factors of 1,
2.93 and 1.8 for carbon, oxygen and nitrogen respectively. Peak fitting and analysis

was performed using Casa XPS software.

6.3.7 FTIR spectroscopy

To verify whether the desired functional groups were present on the surface
of the four groups of polymer coatings, Fourier-transformed infrared (FTIR) spec-
troscopy was performed. We used a Nicolet 6700 spectrophotometer in the grazing
angle configuration against a gold background. Gold wafers were coated with the
desired polymers and 128 scans were collected with a resolution of 4 cm™.The in-
strument was continuously purged with nitrogen gas for an hour prior to spectrum

acquisition.

6.3.8 Ellipsometry

Ellipsometry was performed on silicon wafers (Silicon Valley Microelectronics,
CA) with a native silicon dioxide layer of 2.5 nm thickness. Coating thickness was
measured before and after ATRP with a nulling ellipsometer (EP3 Nanofilm, Ac-
curion GmbH, Germany). Ellipsometric delta and psi values were collected at a
range of wavelengths between 458 nm to 712 nm in order to allow for simultane-
ous determination of the optical constants as well as coating thickness using the
Cauchy model. After SI-ATRP was completed, the thickness of the carbohydrate

brushes formed was calculated by subtracting the initial thickness of the PPX-EB
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initiator layer from the post-ATRP thickness. One reading was collected for each
substrate and two substrates were used for each data point. It is advised to wash
the PPX-EB susbtrates with acetone prior to ellipsometry and SI-ATRP. For sur-
faces 3 and 4, ellipsometry was not performed as the thickness increment caused
by the monolayer fomation (<0.5 nm) falls within the range of measurement error

of the instrument.

6.3.9 Development of a thermodynamic model

Model calculations performed jointly with Irina Kopyeva, undergraduate researcher
We employed the thermodynamic model proposed by Kitov and Bundle that ad-
dresses the effects of tailored multivalency. The free energy of binding was esti-

mated by adding inter-molecular, intra-molecular and entropic contributions
imax imax
AGguidity = AGinter + AGia ), wii —1) + RT ) | wiln(w;/ ) (6.1)
i=1 i=1
The degeneracy term () was computed for the brush and the monolayer using

combinatoric arguments.

Q;(monolayer) = (n —i+1)(m —i+1) (6.2)

n'm!

(n—1i)(m—1i)!

The free energy for each binding state i was estimated using a similar argument.

Q;(brush) = (6.3)

AG;? = AGj oy + (i — 1)AGi s — RT In Q) (6.4)
The partition function w; was defined according to:
o— OGS /RT

Z?ETX e—AGZ‘? /RT

6.3.10 Polarization of THP-1 monocytes

Flow cytometry, sorting, cell culture, polarization and microscopy of THP-1 monocytes
performed by Nahal Habibi (Lahann Lab)

THP-1 (ATCC) monocytes were terminally differentiated into M0 macrophages by
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treatment with 150 nM phorbol 12-myristate 13-acetate (PMA) over three days. MO
cells were polarized to M2 Mps by incubating them with 20 ng/mL of IL-4 and IL-
13 for 3 days. For M1 polarization, cells were incubated with 20 ng/mL IFN-y and
2400 ng/mL LPS for 2 days. Both M1 and M2 polarized macrophages were seeded
on media-conditioned and UV-sterilized 1, 2, 3, 4, and glass surfaces at a density

of 50,000 cells/mL and imaged after 24 hours of incubation.

6.3.11 Polarization of monocytes from peripheral blood

Flow cytometry, sorting, cell culture, polarization and microscopy performed by Jelani
Zarif and Amber de Groot (Pienta Lab, Johns Hopkins University)
Monocytes were harvested from blood samples donated by human volunteers
by magnetic sorting. A negative selection procedure was used to remove non-
monocytic white blood cells (WBCs), red blood cells (RBCs), platelets and plasma
by exploiting differences in the upregulation of CD14 receptors on monocytes.
Non-monocytes, which do not possess CD14 were gradually depleted till a pure
population of monocytes was obtained. These were differentiated into MO cells and
then polarized into M1 and M2 Mps using procedures similar to the ones described

in the previous section.

6.4 Results and discussion

6.4.1 Synthesis and characterization of x-mannose and p-glucose functional-

ized surfaces

Our objective was to simultaneously examine the effects of glycan stereochem-
istry and glycan architecture on their ability to recognize and selectively bind to
M2 macrophages. To this end, we prepared surfaces functionalized with both a-

mannose and B-glucose, either in the form of polymer brushes through SI-ATRP
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Figure 6.1: Synthetic schemes for the polymer coatings under study (a) Synthesis of
2’-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside from a-mannose
pentaacetate and the subsequent deprotection to synthesize 2’-acrylamidoethyl-
a-D-mannopyranoside. (b) Surface-initiated atom transfer radical polymerization
from the initiator coating PPX-EB to form poly(2’-acrylamidoethyl-x-D-manno-
pyranoside) brushes. (c) Synthesis of monolayers bearing a-mannose and B-
glucose molecules by copper catalyzed Huisgen 1,3-dipolar cycloaddition of PPX-
alkyne with the azidosaccharides. (d) Tabular list of polymer coatings and their
abbreviations used in this paper.
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Figure 6.2: IRRAS spectrum of (a) poly(4-ethynyl-p-xylylene-co-p-xylylene) (PPX-
alkyne) coating indicates the presence of reactive alkyne groups. (b) B-D-gluco-
pyranosyl azide clicked to PPX-alkyne surfaces to yield 4. (c) a-D-mannopyranosyl
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of the hydroxyl peaks adjacent to the alkynyl C-H stretch. Since only a monolayer
is formed, most of the subsurface alkyne groups remain unreacted.
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or as monolayers through a click reaction. In total, we studied four sets of sur-
faces (Figure 6.1(d)). The B-glucose coatings were selected as negative controls
since both M1 and M2 polarized macrophages lack glucose receptors.

In order to prepare monolayers of a-mannose and B-glucose (3 and 4) , we
employed the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition (Figure 6.1(c)) to
conjugate the azidosaccharides to poly(4-ethynyl-p-xylylene-co-p-xylylene) (PPX-
alkyne), which displays highly reactive alkyne functional groups®?. We used a-D-
mannopyranosyl azide and B-D-glucopyranosyl azide to ensure that the stereo-
chemistry and orientation of the mannose and glucose molecules were identical
on both the monolayers and brushes. a-mannose monolayer was included in the
study in order to ascertain whether the glycan architecture played a significant role
in shaping interactions with macrophages. Though these are chemically identical
to the a-mannose brushes, the spatial distribution and topology of the a-mannose
molecules change significantly when they are presented as monolayers instead of

brushes. Similarly, the B-glucose monolayer was added to the study as an addi-
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tional negative control.

The successful formation of the glycan monolayers was assessed via Fourier-
transformed infrared spectroscopy (FTIR) where the characteristic peaks associ-
ated with the hydroxyl groups appeared completion of the click reaction appeared
(Figure 6.2). Contact angle goniometry also confirmed the completion of the click
reaction as indicated by a decrease in water contact angles (70+8.5 °) compared
to the unfunctionalized PPX-alkyne (93.543 °). We adopted a two-step synthetic
route to prepare 2’-acrylamidoethyl-a-D-mannopyranoside as seen in Figure 6.1(a).
This synthetic strategy allows us to conjugate carbohydrates in their pyranose
form to a polymerizable moiety, 2-hydroxy ethyl acrylamide, while still maintain-
ing the glycan bioactivity. We opted for deprotection of the pyranose ring prior
to polymerization instead of post-polymerization deprotection since the latter is
seldom quantitative. As reported earlier,?”8, both approaches yield well-defined a-
mannosebrushes however, poor control over polymerization rates and broad poly-
dispersity was observed for post-polymerization deprotection.

After the monomer was synthesized successfully, (Figure 6.1(a)), we proceeded
to graft polymer brushes through SI-ATRP. First, substrates were functionalized
with the initiator bearing the ATRP initiator groups via chemical vapor deposition
polymerization.”® Subsequently, poly(2’-acrylamidoethyl-a-D-mannopyranoside)
brushes (1) were grafted from the initiator coatings (Figure 6.1(b)). Similar pro-
cedures for monomer synthesis and polymer brush growth were employed for
preparing poly(2’-acrylamidoethyl-B-D-glucopyranoside) brushes (2).

For the brushes, we performed a more detailed characterization using X-ray
photoelectron spectroscopy (XPS), FTIR and ellipsometry. The XPS survey scan of
poly(2’-acrylamidoethyl-a-D-mannopyranoside) brushes is shown in Figure 6.3(c).
Since, we observed signals from Cjs, N1 and Oy in the survey spectra, we pro-

ceeded to collect high resolution spectra from these three regions. This allowed
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Figure 6.3: Surface characterization of poly(2’-acrylamidoethyl-a-D-mannopy-
ranoside) brushes. (a) Elemental composition of a-mannose brushes as measured
using high resolution XPS scans is in close agreement with theoretical values. (b)
& (d) High resolution XPS spectra of carbon (Figure 6.3(d) and Table 4.4(b)) fur-
ther confirms the chemical composition of the a-mannose brushes. (c) XPS Survey
spectra of the surface bearing a-mannose brushes. (e) Thickness of the brushes in-
creases in a non-linear and rapid fashion, reaching a plateau within 8 hours, with
very little increase in thickness occuring between 8-24 hours. (f) IRRAS spectrum
of a-mannose brushes recorded after SI-ATRP reaction. The presence of N-H and
carbonyl peaks from the amide, as well as the hydroxyl groups were verified.
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us to quantify the elemental composition of the x-mannose brushes (Figure 6.3(a)
which compared well with the theoretical values of the brushes. Using the high
resolution spectra of Ci5, we were able to further characterize the chemical struc-
ture of the brushes (Figure 6.3(d)). The C;5 spectrum shows signals for aliphatic
C-C bonds, the C-C-O bonds from the pyranose ring, the N-C bonds and the C=O
from the acrylamide. The contribution from each component is in close agreement
with theoretical values as shown in Table 6.3(b).

Structural confirmation of the a-mannose brushes was also completed using
FTIR spectroscopy in the grazing angle mode. Characteristic functional groups of
the a-mannose brushes can be associated with absorption bands at 3374 cm™! due
to the hydroxyl groups, a strong, sharp peak at 1658 cm™! indicative of the N—C=0
bond of the amide group, and a peak at 1553 cm™, which is due to C—N stretches
of the amide (Figure 6.3(f)).

The kinetics of a-mannose brush growth was studied using ellipsometric mea-
surements. We studied film thickness as a function of polymerization time and
concluded that the polymerization was not well-controlled. In the first eight hours,
the reaction proceeded with an almost exponential increase of brush thickness with
time before reaching a plateau around 18 nm. Since the ATRP was conducted in an
aqueous medium, we expected the reaction to be dominated by irreversible chain
termination reactions and loss of catalyst activity through disproportionation. De-
spite the addition of sodium chloride to suppress Cu' disproportionation®®3, we
still observed significant formation of metallic copper over the course of the ATRP.
Nevertheless, we can control the thickness within a 5-20 nm range merely by vary-
ing the reaction time. Finally, we observed that the advancing water contact angle
decreased from 8646 “observed for the initiator coatings to 26+8 and 20+10 “for

the mannose and glucose brushes respectively.
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Figure 6.4: Assessing bioactivity of a-mannose brushes by measuring Concanavalin
A binding. (a) QCM studies were undertaken to evaluate Con A binding kinetics to
four sets of surfaces. While the a-mannose brushes exhibited strong lectin uptake,
very little lectin binding was observed on the x-mannose monolayer, indicating
that the brush architecture promotes multivalent protein-carbohydrate binding.
The B-glucose monolayer and brushes were not expected to bind to the a-mannose-
specific lectin. (b) The binding extent of Alex Fluor tagged Con A was compared
on four surfaces using fluorescence measurements. Adsorption trends were sim-
ilar to those from QCM measurements. (c) Con A patterns were obtained by syn-
thesizing microstructured a-mannose brushes (on the gridlines) and subsequent
incubation with the lectin. Con A adsorption occurred only on regions where the
a-mannose brushes were present and not on the underlying SI-ATRP initiator coat-
ing. Scale bar is 100 um. (d) Our thermodynamic model predicts that for the same
number of a-mannose molecules on the surface, the brush architecture results in
a far higher equilibrium constant of Con A binding compared to the monolayer
architecture. Our model explains the contrasts in Con A binding between the a-
mannose brushes and the monolayers.
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6.4.2 Avidity of the x-mannose surfaces for Con A is architecture-dependent

Before we proceeded to examine differences in M1 and M2 macrophage bind-
ing on these four surfaces, we compared the binding kinetics of Concanavalin A, a
carbohydrate-binding protein or lectin, that associates with a-mannose molecules
through specific carbohydrate-protein affinity based interactions. The objective was
to verify whether the surfaces (both the brush and the monolayer) composed of
x-mannose were bioactive. Con A-mannose binding is a classic example of mul-
tivalent interactions found in nature, wherein a protein and a carbohydrate are
unable to form a strongly bound complex due to weak univalent protein-glycan
interactions. Instead, they bind multivalently by utilizing several copies of glycan
molecules. Con A, a tetrameric protein isolated from the plant, Canavalia ensiformis,
was one of the earliest lectins to be discovered and its mannose-binding behaviour
has been widely studied. With four binding sites that interact strongly and highly
specifically with a-mannose, this protein has served as a useful model molecule in
examining the effects of multivalent glycan presentation on protein-carbohydrate

304

interactions.””* In the monovalent binding mode, the binding constant or the K,

value is around 7.5¢>M~!, which indicates that the weak affinity between the

protein and the carbohydrate renders the binding event reversible.3%

To exploit
the glycocluster effect, a variety of glycopolymer architectures that can span mul-
tiple lectin binding sites have been developed. By controlling the properties of the
glycopolymers binding to Con A, such as changing the framework from linear to
dendrimeric architectures, or tuning the number and physical characteristics of
the terminal functional groups, high avidity can be achieved despite low affin-
ity. 306Previously, binding avidities of dendrimers with upwards of 172 mannose

305 Tt was

groups were compared against that of the monovalent methyl mannose.
found that glycopolymers long enough to bind bivalently exhibited vastly stronger

avidity, whereas shorter polymers could not wrap around the protein, binding
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monovalently and resulting in a weaker avidity.>> We expected to observe sim-
ilar trends when we compared the lectin adsorption on mannose monolayers and
brushes.

Though Con A also has a weak interaction with B-glucose, previous studies
report that in their monovalent forms, a-mannose shows approximately twenty
times higher affinity to Con A compared with B-glucose.??” We hypothesized that
the enhanced affinity for x-mannose over -glucose would be amplified when we
use multivalent topologies such as monolayers and brushes due to the glycoclus-
ter effect. Hence the extent of Con A binding to both the p-glucose brushes and
monolayers were also examined. We wished to understand the effects of both stere-
ochemistry and glycan architecture on the rate and extent of Con A binding and
in ascertaining which architecture best promoted multivalent lectin binding, the
brush or the monolayer architecture.

We employed a combination of fluorescence imaging and QCM to compare
Con A binding on surfaces 1, 2, 3, and 4. The adsorption traces obtained from
QCM allow us to map the decrease in resonant frequency as a function of time.
This adsorption response was converted into the mass of Con A adsorbed on the
active area of the flow cell using the Saueberey equation. The results, as seen in
Figure 6.4(a), indicate that the Con A adsorption observed on 1 is at least 30 times
higher than those observed on the other three surfaces. Surprisingly, the 3 coating
displayed extremely low levels of Con A binding, even lower than the 2 surface
and only slightly higher than 4.

We assessed the binding of fluorescently tagged Con A on these four surfaces
to further confirm the QCM results. The fluorescence intensity observed on 1 was
far higher than the remaining groups. Again, 2 exhibited the second-highest Con
A binding, followed by 3 and 4, a trend consistent with our QCM observations.

Finally, as an additional experiment to confirm these results, we created patterned
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mannose brushes against a background composed of the deactivated initiator coat-
ing. Using imaging ellipsometry (data not shown), we detected thickness differ-
ences between the mannosylated regions and the initiator, confirming that man-
nose is present in the borders not in the square islands. The fluorescently tagged
Con A bound exclusively to the mannose domains while avoiding non-specific
binding to the initiator coating, which is shown in Figure 6.4(c).

To understand our Con A results better, we developed a thermodynamic model
using the framework proposed by Kitov and Bundle3®. Our model includes a de-
generacy term that accounts for all the possible configurations of ligation between
Con A and mannose. Unlike the rigid monolayer, the brushes are more flexible and
can span all four binding sites on the Con A, thereby maximizing degeneracy. As-
suming an identical number of a-mannose molecules presented per unit area, the
brushes have a lower free energy of binding compared to the monolayer. As the
a-mannose density increases on both topologies, the free energy gap between the
two architectures widens, leading to a much higher equilibrium constant for the
binding of Con A with the multivalent mannose brushes as compared to the multi-
valent mannose monolayer (Figure 6.4(d)). Our results suggest that lectin binding
is a function of not only whether the glycan possesses the right stereochemistry
but also on whether the glycan presentation is optimized to maximize multivalent

interactions between the lectin and the glycan.

6.4.3 Examining differences in M1 and M2 Mp adhesion

We wished to examine whether the high uptake of Con A by a-mannose brushes
would directly translate into an ability to capture pro-repair M2 polarized macro-
phages, which bear mannose-binding CD206 receptors. We hypothesized that the
presence of mannose receptors on the M2 cell surface is expected to result in their

selective adhesion to a-mannose surfaces. In contrast, we anticipated that the pro-
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inflammatory M1 polarized macrophages will not bind to the x-mannose surfaces,
since M1 macrophages do not display mannose receptors. We also wished to verify
whether the spatial presentation of mannose molecules (brush vs. monolayer) will
have a significant effect on the selectivity as well as avidity of M2 macrophage iso-
lation. In addition to the 1,2, 3 and 4 functionalized chamber slides, we employed
unfunctionalized glass chamber slides as additional controls.

We conducted two sets of studies, one using macrophages derived from a mono-
cyte cell line (THP-1) and the other study employing macrophages differentiated
from primary monocytes. THP-1 is an immortalized human leukemia monocyte
cell line that is frequently used by immunologists as an in vitro model of mono-
cyte and macrophage behavior. THP-1 has been routinely used in the Lahann Lab
as it offers several advantages over primary cells. They are convenient to procure,
freeze and store for long durations. With a doubling time of 35-50 hours, they can
proliferate quite easily, compared to primary cells. However, due to their cancer-
ous origin, PMA-differentiated THP-1 macrophages may exhibit unnatural in vitro
behavior in response to polarization stimuli and display much lower levels of ex-
pression of M1 and M2 markers. Macrophages derived from primary cells, on the
other hand, are expected to be more plastic and result in greater upregulation of
M1 and M2 markers upon polarization. Our collaborators at Johns Hopkins Uni-
versity have well-established procedures for isolating monocytes from blood sam-
ples and then differentiating them into MO cells, which are finally polarized into
M1 and M2 Mps. The rationale behind using both primary cells and cell lines is
to evaluate whether mannose coatings could be of utility, not just in clinically rel-
evant settings employing macrophages derived from the patient’s blood stream,
but also in basic research on wound healing that employs cell lines for reasons of
cost and convenience.

Next, we evaluated the adhesion of macrophages derived from primary human
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Figure 6.5: Results from studies performed with Mps derived from peripehral
blood (a) - (d) Representative images of M1 and M2 Mps adhered to mannose
and glucose brushes (1 and 2). (e) - (h) Representative images of M1 and M2 Mps
adhered to monolayers of mannose and glucose (3 and 4). (i)-(j) Representative im-
ages of M1 and M2 Mps adhered to unfunctionalized glass. (k) Cell numbers of M1
and M2 Mps adhering to the surfaces evaluated. (I) Selectivity ratio of the surfaces
under study.
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bone marrow mononuclear cells on glass, mannosylated (1 and 3) and glucosylated
(2 and 4) surfaces. The mannose brushes (1) possessed a thickness of 15.5 & 3.5 nm
while the glucose brushes (2) were measured to be 19 £ 3 nm. We ensured that
both sets of brushes had comparable thicknesses to eliminate confounding factors
arising from brush architecture and the possible differences in steric repulsions
caused by brush thickness.

On glass surfaces (Figures 6.5(i) and 6.5(j)), both M1 and M2 Mps adhered
well but the cell numbers were not vastly different, indicating that cell adhesion
was mediated by non-specific factors such as electrostatic and hydrophobic attrac-
tions. 399310 Upon changing the surface chemistry from glass to glucose monolayer
(4) coatings, we found that the numbers of adhered M1 and M2 Mps were similar
to those recorded on glass (Figures 6.5(g) and 6.5(h)). We also observed distinct
morphological differences between M1 and M2 Mps, with the former adopting
compact rounded shapes that minimized cell-surface contact areas and the lat-
ter forming elongated spindles that maximized spreading and the area of adhe-
sion. Next, we modified the spatial presentation of glucose molecules on the sur-
face by switching to a brush architecture from the monolayer, while preserving
the chemical composition and glycan stereochemistry (Figures 6.5(c) and 6.5(d)).
We observed a modest increase (2x) in the number of M2 cells but a much more
pronounced increase (3.5x) in the M1 Mps adhering to the glucose brushes com-
pared to the glucose monolayers.(Figure 6.5(k)) Interestingly, the M2 cells adopted
a rounded morphology on the glucose brushes compared to the elongated shapes
on the glucose monolayers. This could be attributed to the non-fouling cell-resistant
properties of the glucose brushes, which inhibit cell adhesion and spreading.

Finally, in Figures 6.5(e), 6.5(f), 6.5(a), and 6.5(a), we observed that we could
hardly find any M1 Mps on the mannose surfaces while the M2 Mps adhered in

high densities. It appears that only cells possessing mannose-binding CD206 re-
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ceptors were able to adhere to mannosylated surfaces, indicating that non-specific
cell adhesion of M1 Mps was inhibited. However the preference for M2 over M1
Mps was high for both the mannose brushes as well as the monolayers, indicat-
ing that the M2 Mps were insensitive to the architecture of the mannose-functional
surfaces (Figure 6.5(1)).

For THP-1 derived macrophages, the upregulation in the expression of CD206
(for M2a) and CCR7 (for M1) was studied using flow cytometry and sorting was
performed to remove unpolarized MO cells. As seen in Figure 6.6(a), M1 macropha-
ge markers were not detected in M2 polarized macrophages and vice versa. After
sorting, M1 and M2 cells were seeded on five sets of surfaces and incubated for
24 hours. Finally, surfaces were washed gently with D-PBS, imaged using a light
microscope and adherent cells were enumerated using manual counting. In Figure
6.6(b), the results of this cell count have been plotted and we can see the differences
in adhesion behavior between M0, M1 and M2 Mps on glass, surfaces 1, 2, 3, and 4.
We noticed stark differences in the ability of surfaces to preferentially adhere to M2
Mps (Figure 6.6(c)). While glass, 2and 4 surfaces did not distinguish between M1
and M2 cells, the 1 and 3 surfaces had much higher densities of adherent M2 cells
compared to M1s. Surface 3 not only displayed the highest number of M2 cells, but
were the only group where significant differences were observed between M2 and
M1 and between M2 and MO cells. Overall, the cell adhesion results obtained from
THP-1 derived Mps displayed several similarities with the data obtained from pri-
mary cells. The glucose and glass surfaces were unable to “select for” M2 Mps
while the mannose brushes (1) displayed a high selectivity for M2 Mps. In the
case of primary cells, the selectivity of mannose monolayers (3) was comparable to
those of the mannose brushes. However, the mannose monolayers did display the
same level of selectivity with the THP-1 macrophages. One reason for this could be

that the density of CDD206 receptors is lower on M2 Mps derived from THP-1 cells
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Figure 6.6: Results from studies performed with Mps derived from THP-1 mono-
cytes. (a) Flow cytometry was performed to measure the expression of CD206 in
M2 Mps and CCR7 in M1 Mps. Our results indicated that the polarization pro-
tocol was successful in transforming MO Mps into M1 and M2 phenotypes. Sub-
sequently, polarized cells were sorted from unpolarized M0 Mps using magnetic
sorting. (b) Cell count of M1, M2 and Mo Mps on various surfaces. Error bars indi-
cate two standard deviations. (c) Ratio of M2 to M1 cell numbers for each coating.
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compared to M2 Mps derived from primary monocytes. As a result, multivalent
CD206-mannose binding may require a higher number and denser distribution of
mannose molecules on the surface, which is provided by surface 1 but not 3.

For binding processes involving Con A and mannose, the brushes displayed a
much higher avidity than the monolayers did whereas in the case of the primary
macrophages, this difference was not observed. In order to understand the rea-
sons for this disparity, we compared the roles of binding affinity, K, and binding
state i for both the binding pairs, Con A-mannose and CD206-mannose (Figure
6.7). At values of i close to 1, monovalent binding is predominant and therefore
both brushes and monolayers are expected to have equal avidities for Con A and
CD206. As i approaches the maximal binding state (4 for Con A and 8 for CD206)
the equilibrium constant for binding is brushes is 10° to 10> times higher than
with the monolayers as multivalent modes of binding are accessed. This effect is
further amplified when the density of mannose molecules on the surface is in-
creased. Also, since the CD206 has a weaker affinity for mannose compared to
Con A, as indicated by the difference in K, estimates, we expected degeneracy and
entropic effects to assume greater significance for the former. Accordingly, we can

see that the differences between brush and monolayers and much starker for the
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CD206 (Figure 6.7(a)) than the Con A association (Figure 6.7(b)). In this light, the
results obtained for primary M2 Mps seem even more puzzling and unexpected.
There are two probable causes for the deviation between experimental results and
model predictions. One explanation is that the binding processes between CD206
and mannose surfaces are monovalent, rendering the binding strength indifferent
to both glycan architecture and mannose density, but this seems unlikely given
the weak binding strength between a single CD206 receptor and monovalent man-
nose (K, of 2¢77M~1). Another explanation is that the smaller size of the Con A
molecule (4 nm diameter) enables them to access and bind to mannose molecules
present along the entire length of the extended polymer brushes through insertion
into the brushes or ternary adsorption. In contrast, ternary adsorption is not possi-
ble for macrophages, which are more likely to maximize interactions with mannose
molecules through cell spreading and elongation rather than brush insertion. Due
to this limitation, the M2 Mps “perceive” both the brushes and the monolayers as
monolayers, ensuring comparable avidities and adhesion trends.

Though our initial results testing adhesion differences between M1 and M2
macrophages seem promising, further work needs to be done to ensure that our
coatings perform in the intended manner in vivo. Immunofluorescence studies and
viability assays are being planned in order to verify that the M2 phenoptype is
maintained and to ensure that the M2 Mps remain competent to induce heal-
ing outcomes. Since other cell types such as keratinocytes and dermal fibroblasts
also over-express CD206, co-culture experiments need to be performed to evalu-
ate whether the competition for mannose ligands between M2 Mps and other cell

types results in the displacement of M2 Mps from the coatings.
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6.5 Conclusions

In this chapter, we engineered bioactive carbohydrate-based coatings that could
potentially be applied in cell-based therapeutics targeting dysregulated macropha-
ge polarization, such as wound healing constructs for diabetic wounds. We hy-
pothesized that the upregulation of mannose-binding receptors on alternatively
activated M2 macrophages confers mannose-decorated surfaces with the ability to
bind to them selectively. We demonstrated the ability of polymer brushes bearing
pendant x-mannose brushes to resist the adhesion of pro-inflammatory M1 ma-
crophages while displaying a high avidity for pro-repair M2 macrophages. These
surfaces have been characterized extensively and the effects of glycan stereochem-
istry and architecture were examined using both thermodynamic models as well
as experimental model systems employing a mannose binding lectin, Con A. With
further work, these coatings will be a promising strategy to deliver pro-healing
macrophages to the wound site to resolve inflammation and to accelerate wound

closure.
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CHAPTER VII

Conclusions & Future Directions

7.1 Conclusions

In this dissertation, zwitterionic and carbohydrate polymer brushes were ex-
tensively used to tailor the interactions of biomaterial surfaces with cells, biomole-
cules and viruses. By borrowing these powerful chemical motifs from nature, and
amplifying them in the form of polymer brushes, we established a modular multi-
functional materials platform wherein composition, architecture and spatial pre-
sentation can be independently controlled. Synergies with thermodynamic and
statistical modeling as well as with chemical vapor deposition (CVD) polymer-
ization were identified and exploited to discover optimal polymer brush design
parameters for several biomedical applications.

In Chapter II, CVD-based surface initiated-atom transfer radical polymeriza-
tion (SI-ATRP) initiator coatings were spatioselectively deactivated through UV
treatment in order to isolate the growth of polymer brushes to selected masked
areas, where the polymerization initiators remained functional. These micropat-
terned polymer brushes could be used to organize the deposition of proteins in
two ways: patterned phosphorylcholine brushes could structure non-specific pro-
tein adsorption while biotinylated polymer brushes could promote the recogni-

tion of streptavidin-tagged biomolecules along the desired regions. The substrate-
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independence of this technique was demonstrated on a range of polymer surfaces
and on steel.

In Chapter 1III, a novel electrokinetic approach was developed to visualize the
adsorption of proteins and nanoparticles on biomedically relevant surfaces. By
monitoring temporal changes in (-potential, we could map the binding of neu-
travidin molecules on biotinylated surfaces and validated this technique by com-
paring the kinetic profiles of neutravidin-biotin binding with those acquired from
quartz crystal microbalance measurements. Additionally, we synthesized electro-
statically tunable coatings incorporating poly(sorbitol methacrylate) brushes and
studied the adsorption kinetics of virus-like nanoparticles as a function of surface
composition using real-time -potential measurements. We demonstrated that this
label-free and inexpensive technique can be a useful tool in characterizing bioint-
erfacial events that are sensitive to electrostatic forces.

In Chapter IV, we developed a model surface comprising B-glucose, f-galactose
and a-mannose based polymer brushes coimmobilized with positively charged vi-
ral binding sites, with the goal of enhancing our understanding of virus-material
interactions. CVD copolymerization enabled us to vary the ratio between SI-ATRP
initiator sites and aminomethyl functional groups, allowing for a systematic study
of the role of nanoscale electrostatic heterogeneity on viral and protein adsorp-
tion profiles. The aminomethyl groups, which model coating defects, promoted the
binding of influenza and adenoviruses while the carbohydrate brushes prevented
viral adsorption. Using our modular coating, we explored the effects of brush com-
position, architecture and binding site density and concluded that viral adsorption
is a complex function of brush thickness and aminomethyl surface concentration.
Our model surfaces generated guidelines for the design of virus-resistant coatings,
considering realistic scenarios where coating defects can influence performance.

In Chapter V, a design of experiments (DOE) approach was employed to de-
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scribe brush properties as mathematical functions of SI-ATRP parameters. Specifi-
cally, we investigated the SI-ATRP of a model zwitterionic hydrogel, poly[2-{meth-
acryloyloxy} ethyl dimethyl-{3-sulfopropyl} ammonium hydroxide] (PMEDSAH).
PMEDSAH is of special interest to the stem cell engineering community as it can
sustain feeder-free and xeno-free stem cell proliferation. Our previous work in-
dicated that the rate of stem cell propagation is sensitive to modifications of the
gel architecture of PMEDSAH. We developed and validated a predictive model
that simultaneously captures both phenomena that determine the gel architecture
of PMEDSAH- the SI-ATRP reaction kinetics and the degree of zwitterionic self-
association. We concluded that DOE is a promising data-driven modeling frame-
work for the design and synthesis of polymer brushes. This approach allowed us
to access hitherto unrealized gel architectures merely by increasing the catalyst
concentration.

In Chapter VI, the ability of x-mannose brushes to capture M2 polarized macro-
phages in a phenotypically selective manner was investigated. The effect of glycan
stereochemistry and architecture was evaluated simultaneously since our thermo-
dynamic models and lectin binding experiments indicated that the spatial presen-
tation of a-mannose molecules would play a key role in determining the avid-
ity of M2 macrophages for a-mannose surfaces. While M1 macrophages, which
lack mannose-binding receptors did not discriminate between p-glucose and a-
mannose surfaces, M2 macrophages adhered exclusively to a-mannose surfaces.
In contrast to the lectin experiments, no significant differences in macrophage ad-
hesion between monolayers and brushes were observed.

In summary, the polymer coatings, modeling frameworks and applications de-
veloped in this dissertation can serve as a foundation for engineering interfaces
that solve diverse problems at the intersection of materials and biomedical re-

search. In the following sections, selected extensions of dissertation research and
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ideas for additional projects will be discussed briefly.

7.2 Future directions: Stem cell engineering on synthetic substrates

721 Elucidating the mechanisms by which PMEDSAH facilitates stem cell

self-renewal

Although PMEDSAH is well-characterized and is ideally positioned for adop-
tion in regenerative medicine, a critical aspect has remained under-investigated.
What is the mechanism by which PMEDSAH facilitates stem cell self renewal?
Since synthetic polymers do not have inherent bioactivity, they are sometimes con-
jugated with certain peptide sequences in order to interact specifically with stem
cell receptors, thus sending pluripotency-supportive signals®!'. PMEDSAH, how-
ever, is employed as a purely synthetic polymer and does not carry these pep-
tide modifications. An alternative mode of interaction is biomimicry, wherein a
structural resemblance of the polymer to a key functional component of the ex-
tracellular matrix is exploited. Adding to this picture is the interesting observa-
tion that PMEDSAH is a non-fouling material®'? and cannot have physisorption-
based non-specific interactions with the proteins present in the cell culture environ-
ment. Hence identifying the exact molecular mechanism of PMEDSAH’s bioactiv-
ity presents an intriguing prospect.

Basic fibroblast growth factor (bFGF-2) is a key component of the human pluripo-
tent stem cell (hPSC) culture environment as it plays a critical role in promoting
self-renewal.?!3 bFGF is a heparin binding growth factor and is believed to be sta-
bilized by heparin sulfate, a proteoglycan present in the extracellular matrix.34
The chemical structure of PMEDSAH suggests that it bears some resemblance to
heparin sulfate on account of the terminal sulfonate group present in the zwitteri-

onic side chain.?!> We hypothesized that PMEDSAH is unique among zwitterionic
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polymer brushes because it stabilizes bFGF through biomimicry of heparin sulfate.
In order to test this hypothesis, we performed bFGF adsorption studies using en-
zyme linked immunoadsorbent assay (ELISA). The ELISA studies were performed
by our collaborator, Tugba Topal (Krebsbach Lab).

Initially, we were interested in quantifying the concentration of unbound and
bioactive bFGF that exist as free molecules in solution. In this experiment, we did
not consider surface-bound bFGF. Four sets of surfaces- heparin (positive control),
untreated polystyrene(negative control), tissue culture-treated polystyrene (TCPS,
negative control) and PMEDSAH, were compared. Two time points (initial and 2
hours) and three bFGF loadings (0, 320 and 640 pg/mL) were studied. We did not
observe significant differences in solution bFGF concentration between the four
surfaces (Figure 7.1(a)). We also noted that bFGF concentration did not decrease
after 2 hours of incubation at 37°C. The solution concentration only seemed to
depend on the initial loading of bFGF.

Next, we increased the time horizon for our observations from 2 to 24 hours
and then estimated the concentration of bioactive bFGF remaining in solution after
24 hours of incubation on either PMEDSAH or TCPS surfaces (Figure 7.1(b)). We
discovered that while PMEDSAH coatings managed to retain between 5-10% of the
loaded bFGF with its native structure intact, the concentrations of bioactive bFGF
on TCPS surfaces were close to zero levels. We attribute these differences between
PMEDSAH and TCPS surfaces to the hydrophilic non-fouling nature of the former
and the hydrophobic surface characteristics of the latter, which promote protein
denaturation and unfolding. We concluded that while short-term differences in
bFGF solution stability between TCPS and PMEDSAH were minimal, the long-
term consequences of hydrophobic interactions and prolonged exposure to TCPS
caused a steep drop in the availability of bioactive bFGF molecules in the solution.

Finally we estimated the adsorption of bFGF on TCPS and PMEDSAH by mea-
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Figure 7.1: ELISA data collected by Tugba Topal. (a) Comparison of solution con-
centrations of bFGF across TCPS, polystyrene, heparin and PMEDSAH at 0 and 2
hour time points. Only negligible differences were observed (b) ELISA measure-
ments of bFGF concentration after 24 hours incubation on TCPS and PMEDSAH as
a function of bFGF loading. PMEDSAH seems to shield bFGF from denaturation
even after 24 hours while TCPS surfaces did not. (c) Adsorbed quantities of bFFGF
were quite low on PMEDSAH compared to TCPS. Lowering the temperature did
not increase the adsorption of bFGF on PMEDSAH
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suring its surface-bound concentration. In this experiment, high bFGF loadings
(1600, 4000 and 10000 pg/mL) were employed to make it easier for us to detect
surface binding. While the TCPS surfaces retained some of this bFGF, PMEDSAH
resisted bFGF adsorption and displayed near-baseline levels of bFGF surface con-
centration at both 4°C and 37°C . From the results in Figures 7.1(b) and 7.1(c),
we can see that surface and solution bFGF concentration profiles follow very dif-
ferent trends. PMEDSAH surfaces do not interact with bFGF but stabilize it in
solution, suggesting that like most typical zwitterionic brushes, it is non-fouling.
On the other hand, though the TCPS surfaces bind to bFGF at high loadings, they
lower its availability in solution by destabilizing its native structure. We anticipate
that the non-fouling PMEDSAH surfaces are better at stabilizing the native struc-
ture of bFGF in vitro and perhaps extend the protein’s half-life, thereby bringing
about long-term self-renewal. To prove this conclusively, sum-frequency genera-
tion (SFG) spectroscopy would be the ideal approach for elucidating the differ-
ences in hydration structure and bFGF stability between PMEDSAH, TCPS and
heparin.

A second line of investigation that can provide molecular insights, is a com-
parative study of adsorption of relevant proteins on a family of zwitterionic poly-
mers, including PMEDSAH. This will help us derive a general chemical basis for
the design of polymer coatings for stem cell culture. By identifying both the critical
proteins which mediate polymer-cell interactions as well as the relevant molecular
motif(s) of the zwitterionic entity, we can expand the library of materials which
can support stem cell self renewal, beyond PMEDSAH.

Our unpublished experiments reveal that two other zwitterionic polymer coat-
ings have been successful in self-renewal of hPSCs- poly[2-methacryloyloxyethyl
phosphorylcholine] (PMPC), in which the sulfonate (50;7) anion of PMEDSAH

is replaced by a phosphonate (PO, ™) group and poly[({3-methacryloylamino}pro-
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pyl)dimethyl {3-sulfopropyl} ammonium hydroxide inner salt] (PMPDSAH) which
is the amide analogue of PMEDSAH.3!6317 Tt is quite possible that these three
non-fouling polymers share a molecular motif, perhaps the structure and molec-
ular conformation of the zwitterionic side chains, which may bring about stem
cell self-renewal. It has been previously shown that even slight modifications in
charge density, ionic separation and chemical functionality can lead to drastic con-
sequences on the self-association, hydration and protein interactions for zwitteri-
onic materials.3!® Hence a systematic investigation of the zwitterionic molecular
design parameters on their affinity for ECM proteins would be highly promising.

To investigate polymer-protein interactions further, it would be best to em-
ploy surface plasmon resonance (SPR), a sensitive optical technique that can pro-
vides a real time view of molecular interactions on a surface.?1%3?0 Observations
can be collected to measure the adsorbed masses of bFGEF, collagen, laminin, fi-
bronectin and vitronectin on five surfaces- PMEDSAH, PMPC, PMAPDSAH, the
non-zwitterionic PEGMA, and heparin. The first four surfaces are non-fouling and
should not retain any protein unless a specific interaction exists, an interaction
whose kinetics SPR can capture accurately. Twenty five pairs of adsorption stud-
ies will be conducted, real time data collected and adsorption levels quantified.
This will enable identification of both critical ECM proteins mediating stem cell-
surface signaling as well as shed some light on the effect of chemical structure on
specific protein interactions. SPR results can be supplemented by deriving a de-
tailed molecular level understanding from ToF-SIMS (Time-of-flight - secondary
ion mass spectrometry) studies of the protein-bound surfaces.

A final recommendation to future investigators is to probe the role of zwit-
terionic charge distance on the water structure and ability to stabilize bFGF or
any of the other molecules in their bioactive conformations. Kratzer et al.3?! have

developed synthetic approaches for varying the number of methylene groups be-
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tween the sulfonate and the quatenary ammonium charge centers. The variation
of charge distance is capable of transforming not only molecular behavior such

1,322 water residence time distributions3?3 and the strength of

as its hydration shel
counter-ion associations,??® but also macroscopically observable behaviour such
as UCST transitions.??* SFG spectroscopic studies on the family of sulfobetaine
brushes reported by Kratzer et al. 3! would be an interesting approach to discover

whether variations in charge distance can promote or hinder the stabilization of

bFGF and other biomolecules critical for self-renewal.

7.2.2 Resetting somatic cells into naive induced pluripotent stem cells on syn-

thetic substrates

The shortage of organs for transplantation, such as kidneys for patients suffer-
ing polycystic kidney disease, or lungs for those afflicted with cystic fibrosis, is
aggravated by the difficulty of finding matches from the small pool of brain-dead

donors.32°

Immune-matched autologous organs derived from patient cells repre-
sent an attractive solution but several engineering barriers exist. Many researchers
are currently engineering organs in vitro from patient-derived iPSCs using scaf-
folds composed of decellularized organs, 3D printed constructs or other materials
technology for generating “organoids”. However, a common criticism of this ap-
proach is that this is a reductionist style of thinking that fails to account for the
complexity of the cellular niche.3?® Since the exquisite spatiotemporal signaling
profiles achieved in our bodies are challenging to replicate in vitro, partly due to
our imperfect understanding,®?® and partly due to the inaccessibility of complex
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vascularized organ architectures through bioprinting,”~ it has been suggested that

we turn instead to in vivo organogenesis via inter-species chimeras.3?
By integrating patient-derived pluripotent stem cells into suitable host animal

embryos, we can allow nature to guide the formation of human pancreases, livers
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or kidneys within sheep, pigs or cows.?”> Unfortunately, when hPSCs were intro-
duced into pig embryos, the efficiency of chimera formation was very low and the
contribution of the engrafted human stem cells to the organ niche was found to
be poor.3?? However rodent PSCs were competent in forming chimeras, triggering
investigations into the differences in pluripotent potential between human stem
cells and mouse stem cells. These investigations transformed the commonly held
understanding of what pluripotency really means and led researchers to question
the pluripotent identity of conventional human PSCs.3* Pluripotent stem cells oc-
cupy a continuum of states ranging from “naive pluripotency”, where cells are in
a more developmentally immature state and remain unbiased towards differenti-
ation outcomes, to “primed pluripotency” where cells are on the verge of lineage-
specific differentiation.?®! From a molecular biology standpoint, naive stem cells
differ from their primed counterparts in their gene expression profiles and in the
signaling mechanisms facilitating their self-renewal.?3? Moreover, naive cells are
distinct from conventional primed hPSCS such as hESCs and hiPSCs in two aspects
relevant to regenerative medicine. Firstly, they have broader and more robust dif-
ferentiation potential and can overcome the differentiation biases associated with
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conventional primed hPSCs.”>* Secondly, naive hPSCs can competently engraft

into chimeras and facilitate organogenesis whereas with primed cells, chimera for-
mation is inefficient and plagued by defects.?3!

The discovery of naive pluripotency has redrawn the research landscape of
stem cell biology but material scientists working in the realm of stem cell engi-
neering are yet to adapt to this new paradigm. Both somatic cells such as fibrob-
lasts as well as embryonic stem cells can be “reset” or reprogrammed into naive
stem cells using specific cell culture conditions, since the maintenance of ground

state naive pluripotency requires use of several cytokines and small molecule in-

hibitors.3** Though this resetting has been performed on feeder layers comprising

170



Naive + + -

Primed - - +
Matrigel + - -

PMEDSAH - + +

10X

Figure 7.2: Cell culture and reprogramming performed by Prof. Villa-Diaz’s lab
at Oakland University. Optical micrographs display morphological differences be-
tween naive hIPSCs on matrigel (left) and PMEDSAH (center) and primed cells on
PMEDSAH (right). Scale bars are 1000 ym for 4 x and 400 ym for 10 x respectively.

mitotically inactivated mouse embryonic fibroblasts (MEFs), it is anticipated that
the development of a fully defined and feeder-free system will minimize the vari-
ability associated with the resetting process.

There are two factors motivating the use of PMEDSAH surfaces for resetting
and culturing naive hPSCs. From an industrial research standpoint, it is desirable
to ensure reproducibility, stability, ease of use and to reduce batch-to-batch varia-
tions by replacing biologically derived substrates with PMEDSAH during this re-
setting process.3** From a basic research standpoint, PMEDSAH would be useful
in examining the biological effects of stem cell culture substrates on the expres-

sion of naive pluripotency.3®

This aspect is yet to be understood, especially since
most studies involving naive hPSCs were performed on either feeder cells or on
Matrigel, both of which are poorly defined.3*® There is a strong consensus among

stem cell researchers that integrin expression pathways and the roles played by
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various ECM proteins in self-renewal differ substantially between stem cells in
the naive and primed states of pluripotency. Unfortunately it is difficult to probe
these differences systematically on ill-defined substrates like Matrigel, whose com-
position fluctuates randomly from batch to batch.3® The non-fouling PMEDSAH
surfaces, on the other hand, do not participate in integrin signaling processes and
are hence ideally positioned to identify the mechanisms and ECMps that facilitate
naive pluripotency.

Our collaborators at Oakland University reported success in reprogramming
human fibroblasts into naive iPSCs on UVO-initiated PMEDSAH surfaces. In Fig-
ure 7.2, we can see images from three experiments-: primed iPSCs cultured on
PMEDSAH, naive iPSCs on Matrigel and naive iPSCS on PMEDSAH. We observed
characteristic compact, dome-shaped colonies of naive iPSCs on PMEDSAH as
well as on the Matrigel control surface. In contrast, the primed iPSCs on PMED-
SAH exhibited several morphological differences: they were flattened, less densely
packed than the naive cells were and lacked the well-defined borders typical of
naive cells. While the naive iPSCs on PMEDSAH could be more easily dislodged
from the surface and were less prone to spontaneous differentiation, their Matrigel-
cultured counterparts, despite proliferating faster, differentiated frequently. Em-
bryoid bodies could be generated from the naive cells, indicating that they main-
tained their pluripotency on PMEDSAH. These reprogramming studies are cur-
rently being replicated for the third time and a detailed evaluation of genetic ex-
pression, cell surface markers (preliminary immunostaining results in Figure 7.3)
and pluripotency potential are being planned.

Our preliminary results suggest that PMEDSAH is a promising synthetic sub-
strate for resetting fibroblasts into naive stem cells. Future experiments could focus
on extending these results to PMEDSAH surfaces prepared using SI-ATRP as op-
posed to UVO-initiated polymerization. Specifically, by varying the SI-ATRP con-
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Stella

Figure 7.3: Cell culture and reprogramming performed by Prof. Villa-Diaz’s lab
at Oakland University. Inmunostaining reveals the presence of the characteristic
cellular markers for naive hiPSCS
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ditions, different polymer brush attributes can be achieved as described in Chapter
V. Exploring the impact of PMEDSAH’s physiochemical properties on the growth
milieu experienced by naive hiPSCs would be a logical next step for research, es-
pecially if we discover a correlation between the coating properties and the de-
velopment potential of the naive hiPSCs. If this is true, it would offer a way to
enhance the development potential of hiPSCs through simple modifications of the

cell culture substrate.

7.3 Future directions: Carbohydrate-functional polymer brushes

7.3.1 Biosensors for influenza

In Chapter IV, we demonstrated the potential of carbohydrate brushes bear-
ing a-mannose, B-glucose and pB-galactose side chains as virus-resistant polymer
coatings. One of the main sources of their resistance to influenza and adenovi-
ral adhesion is that none of them possess specific interactions with carbohydrate-
recognition proteins present on the viral surface. On the other hand, engineering
specific affinity-based interactions with viral proteins paves the way for coatings
with biosensing capabilities. Preliminary investigations have been concluded with
surfaces functionalized with a2,3-linked and a2,6-linked sialyl lactose, which are
specific receptors for the binding of avian and human influenza strains respec-
tively 3. By presenting virus-specific sialyl lactose molecules in the form of poly-
mer brushes, a sensitive, rapid, specific biosensor with the ability to identify dif-
ferent strains of influenza viruses can be synthesized. Prior work on influenza sen-
sors has employed molecular monolayers of a2,3-linked and «2,6-linked sialyllac-
tose, which are receptors for avian and human influenza respectively.%* Though
these glycan-based biosensors have proven to be more sensitive than antibody-

based influenza sensors, they do not possess the optimal spatial presentation of
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Figure 7.4: Chemical structures of (a) poly(propargyl methacrylate-co-{poly(ethyl-
ene glycol) methacrylate}) (b) 3’-Sialyllactose azide and (c) 6’-Sialyllactose azide.
Using the propargyl-based copolymer brushes as scaffolds, we could obtain sur-
faces with pendant sialyllactose groups. FTIR spectroscopy confirmed the pres-
ence of reactive alkyne groups in (d) at 3325 and 2125 cm™. The formation of
sialyllactose-functional polymer brushes is evident from the appearance of the hy-
droxyl bands in the 3300 cm™ region as seen in (e).
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glycan ligands to maximize virus-glycan avidity. From model predictions of mul-
tivalent binding generated in Chapter VI, it appears that influenza-sialyllactose
interactions will be more thermodynamically favorable if a brush architecture is
employed rather than the monolayers used in recent reports.*®240 I hypothesize
that presenting sialyllactose groups on polymer brushes will result in an orders-
of-magnitude improvement in sensor sensitivity over sialyllactose monolayers.

In order to synthesize sialyl lactose brushes, post-polymerization modification
of polymer brushes would be preferable since sialyllactose-functional acrylate or
acrylamide monomers can be challenging to synthesize. 31342 To this end, we have
employed polymer brushes composed of poly(propargyl methacrylate-co-{poly(eth-
ylene glycol) methacrylate}), which bear pendant alkyne groups, as discussed in in
Chapter II. To these propargyl repeat units we can conjugate 3’-sialyllactose azide
or 6’-sialyllactose azide, which were synthesized using schemes described else-
where.3*? Using FTIR, we were able to verify the formation of polymer brushes
modified with a2,6-linked sialyllactose (Figure 7.4). Similar conjugation procedures
can be used to obtain polymer brushes with pendant 2,3-linked sialyllactose groups.
The impact of sialyllactose stereochemistry and architecture on the strain-selectivity
and detection limit for two influenza subtypes (HIN1 and H3N2) is yet to be in-

vestigated and could be an interesting research avenue for future investigators.

7.3.2 Mannose-functionalized electrospun or 3D-printed mats for wound heal-
ing

In Chapter VI, a surface modification strategy for achieving phenotypically se-

lective adhesion of M2 macrophages was outlined. This coating can be translated

three-dimensional (3D) wound healing constructs that are biodegradable, where

mechanical and geometric features can be finely tuned. While bulk properties such

as the mechanical compliance, the degree of fiber alignment and rate of degrada-

176



tion can be controlled by choosing the appropriate polymer (PLGA or PCL for in-
stance) and the appropriate electrospinning or 3D-printing operating parameters,
the wound-material interface can be functionalized with mannose molecules in or-
der to promote the infiltration of M2-polarized macrophages. This gives us a way
to independently control the chemical and physical characteristics of the scaffold.
In vivo studies can be conducted to compare wound healing outcomes from di-
rect injection of M2 macrophages and macrophage-colonized scaffolds of varying

geometries and mechanical characteristics.

7.4 Automated high throughput platforms for polymer brush syn-

thesis and data-driven discovery

In this dissertation, multifunctional polymer brushes have been used to de-
velop a platform that is capable of producing large and complex datasets. Future
researchers should direct their efforts towards developing tools that can harness
the power of data to design improved biomaterial surfaces. Though our synthetic
platform gives rise to a rich multidimensional design space, it is nearly impossible
to fully explore and exploit this design space using an exclusively experimental
approach. In an ideal scenario, we could formulate first-principles based mod-
els that maps polymer brush design to physicochemical properties and ultimate
biointerfacial behavior, but this is a difficult undertaking. First-principles knowl-
edge is not completely established even for simplistic and well-studied materials
systems such as SAMs and is near-impossible to obtain for polymer brushes of
novel compositions and architectures. Additionally, knowledge-driven models do
not account for material defects and non-idealities. Unbiased data-driven models
constructed from decision-oriented design of experiments in combination with sta-

tistically guided experimental efforts can result in overarching predictive models
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that will prove useful in diverse applications.

There are several challenges to be overcome in order to fully leverage data-
driven modeling techniques. In Chapter V, multifactorial statistical models were
used to simultaneously evaluate the effects of numerous design variables on ma-
terial performance on the basis of an economical number of experiments. By sys-
tematically sampling a thin slice of the entire design space through an orthogo-
nal experimental matrix where several design variables are varied simultaneously,
we can construct response surface models. These regression-based models pro-
vide a powerful quantitative framework for not only predicting the material per-
formance in the entire design space, but also provide guidelines for improving
performance. A major weakness of this DOE approach is that response surface
models require factorially designed experiments, with variable combinations that
are defined well in advance, and are executed with a good understanding of the
confounding noise factors. Currently, the results obtained from SI-ATRP are sensi-
tive even to seemingly trivial factors such as the rigor of the air-free technique used

345 the inhibitor removal

by the chemist,3** whether the fume hood lights are on,
procedures, the presence of contaminants on the substrate etc. For instance, kinetic
studies of polymer brush growth conducted by one lab can seldom be replicated
exactly in another lab, due to variations in technique and reaction set ups. This
scenario is not ideal for the development of data-driven models since they will fail
to distinguish between experimental noise and actual effects caused by changes
in process variables if we employ a heterogeneous dataset collected from multiple
sources. To facilitate data-driven discovery of interesting material properties and
the processing condtions that they require, we need dedicated efforts for develop-
ing low-cost automated polymer brush synthesis systems. 34

Modeling efforts will only yield benefits if we can access large datasets, which

necessitates automation of the experimental procedures and protocols used. In the
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tields of synthetic organic chemistry and to some extent in tissue engineering, this
has already happened. Automated (bio)reactors and high throughput platforms
are routinely used for screening, optimization and DOE studies, but this technol-
ogy is yet to be adapted to polymer brush synthesis. Automated high through-
put polymer brush synthesis and in situ surface characterization will lead to the
universal adoption of standardized techniques and protocols, reducing human in-
tervention and operator error to the minimum possible extent. In addition, par-
allel experimentation is expected to generate much higher volumes of data with
the same expenditure of raw material and time. The last consideration is particu-
larly important as sometimes biofunctional monomers such as the carbohydrate-
functional acrylamides used in this dissertation, are quite difficult to synthesize
and are usually produced in low quantities. 347348

A second weakness of DOE-based models is that they are not suitable for ret-
rospective analysis of historical data, say of data found in the literature from ir-
regularly designed and poorly controlled experiments. For instance, SI-ATRP lit-
erature is rife with examples of “one factor at a time” (OFAT) experimentation,
where one variable is fixed while the other is varied from the lowest level to the
highest levels in 3 to 4 increments. OFAT datasets prevent the derivation of reliable
statistical models through response surface methodologies as OFAT experimenta-
tion ignores the existence of interaction terms and produces high errors in model
titting. However, with the advent of powerful machine learning techniques based

on random decision forests, artificial neural networks,3%°

robust predictive models
can be built retrospectively even from “happenstance data” that is generated from
non-factorial and unsystematic experiments. While multivariate regression is of
limited utility when confronted with faulty experimental design, other algorithms
employed in machine learning are capable of handling these imperfect datasets.

350

However, machine learning will also require large volumes of data,”" suggesting
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that the development of automated high throughput platforms for polymer brush

synthesis is an inevitable necessity, irrespective of the algorithms used.
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