ENGINEERING FUNCTIONAL INTERFACES FOR
BIOSENSING, MINIMIZATION OF PROTEIN
ADSORPTION, AND STRUCTURAL SELF-
HEALING






ENGINEERING FUNCTIONAL INTERFACES FOR
BIOSENSING, MINIMIZATION OF PROTEIN
ADSORPTION, AND STRUCTURAL SELF-
HEALING

A Thesis
Submitted to the School of Graduate Studies
in Partial Fulfillment of the Requirements
for the Degree

Doctor of Philosophy

McMaster University

© Copyright by Xudong Deng, July 2016



Ph.D. Thesis — Xudong Deng McMaster University - Chemical Engineering

DOCTOR OF PHILOSOPHY (2016) McMaster University
(Chemical Engineering) Hamilton, Ontario
TITLE: Engineering Functional Interfaces for Biosensing,
Minimization of Protein Adsorption, and Structural
Self-Healing
AUTHOR: Xudong Deng

B.Eng. (Zhejiang University)

M.Eng. (Zhejiang University)
SUPERVISORS: Professor Carlos D. M. Filipe

Professor Todd R. Hoare

NUMBER OF PAGES: viit, 121



Ph.D. Thesis — Xudong Deng McMaster University - Chemical Engineering

Abstract

This thesis describes strategies on how to efficiently modify biological interfaces either effectively
to reduce nonspecific protein binding in various contexts or to encourage specific interfacial
interactions following exposure to a ligand or following the disruption of a biomaterial.
Nonspecific protein adsorption at interfaces is a significant issue in the development of robust
biosensors and implantable biomaterials, and modifying surfaces to achieve this goal is currently
a complicated and relative inefficient process. On the other hand, current protein immobilization
methods, including physical and covalent attachment, can interfere with specific binding sites, thus
reducing the efficiency of bio-recognition events and resulting in a loss of specific binding
potential that, for example, significantly compromises biosensor performance. In addition to the
protein binding, dynamic interfacial interactions are sometimes desirable to allow for rapid and
reversible responses to external stimuli when particular applications are targeted. In this thesis, I
report on new approaches for efficient protein passivation and immobilization as well as a new
type of self-healing hydrogel that can serve as platforms for the development of functional
biosensors and biomaterials.

In the first part of the thesis, a simple, scalable procedure to passivate paper against non-specific
protein adsorption is introduced. This method is based on a simple sequential dipping protocol
inspired by the polyelectrolyte layer-by-layer approach, but instead using covalently reactive
hydrazide and aldehyde-functionalized poly(oligoethylene glycol) oligomers (both of which can
be easily synthesized via one or two-step chemistries). This sequential dipping method creates a
thin hydrogel layer around the cellulose fibers within the paper network without affecting the fiber
morphology or macropore network of the paper that effectively lowered non-specific adsorption
of a broad range of proteins to the paper by at least one order of magnitude. This method was
subsequently applied in the fabrication of paper-based microfluidic sensors that enable protein
transport in lateral flow assays as well as paper-based enzyme-linked immunosorbent assays
(ELISAs) that exhibit both lower limits of detection and higher dynamic ranges relative to papers
blocked with the conventional blocking agents. The simplicity of this surface modification method
has great potential to be applied in various paper-based biosensors or for coating other porous
media (e.g. membranes) to counteract biofouling.

The next part of this thesis was dedicated to developing a simple, mixing-based protocol for
conjugating hyaluronic acid (HA) on the surface of a contact lens, again using hydrazone chemistry
to perform the coupling. This simple conjugation method, based on a two-step preparation
technique consisting of laccase/TEMPO-mediated oxidation of the surface of poly(2-hydroxyethyl
methacrylate) (PHEMA)-based contact lenses followed by covalent grafting of hydrazide-
functionalized HA via simple immersion, can be achieved under ambient conditions without the
need for any external crosslinkers or energy. The resulting lenses were significantly more wettable,
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more water-retentive, and less prone to protein adsorption than the native lenses, all of which are
key factors in improving the comfort and functionality of the lens for a patient. These
characteristics were achieved without causing any significant changes in terms of the transparency,
refractive index, or key mechanical properties of the lens.

The third part of this thesis describes a new approach for performing highly sensitive
immunosorbent assays by combining the adsorption capacity of graphene oxide with the high
sensitivity of the quartz crystal microbalance (QCM). Specifically, by functionalizing graphene
oxide with biotin and subsequently complexing with avidin, the irreversible adsorption of graphene
oxide to the surface of a gold QCM biosensor is used as a linking layer for functionalizing a QCM
sensor with antibodies. Given the broad availability of multiple types of biotinylated capture
antibodies, such an interface provides a flexible substrate for performing a variety of
immunoassays of interest. Furthermore, the whole immunoassay process takes less than 5 hours,
faster than (or at least comparable with) other approaches that are practically and chemically more
complex. As a proof-of-concept, rabbit IgG at concentrations ranging from 0.1 ng/mL to 10 pg/mL
(six orders of magnitude) could be quantitatively detected with high sensitivity and selectivity.

Finally, I developed a new method to prepare fast self-healing hydrogels from hyaluronic acid and
poly(vinyl alcohol), exploiting the dynamic crosslinking of boronate esters at both neutral and
acidic pH. The hydrogel underwent fast (<1 minute) and effective selt-healing in both macroscopic
cleave/heal tests and microscopic rheological shear tests, providing a hydrogel scaffold with
dynamic crosslinking capability over a broad pH range relevant to physiological applications.

Overall, these fabrication techniques can be widely used for the simple and scalable preparation
of stable, functional and unique biological interfaces for both therapeutic and diagnostic
applications.
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Chapter 1 Introduction

1.1 Literature review
1.1.1 Protein interactions with biomaterials

When the surface of an implanted biomaterial (synthetic or natural) comes into contact with a
biological fluid, such as blood, a cascade of interdependent events takes place and several signals
are generated.! Protein adsorption onto the surface is considered the most important factor in the
interaction between the biological fluid and the biomaterial. Many factors affect the extent of
protein adsorption, including electrostatic interactions, water-mediated hydrophobic and hydration
forces (Figure 1.1).2

natural adsorption
affinit

from proteins

cationic sites
attraction

influencing factors

physico-chemical |
characteristics

interactions

'\"

~AT ' mv#""' * 2

S s S “

L =l

substratum
and media

Figure 1.1 Schematic of the major factors affecting protein adsorption. (Figure reproduced from
Ref?)

Nonspecific protein adsorption is a dynamic process that occurs very quickly, typically only
seconds after the fluid meets the surface of the material, which generates an adsorbed layer,® and
triggers a cascade of biological events.”® For in vivo implants, this adsorbed layer activates an
irrevocable host defense mechanism, which is known as the foreign body reaction, which finally
results in the production of a fibrous avascular capsule that isolates the material from its
surroundings. This prevents further physical, chemical or physiological interaction with its
surroundings.® In the case of in vivo implants, protein fouling not only reduces the efficacy of
devices, but also results in thrombosis and other negative side effects.” Negative effects of protein
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fouling also take place in in vitro applications, since the adsorbed layer may clog the pores or
inhibit specific binding of molecules to these devices.!*!! For example, nonspecific adsorption of
proteins significantly reduces the sensitivity of in vitro diagnostic assays, especially in the case of
immunological assays.'? In addition, proteins in the adsorbed layer undergo a slow denaturation
process (Figure 1.2), which typically induces immunological responses in vivo or leading to failure
in terms of specific sensing.'?

adsorption denaturation

Figure 1.2. Dynamic adsorption and denaturation of proteins on a bare surface. (Figure reproduced
from Ref.?)

The reduction of nonspecific protein adsorption plays a key role in improving the compatibility
and efficiency of biomaterials. The primary approach used is through chemical modification of the
surface through polymer coatings (Figure 1.3). Such coating provide a ‘stealth’ effect,'* which is
attributed to the high level of hydration of the hydrophilic polymer backbones, steric repulsion,
and reduction of the surface energy of the biomaterial.% '>'® Among these factors, hydration forces
have been suggested as the key in determining whether a surface will promote or reduce protein
adsorption.!” Following this rule, various types of polymer coatings were designed as the protein-
resistant layer to cover a ‘bioinert’ material. These coatings include polypeptides,'® poly(ethylene
glycol),’ polyglycerol,® polysaccharides,?! polyoxazoline,”? poly(propylene sulfoxide),?
poly(phosphoester),'*  polyvinylpyrrolidone>* and  zwitttterionic  polymers such as
phosphorylcholine and sulfobetaine or carboxybetaine polymers.>>2” These coated surfaces resist
non-specific binding of proteins, and are widely used in implants and devices in vivo such as
catheters, prosthetic devices, contact lenses, drug delivery vehicles, as well as in immunoassays
such as enzyme-linked immunosorbent assay (ELISA) and patterned cell culture materials for in

vitro applications.'* 28
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protein
resistance

Figure 1.3 Protein resistance is imparted by polymer-coated surface. (Figure reproduced from Ref.?)

In the other extreme, techniques have been created with the intention to promote specific protein
adsorption, as to impart biological function to the material, thereby generating a bioactive
surface.?” ?° Immobilization of certain proteins enables both localization and retention of the
required functions at the bio/material interface, such as providing appropriate signals that direct
certain biological activities, or increasing the efficacy of biological signaling at the interface.® For
instance, integrin, a dimeric receptor composed of a- and -subunits that span the cell membrane,
is responsible for mediating binding and interactions between cells and structural proteins of the
extracellular matrix (ECM). 33! In turn, the cells are able to recognize and bind to the bioactive
regions of the biomaterial, which are immobilized with structural proteins of the ECM, providing
mechanical stability to the cytoskeleton as well as initiating cytoplasmic signaling cascades.***

In summary, understanding and controlling protein adsorption on biomaterial surfaces is essential
to preparing either bioinert or bioactive surfaces. These two techniques can be combined to prepare
functional bioactive surfaces, improving the efficacy of biomaterials (Figure 1.4). The following
sections in this Introduction chapter will further discuss the methods, especially focusing on
surface coating, that are used for preventing nonspecific protein binding as well as promoting
specific protein immobilization in details.
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Figure 1.4 Combined approach whereby nonspecific protein adhesion is prevented with an
antifouling layer (off-white) allowing only the selected bioactive signaling motifs (dark gray) to
be displayed on the surface for interacting with target (in this case the cell in blue). (Figure
reproduced from Ref.%)

1.1.2 Polymer coatings for protein passivation

Preparation strategies of the polymer coating layer on biomaterial surfaces include but are not
limited to: self-assembled monolayer (SAM)," non-covalent physisorption,® covalent

chemisorption,*® spin coating,?” surface gelation,*3° and layer-by-layer (LbL) assembly*.

1.1.2.1 Monolayer Coatings

Self-assembled monolayer (SAM) is considered a very effective method to prepare polymer
coatings on various types of biomaterial surfaces with high chain density and high surface
coverage. The first SAM designed for protein resistance was achieved by Whitesides and co-
workers.!” In that work, the o-functionalized alkanethiolate SAM terminated with hexa(ethelene
glycol) coated on gold through thiol chemistry efficiently reduced protein adsorption. Following
that work, several other types of oligo- or poly(ethylene glycol) (OEG or PEG) have been
investigated on gold and other metal surfaces.*! The chemical structure of OEG and PEG which
possesses both internal and terminal hydrophilicity favors the formation of hydration layer in the
interior and covering the surface of the SAM is shown in Figure 1.5.
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N B Y W e L e Pl

Figure 1.5 Molecular structure of the OEG-terminated alkanethiol molecule for SAM formation
on gold. (Figure reproduced from Ref.*?)

The mechanism of why PEG and OEG chains lead to protein repulsion has been extensively
discussed. The physical and chemical nature of the ethylene glycol itself is an important part of
the explanation. Andrade and de Gennes attributed this to the conformational flexibility of the PEG
chain, based on the ideas derived from colloid stabilization.* Grunze et al. proposed that the
interaction of water with the OEG SAM as being the determinant factor, while the steric
stabilization provided by the terminal OEG chains was deemed not as important.*! #+-46 Chen et al
summarized that the nonfouling abilities are correlated to the hydration layer near the polymer
surface based on their observations, since the bonded water layer served as a physical and energetic
barrier to prevent protein adsorption.*’*” Chain flexibility was also believed to be an important
factor in protein repulsion especially when using long-chain polymers, due to the steric repulsion
induced by an unfavorable decrease in entropy.* > The combination of surface hydration and
chain flexibility (i.e. steric repulsion) work together to achieve the nonfouling ability for SAM,
hydrophilic polymer chains and zwitterionic polymer chains (Figure 1.6).*” The interactions
between proteins and two typical antifouling polymers of PEG and poly(sulfobetaine methacrylate)
(pSBMA) in aqueous solution were examined using fluorescence spectroscopy, atomic force
microscopy and nuclear magnetic resonance.”' The results from this research clearly demonstrated
the existence of weak hydrophobic interactions between PEG and proteins, while there were no
detectable interactions between pSBMA and proteins. The elimination of protein interaction with
PSBMA could be due to an enhanced surface hydration of zwitterionic groups in pPSBMA.

a

o Y Gl zzf i)

Figure 1.6 Illustration of chain hydration and chain flexibility of (a) hydrophilic polymers, (b)
zwitterionic polymers, and (¢) SAMs, which contribute to surface resistance to nonspecific protein
adsorption in different ways. For a and b, both chain hydration and chain flexibility play a role in
protein resistance, while for ¢, surface hydration plays the key role. (Figure reproduced from Ref.*")
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Whitesides proposed that the displaying of kosmotropes-molecules in SAMs stabilizes the native
structure of proteins and is the main reason for protein resistance- without needing to consider the
nature of polymer chain (Figure 1.7).2 In his theory, a system is composed of a protein, water, and
the molecule displayed on the surface (solute). When the concentration of the molecule is lower
in the “local domain” than in the “bulk domain”, the protein is considered to be preferentially
hydrated, which means the molecule is well excluded from the protein surface and leads to good
protein repellency.

A) Preferentially Excluded

Solute B)

® 0
2
G “Near-surface Region”

10A (Local Domain)

Figure 1.7 (A) Schematic illustration of a solute that is completely excluded from the surface of
the protein (the local domain) and (B) schematic illustration of a protein that does not adsorb onto
a surface. The surface is completely excluded from the surface of the protein (the local domain)
and there are no surface-protein contacts. (Figure reproduced from Ref.?®)

Due to the good performance of PEG and OEG chains in repelling proteins from surfaces, various
types of OEG and PEG derivatives have been developed to improve the protein resistance
properties, and the method for the assembly of these new polymers was no longer confined solely
to a SAM route. For instance, a amphiphilic block copolymer of PEG-PPO [poly(propylene oxide)]
could be physically adsorbed onto hydrophobic surfaces in an aqueous solution, and reduce the
protein adsorption low levels.”?> Poly(L-lysine)-b-poly(ethylene glycol) (PLL-PEG) block
copolymers have the ability to adhere to a surface through charge effects (PLL possesses positive
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charge) forming PEG barriers that repel proteins.>*~* However, these physically adsorbed polymer
layers are not stable enough and can easily detach when the physiochemical conditions change
(e.g. the pH and the ionic strength of the solution). Therefore, chemical linking through covalent
bond forming to immobilize the polymer chains was developed for practical applications.

In addition to the thiol chemistry mentioned above, silanes (on silicon oxide),*® catechols (on metal
and metal oxide),> and phosphates (on metal oxide)>® have been used to chemically tether polymer
chains onto certain types of surfaces. One example comes from a widely applied material-
independent coating using mussel-inspired polydopamine, the most commonly used catechol. This
method requires a simple one-step dip-coating to form a protein-resistant polydopamine layer
through Michael addition or a Schiff base reaction.*®>>° For other types of surfaces which do
not contain active functional groups, pretreatment, including plasma, ozone, electron beam, UV
irradiation and special chemical reagents, is required to activate the surface and generate active
groups for further polymer tethering.® With the assistance from functional groups, polymer side
chains can be easily conjugated onto the surface.

Both the chemical structure and the 3D architecture of the polymer chains or the topology of the
polymer coating layers are highly important to efficiently cover the surface of the substrate and
prevent protein adsorption. The special architecture influences both the steric effect as well as the
anchoring sites of proteins. Typical structures of the designed protein-resistant polymer chains are
summarized in Figure 1.8.

e Q0 =

linear hyperbranched dendritic comb-like brush

Figure 1.8 Schematic of typical functional tail chains with linear, hyperbranched, dendritic, and
comb-like brush architectures of protein-resistant polymers. (Figure reproduced from Ref.?)
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Through the use chemical linkers, hyperbranched and dendritic polymers can be immobilized on
the surface of biomaterials, which could cover larger surface areas as compared to using linear
molecules of equal molecular weight.®! These type of tree-like structures have particular
advantages in coating rough surfaces.?’ For example, polyglycerol (PG) dendrons showed similar
or better protein resistance and higher stability as compared to PEG monolayer coatings.®® This
type of technology, which chemically crosslinks the functional group on the surface to the end-
functional group on the polymer chain, is referred to as “grafting to” technique, while performing
the polymerization process in situ and from the surface of the material is referred to as a “grafting
from” technique.®

“Grafting from” methods have been extensively reported for achieving protein-resistant polymer
coatings. Chilkoti and co-workers did surface-initiated atom transfer radical polymerization (SI-
ATRP) of oligo(ethylene glycol) methyl methacrylate (OEGMA) starting from a chemically
tethered SAM of initiator w-mercaptoundecyl bromoisobutyrate, and formed comb-like structured
polymers (Figure 1.9).64% In another approach, the ATRP initiator [2.2]paracyclophane-4-methyl
2-bromoisobutyrate was first deposited onto the surface through chemical vapor deposition, and
then a subsequent poly[oligo(ethylene glycol) methyl methacrylate] (POEGMA) was polymerized
to generate protein-resistant coatings.®® These types of high-density comb-like polymer brushes
composed of POEGMA and copolymers with poly(poly(ethylene glycol) methacrylate)
(poly(PEGMA)) could drastically reduce protein adsorption on surfaces.'> - Comb-shaped
super hyper-branched dendritic glycerol acrylate and glycerol monomethacrylate brushes also
provide an ideal environment to repel protein adsorption from human blood plasma.®

|HS

g, O

HS N\ A SN (2) ©

—+
-~ CHy—C—CO-{OCH,CH,}-OCH; poly(OEGMA)
H,C n n=9
I X
o —g I,
AT G
e p v B an =4
I ,/:C\J:‘:ﬁ =

CuBr/Bipy
R
H,O/MeOH
Figure 1.9. Schematic of SI-ATRP of OEGMA from a mixed SAM of an initiator-functionalized

alkanethiol (1) and a diluent alkanethiol (2) on gold. (Figure reproduced from Ref.®%)

POEGMA, a non-linear PEG, is a new versatile building-block for the preparation of smart bio-
relevant materials (Figure 1.10). It is non-toxic, non-immunogenic, cytocompatible and protein-
repellent. A more specific property of POEGMA is that the copolymerization of different OEGMA

8
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monomers of different lengths allows for precise control over the lower critical solution
temperature (LCST) of the polymer.”’ This makes the surface coating hydrophilic at high
temperatures yet remain strongly protein-repellent.”!"”* With the help of “grafting from” strategies,
POEGMA polymer brushes have been prepared through SI-ATRP for creating anti-protein fouling
properties on gold, silicon, titanium, stainless steel and plastic surfaces '>’>"°. These anti-fouling
surfaces show promise in applications such as bio-arrays, biosensors and implants.'* 80-81
Furthermore, the active chain ends (terminal alkyl halides) were preserved in the SI-ATRP process,
offering an opportunity for further surface functionalization.®**?

non-linear PEG-analogue

2 Breeese
s 2L IN0T

methacrylate n=2, 3,4, 8, 20 .*. .*. ._\. _*. .*.

Figure 1.10 Molecular structure of non-linear PEG analogues constructed with OEGMA monomer.
(Figure reproduced from Ref.”%)

Another big group of polymer candidates for protein-resistant coating of materials are zwitterionic
molecules.?> # They also have strong binding ability to water, and possess no net charge as a
whole. Since all proteins have randomly distributed positive and negative charges on their surface,
they can easily adhere to either positively or negatively charged surfaces.® Zwitterionic polymers
are a nanoscale homogenous mixture of balanced charged groups (Figure 1.11), which is believed
to be the key of their nonfouling properties. In the recent years, zwitterionic polymers including
poly(2-methacryloyloxyethyl phosphorylcholine) (pMPC),** pSBMA,¥”  poly(carboxybetaine
methacrylate) (pCBMA)”® and mixed charged polymers® were synthesized in situ using “grafting
from” technique. The first three polymers can be categorized into polybetaines that carry a positive
charge and a negative charge on the same monomer unit, while the last one is polyampholytes
carries 1:1 positive and negative charge on different monomer units. It has been shown that
pSBMA and pCBMA coatings have comparable or even better performance in protein resistance
than POEGMA .3 However, zwitterionic polymers still have two limitations for their application:
1) they are sensitive to pH and ionic strength; 2) the synthesis of the monomer is complicated.?
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Figure 1.11 Molecular structures of several zwitterionic molecules used in protein-resistant
coatings. (Figure reproduced from Ref.®)

Carbohydrates, namely polysaccharides or oligosaccharides, are hydrophilic, non-charged natural
polymers which also have been employed to prevent undesired nonspecific adsorption of
proteins,?’ ¥ mimicking the highly hydrated state on biological cell membranes. Oligosaccharide-
terminated SAM showed good resistance to protein fouling.”® Oxidized dextran coated surfaces
have also been shown to reduce protein adsorption.”! Hyaluronic acid (HA) films directly
immobilized to various types of solid substrates, repelled protein and remained stable to a larger
extent than other polysaccharides.” In addition, surfaces made through the chemical grafting of
HA onto gold substrate have also shown excellent antifouling performance against protein
adsorption,” however, few cases have been reported to coat HA onto the surface of soft substrates
such as hydrogels. Synthesized block copolymer containing polysaccharides, such as poly (L-
lysine)-graft-dextran, were also used to protect charged surface like metal oxide from protein
fouling. ** Polymer brushes of N-substitute acrylamide containing different carbohydrates were
able to reduce protein fouling from single protein solutions.”

1.1.2.2 Multilayer and Hydrogel Coatings

All of the above mentioned monolayer coatings are simple and highly effective methods to modify
surfaces and minimize protein adsorption onto surfaces. This coating technology, is however
limited to certain types of substrates, due to their chemical and physical nature, which might
require harsh pretreatment before coating. Monolayer coating is also limited by low polymer
density and relatively thin coating,’® and are often fragile to thermal and oxidation degradation,
making the long term stability of coating challenging.”* °” Multilayer technologies, including
surface gelation,®° layer-by-layer assembly*® accompanied with chemical or physical
crosslinking,”® were developed to allow using various types of substrates. The goals of these
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technologies are also to simplify the process, make the pretreatment steps as mild as possible and
to prolong the life scale of the coating. Multilayer polymer coating often leads to thick coats- it is
desirable to have precise control not only on the thickness of the coat but also on the morphology
of the coating, while achieving high surface coverage (Figure 1.12).

polyanion B
polycation

bioinert polymers C crosslinkers

chemical active coatings and anchors

%?%@@ é%?ézg

Figure 1.12 Schematic of various coating techniques: a) layer-by-layer (LbL) assembled coating,
b) a bioinert coating tethered onto a chemically active layer, ¢) a homogeneous multilayer coating
with cross-linking. (Figure reproduced from Ref.®)

PEG derivatives are still preferable as the first choice in preparing multilayer protein-resistant
coatings. For example, a thick and stable surface coating, based on the aggregation of an
amphiphilic four-armed PEG-dopamine polymer gelated into particles, can lower the protein
adsorption on metal oxide surfaces.’® Layer-by-layer (LbL) assembly of polyelectrolytes often
generates charged multilayers, which do not meet the requirements needed to attain protein
repulsion. Specially designed copolymers composed of poly(l-lysine)-poly(ethylene glycol) (PLL-
PEG) can solve part of this charge problem, since it has at one end a positively charged PLL block
sticking to the negatively charged surface, whereas the other end contains non-charged PEG
exposed away from the surface. A typical example is a negatively charged surface first coated LbL
with poly(allylamine hydrochloride) (PAH, polycationic) and poly(styrene sulfonate) (PSS,
polyanionic), and lastly coated with a final layer of PLL-PEG, which effectively resisted protein
adsorption.*

Multi-branched polymers are widely employed in generating cross-linked multilayers. For
example, a mixture of epoxy- and amino-functionalized star-PEGs, can undergo self-crosslinking
on the surface of substrates to form a chemically homogeneous protein-resistant coating.”® A
combination of LbL and crosslinking techniques was used by anchoring dendritic polyglycerol
(dPG) using dopamine on a metal oxide surface, followed with stacking free catechols and dPG
LbL, resulting in excellent protein resistance (reduced more than 70% of adsorption) and long-
term stability.”” In summary, these multilayer coating approaches can be done under mild
conditions, since the immobilization of polymers was related to weak interactions such as
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hydrogen bonding, electrostatic interactions, hydrophobic interaction, Van der Waals force, and
self-driven crosslinking, which expands the choices of substrates and simplifies the coating steps.

In the conventional approach to an antifouling surface via grafting of polymer brushes, the
degradation and detachment of grafted polymer chains would expose the underlying layer, leading
to a loss of the antifouling effect. A special type of multi-layer protein repellent polymer coating
is the self-healing surface coating on a 3D porous material generated from polymeric chains grafted
both to the surface of the 3D network and inside the host network material.'® In this case, the pH-
responsive poly(2-vinylpyridine) (P2VP) films with the 3D grafting of poly(ethylene oxide) (PEO)
in physiological conditions (pH 7.4 and 37 °C) show a 4-fold increase in longevity of antifouling
behavior than the material with the surface grafted polymer. If a fraction of the grafted polymers
is damaged, the proposed material with 3D polymer grafting retains its antifouling property due to
the spontaneous (driven by an emerging gradient in a chemical potential) replacement of damaged
chains with segments of the chains stored inside the film in proximity to the interface (Figure 1.13).

Self-healing
antifouling surface
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Figure 1.13 Schematic illustration of the 3D polymer grafting of PEO on the surface and inside of
a P2VP network film. The self-healing aspect of the antifouling property is due to the
rearrangement of internally grafted polymers to the interface (marked as dark blue chains). (Figure
reproduced from Ref.!?)

Hydrogels are polymer networks extensively swollen with water that exhibit no flow in the steady-
state. They sometimes are found as colloidal gels in which water is the dispersion medium.'?! They
can be good candidates for various applications ranging from biomedical to daily chemical, such
as drug delivery systems, biosensors, and superabsorbent polymer in diapers.!°?'% Hydrogels are
less prone to protein adsorption relative to most biomaterials due to their hydrophilic and highly
hydrated nature. Therefore, hydrogels prepared with aforementioned hydrophilic polymers are
used for their protein-resistant properties. PEG based hydrogel is still the gold standard for
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minimizing protein adsorption,'® while other hydrogels prepared by POEGMA,'% poly(vinyl
alcohol),'% dextran,'?” zwitterionic polymers,'% 109 and also perform well in terms
of protein repellency.

polyoxazoline,

Copolymerization with hydrophilic monomers is another way to build in the protein resistant
properties into hydrogels. For example, PHEMA-based hydrogels engineered with 0.5 mol%
PEGMA and MPC in the range of 5-10 mol% lead to up to 64% less protein adsorption as
compared to PHEMA, when incubated with the common extracellular matrix proteins including
fibronectin, collagen or laminin.''® Hydrogels prepared by copolymerizing carboxybetaines
monomers with 2-hydroxyethyl methacrylate (HEMA) significantly reduced protein adsorption
from blood plasma.'!!

Protein resistant hydrogels are applied in coating cell culture plates to facilitate or control the
adhesion and growth of certain types of cells. For example, polyampholyte hydrogels prepared
with equimolar quantities of positively charged [2-(acryloyloxy)ethyl] trimethylammonium
chloride (TMA) and negatively charged 2-carboxyethyl acrylate (CAA) monomers were resistant
to nonspecific protein adsorption, while subsequent covalent conjugation with fibrinogen using
EDC chemistry significantly assisted the adhesion and growth of MC3T3-E1 cell as compared to
the bare polystyrene well plate.!'? Similarly, protein-resistant crosslinked POEGMA hydrogel
based on complementary hydrazide and aldehyde reactive polymer precursors was conjugated with
cell adhesive RGD peptide which assist the adhesion and growth of 3T3 mouse fibroblast,!*® while
the POEGMA hydrogels (without RGD) with different side chain length combinations
demonstrated temperature-switchable protein and cell adhesion properties (Figure 1.14).!"3 Similar
results were achieved by covalently immobilized RGD gradient on protein-resistant PEG hydrogel
scaffold, which effectively supported the growth of NIH 3T3 cells.!'#!1°
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Figure 1.14 POEGMA hydrogels with a volume phase transition temperature (VPTT) below
(POo, all short side chain), close to (PO10, 10% long side chain and 90% short side chain) and
well above (POioo, all long side chain) physiological temperature have temperature-switchable
protein and cell adhesion properties. (Figure reproduced from Ref.!!?)
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1.1.3 Applications of protein-resistant polymer and hydrogel coatings on biomaterials
1.1.3.1 Protein-resistant coatings for in vivo and in vitro biosensors

Biosensors are important tools for research in molecular biology, for medical diagnostics,
environmental monitoring and food safety, allowing real-time observation and rapid detection of
chemical and biological molecules and their interactions.!'® The success of a biosensor is based on
sufficiently high and controlled binding capacity of target biomolecules, and also the activity of
the immobilized biomolecules should be stable. One of the main problems with sensors, is loss of
sensitivity due to biofouling, namely due to adhesion of proteins and other biological materials on
the surface of the sensor. Biofouling (and its negative effects) has been observed in both in vitro
(non-invasive) and in vivo (invasive) biosensors.!!7"!!® and it is widely regarded as the main cause
of sensor failure.!'”!1?° Potential interference can be caused by nonspecific adsorption of
biomolecules from the sample or the environment to the surface.'?! In vitro protein fouling studies
have shown that biofouling on the membrane and the electrode would lead to decreased sensor
signal 1% 122

To mitigate these problems, the sensor surface should have a low-fouling tendency, which is
generally provided by using the bioinert polymers mentioned above.?> 27 123 Several approaches
have been used to develop coatings that both enable a high degree of resistance to nonspecific
adsorption and assist the immobilization of recognition molecules.'**'?” The immobilization of
recognition molecules, which are often called bioreceptors, is usually done on carefully prepared
low-fouling surfaces- the detailed methods and strategies of protein immobilization will be
discussed in section 1.1.4 of this chapter.

A common strategy used in biosensing is the addition of inert proteins including BSA and casein,
which can reduce the fouling rates by minimizing any hydrophobic and/or electrostatic attractions
between the complex surface and the functionalized surface.* ' 18 However, blocking with BSA
sometimes leads to a substantial reduction of activity of the immobilized biomolecules/bioreceptor
and decreased biorecognition activity thereby resulting in false negative results.!?*13° Instead,
polymer coatings with active sites for binding active biomolecules have been developed for the
application of highly sensitive biosensors.

PEG based polymers are most commonly used in passivation of biosensor surfaces. For example,
a protein-resistant POEGMA brushes coated surface was functionalized with biotin and allowed
further specific binding of streptavidin both on surface plasmon resonance (SPR) and quartz crystal
microbalance (QCM) biosensors (Figure 1.15).!3! The resulting films showed enhanced signal-to-
noise ratio (~10-fold enhancement) for the biospecific binding of streptavidin compared to
biotinylated SAM without POEGMA, when fibrinogen and lysozyme were set as the interfering
species. A similar approach is to use the activated end group of POEGMA on the surface to bond

functionalized protein with Diels—Alder “click” reaction.'*?
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Figure 1.15 Schematic representation of the biotin conjugation reaction on POEGMA brushes on
the sensor surface. (Figure reproduced from Ref.!*!)
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As a potential replacement of PEG based polymers, zwitterionic ultra-low-fouling pCBAA brushes
were successfully used in immobilizing bioreceptors (in this case antibodies) on an SPR sensor

(Figure 1.16).133-134 This type of sensor was capable of detecting specific analytes in blood plasma

without detectable signals of fouling molecules. Further studies from the same group used
135

functionalized zwitterionic polymers to build up ®w-dopamine-pCBAA grafted silicon resonator,
SiO2-coated SPR sensor,!*¢ and catechol-pCBAA grafted gold SPR sensors. 37138

NH,-protein /
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Figure 1.16 Schematic of the surface activation, protein immobilization, and surface deactivation
of a pCBAA coated surface. (Figure reproduced from Ref.!*%)
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Unlike the flat basic materials used in aforementioned equipment-based biosensors, some point-
of-care biosensors are built up on inexpensive porous materials such as paper and nitrocellulose
membranes. Development of these types of paper-based devices for diagnostics and biosensing
has attracted a great deal of interest as they provide portable, low-cost, low-volume, disposable,
and simple analytical devices for bioassays and environmental analysis.'** Recently, bioactive
paper or lab-on-paper devices have been developed as a practical platform for assays in many
different areas such as diagnostics, food and water testing, and military applications.!**1*? These
paper-based sensing devices can be applied not only in point-of-care testing but also in field
analysis. This technology is already having an impact in low-cost testing, and is expected to be
used globally and in particular in resource-limited settings, in the near future.

While there are several proof-of-concept studies showing the potential of paper-based analytical
devices, the adsorption and non-specific binding of proteins on paper surface is a serious problem
for regular paper surfaces which may largely influence the accuracy of sensors.!*"'# The
passivation of porous materials remains challenging as compared to the flat surfaces. As a basic
requirement for the design and preparation of paper-based biosensor, anti-fouling properties must
be built into the surface.'* For this purpose, they are usually provided by modification with
aforementioned hydrophilic polymers such as PEG analogues or zwitterionic polymers. For
example, poly(carboxybetaine) (PCB) coated cellulose paper could significantly reduced the
adsorption of human fibrinogen as compared with that of the unmodified control, and achieved
rapid and sensitive glucose detection from undiluted human serum and specific antigen detection
via covalently immobilized antibodies (Figure 1.17).146
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Figure 1.17 The reaction scheme of grafting protein-resistant poly(carboxybetaine) (PCB) onto
cellulose substrates. (Figure reproduced from Ref.'4%)
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1.1.3.2 Protein-resistant coatings for contact lenses

Soft contact lenses made with hydrogels have been widely used for vision correction over more
than 50 years.'4” These lenses always suffer from challenges related to the deposition of proteins
from the tear fluid onto the lenses, such as lysozyme, human serum albumin and globulin, #3132
and subsequent formation of a coating layer of protein on the surface will serve as a precursor for
microbial colonization and will induce the formation of biofilms. Therefore, protein adsorption on
contact lenses is correlated to microbial cell attachment and some severe issues for the wearer.!>*-
155 In addition, a strong correlation has been found between the deposited lysozyme from the tear
film onto the lenses and discomfort experience by the wearer.'>

Synthetic polymers associated with low protein adsorption, including poly(ethylene glycol) (PEG)
157 and 2-methacryloyloxyethyl phosphorylcholine (MPC),'315% and polymers with hydration
improvement effects, such as poly(vinyl alcohol) (PVA),'%%!®! have been entrapped within the
bulk of the lens and improved the comfort of long term wear. Due to the protein-resistance-
promoting properties of hyaluronic acid (HA),'%*'%* a natural polysaccharide present in the tear
film, various methods have been reported to incorporate HA into the bulk of the lens. Crosslinking
is the most commonly used method to introduce HA into the bulk hydrogel network, with HA
incorporation demonstrated directly with the main lens material(s) (e.g. via photopolymerization
of methacrylated photocrosslinkable HA with HEMA!®%), within a secondary interpenetrating
network (e.g. polyethyleneimine crosslinked HA within an independently crosslinked HEMA
network!®%), or via physical entrapment of a higher molecular weight HA-based cluster or nanogel
(e.g. conjugation of HA to polypropylenimine tetramine dendrimers that improve HA
immobilization within the lens)!6%163:166-167  A]] of these approaches lowered the lysozyme and/or
human serum albumin adsorption as compared to the native gels and have great potential to be
developed into daily used contact lenses.

1.1.3.3 Protein-resistant hydrogel coatings on porous materials

As mentioned in the previous section, various types of hydrogels are protein repellent and the
hydrogels coated on the cell culturing biointerfaces have great potential in reducing protein
adsorption and controlling cell adhesion. Hydrogels have also been used in coating porous
materials such as filtration membranes and tissue engineering implants in order to reduce fouling
from the proteins and other components such as cells from the blood serum/plasma.

Membrane biofouling is a process that starts immediately upon contact of the surface with the fluid
containing proteins, cells, particles and other components. They adhere to the surfaces in the pores
of the membrane.!'*® The most common method to improve membrane anti-fouling properties is
by hydrophilic coating of the surfaces through physical adsorption, crosslinking, and sulfonation,
or surface grafting through UV photo irradiation, plasma, high energy irradiation and
“living”/controlled polymerisation.'®,
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Anti-fouling hydrogel coating on porous solid substrates is a relative new technique in membrane
surface modification. PEG-based hydrogel has been coated on polyamide nanofiltration
membranes, and such modified membranes shows an improved fouling resistance compared to
pristine membranes.!”® A bifunctional hydrogel-coated film exhibiting both protein fouling
resistance and antimicrobial activities was prepared by the copolymerization of poly(ethylene
glycol) diacrylate (PEGDA) and a functional monomer containing ammonium salt (RNH3Cl) on
polysulfones (PSF) membranes.!”! A hydrophilic hyperbranched poly(amido amine) (PAMAM)
was successfully bonded onto the active polyamide reverse osmosis-membrane by chemical
coupling.'”? Membranes modified with aqueous PAMAM solution showed very low protein
adsorption compared to unmodified samples or samples modified with methanolic PAMAM
solution. A poly(vinyl alcohol) (PVA) based polymer was synthesized and subsequently applied
to modify a poly(vinylidene fluoride) (PVDF) membrane to both enhance the hydrophilicity and
provide fouling resistance.

Free standing films containing hydrogel coating are prepared by a combination process of
polymerization and crosslinking. For example, a polyhedral oligomeric silsesquioxane (POSS)
derivative containing UV-curable methacrylate groups (methacryl-POSS) was used as a
multifunctional cross-linker to form thin and durable hydrogel films with poly(ethylene glycol)
methacrylate (PEGMA) as a hydrophilic comonomer.!” Free standing films prepared by
crosslinking PEG matrix on ultra-fine cellulose nanofibers exhibited excellent anti-fouling
properties, which were confirmed by short-term and long-term fouling tests using a BSA
solution.!” Another free-standing membrane was synthesized through polymerization of
acrylamide in the presence of sodium alginate using N,N’-methylene-bisacrylamide as the
covalent crosslinker and CaClz as the ionic crosslinker, and exhibited low fouling properties
against yeast suspension and BSA solution.!” Crosslinked PEGDA hydrogels as a free-standing
ultrafiltration membrane film could absorb significant amounts of water, and the results from static
protein adhesion experiments showed that more hydrophilic surfaces, obtained from higher
prepolymerization water content or with longer PEGDA chains, generally exhibit less bovine
serum albumin (BSA) accumulation.!”®

In addition, there are a few trials that used hydrogel coatings on tissue engineering implant
materials to reduce the protein and cell fouling from the body fluid and tissue in vivo.
Polyvinylpyrrolidone (PVP) hydrogel coating bonded to a polyurethane (PU) substrate improved
the surface hemocompatibility of blood-contacting medical devices as shown by a reduced
abruption of serum-derived fibrinogen and number of platelet aggregates formed during the
contact of the material with blood over a long period (35 days).!”’ In another approach, ECM
hydrogel coated polypropylene mesh device was shown to decrease the long-term host tissue
response to the device when compared to the uncoated mesh devices due to a decreased collagen
deposition at day 180.17%
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1.1.4 Bioactive surfaces with protein immobilization

Creating surfaces that encourage specific protein binding has also been the focus of extensive
research.!”?18! These type of bioactive surfaces have been used in biosensor and diagnostics,'®?
tissue engineering,'® and implant materials.'® Proteins including antibodies, enzymes,
extracellular matrix (ECM) proteins (including their active components) have been immobilized
on surfaces, to promote specific interactions.

Selective immobilization of sensing biomolecules (enzymes, antibodies etc.) promotes specific
interactions for electrodes, biosensors and microarray applications.!®3186 Antibody-antigen
interaction is one of the most widely used specific interacting pairs for biorecognition. Antibodies,
especially immunoglobulin G (IgG) binds with antigens with high affinity. IgG is a Y shaped
protein with a molecular weight of approximately 150 kDa, including two antigen binding sites at
the top of the Y and one stem site without antigen-binding activity. The active binding sites of the
immobilized IgG used in biosensors should be exposed to the analytes containing antigens, which
means that suitable orientation of the immobilized IgG on the surface is key to the efficiency of
recognition and performance of the biosensor. 8718

The strategies of immobilizing antibodies can be categorized into three groups: covalent binding,
physical adsorption, and specific biochemical interactions (bioaffinity).'®* 1 The most commonly
used method is covalent binding. This method makes use of the amine groups on the antibody,
which can be linked to an activated carboxy-functionalized surfaces.!** ! Since amine groups are
distributed randomly on the antibody, the binding sites may be linked onto the surface. This can
lead to an unfavorable orientation, thereby decreasing the availability of binding to the target
antigen. Instead, thiol groups on the cysteine residues can be used for covalent binding.!*? The
cysteine group can bind to maleimide-functionalized surfaces without destroying the binding sites.
Methods based on physical adsorption of antibodies mainly employ ionic or hydrophobic
interactions, which also suffer from the disadvantage of random antibody orientation.'”® In general,
a randomly orientated immobilization is unfavorable for antigen binding, it may change the
structure of active binding sites and sometimes leads to protein denaturation.

Specific biochemical interaction is an attractive strategy for antibody immobilization because of
its high affinity and selectivity. The biotin/(strept)avidin system!'** is particularly attractive in
regards to immobilizing proteins for making sensors, chips and arrays since many biotin or
(strept)avidin-linked sensing molecules are commercially-available.'”* For instance, avidin or
streptavidin coated surface can be used for anchoring biotinylated antibodies (Figure 1.18),!%% 19
97 or chemically bonded biotin on the polymer coated surface for subsequent binding of avidin
derivatives.!”® Another specific biochemical interaction method is to use protein A and protein G
to bind to the F. region of antibodies without interfering the active Fab region, which can also
immobilize the antibody in a suitable oriented fashion.'?°-2%!
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Figure 1.18 Depicting antibody attachment via biotin-avidin/streptavidin interactions. Initially,
biotin is physically or covalently immobilized above an appropriate solid support and then further
modified with multivalent avidin or streptavidin. A biotin labeled antibody is then attached.
(Figure reproduced from Ref.!*?)

Immobilization of ECM proteins (fibronectin, collagen etc.) and protein-based growth factors on
surfaces can assist cell adhesion and promote cell growth in cell culture and tissue engineering.?%?
The orientation of ECM proteins and growth factors on the surface are not as important as when
using antibodies. Covalent conjugation of ECM proteins usually relies on the use of crosslinkers
such as glutaraldehyde. For example, a poly(L-lactide-co-caprolactone) (PLLC) surface was first
functionalized with 1,6-hexanediamine, and the amine group generated on the surface was
crosslinked with the amine on the fibronectin and collagen by adding glutaraldehyde.?®> The
surface containing immobilized fibronectin or collagen was able to support a long-term culture of
epithelial cells. In another method, pyridyl disulphide was used to activate the PEG chains in
Pluronic F108, and then conjugated with the thiolated fibronectin.?** Epidermal growth factor
(EGF) was covalently tethered to aminosilane-modified glass via a star shaped PEG, which elicited
DNA synthesis and cell rounding responses of primary rat hepatocytes as compared to physically
adsorbed EGF 2%

1.2 Objectives

As reviewed and discussed in the previous sections of this Introduction chapter, nonspecific
protein adsorption is a significant challenge in the development of biosensors and implantable
biomaterials. On the opposite side to the spectrum, in some case it is necessary to attach proteins
(and other biorecognition elements) to surfaces in highly specific manner- current protein
immobilization methods can possibly interfere with the binding sites and thus reduce the activity
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of biorecognition and specificity of binding. The objective of this thesis is try to solve these
problems, as well as to develop biosensor and biomaterials with specific functions built-in. These
sensors and materials should be easy to prepare, ready-to-use and capable of keeping their
functionality for the long term.

This thesis focuses on the practical engineering aspects of applying various surface modification
techniques to prepare functional biomaterials. All the work in this thesis targets on making
functionalized materials and interfaces for the applications in biosensors and hydrogels. The
specific goals for the various parts of this thesis were:

1.  To develop a simple and scalable method to modify the surface of paper to minimize non-
specific protein adsorption and to allow proteins to move with the water-front in lateral flow
experiments. The coating should not alter the macroporosity of the paper, so that capillary
flow in the paper is not slowed down. These objectives were achieved and proof-of-principle
was obtained by performing highly selective paper-based enzyme-linked immunosorbent
assays (ELISAs) that exhibit both lower limits of detection and higher dynamic ranges
relative to papers blocked with the conventional blocking agents

2. To reduce protein adsorption on the surface of contact lenses from the tear film, by using a
simple, yet effective polymer coating method. The physical and chemical properties of the
contact lens material should not be greatly altered, while the hydrophilicity, water retention
ability should be improved after the polymer coating.

3.  To develop a fast and highly sensitive method to perform ELISAs on quartz crystal
microbalances (QCM). The antibodies should be efficiently immobilized on the surface of a
gold QCM biosensor, without affecting the bioactivity of the antibodies with respect of their
specificity and ability to bind the antigens. The signal from the QCM should be large enough
to allow specific detection of low concentrations of analyte in samples

4. To develop a biocompatible fast-self-healing hydrogel which is capable of healing at
physiological pH as well as a wider range of conditions.

1.3 Thesis outline

Chapter 1. Introduction. This chapter presents a thorough background introduction of the project,
as well as the relevant research reported in the literature. Controlling protein adsorption on
biomaterials surfaces is extensively discussed, especially the methods for preparing protein-
resistant polymer coating and methods for protein immobilization in surfaces. The objectives of
the research project and the thesis outline are also listed in this chapter.

Chapter 2. Poly(oligoethylene glycol methacrylate) dip-coating: turning cellulose paper into a
protein-repellent platform for biosensors. This chapter describes a passivation method to minimize
non-specific protein adsorption onto paper by using hydrogel coatings. The in situ gelation of two
POEGMA polymer precursors forms a thin layer of hydrogel coating on the cellulose surface,
which does not affect the fiber morphology or macropore network of the paper. The hydrogel
coating enables proteins to move in lateral flow tests, and also facilitates performing paper-based
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ELISAs that exhibit both lower limits of detection and higher dynamic ranges relative to papers
blocked with traditional methods. This work has been published in Journal of the American
Chemical Society.*

Chapter 3. ‘Click’ chemistry-tethered hyaluronic acid-based contact lens coatings improve lens
wettability and lower protein adsorption. This chapter reports a simple, mixing-based protocol for
conjugating hyaluronic acid (HA) on the surface of a contact lens material using “click” hydrazone
chemistry. This coating method only requires a one-step functionalization process for both the
grafting of HA polymer and the oxidation of the PHEMA-based contact lens surface. Specially,
the TEMPO/laccase-mediated oxidation method is reported here for the first time for oxidizing
PHEMA. The lenses obtained from the one-step coating process are significantly more wettable,
more water-retentive, and less prone to protein adsorption than the native lenses, without changing
their transparency, refractive index, or key mechanical properties. This work has been published
in ACS Applied Materials & Interfaces.?%

Chapter 4. A highly sensitive immunosorbent assay based on biotinylated graphene oxide and the
quartz crystal microbalance. This chapter describes a new approach for performing high
sensitivity biomolecular assays by employing the high adsorption capacity of graphene oxide with
the sensitivity of the quartz crystal microbalance (QCM). Antibodies were extensively
immobilized onto the gold QCM sensor surface through the physical adsorption of graphene oxide
and the specific biological interactions between biotin and avidin. This strategy allows complete
functionalization of the QCM sensor within 5 hours, and gives quantitative detection of rabbit IgG
concentrations ranging from 0.1 ng/mL to 10 ug/mL with high specificity. This work has been
published in ACS Applied Materials & Interfaces.?"’

Chapter 5 Rapid self-healing of 2-amino phenylboronic acid-functionalized hyaluronic
acid/poly(vinyl alcohol) hydrogels at both neutral and acidic pH. This chapter provides a novel
method of synthesizing fast self-healing hydrogels through dynamic crosslinking using
phenylboronic acid-modified hyaluronic acid and PVA. Once cut this hydrogel can “heal” and
recover its mechanical integrity within 1 minute of cutting under both neutral and acidic pH
conditions. The broad pH range under which the self-healing capability is maintained makes this
biomaterial highly attractive for various applications. This chapter is in preparation for publication.

Chapter 6: Concluding remarks. This chapter summarizes the major contributions of this study.
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Chapter 2 Poly(oligoethylene glycol methacrylate) dip-coating:

turning cellulose paper into a protein-repellent platform for
biosensors

In chapter 2, all experiments were conducted by myself with assistance from Dr. Niels M. B.
Smeets, Dr. Clémence Sicard, and Dr. Jingyun Wang. The paper was initially drafted by myself,
and edited later to final version by Dr. John D. Brennan, Dr. Carlos D. M. Filipe and Dr. Todd
Hoare. This chapter has been published in Journal of the American Chemical Society, 2014, 136
(37), pp12852-12855. Copyright © 2014 American Chemical Society. Reprinted with permission.
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ABSTRACT: The passivation of nonspecific protein
adsorption to paper is a major barrier to the use of
paper as a platform for microfluidic bioassays. Herein we
describe a simple, scalable protocol based on adsorption
and cross-linking of poly(oligoethylene glycol methacry-
late) (POEGMA) derivatives that reduces nonspecific
adsorption of a range of proteins to filter paper by at least
1 order of magnitude without significantly changing the
fiber morphology or paper macroporosity. A lateral-flow
test strip coated with POEGMA facilitates effective protein
transport while also confining the colorimetric reporting
signal for easier detection, giving improved performance
relative to bovine serum albumin (BSA)-blocked paper.
Enzyme-linked immunosorbent assays based on POEG-
MA-coated paper also achieve lower blank values, higher
sensitivities, and lower detection limits relative to ones
based on paper blocked with BSA or skim milk. We
anticipate that POEGMA-coated paper can function as a
platform for the design of portable, disposable, and low-
cost paper-based biosensors.

P aper-based devices have attracted widespread interest as
portable, low-cost, low-volume, disposable, and simple
analytical platforms for bioassays, point-of-care diagnostics, and
environmental analysis." Paper-based devices with direct
reporting by changes in color,” fluorescence,® chemilumines-
cence,” or other easily identifiable signals offer particular benefits
in resource-limited settings for diagnosis or screening without
the need for complex analytical equipment.”*> While several
proof-of-concept studies have shown the potential of paper-
based devices for meeting these challenges, nonspecific protein
adsorption siﬁniﬁcantly limits both the accuracy and selectivity of
such sensors.'* Typically, this problem is addressed by blocking
the nonfunctionalized paper surface with bovine serum albumin
(BSA)™ or other proteins immediately before use (see Table 1 in
ref 1b for other methods used). However, protein blocking is an
inconvenient and only partially effective additional step that
limits the facile use of paper-based biosensors in the field.
Reducing protein adsorption at interfaces has long been a
focus in the biomaterials literature” given the oft-cited link
between protein adsorption and inflammation.® Typically, this is
achieved by surface modification of the biomaterial with
hydrophilic polymers,” with poly(ethylene glycol) (PEG)
attracting particular interest.'® Poly(oligoethylene glycol meth-

-4 ACS Publications  ©2014 American Chemical Society

acrylate) (POEGMA) exhibits similar non-cytotoxic and protein-
repellent properties as PEG'" while offering the advantage of
facile copolymerization or grafting via free radical chemistry. ">
However, the fragility of highly porous papers used for paper-
based microfluidics at the typically elevated temperatures and
high free radical concentrations required for grafting limits the
practical utility of this approach.

Herein we demonstrate a mild and effective approach for
passivating protein adsorption on cellulose paper via a simple,
scalable sequential dipping method. Smeets and co-workers
recently reported the formation of protein-repellent hydrogels
based on POEGMA precursor polymers functionalized with
hydrazide and aldehyde groups that form gels rapidly by simple
mixing at ambient conditions (Figure 1a)."> Here we apply this
chemistry in a sequential dipping strategy to localize hydrogel
formation on the fiber surface of filter paper (Figure 1b).
Adsorption of aldehyde-functionalized POEGMA (POA) to the
paper functionalizes the paper surface with aldehydes, while
subsequent dipping into a hydrazide-functionalized POEGMA
(POH) solution effectively assembles a thin POEGMA hydrogel
layer directly on the fiber surface (Figure 1c).

The eflicacy of POEGMA coating for modification of paper
interfacial properties was first screened using a model cellulose
surface. A cellulose-coated quartz crystal microbalance (QCM)
chip was POEGMA-coated by sequentially flowing POA and
POH over the chip (Figure 2a). The water contact angle slightly
increased from 33 + 1° (cellulose chip) to 52 + 1° (with POA)
and 53 + 1° (with POA/POH) (Figure 2b), indicating that the
hydrophilicity of the fiber interface was maintained while the
potential for steric protein repulsion (characteristic of PEG
coatings'*°) was introduced. Four model proteins with different
isoelectric points (pI) and molecular weights (MW) [see Table
S1 in the Supporting Information (SI)] were then flowed over
the POEGMA-coated chip to assess the capacity of the coating to
inhibit protein adsorption (Figure SI in the SI). A decrease in
protein adsorption by at least 1 order of magnitude was observed
for all proteins relative to an unmodified cellulose chip,
independent of pI or MW (Figure 2c).

On the basis of this result, coatings were subsequently applied
to cellulose filter paper (Whatman no. 40 ashless). The dipping
procedure induced no significant changes in the fiber or pore
morphology of the paper in either the dry state (scanning
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procedure for modifying filter paper. (c) Hypothesized structure of
surface-modified cellulose fibers and resulting mechanism of protein
repellency.

electron microscopy; Figure S2A—F) or the wet/swollen state
(optical profilometry; Figure S2G-I), and no significant
difference in surface roughness was observed for unmodified
paper and POA or POA/POH dip-coated paper (p > 0.05). In
addition, tensile testing of unmodified and POA/POH-modified
paper strips indicated that the dipping procedure either
maintained or slightly increased all of the key indicators of
paper mechanics (Table S2). These results suggest that the dip
modification procedure impacts neither the physical structure of
the fiber nor the macroporous network morphology of the paper,
unlike other techniques for polymer surface modification that
cause significant fiber damage and/or clog the pore network and
thus impact the paper’s functionality as a microfluidic device."*
Confocal microscopy of dip-coated paper prepared by
sequential dipping in rhodamine-labeled POA and fluorescein-
labeled POH confirms adsorption of POA on the fiber surface
throughout the paper cross section and suggests that dipping fills
small pores inside the fibers (see Figure 3a-i). Subsequent
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Figure 2. Interfacial properties of POA/POH-modified cellulose-coated
QCM chips. (a) QCM-D monitoring of POA and POH adsorption
(both 4% w/v) on a cellulose QCM chip. (b) Contact angle of water on
a cellulose QCM chip before and after POA/POH coating. (c) QCM-D
monitoring of protein adsorption on a cellulose QCM chip before and
after POA/POH coating (100 pg/mL protein).

colocalization and immobilization of POH on the fiber surface
following the second dipping step are also confirmed (see Figure
3a-ii). Attenuated total reflectance FTIR spectroscopy shows an
ester peak at 1727—1735 cm ™" (characteristic of POEGMA) that
increases in intensity after each dipping step (Figures S3 and $4),
and the dry weight of the treated papers increases significantly
following each dipping step performed (Figure S5); both of these
observations confirm deposition of the POEGMA polymers on
the paper. Interestingly, following soaking of the papers over 24 h
in phosphate-buffered saline (PBS), the POA/POH dip-
modified paper shows a lower wet mass than unmodified paper
(Figure SS). We hypothesize that this result is attributable to the
filling of smaller pores inside and between cellulose fibers with
polymers during the dipping procedure and restriction of the
swelling of those polymers by the rigid cellulose network around
those pores. This hypothesis is supported by the enhanced
fluorescence observed at the edge and junction points between
fibers (arrowheads in Figure S6A) and mercury porosimetery
results that indicate a decrease in the total free pore volume upon
POA/POH dipping accompanied by the effective disappearance
of smaller pores (<0.1 ym) in the fiber network (Figure S7).
Thus, while the dipping treatment does influence the fiber
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Figure 3. Interfacial and transport properties of POA/POH dip-coated
Whatman no. 40 filter paper. (a) Filter paper fiber network following
dip-coating of fluorescently labeled POA and POH viewed by confocal
laser scanning microscopy (CLSM): (i) rhodamine 123-labeled POA;
(ii) fluorescein-labeled POH; (iii) merged CLSM image; (iv) bright-
field image. Arrowheads indicate the distribution of POA inside the
cellulose fibers. (b, ¢) Hygroscopicity and surface properties of no. 40
filter paper before and after dip-coating with POA and POA/POH: (b)
screenshots of sessile drop testing of the contact angle of filter paper
samples; (c) plot of the square of the capillary rise distance (L*) against
capillary time () for a 0.8 cm X 8 cm paper strip (n = 4). (d) Adsorption
of proteins on paper samples before and after POA/POH coating
(protein concentration of 100 yg/mL, n = 6).

nanostructure, it does not significantly impact the paper
macroporosity or topology.

To confirm that POA and POH chemically cross-link on the
paper surface, residual aldehyde and hydrazide groups were
reacted with fluorescein-S-thiosemicarbazide (S-FTSC) and S-
fluorescein isothiocyanate (S-FITC) respectively. POA-treated
paper exhibits the same S-FITC intensity but twice the 5-FTSC
intensity compared with untreated paper, indicating adsorption
of POA. POA/POH-treated paper exhibits the same S-FTSC
intensity of native paper (indicating consumption of POA
aldehyde groups) but double the S-FITC intensity, suggesting
the presence of residual hydrazide groups (Figure S8). This
result, coupled with the fluorescence result in Figure 3a, indicates
that POA and POH chemically cross-link on the fiber surface to
create a thin interfacial hydrogel layer.

The impact of POA/POH dip-coating on paper interfacial
properties was assessed by measuring the penetration speed of
water into and through the paper. Screenshots of sessile drop
tests on filter paper samples before and after POA/POH dipping
are shown in Figure 3b. The penetration speed of water into the
paper varies as unmodified paper > POA/POH paper > POA
paper. A similar result was observed via capillary rise experiments
tracking the lateral flow of water through the filter paper before
and after POEGMA dip-coating (Figure 3c). The speed of
capillary rise obeys the Washburn equation, which in the case of
zero applied pressure can be expressed as L* = tDy cos 6/41,"
where L is the height of water penetration up the strip, t is the
time, 77 is the viscosity, y is the surface tension, @ is the contact
angle, and D is the pore diameter. The slope of a plot L* versus t
(representing differences in D cos 6 at constant fluid properties)
varies as unmodified paper > POA/POH paper > POA paper,
mirroring the sequence of water drop penetration speeds. Both
results are consistent with the dipping procedure filling small
pores inside cellulose fibers (lower D; Figure 3a-i) and slightly
decreasing cos 0 (Figure 2b) while still preserving sufficiently fast
water transport for microfluidic biosensor applications.

Consistent with the cellulose-coated QCM chip results, POA/
POH coating on filter paper facilitated at least a 4-fold decrease in
adsorption for all tested proteins (Figure 3d). No further
reduction was noted following layer-by-layer deposition of
additional POA/POH layers (Figure S9). On the basis of this
result, the utility of POA/POH dip-coated paper as a platform for
paper-based microfluidic or lateral flow devices was assessed. A
model reaction in which p-galactosidase (B-GAL, enzyme)
converts chlorophenol red f-galactopyranoside (CPRG, yellow,
substrate) to chlorophenol red (red-magenta, product) was
selected; capture of the chlorophenol red product by poly(r-
arginine) in the sensing area generates a purple reporting signal
indicative of capillary transport of the enzyme solution up the
paper test strip (Figure 4a). Untreated paper cannot support the
transport of f-GAL, and therefore, no purple band appeared
(al). BSA-blocked paper supported protein transport, but the
signal was broadly dispersed up the test strip, suggesting that BSA
blocking interferes with the activity of the color-capturing agent
(a2). In contrast, POA/POH dip-coated paper successfully
facilitated protein transport (signal generation) and confined the
signal to the detection area (a3) at the cost of slightly increasing
the test time due to the decreased rate of capillary rise through
the POA/POH-coated paper (5.3 + 0.7 min vs 3.7 & 0.6 min for
BSA-blocked paper, 4 cm transport length).

On the basis of this successful initial assay, POA/POH dip-
coated papers were subsequently assessed as supports for paper-
based enzyme-linked immunosorbent assays (ELISAs) (Figure
4b) using goat anti-rabbit IgG as the antigen and horseradish
peroxidase (HRP)-conjugated rabbit IgG as the enzyme-linked
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Figure 4. Model paper-based diagnostics using POA/POH dip-coated
paper. (a) Schematic of f-galactosidase (8-GAL) test strip design and
experimental mobility of f-GAL on 0.8 cm X 8 cm paper strips: (al)
pipetted control paper; (a2) BSA-blocked paper (0.1% w/v); (a3)
POA/POH dip-coated paper. (b) Paper-based ELISA on a wax-printed
microzone plate using dip-coated POA/POH as the blocking reagent,
compared with BSA and skimmed milk. (c) Color intensity of paper-
based ELISA using different blocking reagents (the blue dashed line
represents the LOD, 3X the standard deviation of the nonblocked
control). (d) Isothermal adsorption of rabbit immunoglobin (IgG) on a
cellulose-coated QCM chip with or without POA/POH coating from
QCM-D analysis.

antibody. The use of POA/POH dip-coating to block the filter
paper resulted in a lower blank signal and a lower limit of
detection (LOD) of between 0.1 and 1 yg/mL antigen relative to
the use of BSA or skim milk, both of which result in significantly
higher LODs (between 1 and 10 pg/mL) and lower dynamic
ranges (Figure 4c). Given that POEGMA-coated cellulose can
maintain nonspecific IgG adsorption at very low levels (<150 ng/
cm?), ~3-fold lower than for BSA-blocked paper (Figure S11),
even at high concentrations (>1 mg/mL; Figure 4d), we
hypothesize that POA/POH dip-coated papers are ideal
platforms for performing ELISAs with a wide range of antibodies.
In summary, we have demonstrated the effective surface
modification of paper via a simple, scalable, and mild dip-coating
procedure that significantly suppresses nonspecific protein
adsorption to paper without impacting the fiber morphology
or paper macroporosity. We anticipate that POA/POH-coated
paper has potential as a platform for the design and fabrication of
complex biosensors, bioarrays, and other high-throughput tests
in which protein transport is essential. Such modified papers may
also have applications in the design of nonfouling filter papers for
protein separation or protein chromatographic supports.
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Appendix: Supporting information for Chapter 2
1. Materials

Oligo (ethylene glycol) methyl ether methacrylate with an average number-average molecular
weight of 475 g/mol (OEGMAu475, Sigma Aldrich, 95%) and (diethylene glycol) methyl ether
methacrylate (M(EO)2MA, Sigma Aldrich, 98%) were purified using a column of basic aluminum
oxide (Sigma Aldrich, type CG-20) to remove the monomethyl ether hydroquinone (MEHQ) and
butylated hydroxytoluene (BHT) inhibitors. Acrylic acid (AA, Sigma Aldrich, 99%), thioglycolic
acid (TGA, Sigma Aldrich, 98%), 2,2-azobisisobutryic acid dimethyl ester (AIBMe, Wako
Chemicals, 98.5%), adipic acid dihydrazyde (ADH, Alfa Aesar, 98%), N’-ethyl-N-(3-
dimethylaminopropyl)-carbodiimide (EDC, Carbosynth, Compton CA, commercial grade), bovine
serum albumin (BSA, Sigma Aldrich, 97%), fibrinogen from human plasma (Sigma Aldrich), IgG
from rabbit serum (Sigma Aldrich, 95%), B-galactosidase from Escherichia coli (Grade VI, Sigma
Aldrich), goat anti-rabbit IgG (whole molecule, Sigma), normal rabbit IgG-HRP (Santa Cruz
Biotechnology), rhodamine 123 (Sigma Aldrich, 85%), fluorescein 5-isothiocyanate (5-FITC,
Sigma Aldrich, 90%), and fluorescein-5-thiosemicarbazide (5-FTSC, Sigma Aldrich, 80%) were
all used as received. TMB peroxidase substrate solution and peroxidase substrate solution B were
purchased from KPL, Kirkegaard & Perry Laboratories, Inc. Hydrochloric acid (1M) was received
from LabChem Inc. (Pittsburgh, PA). For all experiments, Milli-Q grade distilled deionized water
(DIW) was used. Phosphate buffered saline (PBS) was diluted from a 10X liquid concentrate
(Bioshop Canada Inc.). N-(2,2-dimethoxyethyl)methacrylamide (DMEMAmM) monomer was
synthesized according to a previously reported method.!

2. Polymer synthesis and characterization

Polymer characterization: Size exclusion chromatography (SEC) was performed using a Waters
2695 separations module equipped with a Waters 2996 photodiode array detector, a Waters 2414
refractive index detector, a Waters 2475 multi A fluorescence detector and four Polymer Labs PLgel
individual pore size columns maintained at 40 °C, with 5 pm bead size and pore sizes of 100, 500,
103 and 105 A. THF was used as the eluent at a flow rate of 1.0 ml min™!, and poly(methyl
methacrylate) standards were used for calibration. "H-NMR and '*C-NMR were performed on a
Bruker AVANCE 600 MHz spectrometer using deuterated chloroform as the solvent (see section
20 of Supporting Information for full spectra)

Synthesis of aldehyde-functionalized poly(oligoethylene glycol methacrylate) (POA): POA
precursors were prepared by adding AIBMe (38 mg, 0.16 mmol), OEGMA475 (0.90 g, 1.9 mmol),
M(EO):MA (3.1g, 16 mmol), DMEMAm (0.60 g, 3.5 mmol) and TGA (7.5 pL, 0.15 mmol) to a
50 mL Schlenk flask. 1,4-Dioxane (20 mL) was added and the solution was purged with nitrogen
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for at least 30 minutes. Subsequently, the flask was sealed and submerged in a pre-heated oil bath
at 75°C for 4 hours under magnetic stirring. After polymerization, the solvent was removed and
the poly(OEGMA475-co-M(EO)2MA-co- DMEMAm) polymer was purified by dialysis against
DIW over 6 cycles (6+ hours each time) and lyophilized to dryness. The acetal groups of POA
precursors were subsequently converted to aldehydes by dissolving 4.0 g of the copolymer
prepared above in 75 mL DIW and 25 mL 1.0 M HCl in a 250 mL round-bottom flask. The solution
was left to stir for 24 hours, dialyzed for a minimum of 6 (6+ hour) cycles, and lyophilized to
dryness. The polymers were dissolved in PBS and stored as 20 w/w% solutions at 4°C. The
number-average molecular weight was determined to be 14-10° g/mol (D = 2.03) from size
exclusion chromatography using THF as a solvent. The aldehyde content was determined to be 24
mol% (equivalent to 19 reactive aldehyde groups per chain) using 'H-NMR based on the proton
signals of the methoxy (O-CHs, 3H, & = 3.3 ppm) and aldehyde (CHO, 1H, 6 = 9.2 ppm) groups.

Synthesis of the hydrazide-functionalized poly(oligoethylene glycol methacrylate) (POH): POH
precursors were prepared by adding AIBMe (38 mg, 0.16 mmol), OEGMAu475(0.95 g, 2.0 mmol),
M(EO):MA (3.1g, 16 mmol), AA (0.55 g, 7.6mmol), and TGA (7.5 pL, 0.15 mmol) to a 50 mL
Schlenk flask. 1,4-Dioxane (20 mL) was added, and the solution was purged with nitrogen for at
least 30 minutes. Subsequently, the flask was sealed and submerged in a pre-heated oil bath at
75°C for 4 hours under magnetic stirring. After the solvent was removed, the resulting
poly(OEGMA475-co-M(EO)2MA-co-AA) polymer was purified by dialysis against DIW over 6
cycles (6+ hours per cycle) and lyophilized to dryness. The carboxylic acid groups of POH
precursor were subsequently converted to hydrazide groups via a carbodiimide-mediated
conjugation of a large excess of adipic acid dihydrazide. The polymer (4.0 g) was dissolved in 100
mL DIW and added to a 250 mL round-bottom flask. ADH (4.33 g, 24.8 mmol, 8.16 mol eq.) was
added and the pH of the solution was adjusted to pH = 4.75 using 0.1 M HCI. Subsequently, EDC
(1.93 g, 12.4 mmol, 3.80 mol eq.) was added and the pH was maintained at pH = 4.75 by the
dropwise addition of 0.1 M HCI over 4 hours. The solution was left to stir overnight, dialyzed
against DIW over 6 cycles (6+ hours per cycle) and lyophilized to dryness. The polymers were
dissolved in PBS and stored as 20 w/w% solutions at 4°C. The number-average molecular weight
was determined to be 17-10* g/mol (D = 2.08) from size exclusion chromatography using THF as
a solvent. The degree of hydrazide functionalization was determined to be 22 mol% (equivalent to
22 reactive hydrazide groups per chain) by conductometric base-into-acid titration by comparing
the carboxylic acid content before and after ADH conjugation (0.1 M NaOH titrant, 50 mg polymer
in 50 mg of 1 mM NacCl titration solution, ManTech automatic titrator).

Note that a 10mol% OEGMAu475 (n = 7-8 ethylene oxide repeat units on the side chain) and 90
mol% M(EO):MA (n = 2 ethylene oxide repeat units on the side chain) copolymer was chosen for
both the hydrazide and aldehyde-functionalized copolymers. This particular copolymer, in the
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absence of hydrazide and aldehyde functionalization, has a thermal phase transition temperature
just above room temperature (~32-33°C) and as such can more easily adsorb on to the cellulose
paper in the first POA dipping step relative to a polymer prepared with 100% OEGMAu47s. However,
the hydrogel chosen still effectively repels proteins with near-equal efficacy to the 100%
OEGMAu475 polymer (see reference 13b in the main manuscript for data on bulk hydrogels) due to
the still significant presence of the longer side chain comonomer, and dip coating of 100%
OEGMAu475 polymers onto the filter paper actually facilitated a lower protein repellency than the
10 mol% OEGMAu475 polymer used (~ 1.7-fold higher IgG adsorption) owing to the reduced
surface coverage that can be achieved. Thus, the composition chosen represents an optimized
chemistry for both promoting effective coverage of the paper and low non-specific protein
adsorption.

3. Quartz crystal microbalance with dissipation monitoring (QCM-D)

The adsorption of POA and POH on cellulose and the ability of the resulting POEGMA interface
to repel proteins were investigated using quartz crystal microbalance with dissipation (QCM-D,
Q-Sense E4, Gothenburg, Sweden) equipped with QSX 334 cellulose sensors. The resonance
frequency and dissipation shifts of the oscillating crystals were simultaneously monitored at the
fundamental frequency (5 MHz) and its seven overtones (15, 25, 35, 45, 55, 65 and 75 MHz) at
25°C under constant fluid flow (0.1 mL/min). The cellulose chip surface was allowed to equilibrate
for 3 hours in PBS buffer prior to measurements. All polymers (4%, w/v) and proteins (100 pg/mL)
were dissolved in the same PBS solution and flowed over the pre-equilibrated chip until the
measured frequency (and thus the adsorption of the polymer or protein added) reached a plateau
characterized by a frequency change of less than 1 Hz/10 min. The adsorbed mass (Am) was
determined using Sauerbrey’s equation under the assumptions that the adsorbed layer is rigid,
uniformly distributed on the surface, and small compared to the crystal's mass (Equation 1)*:

Am = — C'TM (Equation 1)
In this equation, C is the sensitivity constant (17.7 ngHz 'cm™ for a 5 MHz crystal, as provided by
the manufacturer), Af is the measured change in frequency, and n is an overtone number. Only the
changes in the normalized frequencies and dissipations of the fifth overtone are reported;
analogous results were achieved with other overtones.

Figure 2a (main manuscript) shows the measured frequency changes upon sequential addition of
POA and POH to the cellulose-coated QCM chip. Following rinsing to remove unbound polymer
after each adsorption step, the bound masses of POA and POH (including bound water, assuming
three moles of water is bound per mole of ethylene glycol repeat units in the POEGMA side chain®)
were calculated to be 390 and 550 ng/cm?, respectively. In addition, the significant increase in
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dissipation following treatment of the surface with POH suggests an increase in the modulus of
the surface consistent with covalent cross-linking of POA and POH to form a hydrogel.

The bound masses of the four proteins assayed (BSA, fibrinogen, rabbit IgG, and B-galactosidase,
see Table S1 for representative properties) to the resulting POEGMA -coated surface defined in
Figure 2a are shown in the main text (Figure 2c), with data calculated according to the raw
normalized frequency changes measured in Figure S1.

Table S1. The molecular weight and isoelectric point of proteins with varying properties obtained
from the NCBI protein database and ExPASy SIB Bioinformatics Resource Portal

Protein Molecular Weight (kDa) Isoelectric point
Albumin (BSA) 69.3 4.7-5.82
Fibrinogen 340 5.5

IgG1 150 8.6+ 0.4
B-galactosidase 464 4.61
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Figure S1. QCM-D results of the measured frequency change (AF) and dissipation (D) following
adsorption of 100 pg/mL solutions of BSA (A), fibrinogen (B), rabbit IgG (C) and B-GAL (D) on
a pre-equilibrated cellulose sensor with or without a POA/POH coating (as defined in Figure 2a)

4. Contact angle and droplet penetration assay

Water contact angle measurements were conducted using a Model 100-00-115 NRL contact angle
goniometer (Ramé-Hart, Succasunna, NJ) equipped with a Sanyo VC8—3512T camera. Contact
angles were measured by applying 5 pL droplets of distilled deionized water on the surface of both
cellulose-coated QCM chips and Whatman 40# filter paper samples. For the QCM chips, the
measurement of contact angle was conducted following rinsing with PBS until a stable frequency
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plateau was achieved (see Fig. 2a) and subsequent drying of the chip under moderate nitrogen flow.
For paper samples, the droplet evolution was tracked by video, and screen shots were taken 1
second before and 1, 3, 5, 7 seconds after the droplet was applied to the paper to track both the
initial contact as well as the kinetics of the penetration of the droplet into the paper network.

S. Paper dipping method

The POEGMA polymers were dissolved in 4% (w/v) phosphate buffered saline (PBS) solutions.
Samples of Whatman 40# ashless filter paper were cut into small pieces (1 cm x 2 cm) or strips
(0.8 cm x 8 cm) and then dipped in the polymer solutions by completely submerging the paper in
the solution. POA was used in the first dipping step for all reported experiments since initiating
the sequential dipping with POA instead of POH was demonstrated in preliminary work to
facilitate improved protein repellency; we attribute this result to the enhanced affinity between
aldehyde-functionalized POA and paper, which can more effectively anchor the POEGMA
polymer to the fiber network. After 4 h of gentle shaking (~30 rpm) at room temperature, the paper
samples were removed from the solution and washed twice with PBS. Afterwards, all the samples
were dried overnight at ambient conditions (~23°C and ~30% relative humidity). Subsequently,
the dried paper was dipped in the 4% (w/v) POH solution for another 4 hours and then washed and
dried using the same procedure outlined above. It should be noted that preliminary work was
performed to investigate the utility of multiple dipping cycles on the ability of the dip-modified
paper to suppress non-specific protein adsorption. While step-by-step mass gain (i.e. POEGMA
adsorption or grafting) was achieved on sequential dipping cycles, no significant improvement in
protein repellency was observed; as such, a single dipping cycle was used for all experiments
discussed in this manuscript.

6. Surface topography

The filter paper samples were subjected to optical profilometry and scanning electron microscopy
(SEM) imaging before and after dipping in the POA and POH solutions. Optical profilometry
images were obtained using a WYKO Model NT 1100 optical profilometer operating under the
VSI measurement mode at a magnification of 20x. For SEM analysis, samples were sputter-coated
with platinum (layer thickness = 15 A) to avoid charging effects and were imaged using a JEOL
Model JSM-7000F SEM (Tokyo, Japan) operating at 2.8 kV and a probe distance of 5.9 mm.
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Figure S2. Scanning electron microscopy (SEM, A-F) and optical profilometry (G-I) images of
40# filter paper (A,D,G) and filter paper coated with POA (B,E,H) or with POA/POH (C,F)]) at
100x (A-C), 500x (D-F) and 400x (G-I) magnification.

As noted in the manuscript, no significant change in the morphology or roughness of the paper
fiber network was observed upon POA or POA/POH dipping, as evidenced by the lack of change
in both the SEM images as well as the optical profilometry results before and after both POA and
POA/POH dipping.

7. Paper mechanics

The tensile strength of paper before and after dip modification was measured to assess the effect
of dip coating on the paper mechanics. Prior to the test, paper samples were equilibrated overnight
at 23°C and 50% relative humidity. Testing was conducted following TAPPI T494 (Tensile
properties of paper and paperboard, using constant rate of elongation apparatus) using a 50 N load
cell and operating at a deformation rate of 10 mm/min along the machine direction of paper. The
rectangular sample width was 8.0 mm and the grip distance was 20.0 mm. The thickness of all
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paper samples tested (including dipped papers) was 0.201 + 0.006 mm (TMI digital micrometer),
such that differences in modulus are not attributable to differences in thickness. Tensile strength,
modulus, and elongation to break were calculated using Series IX standalone software (Version
1.1). Ten samples were tested in each group, with results expressed in terms of the mean + standard
deviation. Table S1 shows the tensile properties of unmodified filter paper, filter paper treated with
POA, and filter paper treated with sequential dipping of POA/POH.

Table S2. Mechanical properties of 40# filter paper and paper coated with POA and POH obtained
by tensile force measurements.

Displacement at Peak Load at Peak (N) Break Displacement
(mm) (mm)
40# 0.70+0.11 20.3+0.8 0.91+0.29
POA 0.94+0.06** 21.0£1.2 1.19+£0.22%*
POA/POH 0.94+0.08** 21.3£1.0%* 1.18+£0.25*
0.2% Yield Strength Modulus (MPa) Energy at Break (mJ)
(MPa)
40# 8.9+0.4 970+120 12.2+£2.5
POA 7.3£0.7% 850+90" 16.8+£2.0%*
POA/POH 7.6+0.4% 910£70 17.3+£2.5%*

N=10; *p<0.05,**p<0.001, significantly higher than 40# filter paper; #p<0.05, ##p<0.001,
significantly lower than 40# filter paper.

Following initial dipping of POA, the displacement at peak, break displacement, and energy at
break all significantly increased while the load at peak and the modulus were not affected. Overall,
this result suggests that the paper becomes more difficult to break as a result of POA adsorption.
Subsequent dipping (and covalent bond formation) with POH maintains these same properties,
although gel formation does not induce significant further strengthening of the paper. This
demonstrated enhancement (or at least maintenance) of key paper mechanical properties is a point
of significant contrast between this dipping method and other methods of paper modification (i.e.
chemical grafting or paper oxidation), which typically significantly decrease the tensile strength
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of the paper. Note that the “0.2% Yield Strength” reported is an offset yield point often reported in
the literature in cases in which the true yield point is not easily defined based on the shape of the
stress-strain curve and refers to the stress measured at 0.2% strain.*

8. FTIR of polymers

The infrared spectra of the reactive pre-gel polymers and the gel-coated paper samples were
collected using a Nexus 6700 Fourier-transform infrared (FTIR) spectrometer (Thermo Fisher
Scientific Inc.) equipped with an infrared microscope (Nicolet Continupm). An attenuated total
reflection (ATR) attachment was used for the measurement. The lyophilized samples of POA and
POH were measured to obtain their individual spectra as shown in Figure S3.

POH

=

Mbsarbance

Figure S3. FTIR spectra of hydrazide-functionalized POEGMA (POH) and aldehyde-
functionalized POEGMA (POA).

ATR-FTIR for POA (cm): 3412m, 2877s, 1723s, 1657w, 1649w, 1529w, 1451m, 1389w, 1352w,
1246m, 1103s, 1033w, 947w, 850w, 748w.

ATR-FTIR for POH (cm'l): 3265m, 2876s, 1722s, 1665w, 1524w, 1451m, 1388w, 1353w, 1245m,
1104s, 1029w, 947w, 850w, 749w.

The IR spectra of POA and POH are largely the same, with the strong peak at 1723 cm™ and a
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medium intensity peak at ~1245 cm™! representing stretching vibrations indicative of the C=0 ester
groups that connect the backbone of the POEGMA polymers to the oligo(ethylene glycol) side
chains and a very strong peak at 1103 cm™ representing the antisymmetric stretching vibration of
C-O-C in the oligo(ethylene glycol) in the side chain. Hydrazide and aldehyde groups both
typically appear in the range of the ester signals and are thus convoluted with the higher intensity
ester peaks.

9. FTIR of paper surface

The diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) method was employed
to characterize the polymer-treated paper surface. DRIFTS was used in this case since it is well-
documented to be useful for analyzing polymers (including foams, powders, fibers and composites)
on rough and heterogeneous surfaces (like paper). The spectra of nascent 40# filter paper and the
paper samples dipped with POA and sequential dipping of POA/POH are shown in Figure S4. The
presence of the peaks at 1727-1735 cm™ (corresponding to the ester groups in POEGMA, indicated
by the dashed rectangle in each spectrum) confirms the deposition of POEGMA on to the paper
surface as a result of the dipping procedure.

o= 1 40# filter paper

- Paper with POA KL\
/o

/N .
- AN T N L

% paper with POA/POH l

Figure S4. FTIR spectra of 40# filter paper, paper dipped with POA, and paper dipped with
POA/POH.
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10. Dry and wet weight of paper samples

Round pieces of unmodified and modified paper with diameters of ~6.6 mm were submerged in
250 pL of PBS for 24 hours inside a 96-well plate at room temperature. The dry and wet weight of
the paper samples were measured before and after dipping. For dry weight measurements, the
samples were dried in a 60°C oven and then equilibrated at 23°C and 50% relative humidity
overnight prior to measurement to ensure consistency between samples. For wet weight
measurements, the excess water on the surface of sample was removed by a rapid press (using 2.4
kg hand roller) between two Kimwipes to ensure that only absorbed/adsorbed water is considered
in the swollen mass measurements. Results are shown in Figure S5.

Water absorbed
m Dry Weight

30 1

25

20 A

15

Weight of samples (mg/cm?)

40# POA POA / POH

Figure S5. Dry and fully wetted weight of paper samples (n=12, *p<0.05 (dry), #p<0.05 (wet)
relative to 40# filter paper).

As discussed in the manuscript, POEGMA dipping results in an increase in paper dry weight
(associated with the immobilization of a POEGMA gel on the fiber surface) but a slight albeit
significant decrease in wet weight. We hypothesize this result is related to the clogging of small
pores in the fibers and/or between fibers by POEGMA gel formation.

11. Polymer distribution on paper

To confirm that the dipping method successfully modified the fiber surface, the sequential dipping
procedure was repeated using rhodamine 123-labeled POA and fluorescein-labeled POH. For this
purpose, POH was tethered with fluorescein isothiocyanate (FITC) via direct reaction between the
isothiocyanate and hydrazide groups. Typically, 1 g of POH was reacted with 5 mg of FITC
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overnight (at least 12 h) under gentle mechanical agitation at pH 8 and room temperature, targeting
modification of only a small (~2 mol%) fraction of the available hydrazide groups so as not to
disrupt the cross-linking capacity of the polymer. Analogously, POA (1 g) was labeled with
rhodamine 123 (5 mg) via reductive amination between the amino group in rhodamine 123 and a
small (~2 mol%) fraction of aldehyde groups in POA, with the resulting Schiff base reduced using
sodium cyanoborohydride (8.25 mg, 10 fold molar excess to the rhodamine) to create a stable
conjugate. All reactions were performed in a foil-covered reaction flask to prevent photobleaching
during synthesis. The resulting labeled polymers were dialyzed exhaustively against deionized
water (MWCO 3500 Da) for 6 cycles (6+ hours per cycle, all in the dark) to remove unbound FITC,
lyophilized to dryness, dissolved in PBS as 4% w/v solution, and stored at 4°C in the dark.
Fluorescently-labeled POA and POH solutions were subsequently used in place of non-labeled
POA and POH in the dipping method outlined in section 4 to prepare a labeled POEGMA -coated
paper. Following modification, the dried paper sample was exposed to blue (488 nm) and green
(543 nm) light using a Zeiss 510 inverted confocal microscope to collect fluorescence images
defining the localization of fluorescein-labeled (POH) and rhodamine-labeled (POA) polymers
respectively on the paper surface. The images are shown in Figures 3a and S6, with the two figures
presented representing images collected at two different z-planes within the sample. Each figure
shows similar co-localization of POA and POH on the fiber surface, indicating that the bulk of the
paper was successfully surface modified with POEGMA by dipping.

Figure S6. Cellulose fiber networks treated by fluorescently-labeled POA and POH as viewed by
confocal laser scanning microscopy (CLSM) at a different z-plane from Figure 3a. A: rhodamine
123-labeled POA; B: fluorescein-labeled POH; C: merged CLSM image; D: bright field image.
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Arrowheads in A indicate the concentration of POA at the edge and junction points between fibers.

12. Mercury intrusion porosimetry

Mercury intrusion porosimetry measurements were performed using a Quantachrome
Poremaster GT mercury intrusion porosimeter (Boca Raton, USA) using high pressure mode and
a fixed speed pressure gradient from 1.4 to 4195 kg-cm™! (10.6 um —3.57 nm pore diameter range).
The average pore diameter, total porosity, and pore size distribution were determined as a function
of intruded volume using the Poremaster (Version 5.00) software (Quantachrome). Figure S7
shows the number distribution of pores and the total pore volume of the paper before and after
POEGMA dip coating treatment.
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Figure S7. Number distribution of pore diameter (A) and normalized volume of mercury intrusion
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(B) of 40# filter paper and filter paper coated with POA/POH operated at high pressure model.

This data indicates that the porosity measured by high pressure mercury porosimetry slightly
decreased after coating with polymers, with the decrease in porosity attributable almost exclusively
to the elimination of smaller pores (< 0.05 pm) while larger pores (~ 0.5 pm average size) remain
relatively unaftected. This result further supports our hypothesis that POEGMA dipping results in
the filling of nanopores/micropores within individual fibers but has little impact on the pores
between fibers (i.e. the mesh size of the paper) relevant for defining transport properties. It should
be noted that the high pressure operation of the porosimeter effectively collapses the macropore
network of the paper, requiring the addition of the interparticle porosity data obtained under low
pressure (~61% for both treated and untreated paper) to accurately estimate the total pore fraction
inside the paper at ambient pressure. However, the high pressure data can more directly probe the
fate of the smaller pores as a result of POEGMA treatment, of direct interest here in interpreting
the role of POEGMA in regulating paper interfacial properties.

13. Residual aldehyde and hydrazide groups on paper surface

Fluorescent labeling was used to assess the presence of unreacted (free) aldehyde and hydrazide
groups on POA and POA/POH treated paper. Following POEGMA modification of the paper
surface using the dipping method described in section 4 (using non-fluorescent polymers), the
dried POA and POA/POH dipped paper samples were soaked in solutions of 0.05 g/L fluorescein-
5-thiosemicarbazide (5-FTSC, aldehyde-reactive) or 5-fluorescein isothiocyanate (5-FITC,
hydrazide-reactive) overnight at pH 8 in a 96-well plate to detect the number of residual functional
aldehyde or hydrazide functional groups respectively. Non-reacted probes were subsequently
removed from the paper by soaking and rinsing the paper in pH 8 PBS buffer (15 wash cycles) to
ensure that only covalently-tethered probe remained. The relative fluorescence intensity of the
surface (directly correlated to the number of free aldehyde or hydrazide groups on the paper,
depending on the probe used) was measured by a VICTOR 3 multi-label microplate reader using
an excitation wavelength of 488 nm and an emission wavelength of 535 nm (Figure S8).
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Figure S8. Relative density of aldehyde and hydrazide groups throughout the paper surface with
or without POA and POH coating. The aldehyde and hydrazide groups were labeled by fluorescein-
5-thiosemicarbazide (5-FTSC, left) and 5-fluorescein isothiocyanate (5-FITC, right) respectively.
The fluorescence intensity of the paper samples was measured by fluorescent plate reader at the
excitation wavelength of 488 nm and emission wavelength of 535 nm and normalized to the results
obtained with unmodified 40# filter paper. *p<0.05 relative to 40# filter paper.

Addition of POA in the first dipping step results in a significant increase in the number of free
aldehyde groups but no change in the number of hydrazide (nucleophilic) groups, as anticipated
for POA adsorption to the paper. In the second dipping step, those excess aldehyde groups are
consumed (returning to the concentration of aldehydes observed in unmodified 40# filter paper)
while the number of free hydrazide (nucleophilic) groups significantly increases, indicating both
the successful immobilization of POH and the occurrence of covalent cross-link formation
between aldehyde groups in POA and hydrazide groups in POH. Thus, these results confirm that
a thin interfacial hydrogel layer is formed on the fiber surface as a result of dipping.

14. Layer-by-layer dipping

Given the results above that suggest a large excess of hydrazide groups at the interface following
a single POA/POH dipping cycle, we investigated the production of hydrogel films by sequential
POA/POH dipping cycles in a process analogous to polyelectrolyte layer-by-layer assembly
methods. Figure S9(a) shows the mass change measured over each cycle of POA/POH sequential
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dipping, while Figure S9(b) shows the resulting protein adsorption to these multi-layer dipped
filter papers.
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Figure S9. Dry mass change (n=6) (a) and the adsorption of BSA (100 pg/mL protein
concentrations, n=6) (b) to layer-by-layer POA/POH dipped papers prepared by sequential dipping
cycles. AHA and AHAH) indicate three or four dipping steps respectively using POA/POH
sequentially. *p<0.05 higher, #p<0.05 lower relative to 40# filter paper.

A significant mass increase is observed upon each POA/POH dipping cycle (Fig. S9(a)), indicating
the effectiveness of a layer-by-layer approach to build a hydrogel interface on the filter paper.
However, no significant decrease in protein adsorption is observed as a result of this sequential
hydrogel fabrication process; a single POA/POH dipping cycle is as effective as multiple cycles
in terms of reducing non-specific adsorption (p > 0.05, Fig. S9(b)). Based on this result, coupled
with the increased work associated with layer-by-layer approaches and the increased risk of
macropore blockage as the hydrogel becomes thicker, a single POA/POH dipping cycle was used
to produce all blocked filter papers discussed in the main manuscript. Note that regardless of the
number of dipping cycles used, paper surfaces in which POA is used as the terminal dipping
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polymer (i.e. the surface has excess aldehydes) consistently underperform paper surfaces in which
POH is used as the terminal dipping polymer (i.e. the surface has excess hydrazides). We
hypothesize this result is attributable to the lack of reactivity of hydrazide groups to proteins
relative to aldehyde groups, which may form Schiff bases with terminal or pendant amines on
proteins.

15. Capillary rise

Capillary rise experiments were performed on filter paper strips of width 0.8 cm, height 8§ cm and
thickness 0.2 mm prepared both with and without POEGMA coatings. One end of the strip was
vertically submerged into a PBS bath at a depth of 1 cm, and the time required for the rising edge
of the water to travel up the test strip was recorded at each centimeter of capillary rise to a total
height of 5 cm from the point of submergence. At least three experiments were performed for each
group of sample, with the reported capillary rise rates representing the mean + standard deviation
of these three experiments.

16. Protein adsorption on paper samples

Protein adsorption to unmodified and dipped paper samples was assessed by submerging two paper
samples (1cm % 2cm) in PBS within a single well of a 12 well plate and allowing the paper samples
to equilibrate over 24 hours. Afterwards, unabsorbed PBS was removed and 500 pL of 100 pg/mL
protein solution (bovine serum albumin, fibrinogen, rabbit IgG, or B-galactosidase) was added to
each well. The samples were incubated for 2 hours at 25°C under gentle shaking. After 2 hours,
the paper samples were removed and the residual protein concentration in the solution was
measured using a Bradford protein assay (1:1 sample to reagent ratio) according to the
manufacturer’s protocol.” Results were quantified by measuring the absorption of the residual
(unadsorbed) protein solution at 595 nm using a Nanodrop 2000¢ spectrophotometer (Thermo
Scientific). Each experiment (POA/POH coated paper as well as the controls) was done in triplicate,
with reported errors representing the standard deviation of the replicates.

17. Benchmarking protein adsorption performance of POEGMA-blocked paper to BSA-
blocked paper

To illustrate the performance of the POEGMA dip-coated paper relative to the current standard of
BSA blocking in terms of resisting non-specific protein adsorption, IgG adsorption experiments
were conducted on both a model cellulose surface using QCM and on Whatman 40# filter paper
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using a fluorescence technique.

QCM on Cellulose-Modified Surface: BSA-blocked surfaces were first prepared by flowing BSA
solution (1%, w/v in PBS) over cellulose-modified QCM chips until the QCM signal reached a
plateau (i.e. adsorption equilibrium was achieved). The chips were subsequently washed with PBS
until a plateau dissipation was observed (i.e. no further BSA desorption occurred). Next, rabbit
IgG solution (25, 50, 100, 200, 500, or 1000 pg/mL in PBS) was flowed over the chip until steady
state was achieved, after which the chip was subjected to a PBS wash (again until equilibrium was
achieved). The adsorption of IgG was calculated by Sauerbrey equation, as described in section 3
of Supporting Information.

Figure S10 shows the Sauerbrey masses of rabbit IgG adsorbed to the QCM chip as a function of
IgG concentration. Both POA/POH dip-coated paper as well as BSA-blocked paper performed
similarly, with protein adsorption to either interface less than 1/10™ of that observed for the bare
cellulose chip.
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Figure S10. Sauerbrey mass (from QCM) as a function of time for rabbit IgG adsorption to a bare
cellulose chip and cellulose QCM chips pre-treated with POA/POH and BSA
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Filter paper: To assess the protein adsorption performance of Whatman 40# filter paper blocked
with POA/POH relative to paper blocked with BSA, IgG was labeled with FITC according to the
Thermo Scientific product protocol (# 53027). Briefly, 50 pg FITC (15- to 20-fold molar excess)
was reacted with 1 mg IgG (500 puL, 2 mg/mL) at pH 8.5. Labeled protein was separated from free
label via centrifugal filtration (10000 RPM, 10 min) using a membrane with a molecular-weight
cutoff MWCO) of 10 kDa (IgG=150 kDa, FITC=389 Da) instead of using resin in the protocol.

The filter paper was cut into a lcmx2cm strip, submerged in BSA solution (1%, w/v) for 30 min,
and then washed with PBS. The BSA-blocked paper (two pieces per well) was next submerged in
the FITC-labeled IgG solution (100 pg/mL, 500 pL) for 2 hours and removed after a gentle shaking
of the container. The fluorescent intensity of the solution before and after paper soaking (including
the PBS rinse volumes) was measured using a VICTOR 3 multi-label microplate reader (excitation
= 488 nm, emission = 535 nm). Fluorescence intensity values were converted to protein
concentrations based on a calibration curve (R? = 0.997), with the amount of protein adsorbed to
the paper calculated based on the difference between total protein content of the solution before
and after paper exposure. Figure S11 shows the comparative adsorption result between unmodified
(control), BSA-blocked, and POA/POH-blocked filter paper.

lgG Adsorbed {ug/cm?)
w

40# Filter paper POA/POH Blocked BSA Blocked

Figure S11. Amount of rabbit IgG adsorbed per unit cross-sectional area on BSA-blocked,
POA/POH-blocked, and control (unmodified) paper.
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BSA-blocked paper is significantly less effective at preventing protein adsorption relative to
POA/POH-blocked filter paper, with approximately 3-fold less IgG adsorbed to the POA/POH-
blocked paper. This result can be attributed to two factors: (1) POA/POH polymers are
significantly smaller (~20 kDa compared to ~66 kDa) and significantly more flexible than BSA
and thus can effectively block smaller pores in the paper that BSA cannot and (2) POA/POH forms
a covalently cross-linked thin layer at the fiber interface that is fixed in place, while BSA can
exchange with IgG dynamically via non-covalent interactions.

18. Construction of p-galactosidase (B-GAL) test strips

To assess the capacity of POEGMA-coated paper for selective lateral flow assays, a paper-based
test strip was designed that utilized chlorophenol red B-galactopyranoside (CPRG) as a
colorimetric sensor to confirm the mobility of B-galactosidase (B-GAL) within the paper matrix.
CPRG (yellow color) is enzymatically converted by B-GAL into chlorophenol red (red-magenta
color); capture of the chlorophenol red product by poly-L-arginine hydrochloride results in the red
color changing to purple, allowing for site-specific colorimetric detection of the presence of p-
GAL.

Test strips were constructed by dip-coating paper with POA/POH as described in section 4 and
subsequently depositing CPRG (5uL, 3 mM) and poly-L-arginine hydrochloride (5 pL, 2% w/v)
at a specific location on a 0.8 cm x 8 cm paper strip by pipetting to form a localized detection band
(see Figure 4a, strips 1-3). The strips were air dried prior to use for testing. As compared, the BSA-
blocked paper were prepared by submerging in BSA solution (1%, w/v) for 30 min, and then
washed with PBS and air dried. Subsequently, the mobility of B-GAL was assayed by placing the
test strips into the B-GAL solution (10U/mL in PBS, pH=6.8) at a depth of 1 cm and allowing the
liquid to move up the strip until it crossed the poly-arginine band.

19. Indirect paper-based ELISA

Prior to the experiment, a paper microzone plate was fabricated using a wax printer (Xerox Phaser
6580). The patterned black wax on the 40# filter paper was melted in an oven at 120 °C for 2
minutes to form the hydrophobic barriers. Goat anti-rabbit IgG (the antigen) was subsequently
transferred to the patterned paper at various concentrations in PBS solutions in 3 pL aliquots into
different test zones on the microzone plate and allowed to dry for 10 minutes under ambient
conditions (~23°C, ~30% relative humidity). Each test zone was subsequently blocked by adding
3 uL total volume of various blocking agents: (1) POA and POH (both 4% (w/v) with 0.05% (v/v)
Tween-20 in PBS), added in sequence and dried for 15 minutes each; (2) BSA (consisting of 1%
(w/v) BSA and 0.05% (v/v) Tween-20 in PBS), dried for 30 minutes — “BSA-blocked paper” in
the manuscript; (3) skimmed milk (5% in PBS), dried for 30 minutes — “skimmed milk-blocked
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paper” in the manuscript. After blocking, a 3 uL solution containing horseradish peroxidase

(HRP)-conjugated rabbit IgG (the antibody) in an incubation buffer (0.05% (v/v) Tween-20 in PBS)
was added to each zone and allowed to incubate for 75 seconds. The whole paper was then washed

three times by submerging into a PBS buffer with gentle shaking (3 x 1 minute cycles). Finally, a

3 puL solution of the colorimetric substrate for horseradish peroxidase (1:1 TMB peroxidase

substrate solution and peroxidase substrate solution B, KPL) was added to each test zone

immediately after the washing step and allowed to react for 5 minutes under ambient conditions.

The paper microzone plate was scanned by a desktop scanner (CanoScan LiDE 700F, Canon), and

the integrated intensity and mean gray value of the color were measured using ImagelJ software.

The detection limit was defined as three times the standard deviation of the control group.®

20. 'TH NMR and 3C NMR spectra of POA and POH

"H-NMR and *C-NMR were performed on a Bruker AVANCE 600 MHz spectrometer using
deuterated chloroform as the solvent. Chemical shifts are reported relative to residual deuterated
solvent peaks. Peak assignments are given on each spectrum based on the anticipated chemical
structure of each polymer.
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Figure S12. (a) '"H NMR and (b) >*C NMR spectra of POA; (c) 'H NMR and (d) '*C NMR spectra
of POH.

21. Thermal analysis of POA and POH

Thermogravimetric analysis: Thermogravimetric analysis (TGA) was performed using a TA-Q50
instrument under an argon atmosphere. Samples were heated at 10 °C/min to 800 °C.

Figure S13 shows the TGA curves of POA and POH. Both polymers were thermally stable up to
temperatures of >200 °C, facilitating storage stability. POH is more hydrophilic and hygroscopic
than POA so absorbs water once removed from the drying oven, resulting in a small but significant
water fraction that is removed at ~100 °C in the POH data.
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Figure S13. The weight loss of POA (a) and POH (b) as a function of temperature measured at a
heating rate of 10 °C/min. using TGA
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Differential Scanning Calorimetry: Differential scanning calorimetry (DSC) was performed using
a TA Instruments Q200 DSC. 15 mg of a dried polymer sample was placed in a Tzero hermetic
aluminum sample pan. An empty reference pan was used during testing. A modulated temperature
ramp from -50°C to 100°C was performed on each sample using a 60 second modulation at an
amplitude of £1°C and a 3°C/min. heating rate. The glass transition temperature within this range
was determined using the TA Instruments Analysis software.

Figure S14 shows the DSC results for POA and POH. Glass transitions were observed for both
polymers, with both polymers exhibiting relatively low Tg values of ~11°C for POA and ~-14°C
for POH. Note that the relevance of this result to the performance of the hydrogel in the present
application is somewhat unclear, although the fact that the polymer is in the rubbery state at room
temperature and dry should at least assist with maintaining paper flexibility even at very high
polymer concentrations.
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Figure S14. Differential scanning calorimetry results for POA (a) and POH (b).
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Chapter 3 “Click” chemistry-tethered hyaluronic acid-based contact
lens coatings improve lens wettability and lower protein adsorption

In chapter 3, all experiments were conducted by myself with assistance from Dr. Jianfeng Zhang,
Banafsheh Rastegari, Mengsu Chen (undergraduate student), Qiang Fu, and Myrto Korogiannaki..
The chapter was initially drafted by myself, and edited later by Dr. Heather Sheardown, Dr. Carlos
D. M. Filipe and Dr. Todd Hoare. This work has been published in ACS applied materials &
interfaces, 2016, DOI: 10.1021/acsami.6b07433. Copyright © 2016 American Chemical Society.
Reprinted with permission.
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ABSTRACT: Improving the wettability of and reducing the
protein adsorption to contact lenses may be beneficial for
improving wearer comfort. Herein, we describe a simple “click”
chemistry approach to surface functionalize poly(2-hydrox-
yethyl methacrylate) (pHEMA)-based contact lenses with
hyaluronic acid (HA), a carbohydrate naturally contributing to
the wettability of the native tear film. A two-step preparation
technique consisting of laccase/TEMPO-mediated oxidation
followed by covalent grafting of hydrazide-functionalized HA
via simple immersion resulted in a model lens surface that is
significantly more wettable, more water retentive, and less
protein binding than unmodified pHEMA while maintaining
the favorable transparency, refractive, and mechanical proper-
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ties of a native lens. The dipping/coating method we developed to covalently tether the HA wetting agent is simple, readily

scalable, and a highly efficient route for contact lens modification.

KEYWORDS: hyaluronic acid, poly(2-hydroxyethyl methacrylate), TEMPO oxidation, surface wettability, protein adsorption

1. INTRODUCTION

Soft contact lenses have been widely used for vision correction
since their introduction by Wichterle in the 1960s." The
hydration and surface hydrophilicity of soft lenses significantly
improve the oxygen permeability and wettability of the lens by
the tear film, both of which are thought to enhance the overall
comfort of the lens.”” Hydroxyethyl methacrylate (HEMA) was
the original hydrophilic monomer used for soft contact lens
production and continues to be the most commonly used
hydrophilic monomer in the production of both hydrogel-based
and silicone hydrogel-based contact lenses.* However, poly-
(hydroxyethyl methacrylate) (pHEMA)-based contact lenses
tend to dehydrate over time when applied on the eye,
particularly over longer wear times;” this drying leads to user
discomfort in the form of eye dryness and scratchiness, both of
which lead to lens dropout.’ In addition, both hydrogel and
silicone hydrogel contact lenses suffer from challenges related
to the deposition of proteins from the tear fluid onto the
lenses,” ™" correlated to a variety of adverse effects including
microbial cell attachment'®'' and inflammatory complica-
tions."”

In order to minimize the dehydration of and protein
accumulation on soft contact lenses, a variety of chemical
treatment methods have been employed to modify the lens
surface and/or the lens as a whole before or after the

W ACS Publications  © XxXx American Chemical Society

69

polymerization process. Doping or tethering of highly
hygroscopic polymeric wetting agents has been the most
commonly pursued approach.'”'* Synthetic polymers associ-
ated with high water binding capacity and low protein
adsorption, including poly(vinyl alcohol) (PVA), poly(ethylene
glycol) (PEG),"” and 2-methacryloyloxyethyl phosphoryl-
choline (MPC),'®'” have been either entrapped within the
bulk of the lens (potentially enabling sustained release of the
wetting agent over time)'®'? or surface grafted to the lens
(increasing the capacity for interfacial water retention).”
However, these synthetic approaches have met with limited
success in practice. For example, while PVA modification does
increase lens wettability, PVA-containing lenses (FOCUS
DAILIES with AquaComfort, nelfilcon A) have also performed
worse than other daily disposable lenses such as 1-DAY
ACUVUE (etafilcon A, Johnson & Johnson Vision Care, a
copolymer of HEMA and methacrylic acid with a polyvinyl-
pyrrolidone embedded wetting agent) in terms of comfort,
maximum wear time, corneal staining, and lens fit.*!

Recent work has focused on the use of hyaluronic acid (HA),
a natural polysaccharide present in the eye and used in several
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Scheme 1. Reaction Scheme Showing the Preparation of Hydrazide-Functionalized Hyaluronic Acid (HA-Hzd), Oxidation of
pHEMA (Ox-pHEMA), and Coating HA-Hzd on Oxidized pHEMA (HA-pHEMA)
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artificial tear formulations, as a preferred wetting agent.
Coupled w1th its inherent wetting”>~>* and protein-resistance-
promoting™~>" properties, hyaluronic acid has also been
associated with promoting corneal epithelial wound healing,28
improving the integrity of superficial corneal cells,” reducing
ultraviolet B (UVB) radiation-induced toxic effects,” protectin
cells from oxidative damage,31 and stabilizing the tear film.?
Thus, it has the potential to provide multiple benefits in the
context of contact lens coatings.

Various methods have been reported to incorporate HA into
the bulk of the lens (facilitating wetting by either slow release of
HA from the lens or self-assembly of HA at the lens—water
interface) or immobilize HA on the lens surfaces (facilitating
wetting directly at the interface). Cross-linking is the most
commonly used method to introduce HA into the bulk
hydrogel network, with HA incorporation having been
demonstrated directly with the main lens material(s) (e.g., via
photopolymerization of methacrylated photo-cross-linkable HA
with HEMA™’), within a secondary interpenetrating network
(e.g, polyethylenimine cross-linked HA within an independ-
ently cross-linked HEMA network”’), or via physical entrap-
ment of a higher molecular weight HA-based cluster or nanogel
(e.g., conjugation of HA to polypropylenimine tetramine
dendrlmers that improve HA immobilization within the

ens).”>*>*%* In comparison, given the relatively low reactivity
of HEMA for chemical modification, surface modification
methods generally require the generation of a reactive
functional group or interfacial binding site for HA immobiliza-
tion. Again, HA attachment to the surface may be accomplished
either directly or via another mediating chemistry. As an
example of the former, thermal cross-linking has been used to
conjugate thiolated HA to acrylated pHEMA surfaces via
Michael addition chemistry during autoclaving;”* as an example

of the latter, covalent linkage of an HA-binding peptide
(HABpep, with or without a PEG spacer) via EDC/NHS
chemistry to a PureVision (balafilcon A, Bausch and Lomb)
contact lens surface mediates ligand—receptor binding of HA at
the lens interface.”® However, each surface modification
method reported to date is practically hampered by the
multistep nature of the required protocols, including chemical
modification of HA, HA uptake and cross-linking, and/or
preparation of special linkers like HABpep. As a result, the
development of a simple and fast surface modification strategy
requiring fewer steps and/or using simpler reactions would be
preferred to facilitate a scalable and thus commercially relevant
method for preparing surface-wetted contact lenses.

To this end, we propose a click chemistry process™ to
facilitate more direct and high yield HA functionalization of a
contact lens surface. We have extensively explored the click
reaction between aldehyde and hydrazide groups to facilitate
the rapid and high-yield formation of hydrazone bonds at
physiological pH and have demonstrated the use of such
chemistry to prepare a variety of bulk hydrogels,**™*’
electrospun hydrogel fibers,” and thin film hydrogels at the
solid—liquid interface.”' Hydrazide-functionalized HA (HA-
Hzd) can be prepared at high yield via carbodiimide-mediated
coupling of adipic acid hydrazide to the carboxylic acid on the
glucuronic acid moieties of HA,"* with such polymers already
applied extensively in the preparation or modification of HA-
based hydrogels for drug delivery and tissue engineer-
ing.””**~*" Correspondingly, pHEMA contains primary
hydroxyl groups that can be oxidized into aldehyde groups,
but very limited work has been reported on the oxidation of
pHEMA hydrogels,”® and relatively few oxidation methods have
been demonstrated to reliably convert alcohols to aldehydes
without continuing to carboxylic acids. Catalytic oxidation
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using the stable nitroxyl radical 2,2',6,6'-tetramethylpiperidinyl-
1-oxy (TEMPO) as an electron transfer mediator is one of the
most promising procedures to oxidize primary alcohol groups
and has been widely used in the oxidation of natural
polysaccharides.*” While traditional TEMPO oxidation proce-
dures have used bleach (NaClO) as the oxidizer together with
NaBr,*? the undesirable residual halide and requirement of high
pH in such procedures have spurred the more recent use of
oxidative enzymes such as laccase in combination with oxygen
at neutral pH to promote oxidation.”*> To the best of our
knowledge, TEMPO-mediated oxidation of primary alcohol
groups in synthetic polymers like pHEMA has not previously
been demonstrated.

In this work, we demonstrate the use of a simple click
chemistry procedure involving the reaction of hydrazide-
functionalized HA with TEMPO-oxidized pHEMA to cova-
lently tether HA to the surface of a model contact lens via a
simple two-step process (Scheme 1). Furthermore, we
demonstrate the potential of this modification to significantly
improve the surface wettability of the lens while also
substantially decreasing nonspecific protein adsorption, both
of which are linked to improved comfort and the potential for
longer term wear of soft contact lenses.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Sodium hyaluronate (Lot #
010600, M, = 336.8 kDa, B = 1.386 by GPC; see Supporting
Information Figure S1) was obtained from Fidia Farmaceutici S.p.A.
(Abano Terme, Italy). Adipic acid dihydrazyde (ADH, Sigma-Aldrich,
98%), N’-ethyl-N-(3-(dimethylamino)propyl)carbodiimide (EDC,
Sigma-Aldrich, commercial grade), human serum albumin (HSA,
Sigma-Aldrich, 97%), lysozyme from chicken egg white (Sigma-
Aldrich, 41 800 units/mg solid), laccase from Trametes versicolor (EC
1.10.3.2, Sigma-Aldrich, >10 U/mg), TEMPO (Sigma-Aldrich, 99%),
fluorescein isothiocyanate isomer I (FITC, Sigma-Aldrich, 97.5%),
fluorescein-5-thiosemicarbazide (S-FTSC, Sigma-Aldrich, 80%), silver
nitrate (AgNO;, Sigma-Aldrich, >99.0%), and ammonium hydroxide
(containing 28—30% NHj;, Caledon Laboratories) were all used as
received. HEMA (2-hydroxyethyl methacrylate) and EGDMA (ethyl-
ene glycol dimethacrylate) were purchased from Sigma-Aldrich, with
the 4-methoxyphenol inhibitor in both monomers removed prior to
photopolymerization using an inhibitor removal column (Sigma-
Aldrich, product number 306312). Photoinitiator Irgacure 184 was
purchased from BASF Canada Inc. Hydrochloric acid (1 M, 0.1 M)
and sodium hydroxide (1 M, 0.1 M) were received from LabChem Inc.
(Pittsburgh, PA). Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and penicillin—streptomycin solution (10000
units penicillin; 10000 ug streptomycin) were obtained from Gibco
(Gaithersburg, MD). MTT ([3-4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) was obtained from Sigma-Aldrich. For all
experiments, Milli-Q grade distilled deionized water (DIW) was used.
Phosphate buffered saline (PBS) was diluted from a 10X liquid
concentrate (Bioshop Canada Inc.).

2.2. pHEMA Hydrogel Synthesis. To prepare a pHEMA
hydrogel mimicking a contact lens, 3 g of HEMA, 90 mg of
EDGMA, and 7 mg of Irgacure 184 were first mixed and shaken for §
min until the initiator was completely dissolved. The mixture was then
transferred to a custom-made poly(methyl methacrylate) mold
(dimensions 70 mm X 70 mm X 1 mm) and placed in a chamber
equipped with a 400 W UV lamp (Cure Zone 2 CON-TROL-CURE,
Chicago, IL) for 15 min. Before detaching from the mold, the cured
HEMA plate was left at room temperature for 24 h to facilitate
postcuring. After three cycles of extraction of this gel in Milli-Q water
to remove unreacted monomer/cross-linker and initiator residues, the
purified gel was immersed in Milli-Q water for 24 h to achieve an
equilibrium swelling state prior to surface modification.

2.3. Laccase-Mediated TEMPO Oxidation of pHEMA Hydro-
gel (Ox-pHEMA). A combination of TEMPO, laccase, and oxygen
was used to oxidize the pHEMA hydrogel, based on a previously
reported method for cellulose oxidation.>® In a typical experiment, 50
mg of TEMPO was dissolved in 200 mL of sodium acetate aqueous
buffer (50 mM, pH 5.0), and one piece of pHEMA hydrogel (10 cm X
10 cm X ~1 mm) was immersed in the solution for 30 min. Following,
50 mg of laccase was dissolved in the same sodium acetate buffer and
added to the TEMPO/pHEMA mixture to create a 250 mL solution
consisting of 250 mg/L TEMPO and 250 mg/L laccase. The oxidation
solution was stirred under oxygen purging (1 bubble/s) for 24 h at
room temperature. A polytetrafluoroethene (PTFE) grid was used to
support the hydrogel and avoid direct contact between the magnetic
stir bar and the hydrogel. After the oxidation procedure was complete,
the oxidized pHEMA hydrogel was rinsed in the same sodium acetate
buffer (3 X S min cycles) and then immersed in water for 8 h to
remove the TEMPO and laccase.

The aldehyde content on the TEMPO-oxidized pHEMA hydrogel
was assessed by both the silver mirror reaction and fluorescent
labeling. For the silver mirror assay, Tollens’ reaction was performed,
exploiting the aldehyde-specific reduction of ammonia silver nitrate (a
reaction that cannot be performed by either carboxylic acids or
primary alcohols>*). Tollens’ reagent was first prepared from silver
nitrate solution (AgNOj, 0.02 M) and ammonia hydroxide (2.5 wt
%), after which one piece of unmodified pHEMA and one piece of
TEMPO-oxidized pHEMA (1 cm X 2 cm X ~1 mm) were immersed
in ~30 mL of the Tollens’ reagent solution and warmed in a 50 °C
water bath. After 3 min, the two samples were removed from the
solution and rinsed three times with 50 mL of Milli-Q water. The
relative aldehyde content was estimated based on visual observation of
the silver mirror effect. For the fluorescent labeling technique, pHEMA
hydrogels (1 cm X 2 cm X ~1 mm) were immersed in a 0.0S g/L
solution of fluorescein-5-thiosemicarbazide (5-FTSC) in carbonate
buffer (pH = 9.0, 0.106 g of Na,CO; and 0.966 g of NaHCO; in 500
mL of water) for 4 h. The hydrogels were then rinsed with 2 mL of
buffer (15 X S min cycles) to remove nonreacted fluorescein probe,
leaving only FTSC covalently bound to aldehyde groups in the
pHEMA gel. Aldehyde content was then visualized with the BioRad
ChemiDoc imaging system, using an excitation wavelength of 488 nm.

2.4. Hydrazide-Functionalized Hyaluronic Acid (HA-Hzd)
Synthesis and Characterization. HA-Hzd was prepared according
to a protocol reported by Luo et al.*’ Briefly, 60 mg of sodium
hyaluronate was dissolved at a concentration of 5 mg/mL in DIW.
Solid ADH (1.1 g) was first dissolved in 12 mL of water and then
added into the HA solution following syringe filtration (S ym pore
size), followed by magnetic stirring for 30 min. The pH of the reaction
mixture was adjusted to 4.75 by adding HC], after which 0.1 g of EDC
was dissolved in 1 mL of water and added dropwise. The pH of the
reaction mixture was maintained at 4.75—4.80 by adding 0.1 M HCI
over the full 4 h reaction time, after which the reaction was stopped by
adding NaOH to raise the pH to 7.0. The reaction mixture was poured
into a prewashed dialysis membrane tube (MWCO = 14 kDa) and
dialyzed first against a large excess of 100 mM NaCl aqueous solution
(3 cycles X 24 h) followed by a 1:3 (v/v) ethanol:water solution (1
cycles X 24 h) and then DIW (3 cycles X 24 h). The final solution was
filtered through a 5 ym pore size syringe filter and then lyophilized to
dryness. '"H NMR was performed on a Bruker AVANCE 600 MHz
spectrometer using D,0 (D, 99.96%, Cambridge Isotope Laboratories,
Inc.) as the solvent. Results indicate that ~53% of carboxyl groups on
HA were successfully converted to hydrazide groups (Supporting
Information, Figure S2). The degree of hydrazide group conversion
was also confirmed by base-into-acid conductometric and potentio-
metric titration of both HA and HA-Hzd samples (Figure S3), with
—COOH functionalization reduced from 2.23 + 0.13 mM/g in HA to
1.07 + 0.15 mM/g in HA-Hzd (52% substitution). Furthermore, FTIR
spectroscopy using a KBr pellet technique (Nexus 6700 Fourier-
transform infrared (FTIR) spectrometer, Thermo Fisher Scientific)
indicated a slight shift of the peak around 1630 cm™ (Figure S4),
which could be attributed to the formation of a new amide bond
between ADH and HA.

DOI: 10.1021/acsami.6b07433
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07433/suppl_file/am6b07433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07433/suppl_file/am6b07433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07433/suppl_file/am6b07433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07433/suppl_file/am6b07433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07433/suppl_file/am6b07433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07433/suppl_file/am6b07433_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b07433
user
打字机文本
71


ACS Applied Materials & Interfaces

Research Article

2.5. HA-Hzd Coating of Oxidized pHEMA Hydrogel (HA-
pHEMA). HA-Hzd was dissolved overnight at 2 mg/mL in DIW under
gentle shaking. The pHEMA hydrogel was cut or punched into the
required shape, with most samples punched into disks with a diameter
of 0.65 cm (1/4 in.) and thickness of ~1 mm unless otherwise
specified. For coating, the gel disk was then immersed into 25 mL of
HA-Hzd solution. The reaction between aldehyde groups in the
hydrogel and hydrazide groups in HA-Hzd was allowed to proceed at
room temperatures for 8 h, after which the hydrogel was rinsed with
DIW (3 X S min cycles). The resulting HA-grafted hydrogel was
compared to a noncoated pHEMA hydrogel before and after oxidation
using infrared spectroscopy (Nexus 6700 Fourier-transform infrared
(FTIR) spectrometer with an attenuated total reflection (ATR)
attachment, Thermo Fisher Scientific) and X-ray photoelectron
spectroscopy (PHI Quantera II XPS scanning microprobe, Physical
Electronics (Phi), Chanhassen, MN, 1486.7 eV monochromatic Al Ka
X-ray source, beam diameter 200 ym, 280 eV pass energy) to confirm
surface functionalization.

2.6. Fluorescent Visualization of HA Coating on HA-pHEMA
Hydrogel. To confirm the successful surface modification, the coating
procedure outlined in section 2.5 was repeated by substituting HA-
Hzd with FITC-labeled HA-Hzd. HA-Hzd was prepared by reacting a
small fraction (1.1 mol %) of Hzd groups in HA-Hzd with fluorescein
isothiocyanate (FITC). Typically, SO mg of HA-Hzd was reacted with
0.25 mg of FITC (1.1 mol % equivalent of the Hzd groups) overnight
(atleast 12 h) under gentile mechanical agitation in carbonate buffer at
pH 9 and room temperature. The resulting labeled polymers were
dialyzed exhaustively against deionized water (MWCO = 14 kDa, 6 X
6 h cycles) to remove unbound FITC, lyophilized to dryness, dissolved
in water to form a 2 mg/mL solution, and stored at 4 °C in the dark.
All reactions and purification steps were performed in aluminum foil-
covered reaction flasks or containers to prevent photobleaching during
synthesis. Following surface modification of the pHEMA hydrogel
with FITC-HA-Hzd as per the protocol in section 2.5, the dried
sample was cut in cross section and exposed to blue (488 nm) light
using a Zeiss 510 inverted confocal microscope to collect fluorescence
images and define the localization of FITC-labeled HA-Hzd
throughout the hydrogel.

2.7. Contact Angle. To assess changes in the wettability of the
contact lens mimic throughout the HA tethering process, water
contact angle measurements were conducted using a Model 100-00-
115 NRL contact angle goniometer (Ramé-Hart, Succasunna, NJ)
equipped with a Sanyo VC8-3512T camera. Contact angles were
measured by applying 25 uL droplets of DIW on the surface of the
original and modified pHEMA hydrogel samples at 23 °C after gently
wicking off the excess (ie, nonbound/absorbed) water using a
KimWipe. All the hydrogel samples were kept in OPTI-FREE
Replenish contact lens solution for 14 days, changing the solution
fresh every second day. Contact angles were tested following 1, 4, 7,
and 14 days of soaking.

2.8. Dehydration Kinetics. Dried pHEMA samples were
preweighed and then swollen in Milli-Q water for 24 h, a time point
confirmed to reach the swelling equilibrium of the hydrogels in water.
Following, the sample was removed from the water, wicked with a
KimWipe to remove unbound water from the hydrogel surface, and
weighed again to allow for calculation of the equilibrium water
content. The samples were then incubated vertically on a holder in a
constant temperature and humidity chamber to allow for evaporation
from both sides (Platinous Sterling Series, ESL-2CA, ESPEC North
America, 50% RH at 23 °C) and weighed again at time intervals of 0,
S, 10, 15, 20, 30, 60, 90, and 120 min to track the rate of evaporation
as a function of pHEMA surface treatment.

2.9. Refractive Index and Light Transmittance Measure-
ments. A digital hand-held pocket refractometer (Atago, Bellevue,
WA) was used to measure the refractive index of the pHEMA hydrogel
disks, with all measurements done in triplicate. The optical properties
of the material were determined by measuring transmittance between
380 and 750 nm using a Beckman Coulter DU800 spectrophotometer
(scan rate = 0.5 nm/s).

2.10. Mechanical Properties. The hardness and mechanical
strength of samples before and after surface modification were
measured to assess the effects of oxidation and HA coating on the
hydrogel mechanics. Prior to the test, freshly prepared pHEMA
hydrogel samples were soaked in Milli-Q water for 24 h. Shore A
(MFG. Co. Inc,, U.S. Patent 2453042) and Shore OO (Rex Gauge
Company, Inc. US. Patent 2421449) durometers were used to
characterize the hardness of pHEMA before and after oxidation and
HA modification. The elastic modulus and elongation-at-break were
characterized using a Universal Test System (INSTRON 3366, SO N
load cell) on dumbbell pHEMA samples (ASTM 638-14/9S Type V)
mounted to the tester using grips and subsequently stretched at a
crosshead speed of 20 mm/min. The thickness and width of the
pHEMA specimens under tension (measured at the center of the
dumbbell at three random positions) were analyzed using an electronic
digital micrometer (Mitutoyo, Japan; 0.001 mm sensitivity).

2.11. Cell Culture and Viability Test. Cell toxicity was assessed
with NIH 3T3 mouse fibroblasts. Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
heat-inactivated FBS and 1% (v/v) penicillin—streptomycin at 37 °C
under a humidified atmosphere of 5% CO,. For the cell toxicity assay,
5 % 10* cells/well were seeded in 24-well plates overnight, after which
the cell medium was replaced by S00 uL of fresh culture medium. Disk
samples of pHEMA, Ox-pHEMA, and HA-pHEMA were sterilized by
immersing in ethanol solution (70% v/v) for 4 h and subsequently
rinsed three times with sterile PBS prior to being inserted into the
wells using tweezers. After 24 h of incubation, media was removed, 20
uL of the MTT solution (5.0 mg/mL in fresh culture medium) was
added to each well, plates were wrapped with aluminum foil, and the
plates were incubated for ~4 h at 37 °C. Following, the culture
medium was removed, and the resulting formazan crystals were
dissolved in solubilization solution (40.0% (v/v) DMF, 16.0% (w/v)
SDS, pH ~ 4.7). The absorbance of the solubilized formazan was
measured at 570 nm using a Tecan infinite-200M Pro colorimeter
(Tecan Co, Switzerland). Cell viability relative to a cell-only control
and a well containing only cell media was calculated via the equation

Asample - Ablank

viability (%) = X 100

control — “*blank

Six replicates were performed per sample, with the mean + standard
deviation reported for each.

2.12. Protein Adsorption. Proteins (human serum albumin and
lysozyme from chicken egg white) were radiolabeled with Na'*I using
the iodine monochloride method (IC).> Following, unbound '*°I was
removed by passing the radiolabeled samples through two 3 mL
syringes packed with AG 1-X4 resin (100—200 dry mesh in chloride
form, Bio-Rad, Hercules, CA). Free iodide was measured by
trichloroacetic acid precipitation of the protein. The free iodide in
both radiolabeled HSA and lysozyme solutions was, in all cases, less
than 1% of total radioactivity. To perform protein adsorption assays,
pHEMA hydrogel disks were equilibrated in PBS for 24 h, blotted
using a KimWipe to remove nonbound water, and subsequently placed
in 96-well plates. HSA or lysozyme solution (1 mg/mL, contained 10%
(w/w) radiolabeled protein, 250 mL) was added to the wells (n = 4),
and the samples were incubated for 4 h at room temperature (23 °C).
The samples were subsequently rinsed with fresh PBS buffer (3 X §
min cycles) to remove any loosely bound protein. The surfaces were
subsequently counted for radioactivity using a Wizard 3 1480
Automatic Gamma Counter (PerkinElmer), and the adsorbed
amounts were calculated using background-corrected surface counts
relative to the solution count for the individual protein solution.

B RESULTS AND DISCUSSION

3.1. Oxidation of pHEMA Hydrogel. The oxidation of
primary alcohols with laccase/TEMPO is generally reported to
result in the generation of both aldehyde groups and some
fraction of carboxyl groups.”” Therefore, to first confirm the
targeted conversion of alcohol to aldehyde, three methods were
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applied to provide semiquantitative assessments of the aldehyde
content. First, the silver mirror reaction is a classical method for
identifying aldehyde groups,”” tracking the reduction (precip-
itation) of AgNO; solution to silver nanoparticles by aldehydes
to create a black or reflective film on the underlying substrate.>®
Figure 1A shows this characteristic dark black color on Ox-

Figure 1. Visualizing the presence of aldehyde group on Ox-pHEMA
by (A) silver mirror reaction on native pHEMA (left) and Ox-pHEMA
(right); (B) fluorescein-S-thiosemicarbazide (S-FTSC) labeling on
native pHEMA (left) and Ox-pHEMA (right).

pHEMA, indicating the presence of aldehyde groups; in
contrast, almost no color was observed on the native
pHEMA hydrogel, indicating the presence of few if any
aldehyde groups prior to oxidation. Second, the pHEMA
hydrogels were reacted with 5-FTSC, an aldehyde-reactive
fluorescent dye previously used to visualize the product of
laccase/TEMPO oxidation of cellulose.”® Figure 1B shows
much stronger fluorescence on the Ox-pHEMA hydrogel
compared to the native pHEMA hydrogel, again confirming the
generation of aldehyde groups via the laccase/TEMPO
reaction. Note that the native pHEMA samples still have
some mild background emission, which could be attributed to
physically adsorbed fluorescent dye. Third, the content of the
aldehydes in Ox-pHEMA was determined by hydroxylamine
hydrochloride titration (see Supporting Information, Figure
$5).>” The titration result yields an aldehyde content of 26.7 +
3.3 uM aldehydes/g of Ox-pHEMA sample, comparable to the

aldehyde content in TEMPO-oxidized native cellulose fibers
(mechanically fibrillated pulp) reported in previous research.®

The ATR-FTIR spectra of pHEMA and Ox-pHEMA (Figure
2A,B) further confirm oxidation based on the significant
increase in intensity observed for the C=0 carbonyl stretch at
1631 cm™', an observation consistent with previous TEMPO
oxidation data.”’ While this peak may overlap with the ester
signal, the appearance of additional peaks at 2750 cm™" (Figure
2B,D) is consistent with the C—H stretch of aldehydes and
offers further evidence of successful oxidation.”®® In addition,
the change in the shape of the C—O—C peak at 1050—1200
cm™ may suggest the formation of covalent bonds through
hemiacetal and/or acetal linkages between aldehyde groups
formed by the laccase/TEMPO oxidation and the hydroxyl
groups in pHEMA;* while this reaction is not necessarily
desirable in the context of contact lens modification, its
occurrence would confirm the generation of aldehyde groups
on Ox-pHEMA. Note that both spectra have a strong peak
centered at 1705—171S cm™" primarily attributable to the ester
group in HEMA;"* the aldehyde group generated by oxidation
is likely obscured by overlap with the ester signal. XPS (Figure
3), while unable to distinguish oxidation of C—OH to HC=0
in terms of atom percent, does indicate no presence of nitrogen
in the oxidized pHEMA sample (Figure 3), suggesting that all
free TEMPO and laccase have been successfully removed by
the washing steps.

3.2. Surface Conjugation of HA-Hzd to Ox-pHEMA
Hydrogel. HA-coated pHEMA was prepared by simple
immersion of the Ox-pHEMA hydrogel into a 2 mg/mL HA-
Hzd solution. An amide band I peak at 1635 cm™ is present in
the ATR-FTIR spectra of HA-modified pHEMA sample
(Figure 2), consistent with the spectrum of HA-Hzd prior to
conjugation (Figure S4); however the overlap of this peak with
the C=0 stretching peak of the carboxyl group in Ox-pHEMA
makes this result of limited utility for analysis. However, XPS
shows an ~1 atom % nitrogen content only after HA
conjugation (Figure 3), suggesting the HA conjugation on
Ox-pHEMA gel; furthermore, when FITC-labeled HA-Hzd is
instead used for surface functionalization, confocal microscopy
indicates that all bound HA-Hzd is localized at the surface of

Native pHEMA — ———
i i : D
3381 ! : :
Ox-pHEMA ! 11705 1155
2750 | :
! 1631 !
3388 ! : 1156
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f i :
2750 i i A
| 1635 ’
- 1715 | 1156 2650 2750 2850
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Figure 2. Attenuated total reflection (ATR)-FTIR spectra of (A) native pHEMA, (B) Ox-pHEMA, (C) HA-pHEMA, and (D) zoom of 2650—2850
cm™! region showing evidence for aldehyde functionalization; key peaks discussed in the text are labeled by wavenumber.
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Figure 3. Elemental concentrations of native pHEMA, Ox-pHEMA,
and HA-pHEMA from XPS analysis: (A) carbon; (B) oxygen; (C)
nitrogen.

the model lens, with a continuous coating of FITC-HA-Hzd
observed at both interfaces of the lens and no significant
amount of HA detected in the bulk (Figure 4). We further
confirmed that unfunctionalized HA could exhibits only weak
physically adsorbance on either native pHEMA or Ox-pHEMA
(Supporting Information, Figure $6), indicating that the
chemical bond forming between aldehyde groups on Ox-
pHEMA and hydrazide groups on HA-Hzd is primarily driving

Figure 4. Cross section of pHEMA hydrogel coated with fluorescently
labeled HA-Hzd as viewed by confocal laser scanning microscopy
(CLSM).

the tethering of HA on the surface. Thus, by simple dipping of
the Ox-pHEMA hydrogel into a HA-Hzd solution, effective
surface functionalization of the lens can be achieved. Note that
the molecular weight of HA was >300 kDa, making it unlikely
that HA will penetrate into the bulk hydrogel (consistent with
this result).

3.3. Optical and Mechanical Properties of Modified
pPHEMA Hydrogels. Optical properties including refractive
index and transparency are critical for materials to be used as
contact lenses. The refractive indices of Ox-pHEMA and HA-
pHEMA are not significantly different than that of native
pHEMA (p > 0.1 in both pairwise comparisons), with all
samples yielding refractive index values between 1.332 and
1.334 that closely approximate the refractive index of human
tears” (Figure SA). Furthermore, UV—vis spectrophotometry

1.335 +
1.333 1 = - S
1.331 A

1.329 A

Refractive index >

1.327 A

1.325 T : T . |
MNative pHEMA Ox-pHEMA  HA-pHEMA

B’ [ o
g%

@ 80 | I miversity B

2 Native pHEMA (1) 1M VELS]

m ENG.NEERING

£ 70 1---Ox-pHEMA (2)

£ (1 2 (3

G e |——HA-pHEMA(3) }JLLHM_ILIJ,!J,J.PH:H.]M!.L‘.;@“M.J;
% | INCHES 1

-

%2}
(=]

T T T T T T T T T
380 420 460 500 540 580 620 660 700 740
Wavelength (nm)

Figure S. Optical properties of modified pHEMA hydrogels: (A)
refractive index; (B) visible light transmittance and (B, inset) visual
confirmation of the functional transparency (thickness = ~1 mm) of
native pHEMA, Ox-pHEMA, and HA-pHEMA hydrogels.

indicated that while a slight reduction in transparency was
observed for Ox-pHEMA and HA-pHEMA hydrogels relative
to native pHEMA, even the modified materials still transmitted
more light (>88% transmittance over the full visible range) than
the normal adult lens and appeared transparent to visual
inspection (Figure SB).°® Both these results suggest the
potential suitability of these materials for contact lens. From
a chemical perspective, the lack of opacity or domain formation
indicated by these results suggests that the modifications
neither significantly change the bulk material morphology nor
lead to the creation of phase-separated domains within the gels,
supporting a surface grafting mechanism of modification.

The mechanics of the pHEMA hydrogel are also largely
unaffected by the oxidation and HA tethering, with the
compressive modulus, shear modulus, and tensile modulus all
showing no significant increase after modification (p > 0.0S in
all pairwise comparisons) and the softness (hardness)
remaining in the same ranges (Table 1). However, the elasticity
of the hydrogel (break elongation) did exhibit a significant
decrease following laccase/TEMPO oxidation (p = 0.004
relative to native pHEMA). We attribute this result to a degree
of depolymerization occurring during oxidation, caused by the
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Table 1. Mechanical Properties of Native pHEMA, Ox-pHEMA, and HA-pHEMA“

hardness MicroSquisher tensile test
shore A shore OO compression modulus (MPa) shear modulus (MPa)  tensile modulus (MPa)  break elongation (%)
native pHEMA 55—-60 85-90 1.76 + 0.17 0.59 + 0.06 112 +£ 2.8 336 + 5.3
Ox- pHEMA 55—-60 85—-90 2.15 £ 0.82 0.72 + 0.27 122 + 4.0 153 + 4.5¢
HA-pHEMA 45-50 85-90 2.65 + 0.80 0.88 + 0.26 142 + 44 15.7 + 4.6°

“p <« 0.01, compared to native pHEMA gel.

in situ generation of active species such as hydroxyl radicals in
side reactions of the hydroxylamine structure with oxygen
during the oxidative treatment.”” However, this degree of
elongation is still similar to those of HEMA/MAA materials
most commonly used in daily contact lens applications®® and
thus is not anticipated to be problematic in a practical
application.

3.4. Surface Hydrophilicity and Water Retention. HA
modification of pHEMA significantly improved both the surface
hydrophilicity and the water retention of the model lens
(Figure 6). Relative to unmodified pHEMA (water contact
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Figure 6. Hydrophilicity of pHEMA as a function of surface treatment:
(A) water contact angle of native pHEMA, Ox-pHEMA, and HA-
pHEMA; (B) water loss from native pHEMA relative to oxidized and
HA-grafted pHEMA in a controlled temperature/humidity chamber
(50% RH, 23 °C).

angle 69.7 + 1.5°), oxidation reduced the contact angle to 41.5
+ 0.9° while subsequent HA grafting further reduced the
contact angle to 35.0 + 1.0° (Figure 6A). Of note, while the
contact angle of unmodified pHEMA decreased from 69.7 +
1.5 to 52.5 + 0.3° over 14 days of storage in a contact lens care
solution (likely attributable to the physical absorption of
organic acids in the care solutions to surface hydroxyl groups),
there was no significant change in the contact angles of Ox-
pHEMA over this two week period in the same care solution (p
> 0.05), while for HA-pHEMA, the contact angles show a small
but significant decrease after 7 days of storage in the care
solution to 31.3 + 1.2° on day 7 and 31.6 + 1.9° on day 14

(both p < 0.05 relative to the initial gel). Fundamentally, this
result suggests the oxidized and HA-grafted interfaces have
lower nonspecific adsorption and can maintain a higher degree
of hydration at the surface. Practically, the more stable contact
angles observed following soaking of the Ox-pHEMA and HA-
pHEMA model lenses indicate that the products of the laccase/
TEMPO oxidation and the HA coating step both remain intact
and functional following 2 weeks of soaking in the care
solution, suggesting the potential suitability of these materials
as biweekly deposable lenses and/or for extended storage. This
higher interfacial hydrophilicity in HA-pHEMA also acts to
retard the evaporation of water from pHEMA hydrogels (50%
RH in air, 23 °C), with HA-pHEMA in particular exhibiting a
significantly lower rate of water evaporation relative to
unmodified and base pHEMA hydrogels (Figure 6B). These
observations, both strongly contributing to the comfort of the
lens for the wearer, are all consistent with previous surface
modifications of contact lenses with HA.**

3.5. Cell Compatibility and Protein Adsorption. No
significant cytotoxicity was observed for 3T3 fibroblasts (used
as corneal feeder cells when cultured on contact lenses®) after
24 h of culturing in the presence of Ox-pHEMA and HA-
pHEMA hydrogels (Figure 7). This result confirms the effective
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Figure 7. Cell viability (relative to cell-only control) of 3T3 fibroblasts
in the presence of native pHEMA, Ox-pHEMA, and HA-pHEMA
hydrogel disks via the MTT assay.

removal of free TEMPO and laccase via the rinsing process
used and, in the case of HA-pHEMA, is consistent with the
noted compatibility of HA in culturing ocular cells.*
Furthermore, protein adsorption to HA-pHEMA lenses (key
to reducing fouling and optimizing wear times) was reduced by
~25% for HSA and ~35% for lysozyme compared to the native
pHEMA hydrogel following 4 h of adsorption time (Figure 8).
We have further tested HSA adsorption over both 12 and 24 h
periods using fluorescently labeled protein to assess the
potential longer term impact of any residual aldehydes in the
Ox-pHEMA gel on protein adsorption (Supporting Informa-
tion, Figure S7). While protein adsorption increases with time
for both native pHEMA and oxidized pHEMA (the latter of
which presents aldehyde groups directly at the interface), HA-
pHEMA shows no significant change in protein adsorption (p =
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0.08) as a function of time, maintaining its low HSA adsorption
over even the longer test periods. This result suggests that HA
effectively screens any residual aldehyde groups on Ox-pHEMA
to avoid any potential issues with imine-promoted protein
deposition over time and is consistent with previous research
indicating that HA modification reduces protein adsorption on
various types of biomaterials.”>*>**™*” Thus, HA modification
of the model lens surface through our click chemistry technique
significantly reduces protein adsorption while increasing
wetting without inducing any significant cytotoxicity, suggesting
the potential translatability of this coating to practical
applications.

4. CONCLUSIONS

In this study, we demonstrate a facile click chemistry-based
strategy for covalently tethering an HA layer on the surface of
pHEMA hydrogel that mimics a daily wear contact lens. Only
two steps are required in our coating method: laccase/ TEMPO
oxidation and subsequent dipping in a hydrazide-functionalized
HA solution. The resulting modified surfaces exhibit signifi-
cantly improved wettability and water retention and reduced
protein adsorption while largely maintaining the favorable
transparency, refractive, mechanical, and storage stability
properties of pHEMA. Given the capacity for efficient surface
modification provided by this simple dipping or coating
process, we anticipate that our method has potential for
translation to industrial contact lens manufacturing.
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Appendix: Supporting information for Chapter 3
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Figure S1. Gel permeation chromatography (GPC) trace of HA. Calculations of molecular weight
are based on comparing the retention time against linear polyethylene glycol (PEG) standards.
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Figure S2. 'TH NMR spectra of HA (A) and HA-Hzd (B).

The peak assignment and determination of the degree of ADH modification were carried out
according to the method of Kuo et al."! The methyl resonance (8 = 1.85-1.95 ppm) of the acetamido
moiety of the N-acetyl-D-glucosamine was used as an internal standard. The degree of ADH
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modification of HA at the carboxyl group is ~53%, as determined by the peak area of methylene
protons of ADH at 6 = 1.7 and 2.4 ppm.
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Figure S3. Conductometric and potentiometric titration curves of (A and C) HA and (B and D)
HA-Hzd.

Conductometric and potentiometric base-into-acid titration for analysis of reactive carboxyl
groups on HA and HA-Hzd was performed with a ManTech automatic titrator using 0.01 M NaOH
as the titrant and 19.6 mg HA or 18.4 mg HA-Hzd suspended in 50 mL of 1 mM KCl as the sample.
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Figure S4. FTIR spectra of HA (blue) and HA-Hzd (orange).
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Figure S5. Hydroxylamine hydrochloride potentiometric titration of native pHEMA and Ox-
pHEMA.

The degree of oxidation (aldehyde content) of pHEMA was determined by pH titration, as
described by Zhao et al.> The Ox-pHEMA samples (8 discs with a total weight of 200 mg) were
soaked in 0.1 M hydroxylamine hydrochloride solution, sealed in container, and stirred for 24 h in
dark, while untreated pHEMA samples were used as a blank. Aldehydes on the pHEMA gel
surface and hydroxylamine hydrychloride will react at a 1:1 ratio, releasing one mole of HCI per
mole of aldehyde present that can then be titrated for quantification. The pH titration was carried
out following removal of the pHEMA samples from the hydroxylamine hydrochloride solution
using 0.01 M NaOH as the titrant and a Burivar-12 automatic buret (Man Tech Associates). The
titration was repeated at least twice for both the pHEMA samples and blanks. The aldehyde content
was calculated based on the sample weights (mmol aldehyde per gram samples, mM/g), according
to aforementioned method.
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Figure S6. Comparison of the adsorption of fluorescently labeled HA/HA-Hzd on native pHEMA
and Ox-pHEMA.

FTSC labeled HA was prepared by reacting a small fraction (~0.5 mol%) of carboxylic groups in
HA with fluorescein-5-thiosemicarbazide (5-FTSC). Typically, 50 mg of HA was reacted with
0.30 mg of 5-FTSC (0.54 mol% equivalent of carboxylic acid groups) and 0.14 mg of EDC (0.54
mol% equivalent of carboxylic acid groups) overnight (at least 12 h) under gentle mechanical
agitation in PBS at pH 7 and room temperature. The resulting labeled HA was dialyzed
exhaustively against deionized water (MWCO = 14 kDa, 6 x 6 hour cycles) to remove unbound
FTSC and EDC, lyophilized to dryness, dissolved in water to form a 2 mg/mL solution, and stored
at 4°C in the dark. All reactions and purification steps were performed in aluminum foil-covered
reaction flasks or containers to prevent photobleaching during synthesis. Following coating
procedure analogous to that described in sections 2.5 and 2.6, the samples coated with FTSC
labeled HA or FITC-HA-Hzd were visualized under the BioRad ChemiDoc Imaging System using
an excitation wavelength of 488 nm. The results indicate significantly higher fluorescence in
oxidized pHEMA/FTSC-HA-Hzd combination that would facilitate hydrazone bond formation,
indicating that it is primarily the covalent conjugation chemistry and not simple physical
adsorption driving the contact lens modification.
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Figure S7. FITC-labeled human serum albumin (HSA, 1.0 mg/mL) adsorption on the surface of
native pHEMA, Ox-pHEMA, and HA-pHEMA over a 24 hour period at 23 °C. *p<0.05, #p<0.01,
compared to the native pHEMA group at the same time period.

Human serum albumin (HSA) adsorption over both 12 and 24 h periods was determined using
fluorescently-labeled protein® to assess the potential longer-term impact of any residual aldehydes
in the Ox-pHEMA gel on protein adsorption. Fluorescein-isothiocyanate (FITC)-labelled HSA
(FITC-HSA) was prepared according to a previously reported method.* Briefly, 100 mg of the
protein was first dissolved in a 200 mL carbonate buffer at pH = 9.0. FITC (2 mg) was added, and
the solution was incubated at room temperature for at least 12 h under gentle mechanical agitation.
The FITC-labelled protein was subsequently dialyzed against distilled deionized water for 6 cycles
(6+ hours each) and lyophilized to dryness. The FITC labeled protein was stored at 4 °C in the
dark.

The pHEMA samples before and after modification were punched into circular pieces by a puncher
with a diameter of 1/4 inch (0.653 cm). 200 pL of 1 mg/mL FITC-HSA in PBS was added into the
96-well plate together with one piece of sample. After an incubation over 4, 12, 24 h at room
temperature (23 °C), the samples was washed four times with PBS and then visualized under the
BioRad ChemiDoc Imaging System using an excitation wavelength of 488 nm. A series of
standard solution (50 pL, at 5, 10, 15, 20, 25, 30 pg/mL) was prepared to prepare a calibration
curve relating protein adsorption to adsorption.
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Chapter 4 A highly sensitive immunosorbent assay based on
biotinylated graphene oxide and the quartz crystal microbalance

In chapter 4, all experiments were conducted by myself with assistance from Mengsu Chen
(undergraduate student), Qiang Fu, Dr. Niels M. B. Smeets, Fei Xu and Dr. Zhuyuan Zhang. The
paper was initially drafted by myself, and edited later to final version by Dr. Carlos D. M. Filipe
and Dr. Todd Hoare. This work has been published in ACS applied materials & interfaces, 2016,
8 (3), pp1893—1902. Copyright © 2016 American Chemical Society. Reprinted with permission.
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ABSTRACT: A high-sensitivity flow-based immunoassay is reported based on a gold-
coated quartz crystal microbalance (QCM) chip functionalized directly in the QCM
without requiring covalent conjugation steps. Specifically, the irreversible adsorption
of a biotinylated graphene oxide-avidin complex followed by loading of a biotinylated
capture antibody is applied to avoid more complex conventional surface modification
chemistries and enable chip functionalization and sensing all within the QCM
instrument. The resulting immunosensors exhibit significantly lower nonspecific
protein adsorption and stronger signal for antigen sensing relative to simple avidin-
coated sensors. Reproducible quantification of rabbit IgG concentrations ranging from
0.1 ng/mL to 10 ug/mL (6 orders of magnitude) can be achieved depending on the
approach used to quantify the binding with simple mass changes used to detect higher
concentrations and a horseradish peroxidase-linked detection antibody that converts
its substrate to a measurable precipitate used to detect very low analyte

GO-Biotin-Avidin
Complex
QCM gold sensor "

Targel molecule

(antigen) %

concentrations. Sensor fabrication and assay performance take ~S h in total, which is on par with or faster than other
techniques. Quantitative sensing is possible in the presence of complex protein mixtures, such as human plasma. Given the broad
availability of biotinylated capture antibodies, this method offers both an easy and flexible platform for the quantitative sensing of

a variety of biomolecule targets.

KEYWORDS: quartz crystal microbalance, graphene oxide, biotinylation, immunoassay

1. INTRODUCTION

Solid-phase sandwich immunoassays are widely used for
antigen detection in clinical diagnosis and laboratory research
because of their sensitivity and comparative low cost relative to
other assay types.'
proaches are limited by three main factors. First, the sensitivity
of most conventional immunoassays is in the microgram or
submicrogram range, which is insufficient for detecting less
concentrated proteins relevant to many disease diagnosis or
biochemical pathway studies.* Second, for any coupling strategy
to be successful, nonspecific protein binding must be
suppressed to achieve quantitative detection.” Minimizing
such effects typically requires a precoating step (e.g., bovine
serum albumin adsorption®) to block nonconjugated surfaces
on the solid support immediately before use, a step that
typically requires several hours and thus prolongs the required
time for any bioassay. Third, the various strategies used to
attach antibodies to the solid phase often at least in part
compromise the activity of the sensing molecule. Covalent
conjugation strategies based on carbodiimide chemistry,”
glutaraldehyde,” N-succinimidyl 4-maleimidobutyrate
(GMBS),” and self-assembled monolayer (SAM) formation
using 11-mercaptoundecanoic acid (MUA)' are time-consum-
ing and pose risks of altering the biological activity of the

-3 P .
However, emstlng immunoassay ap-
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antigen binding site of the antibodies;’ similarly, thiol-directed
self-assembly of antibody fragments onto a gold surface
requires that intact antibody is first split into two fragments
by reducing intramolecular disulfide bonds.'' Noncovalent
functionalization via physical adsorption can result in unstable
interfaces and/or can lead to significant antibody denaturation
via support surface-mediated protein unfolding.'” Even more
specific noncovalent attachment techniques, such as inter-
actions between immobilized protein-G or protein-A and the
Fc-part of immunoglobulin G (IgG),"*™" are limited in terms
of their flexibility (i.e, they cannot bind other types of
immunoglobulins, such as IgA, IgD, or Ingé) and consistency
(i.e., their binding capacity for IgG varies with the species'”).
In the past decade, graphene and graphene oxide (GO) have
been widely explored as support materials relevant in diagnosis,
environmental and safety monitoring, and drug screening.'®
The changes observed in the electronic and electrochemical
properties of graphene as a function of surface chemistry have
attracted the most interest in the context of sensing.'*~*° The
conjugated z-bonded structure of graphene provides a platform
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to stably and irreversibly adsorb biomolecules containing
aromatic rings (via 7—7 stacking interactions)*' as well as a
range of solid surfaces commoan used as sensor supports, such
as silica,”” amino-modified glass, % and gold“’25 (mainly via van
der Waal interactions*®). GO-facilitated adsorption is non-
specific, so GO needs to be functionalized for use in
immunoassays to provide binding specificity. The biotin/
(strept)avidin system”” is particularly attractive in this regard
because many biotin or (strept)avidin-linked antibodies and
other types of sensing molecules are commercially available.”®
The combination of these approaches has been previously
applied to prepare functional GO/streptavidin conjugates™ or a
streptavidin layer on a GO-coated surface,” suggesting the
potential to prepare GO-antibody conjugates for immunosens-
ing.

Although GO is typically used in electrochemical sensors,”
our interest lies in applying GO-antibody conjugates together
with the quartz crystal microbalance (QCM) to create a novel
sensing platform. QCM biosensors offer several advantages
over other available sensing technologies, including direct
gravimetry-based measurements of binding, relatively high
sensitivity, and the capacity for real-time measurements.’””>
However, QCM is inherently limited in the detection of antigen
targets with low concentrations because the very small mass
change observed upon binding of that target often lies below
the detection threshold of the technique.”* For addressing this
challenge, various mass amplification strategies have been
reported to increase the mass loaded on the surface as a
function of a single specific binding event.””™** One such
strategy consists of sandwiching the detection antibody with a
horseradish peroxidase (HRP) enzyme-labeled antibody
followed by the addition of H,0, and the 4-chloro-1-naphthol
(4CIN) substrate to generate large masses of insoluble
precipitate (benzo-4-chlorocyclohexadienone, B4C)** that
accumulates on the QCM surface; longer reaction times result
in further enhanced mass amplification of the presence of an
antigen binding event.”> Gold nanoparticles have also been
employed for mass amplification in both sandwich® or
competitive-type’® immunoassays but must be modified with
targeted antibodies for effective function.

In this work, we aim to address the challenges of facile QCM
biosensor functionalization and low-threshold detection of
biomolecule targets using a GO-biotin-based sandwich
immunoassay approach (Figure 1). Specifically, by exploiting
the high-yield and irreversible adsorption of GO to a variety of
substrates (including standard gold-coated QCM chips used
here), we demonstrate effective functionalization of a QCM
chip in real time by simple flow-based strategies, avoiding the
conventional time-consuming chemical prefunctionalization
approaches typically employed for this purpose.”’ In addition,
by coupling this functionalization strategy with the HRP-
induced precipitation strategy previously reported,”””” we
demonstrate the use of such GO-modified QCM chips for
fast, online, and highly sensitive detection of an antigen target.
We anticipate the simple, flow-based, on-chip nature of both
the functionalization and detection strategies employed will
facilitate the use of QCM-based strategies in a broader range of
biosensing applications.

1

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Graphene oxide (GO, Sigma-
Aldrich, Product No. 777676, 4 mg/mL, dispersion in H,0),
(+)-biotin hydrazide (Sigma-Aldrich, 97%), bovine serum albumin
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Figure 1. Design of proposed immunosensor. (A) Reaction scheme to
form biotinylated graphene oxide (GO-Bt) and graphene oxide-avidin
(GO-Bt:Av) complex. (B) Schematic diagram of the flow-based
fabrication of QCM-based immunosensor and the three tested
strategies for antigen quantification.

(BSA, Sigma-Aldrich, 98%), avidin from egg white (BioUltra,
lyophilized power, 98%, Sigma-Aldrich), IgG from rabbit serum
(Sigma-Aldrich, 95%), IgG from sheep serum (Sigma-Aldrich, 95%),
IgG from goat serum (Sigma-Aldrich, 95%), antirabbit IgG (whole
molecule) antibody produced in goat (affinity isolated antibody,
lyophilized powder, Sigma-Aldrich), antirabbit IgG (whole molecule)-
peroxidase antibody produced in goat (affinity isolated antibody,
Sigma-Aldrich), antirabbit IgG (Fc specific)-biotin antibody produced
in goat (affinity isolated antibody, buffered aqueous solution, Sigma-
Aldrich), N’-ethyl-N-(3-(dimethylamino)propyl)-carbodiimide (EDC,
Carbosynth, Compton CA, commercial grade), N-hydroxysuccinimide
(NHS, Sigma-Aldrich, 98%), HABA/avidin reagent (lyophilized
powder, Sigma-Aldrich), and 4-chloro-1-naphthol (4C1N) solution
(0.48 mM, Sigma-Aldrich) were all used as received. Hydrochloric acid
(1M, 0.1 M) and sodium hydroxide (1 M, 0.1 M) were received from
LabChem Incorporated (Pittsburgh, PA). For all experiments, Milli-Q_
grade distilled deionized water (DIW) was used. Phosphate buffered
saline (PBS) was diluted from a 10X liquid concentrate (Bioshop
Canada Incorporated).

2.2. Synthesis of Biotinylated Graphene Oxide (GO-Bt) and
Graphene Oxide-Avidin Complex (GO-Bt-Av). Biotinylated
graphene oxide (GO-Bt) was synthesized using EDC-NHS carbodii-
mide chemistry in water. In brief, 2 mL of GO suspension (8 mg GO)
was diluted in 40 mL of water, after which the EDC solution (1.5 mg
dissolved in 20 mL of water) was added dropwise over 14 min under
60 rpm magnetic stirring. Then, NHS solution (0.46 mg in 10 mL of
water) was added dropwise over 7 min, and the flask contents were
stirred for an additional 30 min. The pH was then adjusted to 4.5 using
0.1 M NaOH, and (+)-biotin hydrazide solution (12 mg in 10 mL of
water) was added dropwise over 7 min. The reaction was allowed to
continue for 4 h, after which the modified GO suspension was
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Figure 2. FTIR spectra of GO, GO-Bt, and GO-Bt-Av complex.

centrifuged at 10,000 rpm for 10 min over two centrifugation cycles
(completely replacing the supernatant each cycle). All the pellets
following the second centrifugation cycle were collected and either
resuspended in 4 mL of water (for further functionalization) or dried
on a glass slide at 40 °C overnight (for characterization).

The GO-Bt-Av was prepared by adding a diluted GO-Bt solution
(10 pg/mL in S mL water) dropwise into an avidin solution (1 mg/
mL in 10 mL PBS) over ~3 min. The mixture was gently shaken (~30
rpm) for 1 h at room temperature, followed by purification via
centrifugation and resuspension using the same process outlined above
for GO-Bt.

2.3. Characterization of Modified GO. Infrared spectroscopy
was performed using a KBr pellet technique with a Nexus 6700
Fourier-transform infrared (FTIR) spectrometer (Thermo Fisher
Scientific Inc.). X-ray photoelectron spectroscopy (XPS) was
performed using a PHI Quantera II XPS scanning microprobe
(Physical Electronics (Phi), Chanhassen, MN) equipped with a 1486.7
eV monochromatic Al Ka X-ray source operating with a beam
diameter of 200 ym and a 280 eV pass energy. Conductometric base-
into-acid titration for analysis of reactive carboxyl groups on GO was
performed with a ManTech automatic titrator using 0.1 M NaOH as
the titrant and S mg of GO suspended in 50 mL of 1 mM KClI as the
sample. UV—vis spectrophotometry for estimating the concentration
of GO was performed using a Beckman Coulter DU800 spectropho-
tometer; the standard curve used to estimate the concentration of GO
is shown in Figure S1. Electrophoretic mobility of GO samples was
measured using a ZetaPlus zeta potential analyzer (Brookhaven
Instruments Corporation) operating in phase analysis light scattering
(PALS) mode using samples dispersed in 1 mM KCl and adjusted to
pH 7.4 using NaOH or HCL. A total of ten runs (15 cycles each) were
carried out for each sample; the experimental uncertainties represented
the standard error of the mean of the replicate runs.

2.4. Quartz Crystal Microbalance with Dissipation Monitor-
ing (QCM-D). GO-Bt-based immunoassays were performed using a
quartz crystal microbalance with dissipation (QCM-D, Q-Sense E4,
Gothenburg, Sweden) equipped with QSX 301 gold sensors (AT-cut
piezoelectric quartz crystals, diameter ~14 mm, 100 nm thick gold
coating). The resonance frequency and dissipation shifts of the
oscillating crystals were simultaneously monitored at the fundamental
frequency (S MHz), and its six harmonics (15, 25, 35, 45, SS, and 65
MHz) at 25 °C under constant fluid flow (0.1 mL/min) provided by a
digital peristaltic pump (IsmaTec, IDEX) operating in suction mode.
The gold chip surface was allowed to equilibrate for 30 min in PBS
buffer prior to all measurements. All samples (dissolved in PBS) were
flowed over the pre-equilibrated chip until the measured frequency

1895

90

(and thus the adsorption of the samples added) reached a plateau
characterized by a frequency change of less than 1 Hz/10 min. The
adsorbed mass (Am) was then determined using Sauerbrey’s equation
under the assumptions that the adsorbed layer was rigid, uniformly

distributed on the surface, and small compared to the crystal’s mass
(eq 1).42,43

oy
n (1)

In this equation, C is the sensitivity constant (17.7 ng Hz™' cm™ for
a § MHz crystal, as provided by the manufacturer), Af is the measured
change in frequency, and n is a harmonic number. The average value of
Af over the period at which the absorption reached steady states was
used for calculations. Only the changes in the normalized frequencies
and dissipations of the fifth harmonic were reported; analogous results
were achieved with other harmonics. We note that more accurate
models recently reported for converting frequency changes to mass
were considered for use herein;**~*® however, these were deemed too
complex to apply to our multicomponent system containing both
grafted and adsorbed species due to their requirement for inputting
chemical-specific coefficients.

2.5. Scanning Electron Microscopy (SEM). The morphology of
the gold sensor surface was studied by scanning electron microscopy
(SEM) imaging before and after coating GO-Bt and GO-Bt-Av as well
as adsorbing avidin directly. The full sensor surfaces were first sputter-
coated with gold (layer thickness = 15 A) to avoid charging effects; the
resulting samples were then imaged using a Tescan VEGA II LSU
SEM (Tescan USA, PA) operating at 20.0 kV and a probe distance of
6.0 mm.

2.6. Cyclic Voltammetry in QCM-D. Cyclic voltammetry was
used to determine the residual amount of 4-chloro-1-naphthol
(4CIN) inside the QCM sensor chamber (Q-Sense Electrochemistry
Module, QEM 401). In the sensor chamber, a gold-coated crystal (Q-
sense QSX 301) served as the working electrode, and a platinum plate
parallel to the Au crystal surface served as the counter electrode. The
two electrodes were separated by a Viton O-ring (Biolin Scientific),
forming a flow cell with a volume of approximately 0.1 mL. Both
electrodes had a surface area of 0.79 cm® exposed to the studied
solution. A 2 mm diameter AglAgCl electrode (Dri-REFTM, WPI)
served as the reference. A potentiostat (CH Instruments, model 420B)
was connected to the QCM system for the cyclic voltammetry
experiment. A potential was then applied between the working
electrode and the reference electrode, and the resulting current was
measured. The potential was swept back and forth between two set

Am =

DOI: 10.1021/acsami.5b10026
ACS Appl. Mater. Interfaces 2016, 8, 1893—1902


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b10026/suppl_file/am5b10026_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b10026
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acsami.5b10026&iName=master.img-002.jpg&w=345&h=217
user
打字机文本
90


ACS Applied Materials & Interfaces

Research Article

Table 1. Elemental Concentrations (via XPS) and Electrophoretic Mobilities of Native GO, GO-Bt, and GO-Bt-Av

elemental composition (mol %)

C1s N 1s O 1s S 2p
GO 76.43 23.57
GO-Bt 79.98 1.30 18.39 0.34
GO-Bt-Av 65.40 9.71 23.72

Na 1s electrophoretic mobility (x10® m* V' s7")
—1.87 + 0.06
—1.00 + 0.06
1.16 —0.76 + 0.07

values (0.3—0.8 V) at a specific scan rate (0.05 V/s), leading to
oxidation and/or reduction of analyte on the working electrode, and
thus a change in the measured current if the scan window was suitable.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of GO-Bt. Although
previous efforts to functionalize GO with biotin used organic
solvent (DMF) in conjunction with two coupling reagents,”’
herein, GO was biotinylated in aqueous suspension using
carbodiimide chemistry (EDC/NHS) to couple the -COOH of
GO to the -NH-NH, of (+)-biotin hydrazide (Figure 1A). This
alternate chemistry facilitates both easier purification and easier
translation to larger-scale synthesis if required. Key to this
reaction is keeping the concentration of EDC < 0.1 mM in the
aqueous phase;*” higher concentrations of EDC have been
shown to induce the aggregation of GO by enhancing the van
der Waals force between GO surfaces.”® The final concen-
trations of GO, EDC, and NHS were kept low at 0.1 mg/mL,
0.1 mM, and 0.05 mM, respectively, for this purpose.
Conductometric titration (Figure S2-A) indicated that the
content of reactive carboxyl groups in the purchased GO was
3.02 = 0.03 mM/g; thus, a 2-fold excess concentration of
(+)-biotin hydrazide (0.6 yM) was used in the grafting
reaction.

FTIR analysis of GO (Figure 2) showed the presence of
carboxy/carbonyl C=0 (v = 1721 ecm™"), aromatic C=C (v =
1625 cm™), carboxy C—O (v = 1384 cm™"), epoxy/ether C—O
(v = 1229 cm™), and alkoxy C—O (v = 1070 cm™) stretches,
as reported previously.” For the GO-Bt, the peaks at 1435
cm™! (corresponding to C—N stretch) and 1267 cm™
(corresponding to amide II band in the biotin ureido ring,
interaction between the N—H bending and C—N stretch-
ing)*>! confirmed the presence of (+)-biotin hydrazide (see
Figure S3-A for the FTIR spectrum of (+)-biotin hydrazide).
The UV—vis spectrum of GO-Bt did not show any significant
changes as compared to the GO (Figure S4) because the
(+)-biotin hydrazide does not absorb UV/visible light within
the scanned wavelength range. XPS data (Table 1 and Figure
S5) indicated that the native GO contained 76% C and 24% O
(no other elements present), whereas GO-Bt exhibited a
nitrogen content of 1.3%; on the basis of the % nitrogen in
(+)-biotin hydrazide, this elemental percentage corresponds to
a biotin content in GO-Bt of 65 mg of biotin/g of GO-Bt.
Conductometric titration of the remaining carboxyl groups on
GO after biotinylation yielded a COOH density of 2.73 + 0.11
mM COOH/g of GO-Bt (Figure S2-B); comparing this result
to the initial COOH density on GO and assuming that the
consumption of one COOH group corresponds to the grafting
of one NH,—NH-biotin,” this result corresponds to a biotin
content of 70 + 7 mg of biotin/g of GO-Bt, which matches the
XPS result. Measurement of residual (+)-biotin hydrazide in
the supernatant following centrifugation yields an identical
biotin content of 70 + 7 mg of biotin/g of GO-Bt. Thus, on the
basis of three independent measurements, ~9% of the COOH
groups on the original GO were biotinylated. Electrophoretic
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mobility results (Table 1) also confirmed consumption of the
COOH groups via biotin grafting with the absolute mobility
value decreasing as (neutral) biotin is grafted to (anionic)
COOH residues.

3.2. Synthesis and Characterization of GO-Bt-Av.
Biotinylated GO (GO-Bt) in water was subsequently
suspended in an avidin solution to form a GO-avidin complex
(GO-Bt-Av). Because biotin binds to avidin in a 4:1
stoichiochemistry,™ a large molar excess of avidin relative to
the biotin content of GO-Bt (biotin/avidin ~ 1:11) was used to
minimize the potential for avidin-mediated cross-linking of GO-
Bt,** corresponding to concentrations of GO-Bt and avidin of
3.3 pug/mL and 0.67 mg/mL, respectively. FTIR (Figure 2)
confirms complexation of avidin with GO-Bt via the appearance
of characteristic avidin peaks at 1637 cm™' (corresponding to
amide I) and 1525 cm™' (corresponding to amide II) (see
Figure S3-B for the FTIR spectrum of avidin itself for
reference). Correspondingly, the %N measured via XPS
(Table 1, Figure SS) increases from 1.3% in GO-Bt to 9.7%
in GO-Bt-Av, suggesting the complexation of ~570 mg of
avidin/g of GO-Bt-Av. Note that the additional presence of
sodium in GO-Bt-Av sample is attributable to the PBS buffer
used for diluting avidin (1.37 M NaCl, 27 mM KCl, 100 mM
Na,HPO,, 18 mM KH,PO,). Furthermore, the absolute
electrophoretic mobility decreases upon avidin complexation
(Table 1), consistent with the high isoelectric point of avidin
(10.5>°) that would result in it exhibiting a net cationic charge
under the pH 7.4 measurement conditions.

3.3. Adsorption of GO, GO-Bt, GO-Bt-Av, and
biotinylated antibody on gold surface. Two methods
were used to assemble the GO-Bt-Av complex on the gold
QCM chip: (1) GO or GO-Bt was first adsorbed followed by
flowing avidin over the chip to create the complex on-chip
(Figure 3A) or (2) precomplexed GO-Bt-Av was flowed over
the QCM chip (Figure 3B). Each of GO, GO-Bt, and GO-Bt:
Av could stably adsorb on the gold surface (Figure 3A and B).
Scanning electron microscope (SEM) images confirmed that
GO-Bt and GO-Bt-Av adsorption effectively covered most of
the area of the gold sensor surface (Figure 4B and D); in
comparison, simple avidin adsorption covered a much smaller
fraction of the bare gold surface (Figure 4C), consistent with
the lower total adsorption amount observed via QCM (Figure
3A).

Modifying GO with biotin groups reduces the adsorbed mass
from 142 to 100 ng/cm” (according to Sauerbrey’s equation,
Figure 3A), consistent with previous research showing that
defects in the carbon #-m network induced by oxygen
containing groups on GO increased the distance between the
GO sheet and the gold surface and thus weakens the
interaction®® (an effect likely to be further exacerbated by
subsequent biotinylation). However, because carboxyl groups
are mainly distributed at the edge of the GO sheet,”” the
biotinylated GO still retained a strong capacity for adsorption
onto the gold surface. Furthermore, once the GO-modified
QCM biosensors were exposed to avidin, GO-Bt adsorbed
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Figure 3. Time-dependent frequency changes associated with (A)
loading GO/avidin, GO-Bt/avidin, and avidin alone on a bare gold
surface; (B) loading precomplexed GO-Bt-Av complex on a bare gold
surface; (C) loading of biotinylated capture antibody on a bare gold
surface, an avidin-coated surface, a GO-Bt + avidin-coated surface, and
a precomplexed GO-Bt-Av-coated surface.

significantly more avidin (277 ng/cm?) compared to
unmodified GO (129 ng/cm?), consistent with biotin—avidin
complexation. Note that the amount of avidin adsorbed on a
bare QCM chip (Figure 3A, purple curve) was similar to the
amount of avidin adsorbed by the unmodified GO surface
(Figure 3A, dark blue curve), suggesting that GO itself has no

significant specificity for avidin binding without biotinylation.
In comparison, direct adsorption of preformed GO-Bt-Av
complex on the bare sensor surface (Figure 3B) resulted in
similar total adsorption to the two-step method described
above (395 ng/ cm? relative to 377 ng/ cm? for sequential GO-
Bt and avidin adsorption/complexation) while facilitating
significantly faster construction of a functional QCM
immunosensor (reaching steady state within ~1000 s as
opposed to ~9000 s for the sequential approach). Moreover,
the adsorbed GO-Bt-Av exhibited no significant change in
dissipation following adsorption (see Figure S6), suggesting
that the adsorbed layer was relatively rigid and constricted
(indicative of strong adsorption).

A biotinylated capture antibody (Fc-specific antirabbit IgG-
biotin, 20 ug/mL) was subsequently flowed over the avidin-
functionalized QCM chips to facilitate complexation-driven
QCM chip functionalization (Figure 3C). Both one-step
adsorption of GO-Bt-Av and sequential adsorption of GO-Bt
followed by avidin resulted in similar high quantities of
antibody immobilized to the QCM chip (489 and 483 ng/cm?,
respectively); in comparison, a bare gold surface (172 ng/cm?)
and a simple avidin-coated surface (393 ng/cm?®) both
immobilize significantly less antibody. Thus, on the basis of
the sequential adsorption of GO-Bt-Av followed by a biotin-
labeled antibody, a functionalized QCM surface can be made
directly inside the QCM instrument in ~2 h with sufficient
antibody density to allow for sensitive detection of analytes.
Note that given the time savings associated with adsorption of
precomplexed GO-Bt-Av instead of the two-step GO-Bt/Av
complexation, GO-Bt-Av was used for all subsequent experi-
ments. In addition, it should be noted that the conventional
method of biotinylating a gold surface via self-assembled
monolayer formation based on alkylthiolated biotin and
subsequent blocking of bare surface with a hydroxylated
alkylthiol requires multiple steps and typically overnight or 24
h preparation times,””*” making the method reported herein
significantly more convenient and enabling of faster assays.

3.4. Surface Blocking. Bovine serum albumin (BSA, 1%
w/v) was used to block nonoccupied sites on the sensor surface
(Figure S). Large quantities of BSA adsorption were observed
on a capture antibody-loaded bare gold sensor (249 ng/cm?), a
GO-Bt-coated gold sensor (195 ng/cm?), and an avidin-coated
gold sensor (185 ng/cm”). However, after coating with GO-Bt-
Av complex and loading of the capture antibody, BSA
adsorption decreased approximately 3-fold to 62.0 ng/cm®
This result suggests that the preloaded GO-Bt-Av and capture
antibodies together covered the majority of the gold surface (as
further suggested by the SEM result, Figure 4D) whereas other
functionalization strategies do not. Note that the very high BSA
adsorption to the avidin-coated gold sensor confirms the
likelihood of some nonspecific binding of capture antibody
onto the gold surface (as opposed to complexation with avidin)
in Figure 3C, again consistent with the relatively low surface
coverage of avidin observed in the SEM image in Figure 4C;
this observation makes the enhanced specific antibody capture
by GO-Bt-Av more significant relative to the avidin-only
control. In addition, no significant adsorption of detecting
antibody (whole molecule antirabbit IgG) was observed
following BSA blocking of the GO-Bt-Av/capture antibody
complex-modified biosensor (Figure S7), confirming that
nonspecific detecting antibody adsorption to the blocked
immunosensor is insignificant and will not affect sensor
performance.
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Figure 4. Scanning electron microscope (SEM) images of (A) a bare gold surface, (B) a GO-Bt-coated surface, (C) an avidin-coated surface, and
(D) a precomplexed GO-Bt-Av complex-coated surface. Scale bar = 100 ym in the lower magnification images; scale bar = 20 ym in the higher

magnification images in the top right corner of each panel.
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Figure S. Time-dependent frequency changes associated with BSA
blocking on gold surface pretreated with capture antibody alone
(orange), GO-Bt and capture antibody (no avidin, pink), avidin/
capture antibody complex (blue), and GO-Bt-Av/capture antibody
complex (purple).

3.5. Sensor Performance. A conventional mass-based
QCM detection strategy was first used to assess the capacity of
the BSA-blocked GO-Bt-Av/capture antibody sensors for
detecting a target antigen (rabbit IgG), first by tracking the
binding of the target antigen itself (strategy 1 in Figure 1) and
then by performing a sandwich assay with a detecting antibody
(whole-molecule antirabbit IgG, strategy 2 in Figure 1) (Figure
6A). The minimum equilibrium loading times for the antigen
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and detecting antibody were 40 and 60 min, respectively,
requiring only small (~4 mL) samples of each for effective
quantification. Tracking the mass change associated with
antigen binding alone (strategy 1) allowed for detection of
rabbit IgG concentrations of >100 ng/mL, whereas subsequent
complexation with the detection antibody (strategy 2) enables
the quantification of rabbit IgG concentrations within the range
of 10 ng/mL to 10 pg/mL; samples containing less than 10 ng/
mL of rabbit IgG could not be quantified using either technique
(i.e., the signal-to-noise ratio was less than 3). Comparing the
performance of the GO-Bt-Av-based sensor to a simple avidin-
coated sensor (Figure 6B), roughly 4-fold higher signals were
achieved with the GO-Bt-Av sensor at the same antigen
concentration. Interestingly, although the avidin-coated surface
binds roughly 2/3 of the capture antibodies as the GO-Bt-Av
surface (Figure 3C), it offers only 1/4 the antigen binding
capacity; this result is likely related to the observed role of GO-
Bt-Av in minimizing nonspecific protein adsorption (Figure
SA) and suggests an added benefit of using GO-Bt-Av for avidin
surface modification. Note also that the sensor yields highly
reproducible results, both between different sensors tested at
the same storage time as well as sensors prepared at the same
time but stored over different periods (Figure S8), suggesting
the stability of this sensor design.

For lowering the detection limit further, an alternative
strategy was used in which the detecting antibody was
substituted with a horseradish peroxidase (HRP)-linked
antibody (whole molecule antirabbit IgG, 1:10000 dilution
according to the manufacturer’s protocol) that converts 4C1N
to B4C precipitate that can be detected by QCM (strategy 3 in
Figure 1). After the 4C1N solution had filled the inner volume

DOI: 10.1021/acsami.5b10026
ACS Appl. Mater. Interfaces 2016, 8, 1893—1902


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b10026/suppl_file/am5b10026_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b10026
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acsami.5b10026&iName=master.img-004.jpg&w=299&h=299
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acsami.5b10026&iName=master.img-005.jpg&w=239&h=179
user
打字机文本
93


ACS Applied Materials & Interfaces

Research Article

Load anti-rabbit 1gG

A Load Rabbit IgG (whole molecule) (20 pg/mL)
]

]
0 .
i
ST,
-10 A \ \
55 x‘*”\"ﬁ"ﬁ"ﬂwmummﬁ--’ 1)
20 - A
- Rinse with PBS |\
I 39 \
o L\
-g' 40 4 —10 pg/mL II". \~
?C.;J 50 4 —0.1 ng/ml I.".I HH"——-__,_______‘____-_ i
8 60 1 ng/ml "-.‘
< \
g"‘ -70 4 —10 ng/ml
] h
% -80 4 —0.1 pg/mlL
g .
w90 4 1 pg/mL
g/r b%k“-‘&---‘m
100 4 —10 pg/mL e
Rinse with PBS]
-110 T T T T T T T T
(1} 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)
B Load Rabbit IgG Load anti-rabbit IgG
;:-:7 (10 ng/mL) (whole molecule) (20 pg/mL)
1 1
- 1 1
2 0 } v_m‘h\ Rinse with PBS
[ : ] 1\ 1
4 34 | ' ' *
"
En s Rinse with PBS i
g -9 - |
= 1
O -12 : A 2
z . = Surface with avidinand capture antibody i
L5 . - . o
< 15 — Surface with GO-Bt-Av complex and capture antibody
5 -18 T T T T T T T T
g 0 1000 2000 3000 4000 5000 6000 7000 8000
- Time (s)

Load 4-Chloro-1-naphthol Solution

O

Load Rabbit1gG  Rinse with PBS Rinse with PBS ; Pump stopped
1 1 1
H 1 1
& Y ; ! '
T 0. ?\_\
w Load anti-rabbit1gG b
& -40 (whole molecule) e
a —peroxidase (1:10000 dilution) ", o
> 60 - \ ~
an \
5 -80
] \
(o] \
- \
0 Blank (PBS)
[ =} z \
@.120 4 —10 pg/mL
3- —0.1 ng/mL "-\
2140 { —1ng/mL
10 ng/mL Ay
-160 T T T T T T T T ]

0 1000 2000 3000 4000 5000

Time (s)

6000 7000 8000 9000

Figure 6. Performance of GO-Bt-Av-coated QCM immunosensor. (A)
Time-dependent frequency changes associated with loading different
concentrations of rabbit IgG followed by antirabbit IgG on the QCM
immunosensor. (B) Comparison of time-dependent frequency
changes associated with loading 10 ng/mL of rabbit IgG on an
avidin-functionalized gold surface relative to a GO-Bt-Av-coated gold
surface. (C) Time-dependent frequency changes associated with
loading different concentrations of rabbit IgG followed by HRP-linked
antirabbit IgG and exposure of the detecting antibody to 4-chloro-1-
naphthol solution.

of the QCM sensor chamber, the pump was stopped, allowing
the in situ generation of B4C by HRP. At a fixed substrate
(4CIN) concentration, the rate of mass change associated with
B4C precipitation is directly related to the density of HRP
bonded on the sensor surface and thus the target antigen
concentration.”” Rabbit IgG concentrations in the range of
0.1-10 ng/mL can be accurately measured using this strategy
(Figure 6C); however, 10 pg/mL of rabbit IgG could not be
distinguished from the blank sample, which also exhibited a

slight precipitation signal likely attributable to limited non-
specific adsorption of HRP-linked antibody within the QCM
chamber. It should be noted that the composition of the surface
does not itself affect the signal (see Figure S9), confirming the
signal is dependent only on specific antibody interactions rather
than nonspecific effects. Measurement of the residual 4CIN
concentration inside the sensor chamber by cyclic voltammetry
(CV) 1 h after the pump was stopped shows only one current
peak per curve (i.e, 4CIN can only be irreversibly oxidized)
with the height of the oxidation peak (relating to the residual
amount of 4CIN remaining in the chamber, Figure S10)
correlating inversely with the mass gain signal measured via
QCM (Figure 6C).

Figure 7 summarizes the correlation between frequency
change signals and concentrations of target molecule (rabbit
IgG) using each of the three described strategies (Go-Bt-Av
used as the sensor coating in each). Use of the detection
antibody lowers the threshold detection limit by ~1 order of
magnitude, whereas use of the HRP-linked antibody in
conjunction with 4C1N further reduces the detection limit by
another 1—2 orders of magnitude. Specifically, rabbit IgG levels
as low as 0.1 ng/mL can be detected using this QCM-based
technique accompanied by CV measurement. In comparison,
the observed detection limits of IgG using QCM-based
methods in papers published within the past decade are 0.05
mg/mL,éO S /,tg/mL,61 62 ng/mL,62 46 ng/mL,63 15 ng/mL,64
10 ng/mL,” 3.5 ng/mL,° 1 ng/mL,"" and S pg/mL;*” our
method is more sensitive than all but the last report, which
employed synthetic magnetic beads and a more complex
bienzyme reporting system.

3.6. Sensor Specificity. The specificity of the GO-Bt-Av
immunosensor was examined using IgG from sheep serum
(sheep IgG, 0.1 pg/mL), IgG from goat serum (goat IgG, 0.1
ug/mL), and a mixture of rabbit IgG (10 ng/mL) and sheep
IgG (0.1 pug/mL) using strategy 2 (the detecting antibody
approach) for quantification (Figures 8). Neither sheep IgG
(Figure 8A) nor goat IgG (Figure 8B) showed any signal when
loaded on the antirabbit IgG complexed immunosensor or
following incubation with the antirabbit IgG detecting anti-
body; furthermore, the mixture of rabbit IgG and a 10-fold
excess of sheep IgG resulted in a similar frequency change to
that associated with 10 ng/mL of rabbit IgG alone (Figure 8C).
Thus, the sensor is highly specific for the target rabbit IgG
antigen even in the presence of similarly structured competing
antigens.

The selectivity of the GO-Bt-Av-based sensor in complex
mixtures of proteins was also characterized using human plasma
as the background. Rabbit IgG (10 ng/mL) was dissolved in 4
mL of human plasma, and strategy 3 (4C1N precipitation by
HRP-anti rabbit IgG detection antibodies) was used to
determine the rabbit IgG concentration in the sample (Figure
9). The detected rabbit IgG-related signal was similar to that
measured using the same concentration of rabbit IgG in the
absence of human plasma, confirming the robustness of this
assay against a broad spectrum of competing species. Although
a slight binding event is noted following plasma loading that is
not observed in the PBS blank (attributable to limited plasma
protein adsorption to the surface via competitive adsorption
with the BSA blocking protein), the majority of such binding
could be washed out in the following step, and no precipitate
was observed to form over time after 4CIN was added,
maintaining high signal-to-noise for measuring rabbit IgG
concentration. Thus, the sensors are both highly selective to the
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target antigen (even in complex mixtures) and highly sensitive
to detect low antigen concentrations.

B CONCLUSIONS

We have demonstrated a simple, highly sensitive, and selective
flow-based immunosensor based on the functionalization of a
gold QCM chip with a graphene oxide-biotin—avidin complex
followed by the capture of a biotinylated antibody.
Quantification of rabbit IgG at concentrations ranging from
0.1 ng/mL to 10 pg/mL (a 6 orders of magnitude dynamic

1900

95

Load 4-Chloro-1-naphthol Sclution
Load samples Rinse with PBS Rinse with PBS1 Pump stopped

0 s ' i i
e 1 e - I
o H ! H
£ 20 - :
""% 40 Load anti:rabbitlgG
W
< (whole molecule) \
e —peroxidase (1:10000 dilution)\ \
o -60 4 \
a0
&
& 30 -
(9]
§-100 L
o 30 —Blank (human plasma)
8’ —10 ng/mL rabbit |gG in human plasma
L .140 { —Blank (PBS)
—10 ng/mL rabbit IgG in PBS \
-160 T T T T T T T T 4

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)

Figure 9. Time-dependent frequency changes associated with loading
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complex as a support for the antirabbit IgG capture antibody and the
HRP-detection antibody catalyzed precipitation of 4-chloro-1-naph-
thol as the detection strategy. The PBS-only blank is included for
reference.

range) is possible depending on the method used for detection
with direct sensing of antigen binding possible at higher
concentration ranges and precipitation-based detection antigen
strategies used to amplify the measured mass change associated
with a single antibody—antigen binding event at lower
concentration ranges. The sensor can specifically quantify
rabbit IgG in the presence of other types of IgGs as well as
complex backgrounds, such as plasma. The fully online strategy
to both prepare the functional QCM chip and to perform the
immunoassays requires only ~$ h; this time is competitive with
most current methods while also avoiding complex chemical
functionalization strategies for sensor preparation. In addition,
this method is modular in that the same principle may be used
to bind any type of biotinylated capture antibody (and thus
quantify the corresponding target antigen), allowing broad use
of this method for highly sensitive detection of a range of
biological targets of interest.
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Appendix: Supporting information for Chapter 4
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Figure S1. Standard curve of absorbance as a function of GO concentration at the wavelength of
320 nm.

98



Ph.D. Thesis — Xudong Deng McMaster University - Chemical Engineering

A 2000 - B 1900
£ 1900 E 1300
(&) ~
=< A
¢ £
£ £
Z 1800 ”E 1700
= 2
- o
3 3
=] c
5 S 1600
g 1700 O
1600 T T T T T T ! 1500 T T T T T T T 1
0 0.05 0.1 015 02 0.25 03 035 0 005 01 015 02 025 03 035 04
Volume of 0.1M NaOH added (mL) Volume of 0.1M NaOH added (mL)
C 11 4 D 11 -
9 4 . 9 o
:Ic:L 7 4 - :5_ 7 4 . -
5 4 R c | -
3 T T T T T T 1 3 T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Volume of 0.1M NaOH added (mL) Volume of 0.1M NaOH added (mL)

E 751

7.0 »-‘.'
."J "
6.5 o0t e
o
R
260 1 .-'/,.»“
4 o0 ** s
h - Ak
“te s A e’ A“‘
“ogepddtan
55
+ GO
5.0 * GO-Bt
4.5 T T T T 1
0 0.2 0.4 0.6 0.8 1

Degree of lonization
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GO-Bt and (E) pKa as a function of degree of ionization for GO and GO-Bt

99



Ph.D. Thesis — Xudong Deng

McMaster University - Chemical Engineering

100 A

>

80 4

60 4

40

Transmittance (%)

20 1

1630

1694

690

2000

100 4

o

90 4

80 A

70 4

60 4

Transmittance (%)

50 4

40

1600

1200 800
Wavenumbers (cm™1)

929

1154

1455 1070
1394

1525

1637

400

2000

Figure S3. FTIR spectra of (A) (+)-biotin hydrazide alone and (B) avidin alone

characteristic peaks of each.

1600

1200 800
Wavenumbers (cm1)

100

400

showing



Ph.D. Thesis — Xudong Deng McMaster University - Chemical Engineering

0.5 1
—GO
0.4 4
—GO-Bt
§ 0.3 A (+)-biotin hydrazide
©
=
;
2 02 -
<
0.1 4
0.0

320 400 480 560 640 720
Wavelengh (nm)

Figure S4. UV-VIS spectrum of GO (0.02 mg/mL), GO-Bt (0.02 mg/mL) and (+)-biotin hydrazide
(0.1 mg/mL).
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Figure S6. Time-dependent dissipation change associated with loading the GO-Bt-Av complex on
a bare gold surface.
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Figure S7. Adsorption of detecting antibody (anti-rabbit IgG, whole molecule) on a BSA-blocked
GO-Bt- Av/capture antibody surface confirming no significant non-specific adsorption of detection
antibody on the modified surface.
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Figure S8. Time-dependent frequency changes associated with sensor performance in detecting
10 ng/mL of rabbit IgG using (set 1) a freshly-prepared GO-Bt-Av and (set 2) a GO-Bt-Av
prepared two days prior to the experiment.
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Figure S9. Time-dependent frequency change associated with loading BSA mixed with HRP-
linked detecting antibody on a bare gold surface and a GO-Bt surface followed by exposure of the
HRP-linked antibody to its substrate, 4-chloro-1-naphthol.
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Chapter 5 Rapid self-healing of 2-amino phenylboronic acid-
functionalized hyaluronic acid/poly(vinyl alcohol) hydrogels at both
neutral and acidic pH

In chapter 5, all experiments were conducted by myself with assistance from Ms. Mengsu Chen
(undergraduate student). The chapter was initially drafted by myself, and revised later by Dr. Todd
Hoare and Dr. Carlos D. M. Filipe.
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Abstract: A self-healing hydrogel prepared by mixing 2-aminophenylboronic acid functionalized
hyaluronic acid (HA-2APBA) with poly(vinyl alcohol) (PVA) is described. Substantive
macroscopic (weight-bearing) and microscopic (theological) self-healing was observed just one
minute following fracture at both neutral and acidic pH, facilitated by both the reversible boronate
ester crosslinks as well as the chemical properties of the 2APBA gratft.

Key words: self-healing hydrogel, 2-amino phenylboronic acid, hyaluronic acid.

While the general biological compatibility,! responsiveness to external stimuli,>* anti-fouling
behavior,’ and degradability® of hydrogels have led to their utility in a wide range of applications,
the unsatisfactory mechanics of most hydrogels still remains a challenge in many applications.’
By optimizing the network structure, the mechanical properties of hydrogels have been tuned
through using double networks,® slide-ring connection,'? ideally homogeneous networks,!! and
dynamic crosslinking approaches.'*!> Among these approaches, dynamic crosslinking strategy
allows breaking and reforming of crosslinking, which contributes to the stretchable and self-
healable properties of hydrogels. A particularly interesting type of dynamic covalent bond for the
fabrication of hydrogels is the boronic ester bond formed by the reaction of phenylboronic acid
(PBA), or its derivatives, with diols.!*"!® An intrinsic disadvantage of this system, however, is that
it can only be used at pH values above 8-9 for the boronate esterification, near the pKa of PBA."

Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan that is distributed widely throughout
connective, epithelial, and neural tissues and plays important structural and biological roles in the
human body.?® As such, it is frequently used as a backbone polymer for self-healing polymer
structures.?!>* A recent example reported that HA-3APBA demonstrated gelation with maltose-
functionalized HA at physiological pH through boronate-diol interactions.? Physiological activity
in this case was attributed to the coordination occurring between the carboxylate anion of HA and
phenylboronic acid, resulting in reorientation of the boron center from its trigonal to the tetrahedral
form and thereby decreasing the effective pKa of the boronic acid groups. This mechanism of
effective pKa lowering was also observed with a poly(ethylene glycol)(PEG)-block-poly(acrylic
acid)(PAA) copolymer modified with PBA (PEG-b-(PAA-co-PAAPBA))?.

Several approaches have been pursued to improve the activity of PBA groups at physiological
conditions, primarily aiming to inductively lower the pKa of the PBA group by grafting PBA via
electron-donating functional groups (i.e. secondary or tertiary amines)?’ or through using a p-
amido-substituted boronic acid.?®?° While para-functionalized phenylboronic acids have
conventionally been used for grafting, ortho-functionalized phenylboronic acids have recently
attracted more interest. In particular, if 2-amino phenylboronic acid (2APBA) is conjugated to a
carboxylic acid group on a polymer backbone via an amide linkage, intramolecular coordination
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is observed between the carbonyl oxygen and the boron of the boronic acid group (Scheme 1).3%
31 This intramolecular B-O coordination maintains the boron center in a favorable tetrahedral form
for boronate-Cis diol interactions at neutral and even acidic pH values, facilitating dynamic
covalent crosslinking at physiologically-relevant conditions without the need for additional
functionalization.*°

s Ho. &8
“B=OH “B2
pH>5 \|T © pH = 10-11 H oH

H% N —_— R\[‘r

Scheme 1. Equilibrium of amidated 2-amino phenylboronic acid (2APBA) in water.
Intramolecular B—O bond formation leads to the formation of tetrahedral geometry at the boron
center that promotes boronate ester formation. (Scheme reproduced from Ref.?*-3!)

Taking advantage of this potential for intramolecular coordination with 2APBA, we herein report
the preparation and self-healing properties of a hydrogel prepared by simple mixing of 2APBA-
conjugated HA and poly(vinyl alcohol) (PVA), a polymer in which every repeat unit has a pendant
alcohol group and thus can bind strongly with cis-diol binding PBA groups.'® 2APBA-modified
HA (HA-2APBA) was obtained via a conjugation reaction performed in aqueous buffer between
HA (Mw = 330 kDa) and 2-amino phenylboronic acid mediated by 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Scheme 2). The degree of substitution
(DS) of the HA-2APBA conjugate was determined to be 15% from ' H NMR analysis (Figure S1),
leaving ~85% of —COQO" groups on HA free to also complex with grafted PBA groups.
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Scheme 2. Synthesis of HA-2APBA and hypothesized mechanism of hydrogel formation between
HA-2APBA with PVA at neutral pH.

Hydrogels were subsequently formed by simple mixing of 1 wt% solutions of HA-2APBA with
PVA in buffers with pH 4.0 (acetate buffer 0.2M), 5.5 (acetate buffer 0.2M), and 7.0 (Tris buffer
0.1 M). Hydrogel formation was qualitatively confirmed through a vial inversion test (Figure 1).
AtpH 4.0, 5.5 and 7.0, gelation occurred immediately after mixing, suggesting effective boronate
ester formation under both acidic and neutral conditions facilitated by the combined effects of
intramolecular 2APBA coordination (likely prelevalent) and carboxylate coordination to the
boronic acid center (Scheme 2)
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Figure 1. HA-2APBA/PVA hydrogel formation (1 wt% solutions) in pH 4.0, 5.5, and 7.0 buffer.

Given that cross-linking within the hydrogel was expected to be dynamic-covalent as a result of
the rapid exchange between boronate ester formation and hydrolysis,>*3* the self-healing
characteristics of the gels were subsequently investigated using a more rigid gel that can more
rigorously maintain its macroscopic dimensions and be handled with tweezers (3 wt% of both
polymer) in the context of a qualitative recovery test. In this test, a hydrogel disk that was cut in
half using a scalpel and then moved back into contact showed rapid healing (within one minute)
at both pH 4.0 (Figure 2) and 7.0 (Figure 3), as evidenced by the rapid disappearance of the scar
at the damage site. Throughout the healing process, the remainder of the gels retained their
macroscopic dimensions (indicating that healing is not simply a result of flow); furthermore, the
healed gels were strong enough to support their own weight when suspended just one minute
following being moved back into contact (Figures 2D and 3D). The lower rigidity of the pH 4 gel
relative to the pH 7 gel (as evidenced by the deformation observed in the pH 4 gels following
cutting, Figs 2A and 2B) results in faster dynamic bond exchange during self-healing, leading to
the improved visual healing of the cut at the 1 minute time point analyzed.
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1 min

Figure 2. Self-healing of hydrogels formed by cross-linking HA-2APBA with PVA (both 30
mg/mL) at pH 4.0 (acetate buffer 0.2M): (A) intact gel; (B) cut gel; (C) gel halves placed in contact
for one minute after cutting; (D) healed gel suspended under its own weight.

Figure 3. Self-healing of hydrogels formed by cross-linking HA-2APBA with PVA (both 30
mg/mL) at pH 7.0 (Tris buffer 0.1 M): (A) intact gel; (B) cut gel; (C) gel halves placed in contact
for one minute after cutting; (D) healed gel suspended under its own weight.
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The mechanics and self-healing capacity of the HA-2APBA/PVA system were further analyzed
by a series of dynamic rheological experiments tracking the shear storage modulus (G’) of HA-
2APBA/PVA hydrogel as a function of frequency (Figure S2). A strain sweep healing test was
conducted by switching the applied strain from being relatively small (1.468° rotation, 1.468 Hz)
to large (to disrupt the gel structure: 29.36° rotation, 1.468 Hz, 10 cycles), back to small (to track
self-healing: 1.468° @ 1.468 Hz), the results of which for the pH 7 hydrogel are shown in Figure
4. Introduction of the larger shear coincides with a decrease in the measured G’ value from ~800
Pa to ~350 Pa, indicating disruption of cross-links within the hydrogel. However, following a
return to a low-shear condition, the gel exhibited nearly complete self-healing behavior within one
minute, consistent with macroscopic observations in Figure 3 for the same hydrogels. Collectively,
these results suggest the potential of boronate ester formation across the damaged interface to
rapidly heal both small and large defects in HA-2APBA/PVA hydrogels.
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Figure 4. Rheological properties of HA-2APBA/PV A hydrogels (3 wt% of both polymers, pH 7.0)
when response to a strain sweep initiated at low shear (1.468° rotation, 1.468 Hz) followed by the
application of high shear (29.36° rotation, 1.468 Hz, 10 cycles - indicated as Damage in the figure),
and then return to low shear (1.468° rotation, 1.468 Hz - indicated as Healing in the figure).

In conclusion, this study provides a convenient method to prepare dynamic covalent hydrogels
based on simple mixing of HA-2APBA and PVA that can both form and rapidly self-heal in
physiologically-relevant conditions. The hydrogel’s ability to form a transient network at both
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neutral and acidic pH values is attributed to the intramolecular coordination within 2APBA grafts,
which act to stabilize the high-binding affinity tetrahedral geometry at the boron center. Self-
healing was both rapid (<1 minute) and effective in terms of resulting in the hydrogel’s ability to
support its own weight following macroscopic breaks and recover its storage modulus following
microscale fractures in this very short time frame. Such fast and complete self-healing achievable
over a broad pH suggests additional possible applications of boronate ester hydrogels as biological
materials, with the stability of the gel at both low and neutral pH values suggesting possible
applications in the gastrointestinal tract or as intestinal mucoadhesives that can be easily delivered
by flow-based techniques. The conjugation and gel formation method could also be applied to
various carboxylate-containing polysaccharides, giving access to new classes of self-healing and
biologically-relevant gel materials.

ASSOCIATED CONTENT
*S Supporting Information

A list of materials and chemicals used, a detailed synthesis protocol for HA-2APBA, a '"H NMR
spectrum of HA-2APBA, and full methodology for rheological testing as well as additional
frequency-dependent mechanical tests on the described gels are all provided.
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Appendix: Supporting information for Chapter 5

Chemicals

Sodium hyaluronate (Lot# 010600, Mn = 336.8 kDa, B = 1.386 by GPC, see Appendix of Chapter
3) was obtained from Fidia Farmaceutici S.p.A. (Abano Terme, Italy). N-ethyl-N'-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC, 98%), 2-amino phenylboronic acid
hydrochloride (2APBA, 95%), poly(vinyl alcohol) (PVA) (Mw 85,000-124,000, 99+%
hydrolyzed), 2-(N-morpholino)ethanesulfonic acid (MES) hydrate (99.5%) were all purchased
from Sigma-Aldrich and were used without further purification. The water used in all experiments
was purified by a MilliQ purification system, with a resistivity of at least 18.2 MQ cm.

Buffer preparation

Acetate buffer 0.2 M at pH 4.0: mix 18 mL of 0.2 M sodium acetate solution with 82 mL of 0.2 M
acetic acid solution.

Acetate buffer 0.2 M at pH 5.5: mix 89 mL of 0.2 M sodium acetate solution with 11 mL of 0.2 M
acetic acid solution.

Tris buffer 0.1 M at pH 7.0: dissolve 1.2114 g of Tris into 100 mL MilliQ water and adjust pH to
7.0 by adding 0.1M HCI or 0.1M NaOH.

Synthesis and characterization of HA-2APBA

HA (100 mg) was dissolved in 100 mL of 10 mM MES buffer. An aqueous solution of EDC (95.8
mg) was added into the solution, and the pH was adjusted to 4.75 by the addition of 1 M NaOH.
After waiting for 10 min, 2APBA (258.8 mg) was then added into the mixture, and the pH of the
reaction mixture was maintained at 4.75 by addition of 0.1 M NaOH or HCI. The reaction was
allowed to proceed at room temperature until no further change in pH was observed (~4 hours).
The reaction was stopped by addition of 0.1 M NaOH in order to adjust the pH of the mixture to
7.0. The modified HA was then purified by dialysis against a large excess of water using a
prewashed dialysis membrane tube (MWCO = 14 kDa). The dialysis was stopped when the
conductivity of the dialysate was less than 5 uS cm’!, after which the HA-2APBA product was
recovered by freeze-drying. 'TH-NMR of HA-2APBA was performed on a Bruker AVANCE 600
MHz spectrometer using D20 (D, 99.96%, Cambridge Isotope Laboratories, Inc.) as the solvent.
Digital integration of the NMR signals arising from the anomeric protons of HA and protons of
the PBA group indicated a substitution degree of 0.15 + 0.01 per disaccharide repeat unit.
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Figure S1. 'TH NMR spectrum (600 MHz) of 2APBA-modified hyaluronic acid (HA-2APBA, DS
=0.15, 6 mg mL"! in D20).

Rheological testing

The rheological properties of the hydrogel were characterized using a Mach-1 Mechanical Tester
(Biomomentum Inc., Laval, QC) operating under parallel plate geometry at room temperature.
Hydrogel disks (diameter = 11.5 mm, height = 3.5 mm) were allowed to gel overnight and then
transferred from the silicone mold to the mechanical tester. Shear testing was performed by pre-
compressing the gels to 75% of the sample height and subsequently subjecting them to a strain
sweep test using amplitudes ranging from 0.1 to 2.2° at 0.5 Hz to determine the linear viscoelastic
region (LVE) of the gel. The gel were subsequently subjected to a dynamic frequency sweep (0.1
to 2.2 Hz) within the linear viscoelastic range (LVE) to determine their shear storage modulus (G’),
see Figure S2. All experiments were repeated in triplicate; reported results represent the average
of these replicates, with error bars representing one standard deviation from the mean.
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Figure S2. Rheological properties of HA-2APBA/PVA hydrogels (3 wt% of both polymers, pH
7.0) (A) modulus as a function of strain amplitude (0.1-2.1 degrees) to find the linear viscoelastic
region; (B) shear storage modulus (G’) over a frequency sweep (0.1 — 2.1 Hz) within the gel’s
linear viscoelastic region (1.5 degree strain amplitude).
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Chapter 6 Concluding remarks

6.1 Summary of work

This work focuses on the engineering of biological interfaces to promote non-specific protein
adsorption, functional grafting of active proteins, and/or dynamic crosslinking responsive to
environmental stimuli. The detailed major contributions of this work are given as follows:

1. An effective surface modification of paper via a simple, scalable, and mild dip-coating
procedure has been demonstrated. A POEGMA hydrogel coating layer, generated from
sequentially dipping in solutions of aldehyde and hydrazide functionalized POEGMA
precursor polymers, was successfully formed around cellulose fibers in situ and has been
demonstrated to significantly suppress nonspecific protein adsorption to paper without
impacting the fiber morphology or paper macroporosity. The dip-coated paper was
subsequently used as a platform for the construction of lateral flow enzyme assays and
enzyme-linked immunoassays with lower non-specific protein adsorption and thus higher
sensitivity. Based on this proof-of-concept, this same approach has potential to be
employed in the design and fabrication of complex biosensors, bio-arrays, and other high-
throughput tests where protein transport is essential.

2. A simple “click” chemistry-based approach was developed to surface functionalize poly(2-
hydroxyethyl methacrylate) (PHEMA)-based contact lenses with hyaluronic acid (HA). A
two-step preparation technique consisting of laccase/TEMPO-mediated oxidation of
PHEMA followed by covalent grafting of hydrazide-functionalized HA via simple
immersion resulted in a model lens surface that is significantly more wettable, more water-
retentive, and less protein binding than unmodified PHEMA while maintaining the
favorable transparency, refractive, and mechanical properties of a native lens. The coating
method we developed to covalently tether the HA wetting agent is a simple, readily scalable,
and highly efficient route for contact lens modification.

3. A high-sensitivity flow-based immunoassay was developed on a gold-coated quartz crystal
microbalance (QCM) chip functionalized directly via the irreversible adsorption of a
biotinylated graphene oxide-avidin complex followed by loading of a biotinylated capture
antibody. The whole process, which takes only 5 hours in total, does not need conventional
complex surface modification chemistries. The resulting immunosensors exhibit
significantly lower non-specific protein adsorption and stronger signal for antigen sensing
relative to simple avidin-coated sensors. Quantification of rabbit IgG concentrations
ranging from 0.1 ng/mL to 10 pg/mL can be achieved by tracking mass changes, either
directly as a result of protein binding at higher concentrations or via a signal amplification
method to detect very low analyte concentrations. Quantitative detection can be achieved

119



Ph.D. Thesis — Xudong Deng McMaster University - Chemical Engineering

even in the presence of complex protein mixtures such as human plasma. The broad
availability of biotinylated capture antibodies enables the application of this method as an
easy and flexible platform for the quantitative detection of a variety of biomolecule targets.

A novel method for synthesizing fast self-healing hydrogels through dynamic crosslinking
has been developed. This method employs two precursors, namely 2-aminophenylboronic
acid-modified hyaluronic acid and poly(vinyl alcohol), to form a gel following simple
mixing. The hydrogel is able to heal both macroscopic and microscopic fractures and
largely recover the mechanical strength after an injury event at both neutral (7.0) and acidic
pH (4.0) within 1 minute upon breaking. This demonstrated self-healing capacity over a
broad and physiologically-relevant pH range suggests the potential of using boronate ester-
based hydrogels as biomaterials in acidic-neutral environments.

6.2 Limitations and future work

All the work in this thesis targets on making functionalized materials and interfaces for the
applications in biosensors and hydrogels. Even though the proof-of-concept tests have been done
in most cases in this thesis, these methods still require additional studies in order for their practical
usage. The detailed limitations and proposed future work are listed below:

1.

In Chapter 2, although the dip-coating process for functionalizing the paper with a
POEGMA hydrogel layer is simple and easy, drawbacks persist in terms of the time
required for the coating/drying steps (much longer than the timescale of conventional
papermaking) as well as potentially irreproducible polymer deposition, limiting the large
scale application of this method. Printing technologies are therefore introduced to
overcome these problems. In response, I and my colleagues are now exploring methods to
efficiently print these polymers onto cellulose paper and other types of porous materials,
such as nitrocellulose membranes, for applications in biosensing.

As mentioned in Chapter 3, the TEMPO-mediated oxidation of PHEMA hydrogel could
efficiently generate aldehyde and carboxylic groups both on the surface and within the bulk
gel. Such oxidation process will inevitably lead to a certain loss of the elongation ability
of the materials, as shown in the data presented, and is likely avoidable since bulk
modification of the lens is not expected to lead to significant improvements in practical
performance. In addition, the aldehyde groups in the bulk gel are not chemically linked
with the hydrazide groups tethered on HA chain, which leaves potential active sites for
interaction with the components in the tear fluid and other environmental factors. Therefore,
it is important to develop a surface oxidation technology that does not interfere the bulk
properties of the hydrogel. One possible route is to tether the TEMPO molecule onto a
polymer chain, which will confine the oxidation to take place only on the surface by
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restricting the diffusion of the oxidant into the gel bulk. Such polymer-grafted TEMPO has
been synthesized recently and provides a possible tool for the proposed surface oxidation.

3. In Chapter 4, the immobilization of antibodies on the gold QCM sensor is realized by
physical adsorption of a GO-biotin-avidin complex, enabling quantitative detection of
rabbit IgG at low concentrations. However, the method demonstrated is strictly proof-of-
concept, with no applications to-date in the detection of clinical or practically important
biological targets. Furthermore, the assembly of the detecting system based on QCM is still
somewhat complicated and instrument-dependent, and the cost of gold sensor is relative
high even though the gold sensor is reusable. To address the cost challenge, the
immobilization strategy used here will be applied on other types of cheap substrates that
can further be developed into point-of-care or high-throughput testing platforms for some
practical applications. However, given the dependence on QCM measurements, it is
recognized that this method is likely only useful for advanced target detection in cases
where other sensors do not give adequate sensitivity to inform clinical decision-making.

4. In Chapter 5, the development of fast self-healing hydrogel is at an early stage. For
anticipated applications, the mechanical properties of the hydrogel must be tuned through
changing the chain length, grafting density and the concentration of the polymer, in this
case HA. In particular, self-healing performance on different samples (to show
repeatability) and self-healing over multiple disruption cycles on a single cycle (to show
reversibility) will be assessed both using the rheological measurements described already
in Chapter 5 as well as tensile measurements on the healed hydrogels. Furthermore,
additional insight into the mechanism of self-healing will be sought by performing control
mechanical, self-healing, and isothermal titration calorimetry measurements with 3APBA
(which cannot form the projected cyclic structures possible with 2APBA and rely only on
carboxylic acid induction for promoting physiological activity). This work is now ongoing
and is anticipated to more clearly identify both the mechanism by which these gels self-
heal as well as the best possible applications for such hydrogels moving forward.
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