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ABSTRACT
The aim of this work is to synthesize surface-tethered polymer chains with different
functionalities and properties to address some of the challenging questions the biomedical field
currently faces. In particular, we have successfully synthesized densely grafted polymer brush-
coated silicon wafers by the grafting to approach and investigating their antifouling properties.
Next, the design and synthesis of a patterned responsive mixed polymer brush platform for bond
control between cells and the peptide RGD is discussed. The latter platform was applied to detect
rare cancer cells from mouse blood and demonstrated efficient isolation and high recovery of
target cells. Finally, we have developed a stimuli responsive platform useful for targeted drug
delivery that can be remotely controlled with a magnetic field. Intermediate and final products in
the research projects here mentioned have been investigated using atomic force microscopy,
ellipsometry, fluorescence spectroscopy, dynamic light scattering, nuclear magnetic resonance,

FTIR and mass spectrometry.
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1. INTRODUCTION AND LITERATURE REVIEW

Polymer brushes are tethered polymer chains by one end to a substrate where the polymer
coils are forced to stretch away from the surface in order to avoid overlapping.* For the brush
regime to exist, the following conditions are to be met: the brush height is greater and the
distance between grafting point is less than two times of the radius of gyration of the polymer
chain or h > 2(RA)™2, d < 2(R,A)™?, where d is the distance between the grafting points, h is the
brush height in a given solvent, and (Rgz)”zis the radius of gyration of the same non grafted chain
dissolved in the same solvent.?
Theoretically, the firsts polymer brush descriptions were provided by Alexander® and de
Gennes.* Upon increased grafting density, one polymer chain can be assimilated as blobs where
a number of monomers are confined into each blob. When the grafting density increases even
more, the number of monomers in every blob decreases significantly to avoid excluded volume
effects and as a result of that the polymer chains stretch normally to the surface. These
descriptions have been later followed by theories arguing about the uniformity of the image
provided by the former descriptions by claiming that the polymer chains end might be found
anywhere within the brush and not necessary at the end of the brush.’
For nearly 50 years, polymers at interfaces have drawn an immense attention from physicists and
chemists alike due to their effects on coated surfaces and their potential applications in various
fields. The first interesting observation reported was in the 1950s when it was observed that
colloidal particles coagulation could be thwarted upon coating them with polymer chains.®® Now

and after decades of theoretical and experimental studies on tethered polymer chains, more



applications are currently either implemented in real life situations or are under investigations for
potential use at an industrial scale.

1.1. Polymer Brush Synthesis

Polymer brushes can be generated either through covalent bonding, or physical bonding such as
electrostatic interactions, hydrogen bonding, or Van Der Waals interaction. However, since
physical grafting is weak, this approach is less durable and may result in bond destruction and/or
deformation of soft substrates.? Grafting polymer chains covalently to create polymer brushes
can be synthesized via two major approaches, namely the “grafting from” approach which relies
on in situ polymerization from an initiator pre-immobilized on a substrate, and the “grafting to”
approach when polymer chains are tethered to the surface via a chemical reaction between
complementary functional groups of the polymer chains and the surface.® Both grafting to and
grafting from methods have advantages and disadvantages. For example, while the grafting from
technique can achieve higher grafting thicknesses and consequently, higher grafting densities
(chains/nm?), polymers grafted with this approach cannot be characterized for their molecular
weights and polydispersity, and are less stable in aqueous media as a result of silanes hydrolysis
in water.™® On the other hand, while the grafting to approach is rather simple and grafted
polymers can fully be characterized, it lacks high grafting densities due to steric hindrances that
increase with increasing brush thickness.** To yield polymer brushes by the grafting to approach,
a number of chemical reactions have been used and investigated for their effects on the grafting
density or on their intended application.”*™> Among all these reactions used, click reactions
remain the most attractive due to their simplicity, high yielding, and orthogonality.'® For
example, copper(l)-catalyzed Huisgen 1,3-dipolar cycloaddition has been previously reported for

polyethylene glycol grafting on silicon wafers.”> However, limited grafting densities were



obtained. Furthermore, the copper catalyst used in this reaction is toxic, which limits the

usefulness of polymer brushes for medical and biological applications.
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Figure 1.1. Schematic illustration of polymer brush synthesis via the grafting to and the grafting
from.” Adapted with permission of publisher.

1.2. Polymer Brush Characterization

In order to characterize polymer brushes, different techniques are nowadays available, and each
available technique is suitable for a particular property. For example, the existence of certain
functional groups within a thin film can be probed by IR spectroscopy, and grazing-angle
reflection-absorption IR spectroscopy when the films are too thin to be detected by normal IR

3



spectroscopy.’® XPS is another powerful tool that can convey qualitative as well as quantitative
information about polymer coatings.” Limited to conducting samples, auger electron
spectroscopy (AES) has also been used to determine polymer brushes chemical composition.*

The most characterized property of polymer brushes is their thicknesses. This is often done using
ellipsometry due to its accuracy and convenience.® However, Atomic Force Microscopy (AFM)
is also commonly used for the same purpose. For polymer brushes grown from nanoparticles,
transmission electron microscopy (TEM)? and dynamic light scattering (DLS)* are a routinely
used techniques to determine brush thicknesses. Surface structure of polymer brushes and their
topography can be characterized by the following: AFM,? scanning electron microscopy
(SEM)* fluorescence microscopy® or XPS mapping.® Finally, the polymer chains molecular
weight might be investigated using gel permeation chromatography (GPC). However, this
property is quite challenging to characterize since polymer chains are tethered to a surface. For
that reason, cleavage of tethered polymer chains has been attempted mainly from nanoparticles
to provide detectable amounts of polymer chains. There are currently two possible ways that are
used to achieve the cleavage of polymer chains from surfaces; the first one is by using strong
acids such as hydrofluoric acid®®, however this approach has safety concerns and undesired side
effects, while the second approach relies on adding linkers between the polymer chains and the
surface. The latter approach though attractive; it requires complex and time consuming synthesis
to prepare the special linkers.?” The most frequently used method to determine the molecular
weight of polymer brushes is, however, based on adding a sacrificial initiator during the
polymerization reaction assuming that the polymerization rate from the surface and in solution
are similar. This assumption has however has been shown in number of times that is not always

true.?” One reason for the observed discrepancy is the heterogeneous nature of surface-initiated



polymerizations where, unlike in solution, the reactants and catalysts diffusion to the surface is a
limiting factor.

1.3. Stimuli-Responsive Polymer Brushes

Stimuli responsive polymer brushes (SRPB) are a special class of polymer brushes that are
capable of undergoing conformational changes when subjected to external stimuli. Examples of

%031 and pH.*?3* Temperature-sensitive polymers are

stimuli include: temperature,®% light,
termed thermoresponsive polymers because, under temperature effects, they undergo a reversible
phase change that results in stretch-collapse transition of the polymer brush.** Thermoresponsive
polymers with a lower critical solution temperature (LCST) collapse when heated above their

LCST, while those with an upper critical solution temperature (UCST) collapse when cooled

under their UCST (figure 1.2).**

pH PK, Polyacids

Polybases p|.|

PK,

Figure 1.2. Behavioral schematic illustration of thermo and pH responsive polymers.®* Adapted
with permission of publisher.



As a result of such reactions, stimuli-responsive polymers have been suggested for numerous
applications in every possible field mainly in the biomedical field where a considerable number
of reviews are currently available.***’

In the drug delivery area, stimuli-responsive polymers have long been desired due to their
potential benefits over traditional approaches in delivering drugs that includes higher
bioavailability at the target sites relative to others, decreased undesired drugs sides effects, and
improved patient’s compliance. These systems are based on loading a drug of interest into a
polymeric material followed by its release, once administered, into a specific target using either

an external or internal stimuli to trigger the release. The polymeric carrier has to be non-toxic,

biocompatible, and biodegradable.®® Drug delivery systems have been designed to deliver

39-41 42-43

therapeutics when stimulated by near-infrared light, pH changes, externally applied
magnetic field,** and enzymes.*** In particular, the later trigger is especially promising
considering the high selectivity of enzymes and their elevated catalytic properties. More
importantly, enzymes’ overexpression has been associated with certain cells abnormalities,
which makes it possible to design smart drug delivery systems to selectively target those specific
cells.*” Nevertheless, targeted drug release based on enzymes’ over-expression is limited. In fact,
the concentration of enzymes on target cells as well as the concentration difference of enzymes
between the target and non target sites may not be high enough to allow specific drug release.*®

Another application of stimuli responsive materials within the medical and biological
fields is in cell culture. For example, poly(N-isopropylacrylamide) (PNIPAmM) was grafted
on polystyrene surface, and cells were cultured on it at 37 °C.*® Upon lowering the

temperature to below 32 °C cells were observed to detach from the surface. This smart

cell culture surface has switching behaviour thanks to the thermoresponsiveness of



PNIPAmM. In fact, this polymer undergoes a reversible phase change at LCST of about
32°C from collapsed chains above the LCST to extended chains below its LCST. At 37
°C, the surface becomes hydrophobic which leads to protein adsorption and cells
adhesion consequently. At room temperature, however, the polymer chains become
hydrophilic and switch the adhesion off as a result of that. This capability of stimuli-
responsive interfaces is important as it can be utilized in mammalian cell research where
the signal-triggered exposure of functional molecules in controlled sequences could be
used to stimulate cell responses and mimic conditions for the growth and differentiation
of cells in the extracellular matrix. Moreover, it will be possible to decode and interpret
biochemical mechanisms, which are important in understanding the biochemistry and
biophysics of cells that, ultimately, could help in developing drugs and therapeutics
methods.

1.4. Mixed Polymer Brushes

Mixed polymer brushes are another special class of polymer brushes and are made by the
confinement of more than one kind of polymer chains to the surface. These types of polymer
brushes are also responsive to their environment by switching their structure between different
phase-segregated morphologies.®®>!

Figure 1.3 illustrates an example of a mixed polymer brush made of one polymer that is
hydrophilic while the other is hydrophobic. The surface properties of this thin film can actually
be switched from hydrophobic, by swelling the hydrophobic polymer chains in a non polar
solvent, to hydrophilic by treating the thin film with a polar solvent to swell the hydrophilic

polymer chains.
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Figure 1.3. Schematic illustration of morphological changes upon exposure with nonselective
solvent (A), and selective solvents (B, C).>? Adapted with permission of publisher.

1.5. Polymer Brushes for Proteins Biofouling

Biofouling is the propensity of materials of biological origin, such as proteins, to adsorb
physically on surfaces.>® Some reasons behind the accumulation of proteins on surfaces include:
hydrophobic and/or electrostatic interactions. It is of crucial importance for successful
application of many new technologies to develop materials that can resist proteins fouling. As an
example, implanted medical devices for diagnosis or therapeutics purposes can easily be
compromised if colonized by biological materials, which would ultimately lead to devices
removal. Up to now, surface passivation remains one of the popular approaches to reduce the

nonspecific adsorption of proteins on surfaces (figure 1.4).

Protein

coating Polymer brush

Implant surface .. Implant surface

Figure 1.4. Schematic illustration of protein repellency upon surface coating.



This strategy consists of coating surfaces with biocompatible and neutral polymer chains such as
poly(hydroxyethyl methacrylate), poly(acrylamide), poly(N,N-dimethyl acrylamide), dextran,
and poly(ethylene glycol).>® The latter mentioned polymer, however, remains the most widely

used and investigated polymer for that purpose (Figure 1.5).>

Ao

Figure 1.5. Chemical structure of poly(ethylene glycol).

Despite the fact that the protein repellency mechanism of poly(ethylene glycol) is not well
understood, a number of reasons have been suggested to account for this behavior. Among them
are: hydrophilicity, mobility.>® Furthermore, protein adsorption is prevented by steric hindrance
due to the existence of the ethoxy repeat unit that can form a hydration layer through hydrogen
bonds.>* Besides the chemical composition of the polymer, the effectiveness of poly(ethylene
glycol)-based coatings also depend on their physical properties such layer thickness, grafting
density, and uniformity, with higher films thickness resulting in lower protein adsorption.>®

57-58 an d,

However, poly(ethylene glycol) is prone to oxidative degradation in aqueous media,
therefore, other alternatives to poly(ethylene glycol)-coated surfaces have been investigated for
their antifouling properties, such as zwitterionic polymers,®® amino acid-based zwitterionic
polymers,®® and zwitterionic polysaccharides.®*

1.6. Polymer Brushes for Cell Adhesion Regulation

Cell adhesion regulation is another application where polymer brushes have been used. Cell

adhesion is defined as the capability of cells to adhere to other cells or to the extracellular matrix



(ECM).** This behavior is central to cells communication and tissues maintenance and

development.®®

Cell Adhesion

Phase I Phase II Phase III
Phases
Scl ic di - Cell ® =~ Cell Cell
chematic diagram AR e - ﬁ)
of cell adhesion ECM 999000000008 290648998000 Bom S22 1 209
Schematic diagram ﬁ -
of the transformation e w—— Fully spreading and structural
of cell shape Initial attachment Flattening oreanization
Cell adhesion Electrostatic ‘ . .
. . . . Integrin bonding Focal adhesion
intervension interaction
Adhesion stages Sedimentation Cell attachment Cell spreading and stable adhesion

Figure 1.6. In-vitro cell adhesion stages.®” Adapted with permission of publisher.

Figure 1.6 illustrates the main stages of cell adhesion where the mechanism consists first by
initial attachment of the cell to the host surface through physical interactions, followed by
bonding of the cell to the surface through cell integrin. This stage is characterized by the
flattening of the cell body. And finally, the cell spreads to reach a maximum area through
increased adhesion strength.®?

To regulate cells adhesion, temperature-sensitive polymer chains are more commonly used
materials for that purpose. For example, poly(N-isopropyl acrylamide) were grafted on glass
substrates and used to tune the adhesiveness of bovine carotid artery endothelial cells
(BAECs).**® Poly(N-isopropyl acrylamide) hydrophobicity is used for inducing cells adhesion
above 32 °C, while cells detachment occurs at below 32 °C when the polymer becomes
hydrophilic. The major advantage of this mechanism concerning cell detachment is the
possibility to preserve the cell intact by avoiding common enzyme-induced detachment that

results in cell damage.®®
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Figure 1.7. Comparison of cell harvesting methods. Adapted from®® with permission of the Royal
Society of Chemistry.

1.7. Polymer Brushes for Drug Delivery

In order to increase drug selectivity and decrease its side effects, a number of polymer brush-
based materials have been investigated. For their properties, polymer brushes have been
introduced to improve nanoparticles dispersion and control their aggregation.” A more specific
example is the synthesis of copolymer-decorated magnetic nanoparticles where in one part a
substrate-drug conjugate is embedded within the polymer chains and the other part contains the
substrate-specific enzyme.®” In that example polymer brushes exerted repulsive interactions
between both parts of the nanoparticles to avoid unwarranted drug release via substrate-enzyme

reaction (figure 1.8). When an external magnetic field is applied, however, both particles

11



overcome these steric hindrances and merge together to initiate the drug release through

substrate proteolysis.

d
e Polymer brush
Biocatalytic
b PAA block nanocompartment

Substrate e
Enzyme & E-particle S-particle

Figure 1.8. Magnetic nanoparticles loaded with an enzyme (E-particle) and substrate-drug
conjugate (S-particles). Cryo-transmission electron microscopy (a), Schematic illustration of the
drug release working concept. Adapted from®” with permission.

1.8. Research Objectives
Paper 1. Robust, Solvent-Free, Catalyst-Free Click Chemistry for the Generation of Highly
Stable Densely Grafted Poly(ethylene glycol) Polymer Brushes by the Grafting To Method
and Their Properties
In the second chapter, the development of a novel approach to synthesize densely grafted
polymer brushes will be discussed. The primary goals of this research study are:

1. Synthesizing densely grafted polymer brushes by the grafting to approach using a

catalyst-free and solvent-free approach.

12



2. Studying the antifouling properties of the synthesized polymer brush.

3. And studying the long term stability of the polymer brush in agueous media.
Paper 2. A Stimuli-Responsive Switchable Interface for the Stimulation of Mammalian
Cells and Cancer Cells Isolation
In the fourth third, the design and synthesis of a patterned stimuli responsive polymer brush is
reported. The designed biointerface was used to switch on and off mammalian cells adhesion
simply by changing the temperature of the cell medium. Furthermore, this biomaterial was able
to isolate cancer cells from mouse blood at a negligible amount.
Some objectives of this research project are:

1. Syntheses of a thermoresponsive interface and study of its thermal responsiveness.

2. Investigating mammalian cells adhesion and detachment from the biointerface when

under the influence of the medium temperature.
3. Cancer cells separation from a complex mixture of blood cells as a complementary
method for cancer early detection.

Paper 3. Magnetically Controlled Drug Delivery system for Implantable devices
In the fourth chapter, the development of a novel concept of dual-stimuli responsive platform
useful for applications in targeted drug delivery is demonstrated. The platform here synthesized
has mainly been applied to deliver a model drug.
The main objectives of the present research are:

1. Synthesis a novel drug delivery platform

2. Proof of concept of the synthesized drug delivery implantable device

13
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2. ROBUST, SOLVENT-FREE, CATALYST-FREE CLICK CHEMISTRY FOR THE
GENERATION OF HIGHLY STABLE DENSELY GRAFTED POLY(ETHYLENE
GLYCOL) POLYMER BRUSHES BY THE GRAFTING TO METHOD AND THEIR

PROPERTIES*

! Laradji, A. M.; McNitt, C. D.; Yadavalli, N. S.; Popik, V. V.; Minko, S. Reprinted here with permission of
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Abstract

Herein we report a robust, highly selective and efficient method to prepare dense
polyethylene glycol (PEG) polymer brush on silicon substrates via solvent-free, catalyst-free,
Strain-Promoted Acetylene-Azide Cycloaddition (SPAAC) reaction. First, poly(glycidyl
methacrylate) was grafted to the silicon substrate as an anchoring layer to immobilize
cyclopropenone-caged dibenzocyclooctyne-amine (photo-DIBO-amine) via an epoxy ring
opening reaction providing protected and stable functionalized substrates. Next, three
synthesized a-methoxy-w-azido-PEGs of different molecular weights (5, 10, and 20 Kg/mol)
were successfully grafted on photo-DIBO-modified silicon substrates from melt after the
deprotection of DIBO with UV-irradiation. PEG molecular weight, reaction temperature, and
reaction time were all used to control the grafting reaction for targeted brush thicknesses and
grafting densities. The highest grafting density obtained was close to 1.2 chain/nm? and was
achieved when 5 Kg/mol PEG. The prepared PEG polymer brushes displayed efficient
antifouling properties and stability in PBS buffer aqueous media for a period of at least two

months.

KEYWORDS: polymer brush, grafting to, click chemistry, antifouling, brush stability

2.1. Introduction

Polymer brushes are tethered polymer chains by one end to a substrate where the polymer
coils are forced to stretch away from the surface in order to avoid overlapping.* For the brush
regime to exist, the following conditions are to be met: the brush height is greater and the
distance between grafting point is less than two times of the radius of gyration of the polymer

chain or h>2(R)™, d < 2(R,>)"2, where d is the distance between the grafting points, h is the
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brush height in a given solvent, and (R,%)"?

is the radius of gyration of the same non grafted
chain dissolved in the same solvent.” Grafted polymers have first drawn attention in the 1950s
when their capabilities to deflocculate colloidal particles were realized.> Nowadays, and after
over half a century of research, polymer brushes continue to fascinate and draw more interest
which is clearly manifested in their wide range of applications in biomaterials and
nanotechnology.***

Polymer brushes can be synthesized via two major approaches, namely the “grafting
from” approach which relies on in situ polymerization from an initiator pre-immobilized on a
substrate, and the “grafting to” approach when polymer chains are tethered to the surface via a
chemical reaction between complementary functional groups of the polymer chains and the
surface.”® The latter approach implies that the polymer can be thoroughly characterized and
optimized prior to its grafting, which results in well-defined and controlled polymer brushes.™
This is the major advantage of the grafting to over the grafting from method when in the latter
case molecular weight of the grafted chains is unknown and the grafted brush in many cases are
polydisperse by molecular weight.

Various chemical reactions have been used and investigated to tether polymer chains to
the surface of a substrate.*** Among them, “click” reactions, are known for their simplicity,
wide scope, high vyielding, and above all high selectivity and orthogonality.?* % Therefore, click
reactions constitute very promising means to generate well-defined polymer brushes through the
grafting to protocol. Azide-alkyne cycloadditions are a commonly used example of click
reactions. They are catalyzed with Cu (I) and are, therefore, conducted almost only in solution.
For example, Ostaci et al* have investigated the use of the copper(l)-catalyzed Huisgen 1,3-

dipolar cycloaddition to graft polyethylene glycol to a silicon substrate. The grafting reaction
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was carried out in THF and a relatively low polyethylene glycol (PEG) brush thickness of up to 6
nm was obtained after 72 h of reaction time. Grafting to process is limited by diffusion.*® %
Grafting in good solvent further slows down the grafting to due to the excluded volume effect. It
was demonstrated with numerous examples that the grafting to method yields denser brushes if
grafting is made in polymer melt. ** ?* It is likely, that a click grafting to could be more efficient
in melt vs solution process. Another drawback is associated with toxic Cu catalysts that could
limits biological and biomedical applications of the brushes. Thus, the use of catalyst-free
cycloaddition mechanism in polymer melt appears as an attractive way to yield densely grafted
polymer brushes. To the best of our knowledge, using acetylene-azide cycloaddition to generate
polymer brushes from melt has not been reported yet. It is the goal of the present work to report a
detailed investigation on using solvent-free, catalyst-free, Strain-Promoted Acetylene-Azide
Cycloaddition (SPAAC) reaction in order to synthesize PEG brushes by grafting to method. The
reaction time and temperature, as well as the polymer molecular mass were varied to determine
their effect on the grafted brush characteristics (thickness, density, and macroscopic

morphology). Antifouling properties as well as stability of the PEG brushes in aqueous buffer

media were assessed in the experiments.
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Figure 2.1. Preparation of PEG brushes via solvent-free, catalyst-free click reaction.

2.2. Experimental Section

Materials. a-Methoxy-w-azido-PEGs (PEG-N3) M, =5, 10, and 20 Kg/mol were synthesized as
previously reported” from methoxy poly(ethylene glycol) supplied by Sigma. p-Toluene
sulfonyl chloride (98%), sodium azide (99.5%), Albumin-fluorescein isothiocyanate conjugate
(BSA-FITC), and phosphate buffered saline (PBS, pH 7.4) were used as received from Sigma.
Poly(glycidyl methacrylate) (PGMA) M, = 20 Kg/mol was used as received from Aldrich.
Dimethylformamide (DMF) extra dry and anhydrous dichloromethane (DCM) were purchased
from  Acros Organics and Sigma-Aldrich  consecutively.  Cyclopropenone-caged
dibenzocyclooctyne-amine (photo-DIBO-amine) was synthesized as previously described.?
Silicon wafers (orientation 100, native oxide) were purchased from University Wafer (South

Boston, MA, USA).
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Measurements. Atomic Force Microscopy (AFM) images were obtained using Bruker
Multimode Nanoscope instrument in the tapping mode. A spectrometric ellipsometer from
Accurion (Germany) with a fixed angle of incidence of 70° was used to measure the dry films
thickness of at three different locations of each sample. Ellipsometry thickness maps were
generated using the Accurion software package, DataStudio. Fluorescence microscope Olympus
BX51 was used for fluorescence visualization and the images obtained were processed using the
software CellSens Dimension.

Functionalization of Silicon Wafers with DIBO. Silicon wafers were first cut into square
pieces of 1x1 cm? and then sonicated in chloroform, DCM, and ethanol consecutively for 5 min
each before being rinsed with DI water. The silicon wafers were then soaked in a solution of
28% NH40H/30% H,0,/DI water (1:1:1 by volume) for 1 hour at 60 °C (Danger, the solution is
highly oxidative and may cause chemical injury!). The substrates were rinsed with DI water and
dried under a flux of Argon gas. Next, a solution of PGMA (0.25% in chloroform) was spin-
coated (2500 rpm, 1500 rpm/s, 50 s) on the substrates and immediately annealed in oven at 110
°C for 1 hour under vacuum. The resulting modified substrates were soaked in hot chloroform
for 30 min to extract unreacted PGMA. Finally, photo-DIBO-amine (see Supporting
Information) was immobilized on the PGMA layer by keeping the PGMA-modified silicon
substrates in a solution of photo-DIBO-amine (12.5 mg/ml in DMF) at 50 °C for 24 h. The
obtained substrates were sequentially rinsed with DMF and chloroform and then dried with
argon.

Synthesis of PEG Brushes on the DIBO-Modified Silicon Wafers. To graft PEG-N3 chains,
the photo-DIBO-modified silicon wafers were first subjected to a handheld UV lamp light from

Spectroline model ENF-240C (365 nm wavelength, intensity of 1 mW/cm?, held at a distance of

27



2 cm from the samples) for 5 to 10 minutes to expose the alkyne functional groups. Then, PEG-
N3 was spin-coated on the substrates and covered with a glass slide to avoid escape of the PEG
melt and dewetting: the polymer melt was located between the substrate and the glass slide and
holds at the place by capillary forces. The samples were annealed in oven under vacuum at
different temperatures and for different times. To remove the unreacted PEG-N3 chains, the
samples were soaked in hot chloroform and water consecutively for 30 min each.

Antifouling Properties of PEG Brushes. Antifouling properties of the obtained brushes with
three different molecular weights were assessed following a previously reported protocol.?’
Initially, the PEG brush modified substrates were equilibrated in PBS buffer (pH 7.4) for 2 hours
and then immersed in a solution of BSA-FITC (0.25 mg/ml in PBS) at room temperature. 2 hours
later, the substrates were rinsed with PBS buffer then DI water before being dried with argon.
Fluorescence microscopy was next used to analyze the antifouling properties.

PEG Brush Stability in PBS Buffer. To assess their stability in aqueous media, the obtained
PEG brush coated substrates were incubated in PBS buffer (pH 7.4) at room temperature. At
various incubation times, the substrates were extracted and then immersed in a solution of BSA-
FITC (0.25 mg/ml in PBS) for 2 hours at room temperature before being washed with PBS and
water and finally dried with argon. The brush stability was assessed using fluorescence
microscopy.

2.3. Results and Discussion

Functionalization of Silicon wafers with DIBO. PGMA was used as a reactive anchoring layer
to functionalize the surface of Si-wafers. It was deposited on the surface of the silicon substrates
by spin-coating of a dilute solution of PGMA (0.25% in chloroform). The freshly deposited layer

of about 35 nm thick, as measured by ellipsometry, was annealed for 1 hour at 110 °C under
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vacuum Yyielding an average cross-linked film thickness of 6.4 nm after solvent rinsing and
drying. In fact, it was previously reported that at these conditions only 5-7% of epoxy groups is
lost upon PGMA annealing for up to 3 hours (depending on the amount of OH groups on the
substrate).?® The substrate surface was completely covered with smooth and homogeneous
PGMA films, as shown by AFM microscopy (see supporting information, Figure S1). To
prepare SPAAC-reactive surfaces, PGMA films were functionalized with photo-DIBO-amine.
This cyclopropenone caged analog of DIBO has been chosen for one reason. While cyclooctynes
are reasonably stable, they are known to be susceptible to nucleophilic attack.?*'DIBO, for
example, undergoes relatively facile hydrolysis if heated in aqueous solutions, while photo-
DIBO survives overnight refluxing in water (see Supporting Information, hydrolytic stability of
DIBO/photo-DIBO). The functionalized samples with the protected DIBO can be conveniently
stored for series of planned experiments. The progress of photo-DIBO-amine incorporation was
monitored with ellipsometry since the PGMA film thickness increases with increased
functionalization extent (Figure 1). In fact, increasing the polymer molecular weight results in
thicker coatings, and in our case the immobilized photo-DIBO molecules have caused the
PGMA molar mass repeat unit to rise. As shown in figure 2.2, 24 hours was the duration of the
reaction after which the PGMA film thickness increased by about 2 nm as detected by

ellipsometry.
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Figure 2.2. PGMA thickness increase upon photo-DIBO immobilization (the solid line is
introduced for readers’ convenience).

Synthesis of PEG Brushes on DIBO-Modified Silicon Wafers. The photo-DIBO-modified
substrates were first exposed to UV light to deprotect the alkyne, then azide-terminated PEGs
were clicked on the DIBO-modified substrates through the melting of an excess amount of PEG-
N3 chains (Error! Reference source not found.). The grafting kinetics of PEG-N3 (5 Kg/mol) was
investigated at 70, 100, and 130 °C. In all cases, it was observed that more than 50% of the brush
thickness was achieved within the first 12 hours of the reaction, after which, the film thickness
continued to grow though at a slower rate (Figure). This trend suggests that the kinetics during
the first 12 hours was diffusion driven and the PEG-N3 chains can smoothly diffuse to the
PGMA-DIBO interface. Over 12 hours, the kinetics of grafting reaction decreases with time as
the grafted PEG chains start to overlap creating a barrier that hinders the free PEG-N3 from

reaching the DIBO reactive groups and thus, it slows down PEG-Nj3 diffusion.
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Figure 2.3. PEG films (from 5 Kg/mol) thickness (a) and grafting density (b) evolutions versus
time at different temperatures [m = 70 °C; @ = 100 °C; A= 130 °C] (the solid lines are introduced
for readers’ convenience).

Similar observations have previously been reported.”® ** The grafting reaction at 130 °C yielded
the highest PEG thickness obtained of about 9 nm after 96 hours. Indeed, PEG-N3 chains
diffusion increased with increasing temperatures. The grafting densities of the obtained PEG

brushes were calculated from the average of three measurements of thicknesses using the
following formula, assuming that the PEG density, p, is 1.09 g/cm®: ¢ = (hpNa)/M,; where N, is

the Avogadro’s number, and M,, the PEG molecular weight.

The effect of PEG-N3; molecular weight on the resulting grafting density was also
investigated. PEG-N3 of 5, 10, and 20 Kg/mol were similarly melted at 130 °C on DIBO-
modified substrates. The obtained PEG brush thickness was observed to increase from 9 to close
to 12 nm and then decrease slightly below 9 nm as the PEG-N3; molecular weight increased from
5 to 20 Kg/mol. However, the grafting density decreased as the molecular weight increased
(Figure ). A combination of several factors is behind this experimental observation. One of them
is the increase in polymer chains entanglement due to increasing PEG molecular weight, which

decreases the diffusion. In fact, the maximum grafting density was obtained at PEG molecular
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weight of 5 Kg/mol, which is only slightly higher than the PEG critical molecular weight of
entanglement (4.4 Kg/mol).** Moreover, the higher excluded volume of larger polymer chains
further hinders the close packing of the PEG chains resulting in higher distance between grafting
sites.

Table 1 summarizes the measured and calculated PEG layers parameters, where, for all PEG-
modified substrates, the radius of gyration of the polymer chains falls between the brush
thickness (h) and the distance between the grafting sites (d), which indicates that the grafted

layers are all in the brush regime and the polymer chains are densely packed.

Table 2.1. Characteristics of PEG brushes.

M., (Kg/mol) h (nm) o (chains/mm®)  2(Ry)”* (nm) d (nm)
5 8.9 1.16 5.04 1.05
10 115 0.748 7.14 1.31
20 8.7 0.283 10.1 2.12

6 = (hpNa)/My, d = (4/1 6)"%, (Ry’)*= b(N/6)"*, where a is the statistical segment length (b =
0.58 nm for PEG) and N is the degree of polymerization, for theta solvent .*®
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Figure 2.4. Effects of time and PEG Mn on films thickness (a, ¢) and grafting densities (b, d). [m

=5 Kg/mol; e = 10 Kg/mol; A =20 Kg/mol; o = grafting for 96 h at 130 °C] (the solid lines are
introduced for readers’ convenience).

The surface morphology of the resulting PEG brushes under ambient conditions was observed to
be smooth and uniform (Figure S1). The step-by-step thickness map of the grafted layers (Figure
) further confirms the uniformity of the obtained brushes at a large scale where it is clearly seen

that the variation in thickness height of the dry brush layers is less than 2 nm.
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Figure 2.5. Step-by-step ellipsometric thickness maps of polymer brushes prepared from 5, 10,
and 20 Kg/mol Mn of PEG on Si-wafers demonstrating the layers of silica (a), PGMA-DIBO (b)
and PEG brushes (a-c).

Antifouling Properties of PEG Brushes. Biological substances, such as proteins, have the
propensity to accumulate on surfaces. This tendency has its detrimental effects on, for example,
medical devices that are embedded in the human body where, to avoid microbial influenced
corrosion (MIC), replacing such devices is often required.*® The grafting of antifouling polymers
such as PEG is a commonly used method to keep biological organism away from colonizing
medical implants. To evaluate the antifouling properties of the PEG-modified silicon wafers
(with 5, 10, and 20 Kg/mol), here prepared, the substrates were immersed in a solution of BSA-
FITC (0.25% in PBS buffer) for 2 hours. Fluorescence microscopy was subsequently used for the
qualitative assessment of the amount of the BSA-FITC adsorbed. Compared to the control
sample (no PEG), all layers with different size of PEGs were observed to repel protein
efficiently, however, the protein adsorption was not observed to be dependent on the PEG
molecular weight (Figure ). In terms of efficiency, this suggests that the nonspecific adsorption
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of BSA is not affected within the studied range of molecular weight, mainly as the layers
thicknesses are close to each other.

(éj' Control (Si-‘PGM‘h-DIBC'J) (b) Si-PGMA-PEG (5 Kg/mol)
B e

Magnification: 100 x

(c) Si-PGMA-PEG (10 Kg/mol) [ (d) Si-PGMA-PEG (20 Kg/mol)

Magnification: 100 x Magnification: 100 x

Figure 2.6. Fluorescence microcopy images of PEG brushes (from 5, 10, and 20 Kg/mol) after
their incubation in a solution of BSA-FITC in PBS.

PEG Brush Stability in PBS Buffer. The stability of polymer brushes in agueous media is a
crucial prerequisite upon which hinges the successful use of its antifouling properties. For that
purpose, synthesized polymer brushes from PEG (5 Kg/mol) were immersed in PBS buffer for a
period of up to 2 months. The change in BSA adsorption on the substrates was used to evaluate

the long term stability of the synthesized PEG polymer brushes.
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Figure 2.7. Fluorescence microscopy images of PEG films (5 Kg/mol) after incubation in PBS
buffer for various periods.

Fluorescence microscope images of the adsorbed BSA on the substrates are shown in Figure .
Throughout the period of investigation, the PEG-modified substrates antifouling properties were
observed to persist for 60 days or longer which greatly exceeds those reported previously,**°
where all the polymer brush-modified substrates were observed to deteriorate within 40 days.
The improved stability of the synthesized PEG brushes seems to be due to the cross-linked
anchoring layer and the hydrophobic nature of the PGMA layer with its ability to shield the
silicon substrate from water, thus, preventing Si-O-C bonds hydrolyses. These results seems to

be in agreement with the work of Divandari et al.**

Another factor that may have increased PEG
brushes stability is the fact that PGMA-DIBO is about 9 nm thick where the grafting may take

place across the film thickness. The latter will result in the 3D grafting effect where the brush
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possesses self-healing properties.** According to the latter-mentioned mechanism, the degraded
brush chains are “replaced” by chains previously hidden underneath the brush owing to the
layered structure of the 3D-grafted brush. The stability of the brush in an aggressive environment
is a valuable property for number of applications from antifouling®® and dynamically changing
surfaces* to electrochemical biosensors.*

2.4. Conclusion

Dense and macroscopically uniform PEG brushes were obtained using solvent-free, catalyst-free
click chemistry grafting to method from melt. A grafting density of up to 1.2 chains/nm® was
obtained using the described method. The grafting densities as well as the obtained thickness of
PEG brushes were observed to be influenced by PEG molecular weight, temperature and time of
the diffusion limited click reaction of the end-functionalized polymer. The PEG brushes obtained
here possess high antifouling properties and above all were not observed to detach when stored
in PBS aqueous media for a period of 2 months. It is anticipated that the grafting strategy here
described can be applied to a broader range of polymers where a fairly high grafting density and
selectivity are desired and with various inorganic substrates, such as, nanoparticles that often
suffer from polymer chains detachment when stored in solvents for an extended period. The
major advantage of the proposed method is a high stability of the functionalized surfaces, high
selectivity and robustness of the grafting reaction.
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Abstract

As a result of their dynamically changing interfacial properties, stimuli-responsive materials
have the capability to present, capture, or release functional groups upon receiving external
signals. Here in, we demonstrate that this property can be efficiently used to stimulate cell
responses and mimic conditions for the adhesion and spreading of cells in the extracellular
matrix. A patterned switchable interface made of the temperature-sensitive poly(N-
isopropylacrylamide) and the cell adhesion peptide RGD (Arg-Gly-Asp) is first synthesized.
Next, PNIPAM is stimulated to switch the surface properties from non adhesive at room
temperature to cell adhesive at 37°C by hiding then presenting RGD to the cell adhesion integrin
consecutively. Lowering the temperature back to RT causes the switchable interface to revert to
its non fouling state, resulting in cells detachment. The cell attachment-detachment behavior here
reported was applied in sorting cancer cells form a complex mixture of blood cells by targeting
their over-expressed integrin molecules.

3.1. Introduction

Many important cellular functions and behaviors are governed by the extracellular matrix
(ECM). In fact, some functional molecules in the ECM carry biochemical information that
trigger complex chain processes in mammalian cells. Of particular interest to the present article
is the interaction between cell receptors integrins and cell-adhesive Arg-Gly-Asp (RGD) peptide
that is found in many proteins of the ECM microenvironment. Cell adhesion integrins that are
expressed by some cell types are widely known to recognize the motif RGD and effectively
adhere to the matrix proteins carrying it."> The advanced understanding of this interaction and

developments in nanotechnology have given rise to myriad designed biomaterials that aim at

43



regulating cellular responses and mimicking conditions for the growth and differentiation of cells
in the ECM.%®

Within the last decades, substantial advancements have been made in the understanding and
development of polymer brushes. These surface-confined polymer chains, which stretch away
from the surface at high enough grafting densities,”° have already landed numerous applications

11-12

in various fields such as nanomedicine, sensors,*® and textiles.** Furthermore, many research

groups have explored using polymer brush-based materials to regulate integrin-RGD affinity.>?
Polymer brush patterning constitutes a more sophisticated approach to surface engineering of
well-defined spatial distribution of polymer chains.® Through patterning of RGD clusters for
example, cells adhesion was investigated by varying the clusters distance and spatial
organization.® % Equally important to cells adhesion, cells detachment is essential in collecting
adherent cells after culture and in cells sorting. Currently, trypsinization remains the most
common means of cells detachment in culture. However, this approach often results in cell
receptors damage,?* which might affect cell function. To remediate this drawback, enzyme-free
cell detachment using thermoresponsive PNIPAM brushes has been proposed. PNIPAM
undergoes a reversible phase transition from hydrophilic to hydrophobic when its temperature is
brought from under to above 32 °C. This switching behavior was explored to adhere cells at
37°C and induce cells detachment by simply lowering the environment temperature below 32
°C.2#%* Fyrthermore, it was demonstrated that cells sorting from a complex cellular mixture can
be achieved by tuning the adhesiveness of the substrate by mixing adhesive and non adhesive
thermoresponsive polymers at different ratios.”> Nevertheless, this approach may not be suitable

for sorting target cells whose number is much smaller than the matrix cells, as in the case of the

rare circulating tumor cells (CTC).
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In this research project, we first report a facile synthesis of a patterned stimuli-responsive mixed
polymer brush biomaterial of PNIPAM and RGD-conjugated polyacrylic acid (PAA) via two
consecutive surface-initiated polymerization reactions and investigate its thermoresponsiveness
below and above its LCST temperature of 32 °C. Next, the synthesized biomaterial was used to
demonstrate its ability in switching fibroblast cells behavior between adhesion and detachment
using temperature change as an external mild stimulus. Finally, the present biomaterial was
applied to efficiently isolate U-87 MG cancer cells from mouse blood via the same concept.

3.2. Experimental Section

Materials. N-Isopropylacrylamide (97%) was purchased from Sigma and was used after
recrystallization from hexane. Tert-Butyl acrylate (98%), purchased from Sigma, was passed
through inhibitors remover prior to its use. 2-azidoethyl 2-bromoisobutyrate, sodium azide, and
phosphate buffered saline (PBS, pH 7.4) were used as received from Sigma. Poly(glycidyl
methacrylate) (PGMA) 20 Kg/mol was used as received from Aldrich. Dimethylformamide
(DMF) extra dry and anhydrous dichloromethane (DCM) were purchased from Acros Organics
and Sigma-Aldrich consecutively. Dibenzocyclooctyne-amine (DIBO-amine) was synthesized as
previously described.”® The peptide RGDS was purchased from Cayman Chemical. Silicon
wafers (orientation 100, native oxide) were purchased from University Wafer (South Boston,
MA, USA).

Measurements. Atomic Force Microscopy (AFM) images were obtained using Bruker
Multimode Nanoscope instrument in the tapping mode. A spectrometric ellipsometer from
Accurion (Germany) with a fixed angle of incidence of 70° was used to measure the dry films

thickness of at three different locations of each sample. Ellipsometry thickness maps were
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generated using the Accurion software package, DataStudio. A fluorescence microscope
(Olympus BX51) was used for fluorescence visualization.

Functionalization of Silicon Wafers with DIBO. The immobilization of photo-DIBO on the
surface was done as we previously reported.”’ Briefly, silicon wafers were first cut into square
pieces of 1x1 cm? and then sonicated in chloroform, DCM, and ethanol consecutively for 5 min
each before being rinsed with DI water. The silicon wafers were then soaked in a solution of
28% NH40H/30% H,0,/DI1 water (1:1:1 by volume) for 1 hour at 60 °C (caution, the solution is
highly oxidative and may cause chemical injury!). The substrates were then rinsed with DI water
and dried under a flux of Argon gas. Next, a solution of PGMA (0.1% in chloroform) was spin-
coated (2500 rpm, 1500 rpm/s, 60 s) on the substrates and immediately annealed in oven at 110
°C for 1 hour under vacuum. The resulting modified substrates were soaked in hot chloroform
for 30 min to extract unreacted PGMA. Finally, photo-DIBO-amine was immobilized on the
PGMA layer by keeping the PGMA-modified silicon substrates in a solution of photo-DIBO-
amine (12.5 mg/ml in DMF) at 50 °C for 24 h. The obtained substrates were sequentially rinsed
with DMF and chloroform and then dried with argon.

Poly (N-isopropylacrylamide) (PNIPAM)-Patterns Generation. A TEM grid (12.5 pitch) was
used as a photomask to expose select regions of the Photo-DIBO modified silicon wafers to a
hand-held UV light from Spectroline® with a wavelength 365 nm and an intensity of 1mW/cm?
for 150 seconds. Next, the substrates were immersed in a solution of 2-Azidoethyl 2-
bromoisobutyrate (5% in DMF V/V) for 1 hour at room temperature to attach the ATRP initiator
on the deprotected areas of the photo-modified substrate. PNIPAM patterns on the slides were
generated through a grafting from procedure using Arget ATRP according to the following

protocol: the initiator-modified surfaces were immersed into a solution containing 700 pl of
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methanol, 300 ul of DI water, 450 mg of NIPAM, 9 ul Cu(11)Br (50 mg/ml in DI water), and 9 pl
PMDTA (10% in DI water). After homogenization, the polymerization reaction was immediately
started upon the addition of 50 pl of ascorbic acid (40 mg/ml) into the solution. The
polymerization reaction was conducted at room temperature and was stopped, at different times
(according to desired thicknesses), by exposing the reaction mixture to air. Finally, the patterned
slides were rinsed with ethanol and then DI water before being dried with a stream of argon.

Polyacrylic Acid Patterning and RGDS Immobilization. The PNIPAM patterned slides were
first immersed in a solution of sodium azide (40 mg/ml in DI water for 30 minutes) in order to
convert the bromine end groups of PNIPAM chains into azide to avoid tert-butyl acrylate
copolymerization from PNIPAM end-chains. Next, the ATRP initiator was immobilized as
described above after exposing the remaining alkyne groups by UV light. To generate
polyacrylic acid brushes from the slides the following protocol was used: the initiator-modified
slides were immersed in a solution made of 1.5 ml of ethanol, 500 pl of tert-butyl acrylate, 9 pl
Cu(IDBr (50 mg/ml in DI water), and 9 ul PMDTA (10% in DI water). Similarly to before, the
polymerization was initiated right after adding 50 pl of ascorbic acid (40 mg/ml) into the
solution. The slides were then washed with ethanol and dried with argon. Finally, the slides were
immersed in a solution of methanesulfonic acid (1.5% in extra dry dichloromethane) for 2
minutes at room temperature to remove the pendant tert-butyl groups of poly (tert-butyl acrylate)
and yield polyacrylic acid (PAA) brushes. An amidation reaction between the carboxylic groups
of PAA with the primary amine groups of RGDS was, ultimately, performed to immobilize
RGDS peptides onto the PAA brushes in presence of EDC and NHS simultaneously to activate

the acrylic acid groups.
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Cell Culture. NIH/3T3 murine fibroblasts and U-87MG human glioblastoma cells were
purchased from ATCC. NIH/3T3 and U-87MG cells were cultured in DMEM medium (Corning,
USA) with 10% FBS (Corning, USA), 1% nonessential amino acids, and 1% penicillin-
streptomycin (MediaTech, USA). The cell line was incubated humidly under 37 °C and 5% CO..

NIH/3T3 Cells Attachment-Detachment Sequence. PNIPAM-patterned substrates were
deposited on a 6-well plate. Before seeding cells, the substrates were submerged in 75% ethanol
solution overnight for sterilization purpose. Then, the ethanol solution was removed and the
substrates were further rinsed with PBS for three times. 3 x 10° NIH/3T3 cells were seeded onto
the substrate in each well. Cells were incubated humidly under 37 °C and 5% CO, for 24 hours,
and then stained with calceinAM.

Cell Preparation for Cancer Cells Sorting. U-87MG cells expressing endogenous integrin avp
were selected as the model cancer cells for sorting test. When reaching 80-90% confluency, U-
87MG cells were labeled with CSFE cell labeling agent (Abcam) and then collected via
trypsinization. The cells were fixed in 2% formaldehyde solution in PBS (50% formalin solution)
overnight at 0-4 °C. Then U-87MG cells were counted using hemocytometer and further stained
with DAPI (Sigma-Aldrich). During the whole process, cells were kept at 0-4 °C and protected
from direct light exposure. Blood cells were collected from female balb/c mice. Briefly, the
whole blood was collected and mixed with heparin solution (1000 U/mL in PBS). The whole
blood mixture was centrifuged to separate blood cells from serum. Blood cells were carefully
rinsed with cold PBS for twice, then fixed with 2% formaldehyde solution in PBS (50% formalin
solution) overnight at 0-4 °C. Blood cells were counted using hemocytometer. To prevent any

heat induced damage, cells were kept at 0-4 °C during the preparation process.

48



3.3. Results and Discussion

PNIPAM-Patterned Substrates. Silicon wafers were modified with PGMA upon which photo-
DIBO molecules were immobilized. Photo-DIBO molecules were used to attach an ATRP
initiator to select areas after the surface was covered with a TEM grid and exposed to a UV light.
The initiator-coated substrates were subsequently used to generate patterned thin film of
PNIPAM via arget ATRP. As shown in figure 3.1, the polymerization reaction was a controlled

process. In fact, the thickness was observed to increase linearly with the polymerization time.
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Figure 3.1. Fitted curve of NIPAM arget ATRP kinetics from substrate-coated initiators.
The patterned polymer brush was imaged by AFM. As seen in figure 3.2, the formed patterns are
highly organized and smooth. In this image, the height profile from AFM indicates a uniform

thickness of about 80 nm around the scanned area.
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Figure 3.2. AFM morphology (a) and thickness profile (b) of the PNIPAM brush (80 nm) in dry.

Using two complementary techniques, the thermoresponsiveness of several thicknesses of the
patterned polymer brushes was next investigated in PBS buffer (pH 7.4) at different
temperatures. Figure 3.3 reports the ellipsomteric angles (¥ and A),and the thickness change of
PNIPAM films as the temperature increases from 15 °C to 42 °C. In all cases, it is observed that
the transition is not spontaneous but rather extends over 8-10° C. PNIPAM is known to exhibit a
lower critical solution temperature (LCST) in aqueous media. When PNIPAM chains are
confined to a surface, the polymer chains collapse and become less hydrophilic as the
temperature increases. In our case this transition seems to depend on the thickness in the dry
state as it is noticed that higher thicknesses generate higher thermal responsiveness. AFM images
(figure 3.4) further confirm the ellipsometric measurement, as it can be seen that PNIPAM brush
thickness changes from 80 nm to 220 nm when the temperature changes from above to below the

LCST.
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Polyacrylic Acid and RGDS Patterning. PtBA patterning was first achieved with arget ATRP
in ethanol. The reaction conditions were chosen to achieve a slow increase in PtBA thickness
with time to have a better control. One hour after the polymerization reaction, PtBA thickness
was ~16.9 nm (ellipsomtery). After acid hydrolysis of the PtBA, the thickness decreased to 8.9
nm in dry state. Swelling in PBS buffer of the mixed polymer brush (PNIPAM-PAA) in shown
in figure 3.5. Polyacrylic acid is a pH-responsive polyelectrolyte. At the pH of 7.4, the polymer
chains are expected to stretch away from the surface are they are fully solvated. In our case, PAA
film thickness increased from 8.9 nm to ~110 nm (figure 5b), which brought the thickness of
PNIPAM and PAA to the same level. However, the thickness difference between the two
polymers reached 100 nm when the temperature was lowered below the LCST of PNIPAM.
RGDS immobilization on PAA chains was achieved through a simple EDC coupling between the
carboxylic groups of PAA and the amine groups of RGDS. Upon the immobilization reaction,
the thickness increased from 8.9 nm to 17.3 nm. PAA and PAA-RGDS thicknesses in different
states are summarized in table 3.1.

Table 3.1. PAA and PAA-RGD thicknesses (in nm) in air and liquid.

PAA PAA-RGDS
Air swollen state Air swollen state
Ellipsometry 89+04 111.9+8.5 17.3+1.7 118.6+4.1
AFM 9.6 106 20 110
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Figure 3.5. AFM of PNIPAM-PAA brushes in dry (a), collapsed (b) and swollen state (c).

Fibroblast Cells Adhesion and Detachment. Fibroblast cells were seeded on four different
substrates for 24 hours. Four samples of different thicknesses (0, 18, 80, and 150 nm) were used
to investigate the thickness effects on cells adhesion. As seen from figure 3.6, the number of
cells attached does depend on the thickness of PNIPAM. Cells attachment to the substrates
slightly increases with a decreasing thickness of PNIPAM between 0 and 80 nm, however, at a
thickness of 150 nm, a very low number of cells were able to attach to the substrate. The latter

case is clearly manifested by the shapes of 3T3 cells that remained round. Cells that exhibit that
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shape do not have their integrins involved in any attachment and are rather held by physical
interactions with the substrate.”® 3T3 cells spreading, on the other side, signals strong bonding
interactions between cells integrins and RGD as the cells extend and occupy the maximum
possible area. Furthermore, since cells are seeded on a patterned biointerface that alternate
between adhesive (5 um) and non adhesive (7.5 pum) areas, it is evident that cells are able to
bridge multiple (> 3) non adhesive regions. It was previously shown that cell spreading becomes
limited when a maximum non adhesive area is crossed.”® Though this observation depends on
other factors such as the area of the RGD clusters, in our case, however, this outcome was not

observed.

Magnification: 10 x Magnification: 10 x

©
Magnification:. 10 x Magnification: 10 x j 100 1m

Figure 3.6. 3T3 cells attached to PNIPAM thickness (nm) of: 0 (a), 18 (b), 80 (c), and 150 (d).
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The non attachment of 3T3 cells on substrates with PNIPAM of 150 nm thickness is likely due to
the non accessibility of RGD to cells integrins. This observation seems to correlate well with the

theoretical studies done by Halperin et al*°

although the substrates are slightly different. In their
work, adhesion was suggested to be more pronounced when the RGD height position (z) falls
between h (37 °C) — L,and h (37 °C), with h (37 °C) represents PNIPAM thickness at 37 °C and
L; (~ 20 nm) is the distance between RGD and the cell surface. In our biointerface RGD location
(110 nm by AFM) is rather lower than h (37 °C) — L, which is at least 130 nm, which makes it

non reachable by cells integrins.

The detachment of 3T3 cells from the substrates were achieved by lowering the cell medium

—_— .
Magnification: 10 x Magnification: 10 x
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Figure 3.7. Cells release From PNIPAM thickness (nm) of: 0 (a), 18 (b), 80 (c), and 150 (d).
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temperature to room temperature (below PNIPAmM LCST). Figure 3.7 shows the correlation
between PNIPAmM layer thickness and extent of cells detachment. After a cooling period of 1
hour, 3T3 cells were not observed to detach from the control sample (with no PNIPAM) and the
number of cells remained unchanged. The extent of cells detachment was a little higher when a
PNIPAm layer of 18 nm was used, and the highest when an 80 nm of PNIPAM thickness was
used. In the latter case, the extension of PNIPAM chains, which substantially reduces RGD
accessibility, and their hydrophilicity, which caused cells to lose their tension on the substrates,
disrupted integrin-RGD bonds and caused the cells to lose the focal adhesion and detach

ultimately.

Cancer Cells Isolation. Approximately 90% of cancer-related deaths are attributed to the poorly
understood tumor metastasis in lieu of primary tumors.®! Metastasis is believed to be caused by
the spreading of circulating tumor cells (CTCs) from the primary tumor site to distant organs
through the blood.®* The proposed CTC detection platform constitutes a better alternative
approach to detect and isolate cancer cells based on their overexpression of certain biomolecules.
For example, many cancer cells are marked with an overexpression of the cell adhesion

3334 and more specifically integrin avp3.% In this study, we have already shown how

integrin,
3T3 cells adhesion and detachment from our switchable interface can be controlled remotely by
changing the medium temperature. Using the same concept, we investigated the isolation of U-
87 MG cancer cells from mouse blood. From one side, U-87 MG cells are known to exhibit one
of the highest integrin overexpression.*® On the other hand, blood cells (BC) do express the cell

adhesion integrin on their surface as in the case of white blood cells and blood platelets;

however, these integrins need to be activated before mediating any adhesion.*’
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Initially, the switchable interface was immersed in a PBS buffer (pH 7.4) solution containing

either U-87MG cells or blood cells to investigate their adhesion separately.

Figure 3.8. Adhesion and detachment of U-87MG cells (a) and blood cells (b).

Figure 3.8 shows that both cancer cells and blood cells seem to interact with the substrate upon
an incubation period of 9 hours at 37 °C. After a cooling period of 1 hour at room temperature,
most cancer cells remained attached to the surface, unlike blood cells. With bright field
microscope (data not shown), it was confirmed that cancer cells did attach on the surface via the
integrin-RGD interaction as the cells were observed to adopt a flat shape. As reviewed
previously,?® cells flattening during static in-vitro cell adhesion is a consequence of integrin

bonding. However, blood cells interactions with the substrate were likely weak.
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In the next experiment, the switchable biointerface was immersed in PBS buffer (pH 7.4)
containing U-87 MG cancer cells and blood cells at a ratio of 1/1000 (U87/ BCs). During the
incubation period of 9 hours, the medium temperature was oscillated between 37 °C and 25 °C
for one hour during each period. A separate sample was incubated with the same mixture of cells
and for the same period but with no temperature fluctuation. As shown in figure 3.9 a-e, U-
87MG cells number did increase with every heating and cooling sequence to reach a maximum
at 9 hours that corresponds to > 90 % cells recovery (figure 3.10). Recovery of U-87TMG cells,
was however, much lower when the medium temperature remained at 37 °C during the whole

incubation period (figure 3f).

Magnification: 10 x 0. Magnification: 10 x

Magnification: 10 x

Magnification: 10 x Magnification: 10 x

Figure 3.9. U-87MG cells separation by temperature oscillation (a-e) and continuous (f).
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It is clear from these results that the repeated sequence of heating and cooling of the substrates
enabled the isolation of more cells concentration as blood cells are released from the substrate

upon cooling to recruit more of the strongly adhering U-87 MG cells.
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Figure 3.10. U-87 MG cells recovery after final temperature oscillation.

3.4. Conclusion

In summary, this research project demonstrated the ability of the patterned stimuli-responsive
polymer brush to switch its properties from cell adhesive to a non adhesive surface using a mild
change of temperature. The thermoresponsiveness of the polymer PNIPAM enabled the
regulation of integrin-RGDS bonding. Furthermore, the switchable biointerface selective
adhesiveness was successfully used to separate U87MG cells from a complex mixture of blood
cells at a low U-87 MG/BC ratio to achieve a recovery of more than 90%. The method here
described has the benefit of not requiring labeling and can be used without high flow rates that

result in breaking the CTC clusters apart.
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4. MAGNETICALLY CONTROLLED DRUG DELIVERY SYSTEM FOR IMPLANT

INFLAMMATION?
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Abstract

Drugs administration using the concept of targeted delivery is well recognized due to its ability
to mediate a balance between the therapeutic effects and side effects of drugs. Due to concerns
over the side effects, the therapeutic concentration of drugs cannot be approached which leads to
only slight or no progress in treatment. In this research project, the development of an
implantable drug delivery system capable of releasing its therapeutics under the influence of an
external stimulus is reported. The drug delivery platform consists of a surface modified with
bovine serum albumin-drug conjugate from one side and magnetic nanoparticles on which BSA-
specific enzyme is immobilized from the other side. The drug release is finally induced by
applying a magnetic field near the implantable device which causes the enzyme-coated magnetic
nanoparticles to deposit on the surface and to immediately initiate proteolysis and drug release
consequently. The implantable device was further tested against an implant inflammation by
loading an anti-inflammatory drug and showed efficient control in space and time over the
release of the therapeutic when the stimulus is applied.

4.1. Introduction

Delivering drugs at their target site is one of the promising technologies in health care. Unlike
conventional drug administration, these delivering systems offer numerous advantages such as
drug concentration control, selectivity by accumulating at diseased sites, patient compliance due
to reduced administration frequency, and low to no side effects.® The latter advantage is
especially important considering that most drugs have side effects. Furthermore, any potential
drug is only approved after its therapeutic benefits are shown to outweigh its risks.

Stimuli responsive materials have recently become of high interest to the scientific community

due to their advantages over traditional materials in different fields of applications such as drug
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delivery, diagnostics, tissue engineering, and textiles.** These smart materials have the
capability to undergo physical or chemical changes as a response to externally applied stimuli,
which makes them promising candidates to address the drawbacks often associated with the use
of traditional materials, as in the case of drug delivery systems where non selectivity and
inaccuracy is a major concern. Examples of commonly used stimuli to trigger a chemical or

physical change within a smart responsive material include near-infrared light,>” pH changes,®*

10-11 12-14
d,

externally applied magnetic fiel and enzymes.
The use of magnetic field in drug delivery to stimulate a responsive material constitutes a better
approach, however, as it uses a non-invasive energy to direct the therapeutic toward the target
site, and the drug release can be induced virtually anywhere in the human body. Iron oxide
nanoparticles are some of the commonly used magnetic nanoparticles in drug delivery and are
characterized by their improved biocompatibility, simplicity of their preparation, and affluent
functional groups for further surface modification.™

One area that could possibly benefit from targeted drug delivery is the area of implantable
medical devices. Implantable medical devices are used widely in various parts within the human
body and have found applications in cardiovascular, orthopedics, contraception, drug delivery,
pacemakers, and cosmetics.'®?* These devices are exclusively implanted through surgical
procedures and are meant to reside in their host organ either permanently or temporarily.
Nevertheless, the introduction of a foreign device into the body is still under the burden of
complications.?>* One such complication is inflammatory host response caused by biomolecules
adsorption on the implant and leukocytes activation to counteract the foreign body.?® These serial

reaction events are known by biofouling and may incite persistent inflammatory response which

could ultimately lead to implant failure.?” The strategy to improve implant biocompatibility and
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deter anti-inflammatory responses has been preventive by coating the implant surface with an
antifouling polymer thin film such polyethylene glycol and poly (N-isopropyl acrylamide).?**
This approach, however, suffers from non-permanent aqueous stability,> in addition to
conflicting outcomes concerning their capabilities in dealing with persistent inflammatory
responses in-vivo.?” 3 A more attractive approach for a robust and biologically stable medical
implant against inflammation is to incorporate an anti-inflammatory drug that could remotely be
released and locally delivered upon the application of an external and non-invasive stimulus.

Recently, we reported the development of a novel platform for the remote control of biocatalytic
process and revealed its potential as a delivery system of therapeutic agents.* In that report, we
demonstrated how two different kinds of polymer brush-coated magnetic nanoparticles, with one
being loaded with a protease and the other with the protease-specific protein, can be merged
together under the influence of an external magnetic field to liberate a protein-bound molecule.
Using the same concept, we here provide a proof of concept study that describes the design and
synthesis of a model medical implant with antifouling properties and capability of controlled
release of a model drug to the implant immediate surroundings. The platform is composed of two
different parts: the main part, which contains the model drug to be released, is made by
immobilizing a protein-drug conjugate onto a silicon substrate followed by grafting a thin layer
of poly(oligo(ethylene glycol) methacrylate) (POEGMA) from the surface of the silicon wafer.
This thin film of POEGMA has the main objective of protecting the protein-drug conjugate from
undesirable release when no trigger is applied, in addition to avoiding an immune response
inside the body. The second part of the system is made of a protease that is covalently
immobilized on the surface of polymer brush-coated iron oxide magnetic nanoparticles.

Eventually, when an external magnetic field is applied under the drug-immobilized implant, the
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two parts of the system overcome the polymer brush barriers-that prevent the interaction of
different part with each other- and merge together to switch on the biocatalytic process (Figure
4.1).

As a proof of concept, we employed albumin-fluorescein isothiocyanate conjugate to monitor the
proteolytic process via fluorescence spectroscopy and evaluate the antifouling properties of the

model implant.
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Figure 4.1. lllustration of the working concept of the stimuli responsive model implant.

4.2. Experimental Section

Materials. Silicon wafers (orientation 100, native oxide) were purchased from University Wafer
(South Boston, MA). Poly(ethylene glycol) methyl ether methacrylate Mn 300 g/mol and
glycidyl methacrylate were purchased from sigma and were used immediately after inhibitors
removal using a basic aluminum oxide-packed column. The following reagents were similarly
obtained from commercial sources and were used as received: Budesonide, 2,5-dimethoxy-4-
iodoamphetamine (DOI), bovine serum albumin (BSA), albumin—fluorescein isothiocyanate
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conjugate (BSA-FITC), trypsin, tetraethyl orthosilicate (TEOS), N-Hydroxysuccinimide (NHS),
a-Bromoisobutyryl  bromide  (BIBB). N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC), (3-Aminopropyl) triethoxysilane (APS), Copper(ll) bromide,
N,N,N',N" N"-Pentamethyldiethylenetriamine (PMDETA), ascorbic acid, hydrogen peroxide,
ammonium hydroxide, iron(ll) chloride tetrahydrate, iron(l11) chloride hexahydrate, nitric acid,
sodium hydroxide, hydrochloric acid, trisodium citrate dehydrate, anhydrous dichloromethane,
and chloroform. Cyclopropenone-caged dibenzocyclooctyne-amine (photo-DIBO-amine) was
synthesized as previously described.*?

Measurements. Atomic Force Microscopy (AFM) images were obtained using Bruker
Multimode Nanoscope instrument in the tapping mode. A spectrometric ellipsometer from
Accurion (Germany) with a fixed angle of incidence of 70° was used to measure the dry films
thickness at three different locations of each sample. Ellipsometry thickness maps were
generated using the Accurion software package, DataStudio. Fluorescence spectra were collected
using the spectrofluorometer Fluorolog from Horiba. Nanoparticles size and zeta potential were
measured by dynamic light scattering using Zetasizer Nano ZS from Malvern. Nicolet 6700 FT-
IR spectrometer from Thermo Scientific was used to collect IR transmission spectra of
nanoparticles. Infrared spectra of the modified silicon wafers were recorded using Nicolet model
6700 with a grazing angle attenuated total reflectance accessory at 128 scans with a resolution of
4cm.

Synthesis of the Model Implant. Silicon wafers were first cut into square pieces of 1x1 cm? and
then sonicated in chloroform, DCM, and ethanol consecutively for 5 min each before being
rinsed with DI water. The silicon wafers were then soaked in a solution of 28% NH40H/30%

H202/DI water (1:1:1 by volume) for 1 hour at 60 °C. The substrates were rinsed with DI water
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and dried under a stream of argon. Next, the substrates were placed in a 2 % solution of APS in
ethanol for 6 hours at room temperature. The APS-modified silicon wafers were, next, sonicated
in ethanol for 5 min and annealed for 10 min at 110°C. The next step was to introduce an ATRP
initiator by reacting the primary amine functional groups of APS with BIBB. This reaction was
achieved by incubating the APS-modified silicon wafers in anhydrous dichloromethane
containing 2 %V/V of trimethylamine and 1 %V/V BIBB for 12 hours at room temperature. The
ATPR modified substrates were then cleaned with ethanol and dried with argon. In order to
covalently immobilize the protein BSA onto the surface, first, a thin layer of poly(glycidyl
methacrylate) (PGMA) was generated through ARGET ATRP using the following protocol: the
initiator-modified substrate was immersed in a solution containing 500 ul of DMF, 500 ul of dry
acetonitrile, 9 ul Cu(11)Br (0.224 M in water), and 9 ul PMDTA (0.479 M in water). The surface
initiated polymerization was started immediately upon the addition of 50 pl of ascorbic acid
(0.227 M in water). After 20 min, the polymerization was stopped by exposing the reaction
mixture to air and the PGMA-modified substrate was washed in ethanol and dried with argon.
The protein was conjugated to the PGMA-modified substrate by reacting the protein primary
amine groups with the epoxy groups of PGMA.** 5 mg/ml in PBS buffer of either BSA or BSA-
FiTC was added to the substrate and reacted for 12 hours at RT. The substrates were washed
with PBS buffer, SDS (0.1 M in water) for 30 minutes, and water to wash away the loosely
adsorbed protein molecules. A final thin layer of poly oligo(ethylene glycol) methyl ether
methacrylate (POEGMA) was generated from the end-group bromine of PGMA by adopting the
same aforementioned surface-initiated polymerization protocol and using Poly(ethylene glycol)
methyl ether methacrylate (500 ul) as the monomer and ethanol/water (500 pl/500 pl) as the

solvent. In the case of BSA, another step was undertaken which consisted of conjugating either
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Budesonide, or 2,5-dimethoxy-4-iodoamphetamine to BSA. This step was completed by first
activating the carboxylic groups of BSA-modified substrate with EDC (20 mg/ml in MES buffer
pH 5.5) and NHS (25 mg/ml in MES buffer pH 5.5) for 1 hour at room temperature, followed by
reacting the anti-inflammatory drugs (1 mg/ml in water/DMF) with the activated BSA at room
temperature overnight. The substrates were finally washed with water and dried with argon.

Synthesis of Trypsin-Coated Iron Oxide Magnetic Nanoparticles (MNPs-TRY). Iron oxide
magnetic nanoparticles were synthesized and coated with a silica shell using a previously
reported approach.®* ** The magnetite-silica core-shell nanoparticles were next modified with a
PGMA-POEGMA copolymer to create anchoring groups for the enzyme trypsin and confer a
good stability of the nanoparticles in aqueous media. First, the nanoparticles were stirred
overnight in a solution of dry toluene/acetonitrile (V/V: 1/3) containing 1 % (3-
Glycidyloxypropyl)trimethoxysilane, and then centrifuged and washed thrice with acetonitrile.
The GPS-modified nanoparticles were ultimately redispersed in DMF/acetonitrile V/V: 1/1. The
epoxy groups of GPS were, next, used to attach photo-DIBO for 24 hour, which was deprotected
afterward using a UV light and reacted with a synthesized azide-terminated PGMA following

our previously reported protocol.*®

The copolymerization of Poly(ethylene glycol) methyl ether
methacrylate from bromine-terminated PGMA was then completed according to a previous
report,®® followed by the immobilization of trypsin (10 mg/ml in PBS buffer pH 7.4) for 12 hours
at room temperature. Finally, the trypsin-immobilized nanoparticles were centrifuged and
washed with sodium acetate solution (20 mM, pH 3.2) to desorb the loosely attached trypsin
molecules.*

Protein Digestion and Trigger Release Experiments. The Model drug-modified implant was

immersed in PBS buffer containing MNPs-TRY and the temperature was adjusted to 37 °C. In
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order to initiate the biocatalytic reaction, an external magnetic field was positioned near the
implant, and the digestion progress was monitored by fluorescence spectroscopy (Aex =485 nm,
Aem=505-650 nm for BSA-FITC). To assess the antifouling properties of the model implant, the
BSA-FIiTC-modified substrates with different thicknesses of POEGMA were immersed in
solutions of PBS buffer containing 100 mM trypsin. Trypsin molecules ability to reach BSA-
FiTC was monitored with fluorescence spectroscopy.

4.3. Results and Discussion

Synthesis of the Model Implant. The model implant is designed to contain a BSA-drug
conjugate immobilized on the surface and imbedded into a thin polymer layer that serves as a
shield between the implant and biomolecules in the immediate environment. A PGMA layer was
first created from the surface of silicon wafers using surface-initiated ARGET ATRP. The use of
PGMA as an anchoring layer for subsequent modifications by synthetic and natural polymers has
previously been employed.®* The epoxy groups of PGMA are reactive toward many nucleophiles
through an epoxy ring opening reaction and this reactivity increases in aqueous media.*
Furthermore, PGMA provides more stability in aqueous media due to its hydrophobic nature and
the self-healing properties.®®>” The surface-initiated polymerization of GMA was done for 20
min to yield a PGMA film of ~ 15 nm thicknesses (Figure 4.2b). Immobilization of BSA on
PGMA was done in PBS buffer and the successful reaction was confirmed with grazing-angle
FTIR. POEGMA thin layer was generated using surface-initiated ARGET ATRP from bromine-
terminated PGMA. Ellipsomtery, AFM and grazing-angle FTIR were used to characterize the
final product. During this step, POEGMA layers of various thicknesses were generated to
investigate the dependence of the antifouling properties of the model implant on POEGMA

thickness. The FTIR spectra shown in figure 4.2a reveal the successful immobilization of
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PGMA. The appearance of the peaks at 1731 cm™ and 1143 cm™ are characteristics of the
carbonyl and ether stretch vibrations consecutively. Furthermore, the sp® stretch peaks of C-H are
apparent at 2900 cm™. After BSA immobilization on PGMA, new peaks appeared at 1652 cm™
and 1534 cm™ from amide | and amide I1, indicating the successful opening of epoxy moieties by
BSA lysine groups. FTIR spectra also reveal the successful generation of POEGMA through a
strong peak at 1103 cm™ of C-O bond stretch. The thickness of POEGMA was estimated by
ellipsomtery, and the step-by-step thickness map reveals the macroscopic uniformity of each
layer at a large scale. At a microscopic scale, AFM microscopy (Figure 4.3) shows the complete
coverage and smooth nature of all layers.
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Figure 4.2. FTIR grazing angle (a) and ellipsometry maps (b) of the substrate layers.
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Figure 4.3. AFM height images of Si-BIBB (a), Si-PGMA (b), Si-BSA (c), and Si-POEGMA (d).

Synthesis of Trypsin-Coated Iron Oxide Magnetic Nanoparticles. The enzyme-conjugated
magnetic nanoparticles (MNPs-TRY) were here designed by taking into account possible
undesired interactions between trypsin and its environment. In our previous report,® we have
shown that enzyme chemical structure and its activity are not compromised by enzyme
conjugation. This was further confirmed by carrying out enzyme activity test using ENZCHECK
(figure 4.4b). Furthermore, protein-conjugated magnetic nanoparticles do not interact with each
when the magnetic field is turned off due to the shielding effect excreted by a POEGMA thin
layer enveloping the enzyme molecules. The amount of enzyme conjugated onto the magnetic
nanoparticles was estimated by subtracting the measured UV absorption of the supernatant at

280 nm from that of trypsin solution prior to the reaction. Using a calibration curve of standard
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protein solutions, the immobilized trypsin was estimated to be 82.96 pg/mg of copolymer-
grafted nanoparticles (or 41.96 pg/ml). Moreover, FTIR spectra after each step were recorded.
As shown in figure 4.4a, the absorption at 1064 cm™ is characteristic of the Si-O-Si vibration
mode. Upon reacting azide-terminated PGMA with DIBO-immobilized nanoparticles, a peak at
1724 cm™ appears that represents the carbonyl stretch. The reaction success was furthermore
confirmed with the disappearance of azide peak at around 2200 cm™ (data not shown). Finally,
trypsin immobilization on the POEGMA-PGMA-modified magnetic nanoparticles was apparent
form the appearance of amide peaks at 1647 cm™ and 1532 cm™ from amide I and amide 11. The
nanoparticles sizes were measured with DLS and are presented by figure 4.4c. Initially, the iron
oxide magnetic nanoparticles had an average diameter of 15-20 nm that changed to 40 nm upon
silica coating of nanoparticles. The nanoparticles size changed again from ~40 nm to ~50-60 nm
and then to ~90-110 nm upon PGMA and POEGMA immobilization consecutively. It’s
noteworthy to mention that the magnetic nanoparticles became very stable colloidal dispersion in
aqueous media upon adding POEGMA. Furthermore, the POEGMA outer layer is anticipated to
confer the nanoparticles low degradation and increased blood circulation time, in addition to low

38-39

cytotoxicity, which are important requirements for the nanoparticles to reach their target and

trigger the drug release.
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Figure 4.4. FTIR spectra (a), enzyme activity of MNPs-TRY (b), and particle size by DLS of
MNPs (black), MNPs-Si (purple), MNPs-PGMA (green), and MNPs-POEGMA (red) (c)

Protein Digestion and Trigger Release Experiments. To determine the optimum thickness of
POEGMA necessary to deter undesired interactions of the model implant with surrounding
biomolecules, BSA-FITC-immobilized substrates were modified with different thicknesses of
POEGMA and then immersed in solutions of PBS buffer containing 100 mM trypsin. Figure 4.5
shows the effects POEGMA thickness on BSA proteolysis where it is clearly seen that higher
POEGMA thicknesses (at least 70 nm) totally prevent trypsin from reaching BSA. Proteolysis
was evident in absence of any POEGMA layer while it was also observed at 20 and 50 nm but at

a lesser extent.
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Figure 4.5. Thickness of POEGMA effects on proteolysis.

For BSA-FITC proteolysis using trypsin-immobilized magnetic nanoparticles, the process was
monitored under and without the influence of an external magnetic field using fluorescence
spectroscopy. Figure 4.6a reports the kinetics of FiTC-peptides release from the substrate as a
result of BSA-FIiTC proteolysis. Under the influence of an external magnetic field, trypsin-coated
MNPs were brought into contact with the model implant almost immediately causing the BSA
digestion and FiTC-peptides release to initiate promptly. This lead to a rapid BSA-FITC
digestion where most of the FiTC release was observed to occur within one hour. After that,
BSA-FITC proteolysis continued though at a slower rate. The maximum FiTC fluorescence
intensity was reached after about 6 hours of reaction, since the fluorescence signal didn’t change
significantly afterwards. The efficiency of the process was estimated to be about 55 % by
ascribing 100 % to the proteolysis process of BSA-FITC in trypsin solution (100 mM). During
the same period of 6 hours, BSA-FITC digestion in the absence of any magnetic field was

significantly less (Figure 4.6b) as trypsin modified magnetic nanoparticles were well dispersed
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and undisturbed in the digestion buffer. Moreover, the shielding effect provided by the thin layer

of POEGMA brush may have prevented gravity-induced deposited nanoparticles from reaching
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Figure 4.6. BSA-FITC proteolysis under and without the influence of a magnetic field.

4.4. Conclusion

In summary, a stimuli-responsive drug release from a model implant has been demonstrated
using a remotely controlled biocatalytic process. The drug release is stimulated by the
application of an external magnetic field that causes enzyme-modified magnetic nanoparticles to
accumulate on a drug-protein conjugate immobilized on substrate and initiate the protein
digestion. The model implant was loaded with actual anti-inflammatory drugs and exhibited
selective drug release and cytokine inhibition only when the external stimulus is applied. The
drug delivery platform here reported could potentially find further applications in fields where
controlling the special and temporal delivery of chemical and biological entities is desired.
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5. SUMMARY AND FUTURE OUTLOOK
5.1. Summary
The design and development of three different biomaterials for cells antifouling, targeted drug
delivery, and cells adhesion control was here reported. First, densely grafted polymer brushes of
poly(ethylene glycol) were achieved using solvent-free, catalyst-free click chemistry by the
grafting to approach. The method developed vyielded high grafting densities and brush
thicknesses. Furthermore, the obtained PEG brushes exhibited high antifouling properties and
longer stability in aqueous media.
Second, a stimuli-responsive biomaterial was developed to induce cells adhesion and detachment
via the regulation of cells integrin-RGD bond using a mild change of temperature. As a practical
application, the switchable interface was successfully used to isolate a small number of cancer
cells from a mixture of blood cells using temperature oscillation during the process.
Finally, a novel dual stimuli responsive platform via the controlled digestion of bovine serum
albumin with trypsin-loaded iron oxide magnetic nanoparticles was developed. The drug release
was simply achieved by subjecting the responsive platform to an external magnetic field causing
BSA proteolysis by trypsin and initiating the drug release immediately.
5.2. Future Work
The successful development of the biomaterials here discussed constitutes starting points for
long-term research projects. The following points are some examples of a logical extension of
this work:
The developed targeted drug delivery interface could be investigated for cancer drugs delivery as

an implantable delivery device considering that cytotoxic drugs have harsh side effects.
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Furthermore combining this approach with an active drug delivery method such as RGD labeling
on the magnetic nanoparticles could enhance the drug selectivity.

We have shown that cancer cells could be efficiently detected and isolated from a complex
mixture of cells using a patterned switchable biointerface. This biointerface could potentially be
investigated as a cheap and convenient means to study the behavior and responsiveness of
abnormal cells upon presenting and hiding biomolecules to the cells surface.

Finally, incorporating other cells recognition motifs that are selective to the abnormal cells
should enable the isolation of more than one kind of cells considering that integrin is not

overexpressed by all malignant cells.
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