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Abstract

This work focuses on the surface modification of magnetite nanoparticle (MNP) with amino
acid-containing polymers and/or stimuli-responsive polymers and their applications. These novel
polymers containing amino acid-derived polymers and/or stimuli-responsive polymers can provide a
viable route to the production of tailored materials with unique intelligent properties for various bio-
medical applications, such as drug controlled release and biocompatible materials. The functional
polymers were synthesized via various methods, e.g. reversible addition—fragmentation chain
transfer (RAFT) polymerization and conventional radical polymerization and then coated on MNP
surface. Three different types of amino acid-derive monomers are of interest in this work; 1)
azlactone monomer (Chapter Il), 2) thiolactone monomer (Chapter Ill) and 3) N-acryloyl glycine
(NAG) monomer (Chapter IV). These monomers contain polymerizable groups (acryloyl groups)
and reactive functional groups (heterocyclic or carboxylate groups) for further coupling with other
biomolecules. In addition to the amino acid-derived polymers, the polymers may contain other
stimuli-responsive polymers, such as thermo-responsive poly(N-isopropylacrylamide) (PNIPAAm)
(Chapter V) and pH-responsive poly(acrylic acid) (PAA)(Chapter VI). Therefore, it is expected that
the knowledge obtained from this work will be useful for further development in advanced

applications in nanoscience and nanotechnology.

Keyword: magnetite, nanoparticle, functional polymer, amino acid, controlled release
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6. Research problem and its significance

Magnetite nanoparticle (MNP) has markedly been of scientific and technological interest in
the present day because of its magnetically guidable and nanoscale-related properties. The
potential applications of MNP include magnetic resonance imaging (MRI) enhancement, drug
delivery, magnetic separation and diagnosis of biological molecules such as DNA and antibodies. It
is usually stabilized either by charge repulsion of electrical surface or steric repulsion of long-chain
polymeric surfactants grafted on surfaces to prevent particle aggregation, resulting in the loss of

nano-scale related properties. Many previous works focused on coating the particles with polymers
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using various approaches, such as physical adsorption of polymers on its surfaces, emulsion
polymerization in the presence of MNP and the so-called “grafting to” and “grafting from” strategies.
In addition, coating the particles with polymers also improves particle dispersibility in the media and
biocompatibility, which are minimum requirements for uses in biomedical applications. Furthermore,
the polymers on MNP surface also provide a platform for incorporation of various biological
functional molecules.

In this research, surface modification of MNP with many functional polymers, including
amino acid-containing polymers, pH-responsive polymers and thermo-responsive polymers and its
applications were focused. Amino acid-derived monomers have been intensively studied during the
last decade because they may create new non biological macromolecules with biomimetic
structures and properties. Importantly, amino acid-derived monomers as well as their corresponding
polymer structures are increasingly available for designing the additional functional groups. The
copolymers containing amino acid-based polymers and/or stimuli-responsive polymers can provide
a viable route to the production of tailored materials with unique intelligent properties for various
biological and medicinal applications, such as controlled release and biocompatible materials.

In this work, the functional copolymers were synthesized via various methods, e.g.
reversible addition—fragmentation chain transfer (RAFT) polymerization and conventional radical
polymerization and then coated on MNP surface. Three different types of amino acid-derive
monomers are of interest in this work; 1) azlactone monomer (Chapter 1), 2) thiolactone monomer
(Chapter 2) and 3) N-acryloyl glycine (NAG) monomer (Chapter 3). These monomers contain
polymerizable groups (acryloyl groups) and reactive functional groups (heterocyclic or carboxylate
groups) for further coupling with other biomolecules. In addition to the amino acid-derived
polymers, the polymer may contain other stimuli-responsive polymers, such as thermo-responsive
poly(N-isopropylacrylamide) (PNIPAAm) (Chapter 4) and pH-responsive poly(acrylic acid)
(PAA)(Chapter 5).

7. Research Objectives

1. To design and synthesize the functional polymers containing amino acid-derived

monomers and/or stimuli-responsive polymers to coat on MNP surface
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2. To use the MNP coated with functional polymers in biomedical applications, such as to

immobilize and to control the release of entrapped entities on the particle surface

8. Research methodology and brief results
The experimental section in this project was divided into 3 steps:
1) Synthesis of MNP and surface functionalization with functional groups,
2) Synthesis of functional polymers on MNP surface and
3) Applications of polymer-coated MNP
Step 1: Synthesis of MNP and surface functionalization with functional groups

MNP was synthesized via the co-precipitation of Fe2+ and Fe3+ salts in an aqueous basic
solution. Surface functionalization of bare MNP with functional groups such as amino groups and
acrylamide groups was performed to get the MNP surface ready for “grafting from” or “grafting to”

polymerizations.
Step 2 and 3: Synthesis of functional polymers on MNP surface and their applications

The details of the surface functionalization of MNP with functional polymers and their

applications are following;

Recyclable magnetic nanocluster crosslinked with poly(ethylene oxide)-block-poly(2-vinyl-4,4-

dimethylazlactone) copolymer for adsorption with antibody (details in Chapter 1)

Surface  modification of MNP with poly(ethylene  oxide)-block-poly(2-vinyl-4,4-
dimethylazlactone) (PEO-b-PVDM) diblock copolymers and its application as recyclable magnetic
nano-support for adsorption with antibody were studied. PEO-b-PVDM copolymers were first
synthesized via a RAFT polymerization using PEO chain-transfer agent as a macromolecular chain
transfer agent to mediate the RAFT polymerization of VDM. They were then grafted on amino-

functionalized MNP by coupling with some azlactone rings of the PVDM block to form magnetic
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nanoclusters with tunable cluster size. The nanocluster size could be tuned by adjusting the chain
length of the PVDM block. The nanoclusters were successfully used as efficient and recyclable
nano-supports for adsorption with anti-rabbit IgG antibody. They retained higher than 95%
adsorption of the antibody during eight adsorption-separation-desorption cycles, indicating the
potential feasibility in using this novel hybrid nanocluster as recyclable support in cell separation

applications.

Effect of alkyl chain lengths on the assemblies of magnetic nanoparticles coated with multi-functional

thiolactone-containing copolymer (details in Chapter Ill)

Synthesis of MNP coated with poly(N,N-diethylaminoethyl methacrylate)-b-poly(N-isopropyl
acrylamide-st-thiolactone acrylamide) (PDEAEMA-b-P(NIPAAm-st-TlaAm) copolymer and its use in
controlled drug release and bio-conjugation were studied. TlaAm units in the copolymer were ring-
opened with various alkyl amines to form thiol groups (-SH), followed by thiol-ene coupling
reactions with acrylamide-coated MNP and then quaternized to obtain cationic copolymer-MNP
assemblies (the size < 200 nm/cluster). The use of alkyl amines having various chain lengths (e.g.
1-propylamine, 1-octylamine or 1-dodecylamine) in the nucleophilic ring-opening reactions of the
thiolactone rings affected their magnetic separation ability, water dispersibility and release rate of
doxorubicin model drug. In all cases, when increasing the temperature, they showed a thermo-
responsive behavior as indicated by the decrease in hydrodynamic size and the accelerated drug
release rate. These copolymer-MNP assemblies could be used as a novel platform with thermal-
triggering controlled drug release and capability for adsorption with any negatively charged

biomolecules.

Multi-responsive poly(N-acryloyl glycine)-based nanocomposite and its drug release characteristics
(details in Chapter V)

pH- and thermo-responsive nanocomposite composing of poly(N-acryloyl glycine) (PNAG)
matrix and MNP was synthesized and then used for drug controlled release application. The effects
of crosslinkers, e.g. ethylenediamine and tris(2-aminoethyl)amine, and their concentrations (1 and

10 mol%) on the size, magnetic separation ability and water dispersibility of the nanocomposite



were investigated. The nanocomposite crosslinked with tris(2-aminoethyl)amine (size ranging
between 50 and 150 nm in diameter) can be rapidly separated by a magnet while maintaining its
good dispersibility in water. It can respond to the pH and temperature change as indicated by the
changes in its zeta potential and hydrodynamic size. From the in vitro release study, theophylline
as a model drug was rapidly released when the pH changed from neutral to acidic/basic conditions
or when increasing the temperature from 10 °C to 37 °C. This novel nanocomposite showed a
potential application as a magnetically guidable vehicle for drug controlled release with pH- and

thermo-triggered mechanism.

Controlled magnetite nanoclustering in the presence of glycidyl-functionalized thermo-responsive
poly(N-isopropylacrylamide) (details in Chapter V)

Glycidyl-functionalized poly(N-isopropylacrylamide) (PNIPAAm), synthesized via RAFT
polymerization, was used for controlling degree of nanoclustering of MNP. The polymer was grafted
onto MNP via the ring-opening reaction between glycidyl groups at the PNIPAAm chain terminal and
amino groups on the MNP surface to obtain thermo-responsive MNP nanocluster. Hydrodynamic
size (Dy,) and colloidal stability of the nanocluster, corresponding to the degree of nanoclustering
reaction, can be regulated either by adjusting the ratio of MNP to the polymer in the reaction or by
introducing glycidyl groups to the polymers. The size of the nanocluster ranged between 20 and
150 nm in diameter with about 10-120 particles/cluster. Thermogravimetric analysis (TGA) and
vibrating sample magnetometry (VSM) were used to confirm the presence of the polymer in the
nanocluster. A study showing indomethacin controlled release of these MNP nanoclusters was also
performed. This stable nanocluster with magnetically guidable properties might be potentially used
for entrapment of other bio-entities or therapeutic drugs with temperature-responsive properties for

controlled release applications.

Reusable magnetic nanocluster coated with poly(acrylic acid) and its adsorption with antibody and

antigen (details in Chapter V)

Synthesis of negatively charged magnetite nanocluster grafted with poly(acrylic acid) (PAA)
and its application as reusable nano-supports for adsorption with antibody and antigen were
presented herein. It was facilely prepared via a free radical polymerization of PAA in the presence

of functionalized MNP to obtain highly negative charged nanocluster with high magnetic



responsiveness, good dispersibility and stability in water. According to transmission electron
microscopy, size of the nanocluster ranged between 200 and 500 nm without large aggregation
visually observed in water. Hydrodynamic size of the nanocluster consistently increased as
increasing pH of the dispersion, indicating its pH-responsive properties due to the repulsion of
anionic carboxylate groups in the structure. This nanocluster was successfully used as an efficient
and reusable support for adsorption with anti-horseradish peroxidase antibody. It preserved higher
than 97% adsorption ability of the antibody after eight reusing cycles, signifying the potential of this

novel nanocluster as a reusable support in magnetic separation applications of other bioentities.

9. Conclusions

This works focused on the synthesis and design of amino acid-containing polymers and/or
stimuli-responsive polymer, their coating on MNP surface and their medical-related applications.
The functional polymers grafted on MNP surface were synthesized through either “grafting to” or
“grafting from” strategies using various polymerization mechanisms, such as RAFT polymerization
(Chapter I, Il and V) and conventional radical polymerization (Chapter IV and VI). The novelty of
this project came from the synthesis of new types of (co)polymers grafted on MNP surface, such
as (co)polymers between azlactone-containing polymer and PEO (Chapter Il), thiolactone-
containing polymer and PNIPAAm (Chapter Ill) and PNIPAAm containing glycidyl units (Chapter V).
In addition, the polymer structure on MNP surface was also designed such that it can readily react
and crosslink with the functional groups on MNP surface in a controllable fashion. Effect of the
change in solution temperature and/or pH on the entrapment and loading efficiencies and also on
releasing profiles of the entrapped entities were studied (Chapter IIl, IV, V and VI). It was found
that releasing rate of entrapped entities in the functional polymeric shell of MNP can be tuned
when temperature or pH of its environment change. There are five international publications from
this work. The authors hope that the results from this work can be extended and used for

advanced science and technology.
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Chapter |

Introduction

Research problem and its significance

Magnetite nanoparticle (MNP) has markedly been of scientific and technological
interest in the present day because of its magnetically guidable and nanoscale-related
properties. The potential applications of MNP include magnetic resonance imaging (MRI)
enhancement, drug delivery, magnetic separation and diagnosis of biological molecules such
as DNA and antibodies. It is usually stabilized either by charge repulsion of electrical surface
or steric repulsion of long-chain polymeric surfactants grafted on surfaces to prevent particle
aggregation, resulting in the loss of nano-scale related properties. Many previous works
focused on coating the particles with polymers using various approaches, such as physical
adsorption of polymers on its surfaces, emulsion polymerization in the presence of MNP and
the so-called “grafting to” and “grafting from” strategies. In addition, coating the particles
with polymers also improves particle dispersibility in the media and biocompatibility, which
are minimum requirements for uses in biomedical applications. Furthermore, the polymers on
MNP surface also provide a platform for incorporation of various biological functional
molecules.

In this research, surface modification of MNP with many functional polymers,
including amino acid-containing polymers, pH-responsive polymers and thermo-responsive
polymers and its applications have been focused. Amino acid-derived monomers have been
intensively studied during the last decade because they may create new non-biological
macromolecules with biomimetic structures and properties. Importantly, amino acid-derived
monomers as well as their corresponding polymer structures are increasingly available for
designing the additional functional groups. The copolymers containing amino acid-based
polymers and/or stimuli-responsive polymers can provide a viable route to the production of
tailored materials with unique intelligent properties for various biological and medicinal
applications, such as controlled release and biocompatible materials.

In this work, the functional polymers were synthesized via various methods, e.g.
reversible addition—fragmentation chain transfer (RAFT) polymerization and conventional
radical polymerization and then coated on MNP surface. Three different types of amino acid-
derive monomers were of interest in this work; 1) azlactone monomer (Chapter 1), 2)



thiolactone monomer (Chapter 2) and 3) N-acryloyl glycine (NAG) monomer (Chapter 3).
These monomers contain polymerizable groups (acryloyl groups) and reactive functional
groups (heterocyclic or carboxylate groups) for further coupling with other biomolecules. In
addition to the amino acid-derived polymers, the polymers may contain other stimuli-
responsive polymers, such as thermo-responsive poly(N-isopropylacrylamide) (PNIPAAmM)
(Chapter 4) and pH-responsive poly(acrylic acid) (PAA)(Chapter 5).

Research objectives

1. To design and synthesize the functional polymers containing amino acid-derived

monomers and/or stimuli-responsive polymers to coat on MNP surface

2. To use the MNP coated with functional polymers in biomedical applications, such

as to immobilize and to control the release of entrapped entities on the particle surface

Therefore, the content of this report comprises 5 chapters as following,

Chapter Il: Recyclable magnetic nanocluster crosslinked with poly(ethylene oxide)-block-

poly(2-vinyl-4,4-dimethylazlactone) copolymer for adsorption with antibody

Chapter Il1: Effect of alkyl chain lengths on the assemblies of magnetic nanoparticles coated

with multi-functional thiolactone-containing copolymer

Chapter 1V: Multi-responsive poly(N-acryloyl glycine)-based nanocomposite and its drug
release characteristics

Chapter V: Controlled magnetite nanoclustering in the presence of glycidyl-functionalized
thermo-responsive poly(N-isopropylacrylamide)

Chapter VI: Reusable magnetic nanocluster coated with poly(acrylic acid) and its adsorption

with antibody and antigen



Chapter 11

Recyclable magnetic nanocluster crosslinked with
poly(ethylene oxide)-block-poly(2-vinyl-4,4-
dimethylazlactone) copolymer for adsorption with

antibody

Abstract

Surface modification of magnetic nanoparticle (MNP) with poly(ethylene oxide)-
block-poly(2-vinyl-4,4-dimethylazlactone) (PEO-b-PVDM) diblock copolymers and its
application as recyclable magnetic nano-support for adsorption with antibody were reported
herein. PEO-b-PVDM copolymers were first synthesized via a reversible addition-
fragmentation chain-transfer (RAFT) polymerization using poly(ethylene oxide) chain-
transfer agent as a macromolecular chain transfer agent to mediate the RAFT polymerization
of VDM. They were then grafted on amino-functionalized MNP by coupling with some
azlactone rings of the PVDM block to form magnetic nanoclusters with tunable cluster size.
The nanocluster size could be tuned by adjusting the chain length of the PVDM block. The
nanoclusters were successfully used as efficient and recyclable nano-supports for adsorption
with anti-rabbit 1gG antibody. They retained higher than 95% adsorption of the antibody
during eight adsorption-separation-desorption cycles, indicating the potential feasibility in

using this novel hybrid nanocluster as recyclable support in cell separation applications.

Keywords: magnetite; nanocluster; azlactone; RAFT; antibody; adsorption



1. Introduction

Magnetic nanoparticles (MNPs) have potential applications in a wide range of
biomedical areas, such as hyperthermia treatment of tumor [1], contrast enhancement agents
in magnetic resonance imaging (MRI) [2], immunoassay magnetic marker [3], site-specific
drug delivery system [4] and magnetic separation [5]. However, there are limitations in
applying external magnetic field to MNPs in biomedical uses because unmodified MNPs are
not stable in physiological fluids, leading to their aggregation in aqueous dispersion due to
attractive forces, e.g. dipole-dipole interaction and magnetic force [6]. Therefore, surface
modification of MNPs is a crucial requirement to use these particles as biomedical materials.
One of the most common useful methods for surface modification is grafting polymers onto
the particle surface, not only to protect the particle against aggregation, but also to provide a
platform for further surface functionalization.

In general, there are two approaches for attachment of polymers to particle surface,
including the so-called “grafting-from” and “grafting-onto” strategies [7-10]. The “grafting-
from” strategy involves the growth of polymer from particle surface [7, 8], while in the
“grafting-onto” strategy, a pre-synthesized polymer is first prepared in solution and then
grafted onto particle surface [9, 10]. The combination of these two strategies with controlled
radical polymerization (CRP) techniques, such as atom transfer radical polymerization
(ATRP) and reversible addition-fragmentation chain transfer (RAFT) polymerization, has
been widely used to prepare well-defined polymers coated onto MNP surface [11-14]. RAFT
polymerization is one of several types of CRP techniques that produce polymers with
controllable molecular weights and narrow polydispersity indices (PDIs). Moreover, RAFT
polymerization is applicable to a wide range of vinyl monomers without using metal
catalysts. It can also be performed under mild condition reactions in various reaction systems,
including aqueous solution, organic solvents, suspensions, emulsions and ionic liquids [15-
23].

Another limitation of applications of MNPs in biomedical applications is the low
magnetic sensitivity of single nanoparticles, resulting in difficulties concerning their targeted
delivery of MNPs by using a permanent magnetic field. The particle size should be
sufficiently large in order to yield high magnetization. However, the particles are unstable
when their size is too large due to attractive forced among the particles, leading to
macroscopic aggregation and thus loss in nano-scale related properties. Controllable

formation of nanoclustering is another potential approach to enhance magnetic sensitivity of



MNPs. High saturation magnetization of these magnetic nanoclusters is essential to
efficiently separate them from dispersions or localize them to a target-organ.

In the present day, many works have reported the use of MNPs for separation of bio-
entities such as DNA, RNA and proteins [24, 25, 5]. In addition, the potential of specific
antibody-conjugated MNP for cell separation [26] and magnetic marker [3] was extensively
studied. For example, Puertas et al. [27] have recently reported the synthesis of carboxylated
MNP for ionic adsorption with antibodies through their richest positive charged regions. The
adsorption of antibodies was applicable at the pH lower than its isoelectric point and the
antibodies could be easily eluted by increasing the ionic strength and/or changing the net
charge of the antibodies by changing the solution pH. Moreover, Xu et al. [26] have also
synthesized antibody-conjugated MNPs for use as a platform to separate circulating tumor
cells (CTCs) from fresh whole blood. MNPs having reactive carboxyl groups were
conjugated with antibody against human epithelial growth factor receptor 2 (anti-HER2)
through an amidation reaction. The particle was then used to isolate HER2 from human
breast cancer cell line SK-BR3. It was found that the capture of the HER2 was obtained only
when the MNP was conjugated with the specific antibody.

In this work, we used the ‘“grafting-onto” strategy to modify MNP surface with
poly(ethylene oxide)-block-poly(2-vinyl-4,4-dimethylazlactone) (PEO-b-PVDM) copolymers
to form magnetic nanoclusters with tunable cluster size. The copolymers were synthesized
via RAFT polymerization to produce well-defined diblock structures with controlled PVDM
block lengths. PEO allows the particles to well disperse in aqueous medium and some
azlactone rings in the PVDM block serve as reactive electrophilic sites for further coupling
with amino groups grafted on MNP surface. It was hypothesized that the chain length of the
reactive PVDM block should somewhat influence the nanoclustering formation, which
essentially affected its magnetic properties and water dispersibility. Degree of nanoclustering
and magnetic sensitivity of the MNP clusters were optimized such that water dispersible
nanoclusters with high magnetic separation efficiency were obtained. In this study, the
efficiency of the magnetic nanoclusters for separation of anti-rabbit 1gG antibody from the

dispersion and their recycling ability were also determined (Scheme 1).
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Scheme 1. Schematic illustration of PEO-b-PVDM diblock copolymer-MNP nanocluster for

antibody adsorption and its recycling

2. Experimental
2.1 Materials

Unless otherwise noted, all reagents were used without further purification: iron (I11)
acetylacetonate (Fe(acac)s, 99.9%, Acros), benzyl alcohol (98%, Unilab), oleic acid (90%,
Fluka), (3-aminopropyl)triethoxysilane (APS, 99%, Sigma-Aldrich), triethylamine (TEA, >
99%, Sigma-Aldrich), 4,4’-azobis(4-cyanovaleric acid) (ACVA, > 98%, Aldrich), anti-rabbit
IgG (antibody produced in goat, Sigma-Aldrich), 1gG from rabbit serum (Sigma-Aldrich),
anti-lgG-HRP (anti-rabbit 1gG (whole molecule)-peroxidase (Sigma-Aldrich), 10% BSA
diluents (KPL), ABTS® Peroxidase Substrate (KPL), Bradford reagent (Sigma), bovine
gamma globulin (BGG, Thermo Scientific) and 2-(N-morpholino)ethanesulfonic acid (MES,
99%, Acros). 2-Dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP) [28],
poly(ethylene oxide) chain transfer agent (PEO-CTA) [29] and 2-vinyl-4,4-dimethylazlactone
(VDM) [30] were synthesized following the reported procedures. Pure water was obtained
from a Millipore Direct Q system. 1,4-Dioxane (99.8%, Sigma-Aldrich), n-hexane (95%,
Acros), N,N-dimethylformamide (DMF, 99.8%, Aldrich), toluene (99.8%, Sigma-Aldrich),
ethanol (> 99.5%, Sigma-Aldrich), and dichloromethane (CH.Cl;, > 99.5 %, Sigma-Aldrich)

were used as received.



2.2 Characterization

Fourier transform infrared (FTIR) spectroscopy was performed on a Perkin-Elmer
Model 1600 Series FTIR Spectrophotometer. The solid samples were mixed with KBr to
form pellets. Nuclear magnetic resonance (NMR) spectra were performed on a 400 MHz
Bruker NMR spectrometer for *H NMR (400 MHz). Chemical shifts are reported in ppm
relative to deuterated solvent resonances. Molar masses and molar mass distributions were
determined via size exclusion chromatography (SEC) operating at 35°C on a system equipped
with a Spectra System AS1000 autosampler with a guard column (Polymer Laboratories, PL
gel 5 um guard, 50 x 7.5 mm) followed by two columns (Polymer Laboratories, two PL gel 5
pm Mixed-D columns, 2 x 300 x 7.5 mm) and a refractive index detector (SpectraSystem RI-
150). Polystyrene standards (580-483 x 10° g.mol™) were used to calibrate the SEC.
Transmission electron microscopy (TEM) was performed on a Philips Tecnai 12 operated at
120 kV equipped with a Gatan model 782 CCD camera. Thermogravimetric analysis (TGA)
was performed on SDTA 851 Mettler-Toledo at the temperature ranging between 25 and
600°C at a heating rate of 20°C/min under oxygen atmosphere. Vibrating sample
magnetometer (VSM) measurements were performed at room temperature using a Standard
7403 Series, Lakeshore vibrating sample magnetometer. Hydrodynamic diameter (Dy) and
zeta potential of the particles were measured via a photo correlation spectroscopy (PCS)
using NanoZS4700 nanoseries Malvern instrument. The sample dispersions were sonicated
for 30 min before the measurements at 25°C without filtration. The ability of antibody
adsorption to MNP was investigated with an ultraviolet-visible (UV-vis) spectrophotometer

on Perkin Elmer model Lamda 20 at A = 595 nm.
2.3 Synthesis and properties of copolymers-MNP nanoclusters

2.3.1 Synthesis of PEO-b-PVDM diblock copolymers by RAFT polymerization (Scheme
2)

An example of the synthesis of PEO-b-PVVDM block copolymer using a molar ratio of
[VDM]o:[PEO-CTA]o:[ACVA], equal to 100:1:0.2 molar ratio is herein explained. VDM
(0.74 g, 5.34 x 10 mol), PEO-CTA (0.126 g, 5.34 x 10” mol), ACVA (3 mg, 1.07 x 107
mol), 1,4-dioxane (3.0 mL) and DMF (0.2 mL) used as an internal reference were added to a
Schlenk tube equipped with a stir bar. The mixture was deoxygenated by bubbling argon for

30 min. The solution was then immersed in an oil bath thermostated at 70°C for 4 h to allow



the polymerization to occur. Conversion of VDM was determined to be 41% by '‘H NMR
spectroscopy by comparing the integration area value of the vinylic protons of VDM at 5.93
ppm with the integration area value of the CH proton of DMF at 8.01 ppm. After
precipitation in n-hexane, the polymer was dried in vacuo at room temperature for 12 h to

yield a yellow powder product. The final polymer was analyzed by SEC, FT-IR spectroscopy

and 'H NMR spectroscopy. M, sec = 8800 g.mol™, PDI = 1.09. FTIR (v, cm™): vicoc:

azlactone) — = 1201 » V(C=N; azlactone) = = 1699 and V(C=0; azlactone) — = 1817. 1H NMR (400 MHZ CDCIS,
(ppm)): 0.86 (CH3-(CHy)10-CH,-S-), 1.40 (-OCO-(C(CH3)2-N=), 1.80-2.80 (-CH,-CH),, 3.38
(CH30(CH2-CH20)44-) and 3.65 (CHgo(CHz-CH20)44'CHzCHz-OC(O)C(CH3)2-).
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Scheme 2. Synthesis of PEO-b-PVDM diblock copolymers by RAFT polymerization

2.3.2 Synthesis of (3-aminopropyl)triethoxysilane-grafted MNP (APS-grafted MNP)
Amino-grafted MNPs were synthesized through a three-step process: (1) synthesis of
MNP core, (2) grafting of oleic acid onto the MNP and (3) a ligand exchange reaction with
APS. First, a thermal decomposition of Fe(acac)s (5 g, 14.05 mmol) in benzyl alcohol (90
mL) was performed at 180°C for 48 h to obtain MNP core. The particle was magnetically
separated from the dispersion and washed with ethanol and CH,Cl, repetitively to remove
benzyl alcohol and then dried in vacuo. Oleic acid (4 mL) was then dropped to a MNP-
toluene dispersion (0.8 g of MNPs in 30 mL of toluene) previously sonicated, to form oleic
acid-grafted MNPs. APS (0.6 g, 2.71 x 10™ mol) was then added to the oleic acid-grafted
MNP dispersed in toluene (0.8 g of the MNP in 30 mL of toluene) containing 2 M TEA (5
mL) to form APS-grafted MNPs. After stirring for 24 h, the particles were precipitated in
ethanol and washed with toluene to remove oleic acid and ungrafted APS from the
dispersion. FTIR (v, cm'l): V(re-0) = 586, V(si-0 stretching) = 1103-1079, v(cHs stretching) = 2974-2886

and V(N-H stretching) — = 3363.



2.3.3 Formation of PEO-b-PVDM copolymers-MNP nanoclusters (Scheme 3)
APS-grafted MNP (100 mg) was dispersed in 10 mL 1,4-dioxane by sonication. Then,
a PEO-b-PVDM diblock copolymer solution (100 mg of the copolymer in 10 mL of 1,4-
dioxane) was added to the APS-grafted MNP dispersion under stirring at room temperature
for 12 h. The copolymer-MNP nanocluster was magnetically separated from the dispersion
and washed with 1,4-dioxane. This process was repeatedly performed to remove ungrafted
copolymer from the MNP nanocluster. The copolymer-MNP nanocluster was then dried in

vacuo at room temperature for 12 h.
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Scheme 3. Synthesis of PEO-b-PVVDM copolymers-MNP nanocluster

2.3.4 Study in adsorption percentage of the copolymer-MNP nanoclusters with antibody

The copolymer-MNP nanocluster was first dispersed in water for 12 h to form
carboxylated-enriched nanocluster due to the ring-opening reaction of the remaining
azlactone rings in the copolymer on particle surface. After drying process, 10 mg of the
copolymer-MNP nanoclusters were incubated in 1 mL of 10 mM MES pH 6 solution
containing anti-rabbit IgG antibody for 2 h at room temperature. The Bradford assay [31] was
used to determine antibody adsorption percentage of the particles with antibody. The protein
concentration of all samples was determined using a calibration curve of BGG as a protein
standard (in the Supporting Information). The copolymer-MNP nanoclusters after adsorption
with antibody were separated from the supernatant using an external magnet and
characterized via FTIR, VSM and TGA (see the supporting information). The absorption at
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595 nm of the antibody solution before and after adsorption process was measured using the
Bradford assay. The adsorption percentage of the antibody on the nanoclusters can be directly

calculated using the following equation:
Adsorption percentage = [(A-B)/A] x100 1)

where A is the initial concentration of antibody and B is the concentration of antibody in the

supernatant at time t (non-adsorbed antibody).

2.3.5 Determination of recycling ability of the PEO-b-PVDM copolymer-MNP

nanoclusters in adsorption with anti-rabbit 1gG antibody

Copolymer-MNP nanoclusters adsorbed with anti-rabbit 1gG antibody were
thoroughly washed with 1 mL of a washing solution to desorb the antibody on the
nanocluster surface. Desorption percentage of the antibody on the nanoclusters was

determined using the Bradford assay and calculated from the following equation:
Desorption percentage = (C/B) x 100 (2)

where C is the concentration of desorbed antibody and B is the concentration of adsorbed
antibody. The adsorption-separation-desorption process was performed repeatedly to

determine the recycling efficiency of the nanoclusters as illustrated in Scheme 4.
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Scheme 4. Schematic illustration of an adsorption-separation-desorption cycle of the
recyclable copolymer-MNP nanocluster in adsorption with antibody (anti-rabbit-1gG)

2.3.6 Antigen recognition capacity study of antibody-adsorbed magnetic nanoclusters

After antibody adsorption procedure, the remaining carboxyl groups of magnetic
nanoclusters were blocked with 1 mL of 1% BSA in 10 mM MES pH 6 at 25°C for 16 h.
MNP nanoclusters were then washed with 10 mM MES pH 6 to remove an excess BSA. To
detect the antigen recognition capacity of antibody-adsorbed MNP nanoclusters, an indirect
detection method was used. First, 1 mL of 400 ppm of primary antigen (2.00 times molar
excess) in 10 mM MES pH 6 was added into anti rabbit-IgG antibody-adsorbed MNP
nanoclusters and incubated for 30 min. After washing the particles with 10 mM MES pH 6,
they were incubated with 1 mL of 400 ppm of anti rabbit-HRP antibody for another 30
additional min. The presence of antigen on the particle surface was visualized by adding 1
mL of ABTS-H,0; solution into 10 pl of the MNP nanocluster dispersion.
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3. Results and discussion
3.1 Synthesis of PEO-b-PVDM diblock copolymers by RAFT polymerization

PEO-b-PVDM copolymers-MNP nanoclusters were obtained by the reaction between
primary amine groups coated on MNPs surface and azlactone groups within the backbone of
PEO-b-PVDM diblock copolymers via a ring-opening reaction (Scheme 3). In the first step,
PEO-b-PVDM diblock copolymers were synthesized using PEO-CTA as the macromolecular
chain transfer agent to mediate the RAFT polymerization of VDM in the presence of ACVA
used as initiator in 1,4-dioxane at 70°C. The characteristics of the copolymers having three
different PVDM block lengths are shown in Table 1. Theoretical number-average molecular
weights (M_n ) calculated from the monomer conversion increased as increasing the PVDM
block length and this result is in good agreement with SEC results (Table 1). Figure 1 shows
that SEC traces of PEO-b-PVDM diblock copolymers shift to earlier retention times with
respect to the SEC trace of PEO-CTA maintaining low polydispersity indices (PDIs < 1.10).
This result shows that the copolymerization is well controlled leading to well-defined diblock

copolymer structures.

Table 1. Diblock copolymers based on PEO and VDM synthesized by RAFT polymerization
at 70°C in 1,4-dioxane: experimental conditions and characterizations

[VDM],: [PEO- Reaction VDM M e M. .o PDI°
n .th n ,SEC
Run  Copolymer? CTA]o: [ACVA], time (h) conv.” (%)
(g/mol)  (g/mol)
1 PEQ4-b-PVDMy, 25:1:0.2 4 84 5277 7400 1.04
2 PEQ44-b-PVDMy 100:1:0.2 4 41 8060 8800 1.09
3 PEQ44-b-PVDMg, 100:1:0.2 8 84 14083 14500 1.06

*The number of monomer units determined by "H NMR spectroscopy. ° VDM conversion
determined by *H NMR spectroscopy by comparing the integration area value of the vinylic

protons of VDM at 5.93 ppm with the integration area value of the CH proton of DMF at

8.01 ppm. CM_n' th = Mn _NMR of PEO-CTA T (([VDM]Q/[PEO-CTA]Q) X VDMcony. X MVDM)-

9Determined by SEC in THF using polystyrene standard.
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Figure 1. Overlay SEC traces of (a) PEO44-CTA, (b) PEO44-b-PVDM3; copolymer (Run 1,
Table 1), (c) PEO44-b-PVDMy; copolymer (Run 2, Table 1) and (d) PEO44-b-PVDMg,
copolymer (Run 3, Table 1).

'H NMR spectrum (Figure 2A) of the PEO44-b-PVVDM,; copolymer (Run 2, Table 1)
shows the presence of signals at 3.38 ppm (CH30(CH,-CH,0)44-, labeled a) and at 3.65 ppm
(CH30(CH,.CH;0)44-CH,CH,-OC(O)C(CHs),-, labeled b), which are characteristics of the
PEO block and the presence of a signal at 1.40 ppm (-OCO-(C(CHj3),-N=, labeled c), which
is characteristic of PVDM block. The other two block copolymers show similar *H NMR
patterns to that of PEO44-b-PVDMy; block copolymer with different integration ratios of
signals labeled b and c, depending on the block lengths of each copolymer. Moreover, the
FTIR spectrum (Figure 2B) of the PEO44-b-PVDMy; copolymer shows the characteristic

bands of the azlactone rings at 1817 cm™ (v c=0), at 1699 cm™(v c=n) and at 1201 cm™ (v c.o.

c).
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Figure 2. A) 'H NMR spectrum of the PEO44-b-PVDMa; block copolymer (Run 2, Table 1)
in CDCl3 and B) FTIR spectrum of the PEO44-b-PVDMy; block copolymer.

3.2 Formation of PEO-b-PVDM copolymers-MNP nanoclusters

PEO-b-PVDM copolymers-MNP nanoclusters were obtained by reaction between
amino groups grafted onto the surface of APS-grafted MNPs with azlactone rings of PVDM
block of copolymers in 1,4-dioxane at room temperature. Resulting copolymers-MNP
nanoclusters were characterized by TGA and FTIR spectroscopy. TGA technique was used to
calculate the percentage of organic layers bound onto MNPs. It was assumed that the percent
weight loss was attributed to the weight of organic components and the residual weight was
due to completely oxidized iron oxide in the form of magnetite. It was found that APS
content in the nanoclusters was about 2.2% and the copolymers in the nanoclusters were in
the range of 8.4-11.9% (Figure 3).



15

100

©
o

Residual Weight (%)
(o]
o

~
o
L

60

0 100 200 300 400 500 600 700

Temperature (°C)

Figure 3. TGA thermograms of A) bare MNPs, B) APS-grafted MNPs, C) PEOu4-b-
PVDM;;-MNP nanoclusters, D) PEQOg44-b-PVDMy;-MNP nanoclusters and E) PEOu4-b-
PVDMgs-MNP nanoclusters.

The FTIR spectrum of PEQ44-b-PVDM41-MNP nanoclusters exhibits the left over
C=0 characteristic band of the azlactone ring at 1819 cm™ after the coupling reaction (Figure
4), indicating the availability of some azlactone rings for further hydrolysis with water to
form the MNP containing carboxylated-enriched surface for ionic adsorption with antibody in

the next step.
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Figure 4. FTIR spectra of A) APS-grafted MNPs, B) PEO44-b-PVDMy; block copolymers
and C) PEOy4-b-PVDM,;-MNP nanoclusters.

TEM images of APS-grafted MNPs and MNP nanoclusters coated with PEO-b-
PVDM block copolymers containing different PVDM chain lengths are shown in Figure 5. It
was found that large aggregations of the particles were observed for APS-grafted MNPs
(Figure 5A). After PEO-b-PVDM block copolymer coating, the particle dispersibility was
obviously improved due to hydrophilic PEO coating on its surface. In addition, the existence
of carboxylic acid groups arising from the ring-opening reaction of azlactone rings in the
PVDM block after exposure in water might also enhance water dispersibility of the particles.
The ring-opening reaction between azlactone rings in the PVDM block of the copolymers and
amino groups grafted on MNP surface led to the formation of the nanoclusters (Scheme 3).
The size of these nanoclusters increased from 20 to 150 nm with increasing the PVDM chain
lengths: approximately 10, 50 and 100 particles/cluster were obtained for PEO44-b-PVDMy;,
PEQy44-b-PVDM,; and PEO44-b-PVDMg, block copolymers, respectively (Figure 5B, 5C and
5D). Increasing reactive azlactone groups in the PVDM block by increasing the PVDM

length increased numbers of the MNP participating in the nanoclustering, indicating that the
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size of these nanoclusters can be controlled by adjusting the number of reactive azlactone

rings in the block copolymers.

10 nen

’. 160 neyt

Figure 5. TEM images of A) APS-grafted MNPs, B) PEO44-b-PVDM,;-MNP nanoclusters,
C) PEOy4-b-PVDMy;:-MNP nanoclusters and D) PEQOg44-b-PVDMgs-MNP nanoclusters. All
TEM samples were prepared from aqueous dispersions. The expansion of some nanoclusters

is shown in the inset.

Hydrodynamic diameter (Dy) of APS-grafted MNP estimated by PCS was
significantly larger than those of the MNPs coated with PEO-b-PVDM block copolymers,

indicating the improvement in water dispersibility of the particles after copolymer coating
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(Table 2) and are in good agreement with TEM results. Increasing P\VDM block lengths in
the copolymers led to the increase in Dy (97-166 nm) as ascertained by the TEM results. In
addition, hydrodynamic size distributions of the copolymers-MNP nanoclusters were narrow
as compared to that of APS-grafted MNP as a result of polymer coating and thus improving
their water dispersibility. Zeta potential values of the nanoclusters were increased
significantly after copolymer coating (-27.2 to -33.9 mV) due to the ring-opening of PVDM
units in the copolymers, resulting in the formation of the nanoclusters with carboxylated-
enriched surface. The negative charge of the carboxylated-coated nanoclusters was essential

for magnetic separation of antibody through ionic adsorption mechanism in the next step.

Table 2. Hydrodynamic diameter (Dy,), size distribution and zeta potential of the nanoclusters
dispersed in 10 mM MES pH 6 solutions

Run  Samples Dn (nm)  Zeta potential (mV)
1 APS-coated MNP 984.1 -3.5

2 PEO44-b-PVDM,;-MNP nanoclusters 96.7 -27.2

3 PEQy4-b-PVDM,;-MNP nanoclusters 117.5 -28.3

4 PEQy4-b-PVDMgs- MNP nanoclusters 166.1 -33.9

Magnetic properties of bare MNP, APS-grafted MNP and MNP nanoclusters coated
with PEO-b-PVDM block copolymers containing different PVDM chain lengths are shown in
Figure 6. Saturation magnetizations (Ms) of MNP nanoclusters ranged between 33 and 42
emu/g and these numbers were lower than their MNP precursors. This was attributed to the
presence of organic components in the structure, leading to the lower percentage of magnetite
content in the nanoclusters. Although there was some degree of MNP nanoclustering, these
particles exhibited superparamagnetism evidenced by the absence of magnetic remanence and

coercivity in the M-H curves.
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Figure 6. M-H curves of A) bare MNPs, B) APS-grafted MNPs, C) PEO44-b-PVDM,;-MNP
nanoclusters, D) PEOus-b-PVDMy4;-MNP nanoclusters and E) PEO4s-b-PVDMgs-MNP

nanoclusters.

3.3 Adsorption percentage and recycling studies of the copolymer-MNP nanoclusters

with antibody

To use them in antibody adsorption application, copolymers-MNP nanoclusters
having carboxylated-enriched surface are desirable for ionic adsorption between negatively
charged MNP and positive moiety in anti-rabbit 1gG antibody. Residual azlactone rings on
the MNP surface were thus hydrolyzed to form nanoclusters with negatively charged surface
due to carboxylated groups coating before adsorption experiments. Nanoclusters having four
different cluster sizes as shown in Table 2 were used as nano-solid supports in antibody
adsorption experiments. It was found that APS-coated MNP was not dispersible in 10 mM
MES pH 6 solution due to the absence of polymer coating on its surface. On the other hand,
the nanoclusters grafted with carboxylated-functionalized PEQg44-b-PVDM,;; and PEQg4-b-
PVDMy; copolymers were well dispersible in the media but not completely separated from
the media using an external magnet. Traces of MNP in the supernatant after magnetic
separation and/or ultracentrifugation could therefore interfere with Bradford assay [27]. The

presence of single nanoparticles or magnetic clusters with small size, hypothetically having
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low magnetic sensitivity, resulted in difficulty in removal from the dispersion [32]. A
compromise between good water dispersibility and magnetic sensitivity of MNP is crucial for
use as a nano-solid support. Therefore, the nanoclusters grafted with these two copolymers
were unable to be used as supports for antibody adsorption. Interestingly, nanoclusters
grafted with PEQ44-b-PVVDMg4 copolymer with Dy, of 166 nm exhibited good dispersibility in
the media and, more importantly, they facilitated separation by an external magnet without
traces of MNP in the dispersion resulting in an absence of interference with Bradford assay.
Therefore, the carboxylated-functionalized PEQg4-b-PVDMg, copolymer-coated MNP
nanoclusters were then subjected to the adsorption experiments with anti-rabbit-1gG
antibody.

Adsorption percentage of the copolymer-MNP nanoclusters with anti-rabbit-1gG
antibody was investigated after removing an excess antibody from the mixture. Figure 7
shows that 200 ppm was the maximum concentration of antibody that can be used for binding
on nanocluster surface. Increasing antibody concentration to 300 and 400 ppm resulted in the
existence of non-adsorbed antibody in the dispersion. Therefore, 200 ppm antibody loading in
10 mg of PEOg44-b-PVDMgs-MNP nanoclusters will be used for further experiments. In
addition, the Mg from VSM and the percent weight residual from TGA techniques of the
antibody-adsorbed nanoclusters showed slight decreases as compared to those before the
adsorption, implying that there was some antibody adsorbed on the complexes.

100
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Antibody concentration (ppm)
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Adsorption percentage (%)
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Figure 7. Adsorption percentages of PEQOg44-b-PVDMgs-MNP nanoclusters for ionic
adsorption with anti-rabbit 1gG antibody (Adsorption percentage = [(A-B)/A] x100, where A
is the initial concentration of antibody and B is the concentration of antibody in the

supernatant at time t (non-adsorbed antibody)).
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Because these nanoclusters possess magnetically guidable properties, which are great
advantages in facilitating recycling process, the recycling ability of the copolymer-MNP
nanoclusters was thus investigated. After 2 h adsorption of antibody, the nanoclusters were
separated from dispersion using a permanent magnet. To prove the recycling concept,
desorption of anti-rabbit IgG from nanocluster surface was examined by testing different
washing solutions. The amount of antibody in supernatant after adsorption-desorption
processes were guantitatively determined using Bradford assay and the desorption percentage
was determined using the Equation (2). NaCl salt solutions at concentrations 300 mM, 1.0
and 2.5 M at pH 7, as well as 1.0 M NaCl solution at pH 12 were used for this purpose. These
salt solutions at pH 7 were unable to desorb anti-rabbit 1gG antibody from the nanocluster
surface probably because the solution pH was in the range of isoelectric point (pl) of the
antibody (6-9) [33]. The antibody can also be desorbed by changing the global net charge of
the antibody by shifting the solution pH [27]. 1.0 M NaCl solution with pH 12 exhibited a
complete removal of the antibody from the surface due to the suppression in ionic adsorption
between carboxylated nanoclusters and the antibody as opposed to the case when the pH is in
the pl range of the antibody. Therefore, 1 M NaCl pH 12 solution was used as the washing

solution to investigate the adsorption recycling ability of the nanoclusters.

Figure 8 shows the adsorption percentage of the nanoclusters with the antibody in
each cycle. After each adsorption-separation process, the concentration of adsorbed antibody
and desorbed antibody from each cycle was determined using Bradford assay. The results
showed that the particles retained a higher than 96% adsorption of the antibody for eight
adsorption-separation-desorption cycles, indicating the potential feasibility in using this novel
hybrid nanocluster as recyclable support in cell separation applications.
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Figure 8. Recycling efficiency of PEQg44-b-PVDMgs-MNP nanoclusters in the ionic
adsorption of anti-rabbit 19gG antibody after 8-recycling process.

3.4 Antigen recognition capacity study of antibody-adsorbed magnetic nanoclusters

The antigen recognition capacity of antibody-adsorbed MNP nanoclusters was
determined from the development of a green-blue color product after the oxidation with
ABTS, when reacted with horseradish peroxidase (HRP) labeled conjugates. Therefore, anti-
rabbit 1gG-adsorbed MNP nanoclusters were first immobilized with an 1gG antigen, followed
by anti-rabbit 1gG-HRP as a secondary antibody for color development when reacted with
ABTS. It was found that anti-rabbit IgG-adsorbed MNP nanoclusters exhibited the changing
of color from light green to blue after the oxidation with ABTS (Figure 9D), indicating the
conjugation of 1gG antigen with anti-rabbit 1gG adsorbed on the nanocluster surface. The
MNP nanoclusters without anti-rabbit 1gG-HRP as the secondary antibody (Figure 9E),
without IgG antigen (Figure 9F) and without anti-rabbit 1gG (Figure 9G) were used as control
dispersions. These dispersions showed negative results as their solution color did not change
upon the oxidation with ABTS. The dispersion media (10 mM MES pH 6) (Figure 9A) and
those with 1% BSA as a blocking reagent (Figure 9B) were also testified to evaluate the
negative results of the control solutions. In addition, the solution of anti-rabbit IgG-HRP as
the secondary antibody (without MNP nanoclusters) was also used in the testing to evaluate
the color change (positive result) due to the reaction between HRP and ABTS (Figure 9C). It
should be also noted that the MNP nanoclusters after eight recycling process also showed a
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positive result as illustrated in Figure 9D. Therefore, these experiments confirm that the
antigen recognition of the antibody-adsorbed MNP nanoclusters was preserved. These MNP
nanoclusters could be used as a recyclable magnetic marker to immobilize with other specific

antibody-antigen conjugates.

Q2 i A)_'. 'B)_'.' & o D)'.: B8 |‘:): 2=

R 3 : &
,ﬁ" X, ~," o

o as A o A A i |
CD@O “ﬁ %% ABTS p— - = : —_
¥ o 3

|

ezt SN |
O 156 Anti-rabbit IgG-HRP H20, G
b b‘ f * L

Anti-rabbit IgG

e —

Figure 9. Scheme showing the indirect method used to visualize the antigen recognition
capability; A) 10 mM MES pH 6, B) 1% BSA in 10 mM MES pH 6, C) anti-rabbit 1IgG-HRP,
D) anti-rabbit IgG-adsorbed MNP nanoclusters immobilized with 1gG and anti-rabbit 1gG-
HRP, E) anti-rabbit 1gG-adsorbed MNP nanoclusters immobilized with 1gG, F) anti-rabbit
IgG-adsorbed MNP nanoclusters without 1gG (blocked with BSA) and G) MNP nanoclusters.

4. Conclusions

Surface modification of MNPs with well-defined PEO-b-PVDM diblock copolymers
using “grafting-onto” strategy to form magnetic nanoclusters was described. The nanocluster
size could be tuned by adjusting the amount of reactive azlactone rings in the PVDM block to
obtain a controllable size below 150 nm. The obtained nanoclusters were well dispersed in
water, have good magnetic sensitivity and negatively charged surface. These properties are
required to use these particles in magnetic separation applications. The good magnetic
sensitivity of the nanoclusters allowed facile manipulation using magnetic separation.
Moreover, their negatively charged surface provided adsorption capability with positively
charged bio-entities. These novel magnetic nanoclusters were successfully used as efficient
and recyclable nano-solid supports for adsorption with anti-rabbit IgG antibody for at least 8-
recycling process. The preliminary studies in the adsorption of the nanoclusters with 1gG
antigen were also demonstrated. The purity of the antigen after the adsorption and their
efficiency for use in real sample separation are warranted for further exploration. These

magnetic nanoclusters might be advantageous for use as nano-solid supports for efficient and



24

facile separation of other positively charged molecules, especially antibody-antigen

conjugates.

References

[1] D.H. Kim, S.H. Lee, K H. Im, K.N. Kim, K.M. Kim, I.B. Shim, et al. Curr. Appl. Phys. 6,
Suppl.1 (2006) 242-246.

[2] R.Y. Hong, B. Feng, L.L. Chen, G.H. Liu, H.Z. Li, Y. Zheng et al. Biochem. Eng. J. 42
(2008) 290-300.

[3] J.M. Moon, B.S. Kim, Y.S. Choi, J.O. Lee, T. Nakahara and K. Yoshinaga. Macromol.
Res. 18 (2010) 793-799.

[4] Q. Yuan, R. Venkatasubramanian, S. Hein and R.D.K. Misra. Acta Biomater. 4 (2008)
1024-1037.

[5] F. Xu, J. H. Geiger, G. L. Baker, M.L. Bruening. Langmuir 27 (2011) 3106-3112.

[6] D.K. Kim, Y. Zhang, W. Voit, K.V. Rao, M. Muhammed. J. Magn. Magn. Mater. 225
(2001) 30-36.

[7]1 Y. Shen, W. Guo, L. Qi, J. Qiao, F.Wang, L. Mao. J. Mater. Chem. B. 1 (2013) 2260-
2267.

[8] Y. Prai-in, K. Tankanya, B. Rutnakornpituk, U. Wichai, V. Montembault, S. Pascual, et
al. Polymer 53 (2012) 113-120.

[9] T.T.T. N°Guyen, H. T. T. Duong, J. Basuki, V. Montembault, S. Pascual, C. Guibert, et
al. Angew. Chem. Int. Ed. 52 (2013) 14152-14156.

[10] J.S. Basuki, H.T.T. Duong, A. Macmillan, R. Whan, C. Boyer, T.P. Dauvis.
Macromolecules 46 (2013) 7043-7054.

[11] Y. Zhou, S. Wang, B. Ding, Z. Yang. Chem. Eng. J. 138 (2008) 578-585.

[12] N. Pothayee, S. Balasubramaniam, R.M. Davis, J.S. Riffle, M.R.J. Carroll, R.C.
Woodward, et al. Polymer 52 (2011) 1356-1366.

[13] H. Wang, W. Luo, J. Chen. J. Mater. Sci. 47 (2012) 5918-5925.

[14] A. Aqil, S. Vasseur, E. Duguet, C. Passirani, J. P. Benoit, A. Roch, et al. Eur. Polym. J.
44 (2008) 3191-3199.

[15] C.L. McCormick, A.B. Lowe. Acc. Chem. Res. 37 (2004) 312-325.
[16] H. Mori, H. Iwaya, T. Endo. React. Funct. Polym. 67 (2007) 916-927.

[17] X. Zhang, J. Rieger, B. Charleux. Polym. Chem. 3 (2012) 1502-1509.
[18] C.N. Urbani, H.N. Nguyen, M.J. Monteiro. Aust. J. Chem. 59 (2006) 728-732.


http://pubs.rsc.org/en/results?searchtext=Author%3AYing%20Shen
http://pubs.rsc.org/en/results?searchtext=Author%3AWei%20Guo
http://pubs.rsc.org/en/results?searchtext=Author%3ALi%20Qi
http://pubs.rsc.org/en/results?searchtext=Author%3AJuan%20Qiao
http://pubs.rsc.org/en/results?searchtext=Author%3AFuyi%20Wang
http://pubs.rsc.org/en/results?searchtext=Author%3ALanqun%20Mao
http://pubs.acs.org/action/doSearch?action=search&author=Basuki%2C+J+S&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Duong%2C+H+T+T&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Macmillan%2C+A&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Whan%2C+R&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Boyer%2C+C&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Davis%2C+T+P&qsSearchArea=author
http://www.sciencedirect.com/science/article/pii/S0014305708003297
http://www.sciencedirect.com/science/article/pii/S0014305708003297
http://www.sciencedirect.com/science/article/pii/S0014305708003297
http://www.sciencedirect.com/science/article/pii/S0014305708003297
http://www.sciencedirect.com/science/article/pii/S0014305708003297
http://www.sciencedirect.com/science/article/pii/S0014305708003297
http://pubs.rsc.org/en/results?searchtext=Author%3AXuewei%20Zhang
http://pubs.rsc.org/en/results?searchtext=Author%3AJutta%20Rieger
http://pubs.rsc.org/en/results?searchtext=Author%3ABernadette%20Charleux

25

[19] S. Puttick, D.J. Irvine, P. Licence, K.J. Thurecht. J. Mater. Chem. 19 (2009) 2679-
2682.

[20] S. Pascual, T. Blin, P.J. Saikia, M. Thomas, P. Gosselin, L. Fontaine. J. Polym. Sci. A
Polym. Chem. 48 (2010) 5053-5062.

[21] M.E. Levere, H.T. Ho, S. Pascual, L. Fontaine. Polym. Chem. 2 (2011) 2878-2887.

[22] H.T. Ho, M. E. Levere, D. Fournier, V. Montembault, S. Pascual, L. Fontaine. Aust. J.
Chem. 65 (2012) 970-977.

[23] H.T. Ho, M.E. Levere, S. Pascual, V. Montembault, N. Casse, A. Caruso, et al. Polym.
Chem. 4 (2013) 675-685.

[24] T. Theppaleak, B. Rutnakornpituk, U. Wichai, T. Vilaivan, M. Rutnakornpituk. J.
Biomed. Nanotech. 9 (2013) 1509-1520.

[25] T.R. Sarkar, J. Irudayaraj. Anal. Biochem. 379 (2008) 130-132.

[26] H. Xu, Z.P. Aguilar, L. Yang, M. Kuang, H. Duan, Y. Xiong, et al. Biomaterials 32
(2011) 9758-9765.

[27] S. Puertas , P. Batalla , M. Moros , E. Polo , P. del Pino , J.M. Guisan, et al. ACS Nano
5 (2011) 4521-4528.

[28] J.T. Lai, D. Filla, R. Shea. Macromolecules 35 (2002) 6754-6756.
[29] Y. He, T.P. Lodge. Chem. Commun. 26 (2007) 2732-2734.

[30] L.D. Taylor, H.S. Kolesinski, A.C. Mehta, L. Locatell, P.S. Larson. Makromol. Chem.
Rapid Comm. 3 (1982) 779-782.

[31] M.M. Bradford. Anal. Biochem. 72 (1976) 248-254.
[32] H. Amiri, M. Mahmoudi, A. Lascialfari. Nanoscale 3 (2011) 1022-1030.
[33] M.A. Clauss, R.K. Jain. Cancer Res. 50 (1990) 3487-3492.


http://pubs.rsc.org/en/results?searchtext=Author%3ASimon%20Puttick
http://pubs.rsc.org/en/results?searchtext=Author%3ADerek%20J.%20Irvine
http://pubs.rsc.org/en/results?searchtext=Author%3APeter%20Licence
http://pubs.rsc.org/en/results?searchtext=Author%3AKristofer%20J.%20Thurecht
http://www.ncbi.nlm.nih.gov/pubmed?term=Batalla%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21526783
http://www.ncbi.nlm.nih.gov/pubmed?term=Moros%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21526783
http://www.ncbi.nlm.nih.gov/pubmed?term=Polo%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21526783
http://www.ncbi.nlm.nih.gov/pubmed?term=Del%20Pino%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21526783
http://www.ncbi.nlm.nih.gov/pubmed?term=Guisan%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=21526783

26

Supporting information
Part 1. Synthesis of 2-vinyl-4,4-dimethylazlactone (VDM) monomer

(A) Synthesis of N-acryloyl-2-methylalanine (Figure S1)

C|:H3(|)| H O
NaOH (aq.) o
A(C' + CHz-C—C-OH > /\WNXC OH
o) | BHT, rt, overnight o
NH,
acryloyl chloride  2-methylalanine N-acryloyl-2-methylalanine

Figure S1. Synthesis of N- acryloyl-2-methylalanine

2-methylalanine (5.6966 g, 5.52 x 10 mol, 1 eq.) was added into a sodium hydroxide
aqueous solution (4.416 g, 11.04 x 10? mol, 2 eq. in 15 mL water) in the presence of BHT
(0.0552 g, 2.5051 x 10™ mol) as polymerization inhibitor at 0-10°C, followed by an addition
of acryloyl chloride (5 mL, 5.52 x 10 mol, 1 eq.). After 12 h stirring, conc. HCI (6.81 mL,
6.90 x 10”mol, 1.25 eq.) was added into the solution, which was kept at 10°C. The mixture
was continuously stirred for another 30 min to form white solid, which was filtered, washed
with water and dried. Yield: 69-72%. 'H NMR (400 MHz, DMSO-d6) &4 1.37 (s, 6H,
(C(CHs3),), 5.58 (dd, 1H, CH,=CH [trans]), 6.03 (dd, 1H CH,=CH [cis]), 6.25 (dd, 1H,
CH,=CH), 8.26 (s, 1H, NH), 12.16 (s, 1H, COOH)."*C NMR (400 MHz, DMSO-d6) &¢: 25.1
(C(CHg)y), 55.0 (-C(CHg)z-), 125.3 (CH,=CH), 131.8 (CH,=CH), 164.0 (COOH), 175.5
(NH-C=0). FTIR (ATR): 3337 cm™ (N-H stretching), 1707 cm™ (C=0 of carboxylic acid),
1647 cm™ (C=0 stretching of amide), 1599 cm™ (C=C stretching), 1551 cm™ (N-H bending).
HRMS: theoretical m/z = 157.1672 g.mol™ [M+H]", experimental m/z = 158.0817 g.mol™
[M+H]".
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Figure S2. *H NMR spectrum of N-acryloyl-2-methylalanine in DMSO-d6
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Figure S3. *C NMR spectrum of N-acryloyl-2-methylalanine in DMSO-d6
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Figure S4. FTIR spectrum of N-acryloyl-2-methylalanine

(B) Cyclization of N-acryloyl-2-methylalanine to form VDM cyclic (Figure S5)

. O O
H =C= N
N. _C-OH N=C=N j\ o
Ar 7< DCC o o NN 1
o) BHT, CH,Cl, * HN-C-NH
of

N-acryloyl-2-methylalanine 2-vinyl-4,4-dimethyazlactone  Dicyclohexylurea (DCU)
(VDM)

Figure S5. Synthesis of VDM monomer

N-acryloyl-2-methylalanine (5.00 g, 3.18 x 10 mol) and BHT (0.0549 g, 2.4912 x
10" mol) in CH,Cl, (30 mL) was stirred at 0°C under argon atmosphere to form colloidal
dispersion. DCC solution (7.21 g, 6.37 x 10 mol in 40 mL CH,Cl,) was then added to the
mixture with continuously stirring. After 12 h reaction, the solid dicyclohexyl urea by-

product was filtered off and the filtrate was evaporated to remove CH,Cl,. The VDM product
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was purified by distillation under reduced pressure to give a colorless mobile liquid. Yield:
60%. *H NMR (400 MHz, CDCl3) &u: 1.47 (s, 6H, (-C(CHs),-), 5.93 (dd, 1H, CH,=CH
[trans]), 6.25 (dd, 1H, CH,=CH [cis]), 6.27 (dd, 1H, CH,=CH). *C NMR (400 MHz,
DMSO0-d6) &c: 25.5 (-(C(CHs)y-), 66.6 (-(C(CHs),-), 124.7 (CH,=CH), 129.6 (CH,=CH),
154.7 (-C=N-) and 181.3 (-C=0). FTIR: 1822 cm™ (C=0O stretching), 1668 cm™ (C=N
stretching), 1204 cm™ (C-O-C stretching). HRMS: theoretical m/z = 139.1519 g.mol™
[M+H]", experimental m/z = 140.0712 g.mol™ [M+H]".
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Figure S6. 'H NMR spectrum of the VDM in CDClIj
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Figure S7."°C NMR spectrum of the VDM in CDCl,
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Figure S8. FTIR spectrum of VDM

Part 2. Synthesis of the poly(ethylene oxide) macromolecular chain transfer agent
(PEO-CTA)

(A)  Synthesis of S-1-dodecyl-S -(a,a -dimethyl-a -acetic acid)trithiocarbonate (DMT)

S CH,
HCI P N I ‘
CS, + CpHxSH + CHCl; + (CHg,CO + NaOH ———— S—C—S—‘C-COOH
CHj

Figure S9. Synthesis of S-1-dodecyl-S -(a,a -dimethyl-a_-acetic acid)trithiocarbonate.

1-Dodecanethiol (20.24 g, 0.1 mol), acetone (48.06 g, 8.26 x 10™ mol) and Aliquot
336 (tricaprylylmethylammonium chloride, 1.62 g, 4.00 x 10 mol) were mixed in a round
bottomed flask cooled to 10°C under nitrogen flow. Sodium hydroxide solution (50%) (4.20
g, 1.05 x 10™'mol) was slowly added for 20 min. During this time, the solution color changed
from colorless solution to white slurry. The reaction was continuously stirred for 15 min
followed by dropwise addition of carbon disulfide (7.61 g, 1.00 x 10™"mol) dissolved in
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acetone (10.02 g, 1.73 x 10™mol). The reaction mixture was set at 40°C and stirred for 1 h
before cooling to ambient temperature. During this time, the solution color turned red.
Chloroform (11.91 g, 1.50 x 10™mol) was added to the mixture, followed by dropwise
addition of 50% sodium hydroxide solution (40.00 g, 5.00 x 10™'mol) over 30 min. After
stirring overnight, water (150 mL) was added to the frozen mixture, followed by addition of
concentrated HCI (40 mL) to obtain a pH 1 solution. An excess of acetone was removed from
the mixture by nitrogen flow. It was observed that the resultant solid mixture was precipitated
out from the mixture after removal of acetone. The solid was collected with a Buchner funnel
and then stirred in 250 mL of 2-propanol to dissolve the resultant product. The undissolved
solid (by-product) was filtered off and the 2-propanol solution was concentrated to dryness to
obtain the product. The crude product was recrystallized from cold hexanes to yield yellow
crystalline solid. Yield 65%. *H NMR (400 MHz, CDCls) &y: 0.88 (t, 3H, CH3), 1.26 (m,
20H, (CH2)10), 1.70 (s, 6H, C(CHa),), 3.28 (t, 2H, CH,). FTIR (ATR): 1718 cm™ (C=0),
1070 cm™ (C-S).

3 (ppm)

Figure S10."H NMR spectrum of S-1-dodecyl-S -(a,o -dimethyl-a. -acetic acid)
trithiocarbonate in CDCl;
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Figure S11.FTIR spectrum of S-1-dodecyl-S -(aa -dimethyl-a_ -acetic acid)trithiocarbonate

(B) Coupling reaction between poly(ethylene oxide) (PEO) and S-1-dodecyl-S -(a,a -
dimethyl-a -acetic acid)trithiocarbonate (DMT) to obtain PEO-CTA

O

S CH;0
[ [l (COCl),, CHLCI, o S._S.
hokOPon 4 Cihgs—S-C-S-C—C-OH - et ™o [ Cazts
3 n
(|3H argon, 25°C S
3

Figure S12. Synthesis of PEO-CTA

Oxalyl chloride (0.68 mL, 7.86 x 10° mol) and S-1-dodecyl-S -(a, o -dimethyl-o. -acetic
acid)trithiocarbonate (0.54 g, 1.48 x 10 mol) were added in dried CH,Cl, (5.0 mL). The
reaction mixture was refluxed with stirring under argon atmosphere at 25°C until gas
evolution ceased (3 h). After removal of the excess reagents in vacuo, dried CH,Cl, (15 mL)
and PEO (1.50 g, 7.5 x 10™ mol) were added into the residue. The reaction was continuously
stirred for 24 h under argon atmosphere at 25°C. The resultant product was precipitated from

the mixture by addition of n-hexane in the solution. The product was filtrated and dried in a
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vacuum oven to give a yellow solid. Yield: 75.31 %. 'H NMR (400 MHz, CDCl5) 64: 0.88 (t,
3H,-CH,-CH3), 1.25 (20H, CH3-(CH2)10-CH,-S), 1.70 (s, 6H, -C(CH3),-S-C(S)-S-), 3.26 (t,
2H, -S-C(S)-CH,-CH>-), 3.39 (s, 3H, CH30(CH2-CH3-044-), 3.65 (M, CH30(CH2-CH20)a44),
4.25 (t, 2H,-CH,-OC(0O)-C(CHj3),-S-C(S)-S-). The functionalization yield was 99.34 %,
determined by *H NMR from the relative intensity of the chemical shift at & = 4.25 ppm (t,
2H,-CH,-OC(0)-C(CHj3),-S-C(S)-S-) and 6 = 0.88 ppm (t, 3H,-CH,-CH3).

The functionalization yield
= [Integration area at 4.25 ppm/(2 protons)]/ [Integration area at 0.88 ppm/(3 protons)] x 100
=[(2/2)/(3.02/3)] x 100

= 99.34%
| d\owo%o&s\g/sma
Y

& (ppm)

Figure S13."H NMR spectrum of PEO-CTA in CDCl;
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Figure S14. FTIR spectrum of PEO-CTA

Part 3. Study in adsorption percentages of the copolymer-MNP nanoclusters with
antibody

(A) Characterizations of the copolymer-MNP nanoclusters adsorbed with anti-rabbit-

1gG antibody

A) PEO,,-b-PVDM,, copolymer

1816 cm™!
Cc=0
of the azlactone ring

%T

1819 cm?
Cc=0
of the azlactone ring

Wf

C) The copolymer-MNP nanocluster
adsorbed with antibody.

B) PEQ,,-b-PVDM,,-coated MNP

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm)

Figure S15. FTIR spectra of A) PEOg44-b-PVDM,; copolymers, B) PEO44-b-PVDMy;-
MNP nanoclusters and C) the copolymer-MNP nanocluster adsorbed with antibody.
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Figure S16. M-H curve of PEO44-b-PVDMy; copolymer-MNP nanocluster adsorbed
with antibody.
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Figure S17. The TGA thermogram of PEOg44-b-PVDMy,; copolymer-MNP nanocluster
adsorbed with antibody.
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(B) Calibration curve of BGG
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Figure S18. The calibration curve of BGG

Part 4. FTIR spectrum of bare MNP
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Part 5. TEM images of the nanoclusters before and after coating with the copolymers

TEM images of PEO44-b-PVDM,:-MNP nanoclusters
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TEM images of PEO44-b-PVDM4:-MNP nanoclusters
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TEM images of PEO44-b-PVDMgs-MNP nanoclusters
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TEM images of the particles before grafting with the copolymers
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Chapter 111

Effect of alkyl chain lengths on the assemblies of magnetic
nanoparticles coated with multi-functional thiolactone-

containing copolymer

Abstract

This work presents the synthesis of magnetite nanoparticle (MNP) coated with
poly(N,N-diethylaminoethyl  methacrylate)-b-poly(N-isopropyl  acrylamide-st-thiolactone
acrylamide) (PDEAEMA-b-P(NIPAAm-st-TlaAm) copolymer and its use in controlled drug
release and bio-conjugation. TlaAm units in the copolymer were ring-opened with various
alkyl amines to form thiol groups (-SH), followed by thiol-ene coupling reactions with
acrylamide-coated MNP and then quaternized to obtain cationic copolymer-MNP assemblies
(the size < 200 nm/cluster). The use of alkyl amines having various chain lengths (e.g. 1-
propylamine, 1-octylamine or 1-dodecylamine) in the nucleophilic ring-opening reactions of
the thiolactone rings affected their magnetic separation ability, water dispersibility and
release rate of doxorubicin model drug. In all cases, when increasing the temperature, they
showed a thermo-responsive behavior as indicated by the decrease in hydrodynamic size and
the accelerated drug release rate. These copolymer-MNP assemblies could be used as a novel
platform with thermal-triggering controlled drug release and capability for adsorption with

any negatively charged biomolecules.

Keywords: magnetic, nanoparticle, assembly, thiolactone, thermo-responsive
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Introduction

In recent years, magnetite nanoparticle (MNP) has extensively attracted interest owing to
their superparamagnetic properties and their potential applications in various fields.
Incorporation of MNP into various organic nano-assemblies has been investigated by features
of their intriguing biomedical applications, such as remotely controlled drug release,
magnetically guidable drug delivery (Sahoo et al. 2013; Wang et al. 2013; Li et al. 2006),
magnetic resonance imaging (MRI) (Mahmoud et al. 1999; Hu et al. 2013), and hyperthermia
cancer treatment delivery (Qu et al. 2014; Chen et al. 2015; Singh et al. 2014). However, it
tends to aggregate to each other mainly owing to dipole-dipole and magnetic attractive forces,
leading the loss in nano-scale related properties and a decrease in the surface area/volume
ratio (Lim et al. 2013). Grafting long-chain polymers onto MNP surface is currently one of
the promising approaches to realize its dispersibility in the media due to charge repulsion of
ionic surface or steric repulsion of long chain surfactant (Chen et al. 2012; Mekkapat et al.
2013). In addition, this polymeric coating can also serve as a platform for conjugation of
biomolecules of interest on the MNP surface (Leung et al. 2013; Machida et al. 2014; Prabha
and Raj 2016; Ulbrich et al. 2016).

Many works have now extensively reported in the MNP polymeric coating
accomplished either via “grafting from” or “grafting to” strategies (Qin et al. 2004; Wang et
al. 2008) with controlled radical polymerization (CRP) techniques. CRP technique produces
well controllable polymer architecture on particle surface because it can control molecular
weight, polydispersity, functionality and composition distribution of polymers (Braunecker
and Matyjaszewski 2007). Three general techniques of CRP include nitroxide-mediated
polymerization (NMP) (Sciannamea et al. 2008), atom transfer radical polymerization
(ATRP) (Matyjaszewski 2012; Huang et al. 2017), reversible addition fragmentation chain
transfer polymerization (RAFT) (Moad et al. 2008; Hill et al. 2015). Being of our particular
interest, RAFT as opposed to other CRP techniques can be performed in various kinds of
solvent, wide range of temperature, no need of metals used for polymerization and large
range of monomer classes (Willcock and O’Reilly 2010).

This present work reports the synthesis of a multifunctional copolymer via RAFT for
coating onto the surface of MNP and its use in drug controlled release and bio-conjugation.
This copolymer was well designed to have multi-functions including; 1) thermo-responsive

poly(N-isopropylacrylamide) (PNIPAAmM) serving as a drug reservoir with a temperature-
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triggering mechanism, 2) thiolactone moiety for covalent grafting with MNP surface and
tuning degree of hydrophobicity of the copolymer, and 3) positively charged poly(N,N-
diethylamino-2-ethylmethacrylate) (PDEAEMA) for improving its water dispersibility and
ionic adsorption with anionic bio-entities. PNIPAAm responded to the change of the
environmental temperature due to the phase separation when crossing its lower critical
solution temperature (LCST = 30-34 °C) (Gandhi et al. 2015). When raising the temperature
above its LCST, the copolymer was in the collapse state due to the formation of the
intramolecular hydrogen bonding among the polymer chains. In contrast, it swelled at the
temperature below its LCST owing to the intermolecular hydrogen bonding between water
molecules and polymer chains (Du et al. 2010; Bischofberger and Trappe 2015; Patil and
Wadgaonkar 2017; Rodkate and Rutnakornpituk 2016; Meerod et al. 2015).

The reactions involving thiol chemistry has now gain a great attention because thiols
(-SH) are highly reactive nucleophiles for the reactions with epoxide, alkyl halides, and
double or triple bonds (Espeel and Du Prez 2015; Stamenovi et al. 2011). However, the
applications of thiols are rather limited because they have a short shelf life due to the
oxidation reaction resulting in disulfide formation (Espeel et al. 2012). A promising approach
to overcome this limitation is to use a reactive thiolactone, a cyclic thioester, as a latent thiol
functional group. This reaction involves a ring-opening reaction of thiolactone moieties to
obtain thiol functionality (-SH), subsequently reacting with electrophiles for the second
modification in one-pot reaction (Espeel and Du Prez 2015; Chen et al. 2014; Reinicke et al.
2013; Espeel et al. 2011). Many works from Du Prez’s research group have reported the use
of thiolactone for the double modification purpose (Espeel and Du Prez 2015; Stamenovi et
al. 2011; Espeel et al. 2012; Chen et al. 2014; Reinicke et al. 2013; Espeel et al. 2011).

In this report, we describe a synthesis of a thermo-responsive multifunctional diblock
copolymer containing thiolactone acrylamide (TlaAm) units for coating on MNP surface and
its use for drug controlled release and bio-conjugation applications. PDEAEMA synthesized
via RAFT polymerization was used as a macro chain transfer agent (CTA) for a chain
extension of PNIPAAmM-st-PTIAm second block. PTIAm units were ring opened by alkyl
amines to form thiol groups, which were subsequently reacted with the acrylamide-coated
MNP to obtain the copolymer-coated particle. PDEAEMA block was then quaternized to
obtain cationic MNP to improve the water dispersibility of the particle and for ionic

adsorption with negative bio-entities. The effect of alkyl chain lengths (C3, C8 and C12) on
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the assemblies of the copolymer-coated MNP, affecting their water dispersibility and
magnetic separation ability, was investigated. Moreover, the temperature change and the
effect of alkyl chain lengths on the rate of the drug release (doxorubicin as a model drug)

were also studied (Fig. 1).
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Fig. 1 Synthetic scheme of the copolymer-coated MNP (MC) and its quaternization (qMC)
Experimental
Materials

Unless otherwise stated, the reagents were used without purification: iron(l1l) acetylacetonate
(Fe(acac)s, 99%, Acros), aminopropyltriethoxysilane (APTES, 99%, Acros), D,L-
homocysteine thiolactone hydrochloride (99%, Acros), oleic acid (Carlo Erba), (3-
aminopropyl) triethoxysilane (APTES, 99%, Acros), triethylamine (TEA, 97%, Carlo Erba),
2,2’-azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich), s-(thiobenzoyl) thioglycolic
acid as a chain transfer agent (99%, Aldrich), 2-(diethylamino) ethyl methacrylate
(DEAEMA, 99% stabilized, Acros), and N-isopropylacrylamide (NIPAAm, 99%, Acros)
were used as received. Acryloyl chloride was synthesized prior to use via a chloride exchange
reaction between acrylic acid (98%, Acros) and benzoyl chloride (99%, Acros) to obtain a
colorless liquid with 60% yield. 1-Propylamine (99%, Sigma-Aldrich), 1-octylamine (99%,
Merck), 1-dodecylamine (98%, Acros) and iodomethane (2.0 M in tert-butyl methyl ether,
Sigma-Aldrich) were used as received. Doxorubicin hydrochloride (DOX, 2 mg/mi,

Pharmachemie BV) were used as received.
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Synthesis of N-thiolactone acrylamide (TlaAm) monomer (Reinicke et al. 2013)

To the mixture of D,L-homocysteine thiolactone hydrochloride (7.05 g, 45.6 mmol) in a
H,0/1,4-dioxane solution (100 ml), NaHCOg3 (19.20 g, 227.9 mmol) was added and stirred
for 30 min in an ice bath. Acryloyl chloride (8.3 g, 91.2 mmol) was then added dropwise and
stirred at room temperature overnight. After the reaction completed, brine (100 ml) was
added into the solution, followed by extracting with ethyl acetate (3x200 ml) to obtain
TlaAm in an organic layer. Finally, TlaAm monomer was purified by recrystallization from

CH.Cl; and then dried in vacuo.
Synthesis of acrylamide-coated MNP

MNP was synthesized via a thermal decomposition method of Fe(acac)s (5 g, 14.1 mmol) in
90 ml benzyl alcohol at 180 °C for 48 h. Then, the particle was magnetically separated and
washed with ethanol and then chloroform. Oleic acid (4 ml) was slowly added to the MNP-
toluene dispersion (30 ml) with sonication to form oleic acid-coated MNP, followed by an
addition of APTES (4 ml) containing TEA (2 ml) to form amino-coated MNP. After stirring
for 24 h, the particles were precipitated in ethanol and washed with toluene. After re-
dispersing the particles (0.1 g) in a NaOH solution (6.72 mmol in 10 ml DI), acryloyl
chloride (3.36 g, 37.1 mmol) was then added to the dispersion and stirred for 24 h. The
product was magnetically separated, repeatedly washed with water and then stored in the
form of dispersions in THF (0.1 g MNP/1 ml).

Synthesis of PDEAEMA macro chain transfer agent (PDEAEMA macro CTA)

DEAEMA monomer (1.9361 g, 10.4 mmol), S-(thiobenzoyl) thioglycolic acid (31.7 mg, 0.1
mmol) as CTA and AIBN initiator (4.9 mg, 0.03 mmol) ((DEAEMA],:[CTA]:[AIBN] molar
ratio of 70:1:0.2, respectively) were dissolved in 1,4-dioxane (7 ml) under N, atmosphere

with stirring for 30 min. The RAFT polymerization was performed for 48 h at 70 °C to obtain

ca.50% monomer conversion with M of PDEAEMA about 6,700 g/mol (Supplementary

material Fig. S1). The polymerization was ceased by cooling at room temperature in air. The

PDEAEMA macro CTA was purified by dialysis in methanol and dried in vacuo.
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Synthesis of PDEAEMA-b-P(NIPAAm-st-TlaAm) block copolymer

PDEAEMA macro CTA (0.06 mmol), NIPAAm (4.24 mmol), TlaAm (1.82 mmol) and
AIBN initiator (0.01 mmol) ([NIPAAmM]o:[TlaAm]o:[PDEAEMA macro CTA]:[AIBN] molar
ratio of 70:30:1:0.2, respectively) was dissolved in 1,4-dioxane (8.5 ml) under N, atmosphere

with stirring for 30 min. The RAFT polymerization was performed at 70 °C for 4 h to obtain

ca.50% NIPAAm conversion and 30% TlaAm conversion with M, of the copolymer about

12,200 g/mol (Supplementary material Fig. S2). The polymerization was stopped by cooling
at room temperature with air. The copolymer was purified by dialysis in methanol and dried

in vacuo.

Synthesis of the copolymer-coated MNP by a double modification of PDEAEMA-b-
P(NIPAAm-st-TlaAm) copolymer

The copolymer (0.16 mmol of TlaAm unit) was dissolved in chloroform (5 ml) followed by
an addition of primary alkylamines (0.32 mmol, 2:1 molar ratio of alkyl amine to TlaAm
unit), e.g. 1-propylamine, 1-octylamine and 1-dodecylamine, to obtain the C3, C8 and C12
copolymers, respectively. The solution was then mixed with the acrylamide-coated MNP
(100 mg) and TEA (0.1 ml) and stirred for 24 h under N, gas. The copolymer-coated MNP
was magnetically separated and washed with chloroform and designated as MC3, MC8 and
MC12, respectively.

Quaternization of PDEAEMA in the copolymer-coated MNP

The copolymer-coated MNP (1.76 mmol of DEAEMA units) was re-dispersed in ethanol (40
ml), followed by dropwise addition of 2M CHsl solution (1.76 mmol). The mixture was
stirred for 20 h in dark at room temperature. The quaternized products (QMC3, gMC8 and
gMC12) were magnetically separated and washed with THF to remove an excess of CHjsl,

followed by drying in vacuo to obtain black powder.
In vitro release studies of entrapped DOX from the copolymer-coated MNP

The drug solution (2 mg/ml of DOX) was added dropwise into the quaternized MNP
dispersions (10 mg/2 ml in DI water) with stirring at 15 °C for 3 h. The DOX-entrapped MNP
was separated from an excess DOX by magnetic separation for 30 min and washed with DI
water for 4 times. The dispersion of DOX-entrapped MNP (10 mg in 3 mL DI water) was
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placed in a water bath at 25 °C (below LCST of PNIPAAm) for 1 h and then temperature was
increased to 45 °C (above LCST of PNIPAAmM) for another 80 min. During the experiment,
0.2 ml of the dispersions was withdrawn from the release media at a pre-determined time
until the released drug reached the equilibrium (the total time points ranging between 12 and
15). After 30-min magnetic separation, the concentrations of the released drug in the
supernatant at a given time were determined via UV-visible spectrophotometry at A= 480 nm
and % drug release was calculated from the following equation;
Weight of released drug at a given time

% d 1 d = 100
/o drug release Weight of the entrapped drug in the MNP X

where the weight of the entrapped drug in the MNP was determined from the amount of the
drug at the maximum point of the release profile combined with those remaining in the
particles. To dissolve the remaining drug from the MNP, DI water (3 ml) was added to the
particles and then the mixture was heated at 50 °C for 1 h. After 30-min magnetic separation,
the drug concentration in the supernatant was then determined via UV-visible
spectrophotometry. The drug entrapment efficiency was calculated from the following
equation;
weight of the entrapped drug in the MNP

Entrapment efficiency (%EE) = weight of the loaded drug x 100

Characterization

FTIR spectrophotometry was operated on a Perkin—-Elmer Model 1600 Series FTIR
spectrophotometer. '"H NMR spectroscopy was performed on a 400 MHz Bruker NMR
spectrometer using DMSO-dg or CDCl; as solvents. The hydrodynamic diameter (Dy) and
zeta potential of the particles were measured by PCS using NanoZS4700 nanoseries Malvern
instrument. The sample dispersions were sonicated for 1 h before each measurement without
filtration. The TEM images were conducted using a Philips Tecnai 12 operated at 120 kV
equipped with Gatan model 782 CCD camera. The particles were re-dispersed in water and
then sonicated before deposition on a TEM grid. TGA was performed on Mettler-Toledo’s
SDTA 851 at the temperature ranging between 50 and 800 °C and a heating rate of 20 °C/min

under oxygen atmosphere. Magnetic properties of the particles were measured at room
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temperature using a Standard 7403 Series, Lakeshore vibrating sample magnetometer (VSM).

UV-visible spectrophotometry was performed on microplate reader at A = 480 nm.
Results and Discussion

This work focused on the surface modification of MNP with multi-functional
PDEAEMA-b-P(NIPAAmM-st-TlaAm) copolymer to obtain magnetic nanocluster with
thermo-responsive properties for drug controlled release application. The copolymer was
synthesized via RAFT polymerization to control architecture and the molecular weight of the
block copolymer. PDEAEMA macro CTA was first synthesized, followed by the extension of
P(NIPAAm-st-TlaAm) second block from PDEAEMA first block. It was envisioned that the
quaternized PDEAEMA could form the corona, while P(NIPAAm-st-TlaAm) block self-
assembled to be a core in aqueous media. (Supplementary material Fig. S3). PTIaAm in the
P(NIPAAm-st-TlaAm) allowed for a double modification for 1) adjustment of the degree of
the hydrophobicity of the polymeric core and 2) immobilization of the polymer on MNP
surface. This P(NIPAAm-st-TlaAm) core was also used for entrapment of a therapeutic drug
with a thermo-triggering release mechanism owing to the existence of PNIPAAm in the
structure. In addition, an optimal degree of hydrophilicity/hydrophobicity of the copolymer
might be necessary for controlled release of the entrapped drug. Therefore, three different
alkyl chain lengths (C3, C8 and C12) were used for tuning the degree of the hydrophobicity
of the copolymer coated on the particle surface.

Synthesis and characterization of the copolymer-coated MNP

'H NMR spectra of the purified products from each step were shown in Fig. 2. The signals
corresponding to the methylene protons of PDEAEMA macro CTA (1.8-1.9 ppm) indicated
the polymerization of PDEAEMA (Fig. 2A). This macro CTA was then used for the
propagation of NIPAAm and TlaAm monomers. The new signals at & 1.1 and 3.6 ppm of the
NIPAAM units and at 6 3.2 and 4.7 ppm of TlaAm units indicated the propagation of both
monomers from PDEAEMA macro CTA (Fig. 2B). After the ring-opening reactions of
thiolactone wunits with various alkylamines (1-propylamine, 1-octylamine and 1-
dodecylamine), the strong signals of the protons of alkyl groups appeared in the range of &
0.9- 1.4 ppm (Fig. 2C, 2D, and 2E). In good agreement with this result, the disappearance of
TlaAm signals at 6 3.3-3.4 ppm (signal k in Fig. 2B) and ¢ 4.7 (signal i in Fig. 2B), indicating

the successful ring-opening reactions of thiolactone moiety in the copolymers. In addition,
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the results from FTIR were also in good agreement with those obtained from ‘H NMR

(Supplementary material Fig. S4).
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Fig. 2 'H NMR spectra of (A) PDEAEMA macro CTA, (B) PDEAEMA-b-P(NIPAAm-st-

TlaAm) copolymers before the ring-opening reaction, and after the ring-opening reactions

with (C) 1-propylamine, (D) 1-octylamine, and (E) 1-dodecylamine

After the ring-opening reaction of thiolactone rings in the copolymers with
alkylamines to form thiol groups (-SH), the acrylamide-coated MNP was subsequently added

to the mixture allowing for the thiol-ene reaction (Lowe 2010). The proposed thiol-ene
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reaction mechanism between the acrylamide on the MNP surface and thiol groups (-SH) of
the copolymer is shown in Fig. 3. Figure 4 shows FTIR spectra of the acrylamide-coated
MNP and the MNP coated with the copolymers after the thiol-ene reaction. The signal at 590
cm™ corresponding to Fe-O bond in the MNP appeared in every sample (Fig. 4). Fig. 4B-4D
show the characteristic adsorption signals of C=0 stretching (1730 cm™), C-O stretching
(1260 cm™) of carboxyl groups and C-C stretching (800 cm™) of the copolymer, signifying

the existence of the copolymer on the particle surface through the thiol-ene reaction.
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Fig. 3 The thiol-ene reaction mechanism between the acrylamide groups on the MNP surface

and thiol groups of the copolymer
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Fig. 4 FTIR spectra of (A) acrylamide-coated MNP, (B) MC3, (C) MCS8, and (D) MC12

To study the organic/inorganic composition of the copoymer-coated MNP, TGA was
used to determine the weight loss at 800 °C (Fig. 5A). It was hypothesized that the residue
weight was the weight of iron oxide from oxidized MNP, while the loss weight was the

organic conponents in the copolymer-MNP assemblies. The decrease of the residual weight



51

in the samples corresponded to the increase in the organic contents in the MNP. It was found
that there was about 12% organic content in acrylamide-coated MNP, while after coating
with the copolymer, there were 26%, 28% and 41% of the polymers in MC12, MC8 and
MC3, respectively, signifying that MC3 had higher degree of alkyl substitution as compared
to the other two. This was rationalized that the short alkyl chain length in the C3 copolymer
might have less steric hindrance in the particle coating step, resulting in the better
accessibility of the particles to react with the copolymers and thus higher amounts of the

copolymers on the particles.

VSM technique was used to determine magnetic properties of the MNP before and
after the copolymer coating (Fig. 5B). They well responded to an applied magnet and showed
superparamagnetic behavior due to the absence of the coercitivity (H¢) and remanence (M)
upon removal of an external magnetic field. The saturation magnetization (Ms) decreased
from 58 emu/g of acrylamide-coated MNP to 56 emu/g of MC12, 54 emu/g of the MC8 and
31 emu/g of MC3, due to the presence of non-magnetic copolymer on the particle surface and
thus the drop of their magnetic responsiveness. The decrease in the net magnetization

corresponded well to the increase of the copolymers coated on the particles observed in TGA.
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Fig. 5 (A) TGA thermograms and (B) M-H curves of (a) acrylamide-coated MNP, (b) MC3,
(c) MC8 and (d) MC12

The copolymer-coated MNP was then quaternized to improve the particle
dispersibility in water. Zeta potentials of the particle both before (MC3, MC8 and MC12) and
after quaternization (QMC3, gqMC8, and gMC12) were studied using PCS (Table 1). The zeta
potentials of acrylamide-coated MNP before and after quaternization did not change because
there was no copolymer coated on the MNP surface. After the copolymer coating, their zeta
potential values of all copolymers significantly increased from 0 to 16-28 mV after

quaternizations, owing to the formation of permanent positive charges of quaternary
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ammonium groups in the copolymer-coated MNP. It should be noted that these positive
charges might facilitate the particles to be well dispersible in an aqueous media, which was

necessary for the use in drug controlled release applications discussed later in this report.

In addition, the preliminary studies in the use of the cationic MNP for ionic adsorption
with negative bio-entities were also investigated. DNA tagged with 6-carboxytetramethyl
rhodamine (TAMRA-5’-TACCACCATTC-3") was selected as a model compound to proof
the idea of ionic adsorption capability of the particles. gMC12 (2 mg) as a representative was
dispersed in 0.4 uM DNA solution (2 ml) and then stirred for 2 h, followed by magnetic
separation. It was found that the concentrations of DNA in the solutions significantly
decreased from 0.42 puM to 0.05 uM (Supplementary materials Fig. S5), indicating that the
MNP can be used as a cationic platform for adsorption with DNA through the electrostatic

interaction.

Table 1 Zeta potential values and hydrodynamic size (Dy,) of the copolymer-coated MNP

Zeta potential [mV] Dy, of quaternized particles [nm]
Types of MNP
Before After at 25°C at 45°C
quaternization quaternization
Acrylamide- -15.3+0.5 -15.3+0.5 564 + 63 506 + 52
coated MNP
MC3 0 284+1.0 1068 + 197 396 + 58
MCS8 0 16.2+0.6 836 + 214 372 +103
MC12 0 26.3+0.8 1426 + 218 295+ 0

Representative TEM images of acrylamide-coated MNP and the quaternized
copolymer-coated MNP (qMC) prepared from aqueous dispersions are shown in Fig. 6.
Acrylamide-coated MNP showed macroscopic aggregation due to the lack of polymer
coating resulting in the particles with poor water dispersibility (Fig. 6A). After coating with

the copolymer and then quaternization, formation of the nanoclusters with the size below 200
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nm/cluster was observed (Fig. 6B-6D). They showed good dispersibility in water without
noticeable aggregation after standing for 2 h (Fig. 7A). After 75 h, the gMC3 dispersion
exhibited some aggregation, while those of qMC8 and gqMC12 were insignificant. This was
attributed to the higher degree of alkyl substitution of 1-propylamine in the copolymer due to
less steric hindrance as compared to those of 1-octyl and 1-dodecylamines, resulting in the
higher degree of hydrophobicity of the copolymer and consequently aggregating in water.
The TGA result discussed above also supported this assumption that there was higher amount
of the copolymer in gMC3, which might result in the higher degree of hydrophobicity as
compared to qMC8 and gMC12.

The particle dispersibility in water shown Fig. 7A was in good agreement with their
magnetic separation ability in water. After 5 min of magnetic separation, qMC3 can be
completely separated while there were some dispersible particles remaining in gMC8 and
gMC12 dispersions (Fig. 7B). Importantly, the completely separated ability of particles from
the dispersion with an assistance of a magnet was necessary for the determination of the drug

controlled release discussed later in this work.
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Fig. 6 TEM images of (A) acrylamide-coated MNP, (B) gMC3, (C) gMCS8 and (D) gMC12

prepared from aqueous dispersions
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Fig. 7 (A) Water dispersibility and (B) magnetic separation ability of gMC3, gMC8 and
qMC12

Because the copolymer coated on the particles in this work comprised thermo-
responsive moieties of PNIPAAmM and PDEAEMA, the effect of the change in the
temperature on their Dy was investigated. The experimental temperatures were set at 25 °C
and 45 °C, which crosses their critical solution temperature (LCST of PNIPAAmM = 30-34 °C
and LCST of PDEAEMA = 31 °C) (Gandhi et al. 2015; Maeda et al. 2004). It was found that,
in all cases, Dy, of the particle coated with the copolymers at 45 °C was smaller than those at
25 °C (Table 1). The copolymers collapsed at the temperature above its critical solution
temperature, resulting in the shrinkage of the nanocluster and thus the decrease in their Dy,. It
should be noted that the shrinkage of the copolymer when heated to 45 °C would be utilized

as a triggering mechanism for drug controlled release discussed in the later section.



55

In vitro release studies of entrapped DOX from the copolymer-coated MNP triggered by the

temperature change

DOX, known as a chemotherapy medication used to treat cancer, was used as a model drug
for entrapment in and then release from the copolymer-coated MNP. It was hypothesized that
DOX was entrapped in the copolymer-coated particles due to the hydrogen bonding of DOX
molecules with the copolymer. %EE of qMC3 was ca.5.4%, while those of gMC8 and
gMC12 ranged between 10.3% and 10.8%. The two-fold lower percentage of gqMC3 as
compared to those of the other two samples was probably due to the higher degree of
hydrophobicity in gMC3 (higher degree of alkyl substitution), which might result in less
entrapment of DOX on the particles.

DOX release studies were performed at 25 °C with a step-wise increase in the
temperature to 45 °C after the equilibrium (Fig. 8). In all cases, the release of DOX from the
particle at 25 °C reached their equilibrium within 40 min and they were held at this
temperature for 1 h to ensure the equilibrium. Generally, when the temperature of dispersion
is increased above room temperature, the preloaded drug should mainly be released via a
diffusion mechanism [Liu et al. 2010]. In this work, when increasing the temperature to 45 °C
(above LCST of PNIPAAmM), all samples (gMC3, gMC8 and qMC12) showed the same trend
of the drug release. The increment of DOX release upon increasing the temperature was
mainly attributed to “a diffusion mechanism”. Interestingly, qMC8 and qMC12 showed the
faster rate of DOX release with additional release of ca.8-10% and reached the equilibrium
within 40 min. This accelerated release rate was attributed to “a squeezing mechanism” due
to the collapse of PNIPAAmM chains at above its LCST [Trongsatitkul and Budhlall 2013].
However, the release rate of DOX in gqMC3 seemed to be retarded at the beginning of the
elevated temperature and it was then slowly released afterward with additional DOX release
of ca.11%. The higher degree of hydrophobicity in gMC3 discussed above might inhibit the
squeezing behavior of PNIPAAm in the copolymer, which thus initially retarded the release

of the entrapped drug from the particles at the elevated temperature (Fig. 9).
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Fig. 8 DOX release profiles of the copolymer-coated MNP (qMC3, gMC6 and qMC12)
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Fig. 9 The proposed mechanism of DOX release from the copolymer-coated MNP
Conclusions

We herein reported the multi-responsive MNP modified with cationic PDEAEMA-b-
P(NIPAAm-st-TlaAm) copolymer and its potential applications in controlled drug release and
bio-conjugation. Degree of hydrophobicity of the copolymers coated on surface of particle
can be tuned by using various alkyl chain lengths in thiolactone ring-opening reaction and
this can influence the particle self-assemblies in water (e.g. Dy, dispersibility, nano-

aggregation) and the drug release rate. These particles exhibited the temperature responsive
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behavior, which can be used as a triggering mechanism for controlled release of DOX. These
versatile copolymer-MNP assemblies showed an enormous potential for use as a smart
platform with thermal-triggering controlled drug release system and for conjugation with any

negatively charged bio-entities.
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Figure S3 A TEM image of quaternized C12 copolymer showing the self-assemble behavior.

The TEM sample was prepared from the copolymer aqueous dispersion.
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Figure S4 FTIR spectra of (A) PDEAEMA-b-P(NIPAAm-st-TlaAm) copolymers before the
ring-opening reaction, and after the ring-opening reactions with (B) 1-propylamine, (C) 1-

octylamine, and (D) 1-dodecylamine
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Chapter IV

Multi-responsive poly(N-acryloyl glycine)-based

nanocomposite and its drug release characteristics

Abstract

pH- and thermo-responsive nanocomposite composing of poly(N-acryloyl glycine)
(PNAG) matrix and magnetite nanoparticle (MNP) was synthesized and then used for drug
controlled release application. The effects of crosslinkers, e.g. ethylenediamine and tris(2-
aminoethyl)amine, and their concentrations (1 and 10 mol%) on the size, magnetic separation
ability and water dispersibility of the nanocomposite were investigated. The nanocomposite
crosslinked with tris(2-aminoethyl)amine (size ranging between 50 and 150 nm in diameter)
can be rapidly separated by a magnet while maintaining its good dispersibility in water. It can
respond to the pH and temperature change as indicated by the changes in its zeta potential
and hydrodynamic size. From the in vitro release study, theophylline as a model drug was
rapidly released when the pH changed from neutral to acidic/basic conditions or when
increasing the temperature from 10 °C to 37 °C. This novel nanocomposite showed a
potential application as a magnetically guidable vehicle for drug controlled release with pH-

and thermo-triggered mechanism.

Keywords: Poly(N-acryloyl glycine); Magnetite nanoparticle; Nanocomposite; Drug

controlled release; pH- and thermos-responsive
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1. Introduction

Magnetite nanoparticle (MNP) has attracted great attention in recent years in
biomedical and biotechnological applications [1-5] owing to its magnetically guidable
properties [2], high surface area-to-volume ratio [4], high saturation magnetization [6-7], low
toxicity and high biocompatibility [8]. These intriguing properties make MNP as an ideal
candidate for use in various biomedical fields such as drug delivery [5], diagnostics,
therapeutics [2,9-10] and magnetic separation [11-13].

In the magnetic separation application, MNP should have high magnetic
responsiveness, so that it should abruptly respond to a magnet and completely remove un-
adsorbed entities after decanting [14-15]. Formation of nanocomposite containing multi-
particles of MNP embedded in polymer matrix was another promising approach to enhance
magnetic sensitivity while maintaining its good dispersibility in the media. When individual
unique properties of both MNP and polymer matrix were combined, multi-functional
nanocomposite serving as a platform for further conjugation with desirable bio-entities can be
obtained [16-17]. Thus, this hybrid-nanocomposite has been particularly used in biological
field such as drug delivery system [18-19], controlled release [16,20,23], and magnetic
separation [1-13]. Previous works have reported the synthesis of MNP-polymer
nanocomposite having both good magnetic separation ability and good water dispersibility
for drug controlled release [4,16] and for conjugation with bio-entities [17,24].

Interestingly, polymer matrix having external stimuli-responsive properties in
nanocomposite can be used as a handle in controlled release applications [25-29]. Previous
works have presented the use of MNP coated with pH- and thermo-responsive polymers as a
handle for triggered mechanisms for drug controlled release [28]. Among the pH- and
thermo-responsive polymers, poly(N-acryloyl glycine) (PNAG) is of particular interest in this
research because it can be facilely synthesized via a free radical polymerization of N-acryloyl
glycine monomer in aqueous solutions [12,30]. H-bonding network of carboxyl groups (-
COOH) and amide groups (-CONH-) in PNAG chains with water molecules plays a crucial
role in its pH- and temperature-responsive properties [31].

In a basic pH condition, the carboxylate groups (COQ") of PNAG should be formed,
resulting in the enhancement in water swelling due to negative charge repulsion among the
chains. On the other hand, when the polymer was protonated in an acidic pH condition, its
collapsed structure should be formed [32]. PNAG also showed thermo-responsive properties

when its environmental temperature changed due to H-bonding of amide bonds in the chains
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with water molecules [33,34], similarly to the case of the amino acid-derived polymers, such
as poly(N-acryloyl glycinamide) (PNAGA) [35], poly(acrylamide) (PAAm) and poly(acrylic
acid) (PAA) [36,37,38]. However, the study in upper critical solution temperature (UCST) of
PNAG homopolymer has never been reported, while those of PNAG-containing copolymer
were very limited [39]. At the temperature below the UCST, PNAG should be stabilized by
intramolecular H-bonding, resulting in the formation of solid hydrogels. At the temperature
above its UCST, it can reversibly turn into fluid state because the intramolecular H-bonding
is diminished and the simultaneous formation of intermolecular H-bonding between water
molecules and chains of polymer [35].

This work reports the synthesis of MNP nanocomposite coated with pH/thermo-
responsive PNAG and its use in drug controlled release. Modification of MNP surface with
PNAG was first prepared via a free radical polymerization, followed by a crosslinking
reaction. Different types and concentrations of the crosslinkers (1 mol% and 10 mol% of
tris(2-aminoethyl)amine or ethylenediamine) were used in the crosslinking in an attempt to
tune the reaction condition to gain the nanocomposite with good water dispersibility and high
magnetic separation ability. The effect of the crosslinking condition of the nanocomposite on
the controlled release of theophylline as a model drug was also investigated. It was
rationalized that PNAG can serve as a reservoir of the drug with both pH- and temperature-
triggered drug release mechanisms (Fig. 1). The effects of pH (pH 2.0, pH 7.4, and pH 11.0)

and temperature (10 °C and 37 °C) on its drug release rate were also herein investigated.
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Fig. 1 Schematic preparation of PNAG-coated MNP nanocomposite for drug controlled

release applications
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2. Experimental
2.1 Materials

Ammonium hydroxide (NH4OH) (28-30%, J.T. Baker), N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC.HCI) (GL Biochem Shanghai Ltd.), ethylenediamine
(Carlo Erba), glycine (AR grade), iron(Il) chloride tetrahydrate (FeCl,.4H,0) (99%, Acros
organic), iron(lll) chloride (FeCl3) (98%, Acros), oleic acid (Carlo Erba), ammonium
persulfate (APS) (98%, Carlo Erba), (3-aminopropyl) triethoxysilane (APTES) (99%, Acros),
tricthylamine (TEA) (97%, Carlo Erba), theophylline anhydrous (>99%, Sigma Aldrich), and
tris(2-aminoethyl)amine (96%, Sigma Aldrich) were used as received. Acryloyl chloride was
prepared via a chloride exchange reaction between benzoyl chloride (Acros, 99%) and acrylic
acid (98%, Acros) at 75 °C to obtain a colorless liquid with 60% yield.

2.2 Characterization

Fourier transform infrared spectrometry (FTIR) was conducted on a Perkin—Elmer
Model 1600 Series FTIR Spectrometer. 'H NMR spectroscopy was characterized via a 400
MHz Bruker NMR spectrometer. Transmission electron microscopy (TEM) was conducted
on Philips Tecnai 12 operated at 120 kV. The dispersion of the particle in water was dropped
on a carbon-coated copper grid at room temperature without filtration. Zeta potential and
hydrodynamic size (Dy,) of the particle were determined on NanoZS4700 nanoseries Malvern
photocorrelation spectrometer (PCS). Magnetic properties were characterized via a Standard
7403 Series, Lakeshore vibrating sample magnetometer (VSM). UV-visible
spectrophotometry was conducted on Analytik-Jena AG specord 200 plus UV-Vis
Spectrophotometer at A = 272 nm.

2.3 Preparation of N-acryloyl glycine (NAG) monomer

Glycine (61.8 mmol, 4.64 g) was dissolved in a NaOH aqueous solution (123.6 mmol,
4.95 g). An acryloyl chloride solution in tetrahydrofuran (61.8 mmol, 5.0 mL) was added into
the solution and then stirred at 0 °C for 3 h. The mixture was washed with diethyl ether and
then aqueous solution layer was adjusted to a pH 2 solution with conc.HCI. The extraction

with ethyl acetate was carried out and then organic layer was dried with anh.Na,SQOy, filtered
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and evaporated in vacuo. Finally, white solid as a product was obtained: 2.41 g, 30% yield; 'H
NMR (400 MHz, D,0): 6 4.08 ppm (s, 2H), 5.82-5.84 (dd, 1H), and 6.24-6.39 (dd and t, 2H).

2.4 Preparation of acrylamide-coated MNP

30%NH,OH solution (5.0 mL) was added into a solution mixture of FeCl,.4H,0 (2.1
mmol, 0.83 g) and FeCl; (2.5 mmol, 0.50 g) with stirring at 25 °C for 30 min. After separated
and washed with distilled water, an oleic acid solution (1.0 mL) in toluene (9.0 mL) was
added into the MNP dispersion and then stirred at 25 °C for 30 min. Oleic acid-coated MNP
was precipitated in acetone, separated by a magnet and then re-dispersed in toluene (10.0
mL). TEA (13.6 mmol, 1.0 mL) and APTES (11.9 mmol, 2.5 mL) were then added to the
dispersion with stirring at 25 °C under N, for 24 h to obtain amino-coated MNP.

After magnetic separation, washing and evaporation until dryness, amino-coated
MNP (0.05 g) was then dispersed in a NaOH solution (1.50 g) by ultrasonication. An acryloyl
chloride (49.5 mmol, 5.0 mL) was slowly added into the MNP dispersion at 0 °C in an ice
bath for 1 h, and then the mixture was continuously stirred at 25 °C for 24 h. After a reaction
completed, the particle was separated by a magnet and then repeatedly washed with distilled
water and stored in the dispersion form (0.02 g MNP/mL H,0).

2.5 Preparation of PNAG-coated MNP nanocomposite

NAG monomer (0.25 g, 1.94 mmol) was dissolved in distilled water (20.0 mL),
followed by an addition of a dispersion of acrylamide-coated MNP (0.05 g MNP in 25.0 mL
distilled water). An APS radical initiator solution (10% in distilled water, 0.04 mmol) was
injected into the mixture and the reaction was set allowed for 2 h at 70 °C under N, gas to
obtain PNAG-coated MNP nanocomposite. ). After magnetic separation and washing with
distilled water to remove the unreacted monomers and uncoated polymer chains, the
nanocomposite was then dried in vacuo. In the crosslinking reaction, the dispersion of the
nanocomposite (0.05 g nanocomposite in 50.0 mL distilled water) was added with EDC.HCI
(5% in distilled water) as a coupling agent and stirred at 25 °C 1 h. After magnetic separation,
the nanocomposite was re-dispersed in the crosslinker solutions (1 or 10 mol% of
ethylenediamine or tris(2-aminoethyl)amine in a pH 11 buffer solution) and then stirred for 1
h. After the crosslinking reaction, the MNP nanocomposite was rinsed with distilled water

with the use of a magnet to wash the unreacted crosslinking agents and then dried in vacuo.
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2.6 The release studies of entrapped theophylline from the MNP nanocomposite
The dispersion of the MNP nanocomposite (5 mg of the MNP nanocomposite in 1.0 mL

aqueous dispersion) was dropwise added with a theophylline solution (1.0 mL, 10 mg/mL in
distilled water). After stirring for 3 h at 40 °C, the drug-loaded MNP nanocomposite was
removed from an excess drug using an external magnet. In the in vitro release study, the
theophylline-entrapped MNP nanocomposite (5 mg of the MNP nanocomposite) was
dispersed in 5.0 mL buffer solutions (pH 2.0, pH 7.4 or pH 11.0). The dispersion was placed
into a water bath at 10 °C or 37 °C. At a predetermined time interval, 100 pL of sample
dispersion was withdrawn from the release media. After each sampling, the nanocomposite
was magnetically separated and then the supernatant was analyzed via UV-Visible
spectrophotometer at 272 nm wavelength. Percent release (%) was estimated from the

following equation;

Weight of the release drug at a given time

Percent release (%) = X x100 (1)

Weight of the drug entrapped in the MNP nanocomposite

To determine drug entrapment efficiency (EE) and drug loading efficiency (DLE), the
weight of theophylline entrapped in the MNP nanocomposite was determined from the
amount of the drug at the maximum point of the release profile combined with those
remaining in the particles. The nanocomposite was extracted with a 0.1 M HCI solution to
dissolve the left over drug and then analyzed via UV-Visible spectrophotometer. Therefore,

EE and DLE were defined from the following equations:

EE (%) = Weight of the drug entrapped in the MNP nanocomposite % 100 )
(%) = Weight of the loaded drug @)

DLE (%) = Weight of the drug entrapped in the MNP nanocomposite . ;
%) = Weight of the MNP nanocomposite )
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3. Results and Discussion

In this work, PNAG-coated MNP was first synthesized via a free radical
polymerization to form water dispersible magnetic nanocomposite. In addition to steric
stabilization, PNAG also provided electrostatic repulsion stabilization to the nanocomposite
due to the presence of carboxylate groups. Additional crosslinking of the MNP
nanocomposite was conducted to obtain those with good magnetic separation ability while
retaining its good water dispersibility. Two different crosslinkers (ehtylenediamine and
tris(2-aminoethyl)amine) were used in this work to study the effect of the crosslinkers and
their concentrations on Dy, water dispersibility and magnetic separation ability of the MNP
nanocomposite. pH- and thermo-responsive properties of PNAG coated on its surface
provided dual triggering mechanisms for drug release. In this report, in vitro release profile of
theophylline entrapped on the nanocomposite was investigated as a function of pH (2.0 7.4
and 11.0) and temperature (10 °C and 37 °C).

3.1 Characterization of the MNP nanocomposite

FTIR spectra of the particles before and after coating with PNAG are displayed in Fig.
2. The spectrum of acrylamide-coated MNP shows the weak signals of NHC=0 stretching
(1539 and 1625 cm™), N-H stretching (3232 cm™) and also those of MNP core at 551 cm™
(Fe-O stretching) (Fig. 2A). Once the nanocomposite was formed by coating MNP with
PNAG, the peaks attributed to C-O stretching (1221 cm™), NHC=0 stretching (1550 and
1633 cm™), C=0 stretching (1722 cm™) and N-H stretching (3301 cm™) were observed (Fig.
2C). These signals corresponded well to those of PNAG homopolymer (Fig. 2B), indicating

the presence of PNAG coated on the MNP nanocomposite.
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Fig. 2 FTIR spectra of (A) acrylamide-coated MNP, (B) PNAG homo-polymer and (C)
PNAG-coated MNP nanocomposite

3.2 Effect of crosslinking reactions on the properties of the MNP nanocomposite

Ethylenediamine and tris(2-aminoethyl)amine with two different concentrations (1
and 10 mol%) were used as the crosslinkers in the nanocomposite. The goal of this work was
to obtain the MNP nanocomposite with good magnetic separation ability while retaining its
good water stability; the conditions in the crosslinking reactions (type of crosslinkers and
concentrations) were thus optimized. Zeta potentials and Dy of the nanocomposites were

investigated using PCS technique (Fig. 3).
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Fig. 3 Dy and zeta potential values of (a) acrylamide-coated MNP, (b) the MNP
nanocomposite (before crosslinking), the MNP nanocomposites after crosslinking with (c) 1
mol% and (d) 10 mol% of ethylenediamine, and (e) 1 mol% and (f) 10 mol% of tris(2-
aminoethyl)amine

As compared to acrylamide-coated MNP, PNAG-coated MNP nanocomposite did not
show an increase in Dy while its zeta potential values significantly increased from -12 to -24
mV, and this was probably due to the existence of anionic carboxylate groups from PNAG.
This result well corresponded to those observed from the conductometric titration shown in
supporting information. After the crosslinking reactions, Dy of all samples significantly
increased while its zeta potential values decreased. The coupling reactions between the
carboxyl groups of PNAG coated on the particles and the amino groups of the crosslinkers
induced the nano-aggregation of the individual particles, resulting in the formation of
nanocomposite having multiple particles embedded and a slight drop in the degree of

negative charge. The increase in the crosslinker concentration from 1% to 10% also promoted
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the formation of the crosslinked nanocomposite as indicated by the enlarged Dy,. Interestingly,
the use of tris(2-aminoethyl)amine seemed to enhance the degree of crosslinking as compared
to those of ethylenediamine (at the same crosslinker concentrations), probably due to the

higher number of the equivalent reactive amines in the reactions (Fig. 4).
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Fig. 4 The proposed mechanism of the crosslinking amidations of PNAG-coated MNP with
(A) ethylenediamine and (B) tris(2-aminoethyl)amine

The size and the size distribution of the MNP nanocomposite in each step of the
reactions were also observed via TEM (Fig. 5). Acrylamide-coated MNP exhibited
aggregation of the particles without the formation of nanoclusters owing to the lack of
polymer coating (Fig. 5A). When MNP surface was coated with PNAG, the particles showed
an improvement in water dispersibility without significant aggregation (Figure 5B). After the
crosslinking, the cluster feature of the nanocomposite with the size ca. 50-150 nm in diameter
was observed (Fig. 5C-5F) and this corresponded to those observed in PCS results. However,
there was no apparent difference in the size and the size distribution of the nanocomposite
between those crosslinked with ethylenediamine and tris(2-aminoethyl)amine or with different

concentrations.
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Fig. 5 TEM of (A) acrylamide-coated MNP, (B) the MNP nanocomposite (before
crosslinking), the MNP nanocomposite after crosslinking with (C) 1 mol% and (D) 10 mol%

of ethylenediamine, and (E) 1 mol% and (F) 10 mol% of tris(2-aminoethyl)amine

Water dispersibility, stability and magnetic separation ability of the particles in each
step of the reactions were investigated. Acrylamide-coated MNP aggregated within a few
minutes after the preparation due to a lack of polymeric stabilization. After coating with
PNAG, the particles were well stabilized through both steric and electrostatic repulsion
mechanisms, resulting in the stable MNP dispersions with insignificant aggregation even
after 24 h of the preparation. However, they cannot be completely separated after applying with
a magnet for 5 min, which would be troublesome when employed for magnetic separation
applications. The crosslinking of these nanocomposites was conducted in an attempt to
enhance the magnetic separation ability, while retaining its good water stability. Tris(2-
aminoethyl)amine and ethylenediamine with two different concentrations (1 mol% and 10
mol%) were used as additional crosslinkers. According to the results in Table 1, the
nanocomposites after crosslinking showed a fair dispersibility in water after 24 h standing
with a slight aggregation. This was probably due to the formation of the nanoclusters with a
larger size, which corresponded well to the results observed from PCS technique discussed
above. These nanocomposites can be separated within 5 min due to the increase in its size,
resulting in an improved response to a magnet. Interestingly, as compared to the others, those

crosslinked with 10 mol% tris(2-aminoethyl)amine can be completely separated from the
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dispersion and it would be used as a representative for other studies, e.g. magnetic properties,

drug entrapment and controlled release studies.

Table 1 The effect of crosslinking agents and their concentrations on water dispersibility and

magnetic separation ability

Acrylamide- PNAG After crosslinking with
coated MNP coating 0o of
mol% o
(no PNAG (before 1mol% of 10 mol% of 1 mol% of
coating) crosslinking) diamine* diamine* triamine** triamine**
At initial time

Dispersibility in water

After 24 h

(8
i
B

Magnetic separation ability

After 5 min

a
=
i A\ <

* Diamine is ethylenediamine.

** Triamine is tris(2-aminoethyl)amine
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3.3 Multi-responsive properties of the MNP nanocomposite as a function of magnetic

field, dispersion pH and temperature

Magnetic properties of acrylamide-coated MNP and PNAG-coated MNP
nanocomposites before and after crosslinking with 10 mol% of tris(2-aminoethyl)amine were
determined via VSM technique. It was found that, the saturation magnetization (Ms) of the

particles decreased from 68 emu/g to 40 emu/g after coating with PNAG due to the presence

of non-magnetic organic polymer in the nano-composite (Fig. 6). After the crosslinking
reaction, its M value increased to 50 emu/g and this was probably owing to the formation of

MNP nanoclusters, leading to the increase in the magnetic sensitivity [15].

To confirm pH-responsive properties of the crosslinked MNP nanocomposite, its Dy,
was determined in pH 2.0, 7.4 and 11.0 buffer solutions. It was found that Dy in pH 2.0
cannot be measured due to macro-aggregation of the particles (indicated by an arrow in the
inset in Fig. 7A). This was probably because PNAG was in the COOH form, resulting in the
lack of anionic charged repulsion. In addition, its Dy increased from 617 nm to 1011 nm
when the pH changed from pH 7.4 to pH 11.0 and this was attributed to presence of
negatively charged repulsion of -COO" from PNAG chains, resulting the swelling of the
nanocomposite. The change of Dy as a function of dispersion pH corresponded to the pK,
value of PNAG (pK, 3.2) in term of the protonated/deprotonated forms of the carboxyl
groupst*®. Dy, of the MNP nanocomposite was then investigated at 10 °C and 37 °C in pH 7.4
buffer solutions. Dy, significantly dropped from 685 nm to 260 nm when the temperature was
decreased from 10 °C to 37 °C (Fig. 7B). It was rationalized that a number of the crosslinked
MNP nanocomposites might be in the agglomerated form at 10 °C due to the H-bonding
among each nanocomposite. At 37 °C, the nano-composite might be separated from each
other due to the predominant interaction between PNAG on the nanocomposite surface and

water molecules.
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Fig. 6 M-H curves of (A) acrylamide-coated MNP, (B) the MNP nanocomposite (before
crosslinking) and (C) the MNP nanocomposites after crosslinking with 10 mol% of tris(2-

aminoethyl)amine
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Fig 7. (A) pH- and (B) thermo-responsive properties of the MNP nanocomposite after

crosslinking with 10 mol% of tris(2-aminoethyl)amine
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3.4 Drug release behavior

A show case of the MNP nanocomposite for a drug controlled release application was
also carried out in this work. Theophylline, a methylxanthine drug used in therapy for
respiratory diseases, was selected as a model drug because it can be quantified via UV-vis
spectrophotometry and possesses the amino groups in the structure. The
protonation/deprotonation of the amino groups in theophylline leads to ionic
adsorption/repulsion interactions with the carboxyl groups of PNAG, resulting in the drug
release triggered by the change of the dispersion pH.

EE and DLE of the MNP nanocomposite crosslinked with 10 mol% of tris(2-
aminoethyl)amine were first investigated. EE and DLE of the nanocomposite were 22-35%
and 45-69%, respectively, depending on the pH and temperature of the dispersions. The
effect of pH- and temperature changes on the theophylline release rate from the MNP
nanocomposite was then studied. The theophylline release studies were performed using
stepwise pH changes from pH 7.4 to pH 2.0 and from pH 7.4 to pH 11.0 (Fig. 8A and 8B). It
should be noted that pK, of PNAG was about 3.2 [40] and that of theophylline was 8.8
[41,42]. It was found that the drug was rapidly released when the pH changed from neutral to
acidic/basic conditions. This was attributed to the negatively charged repulsion of the
deprotonated forms of PNAG (-COO") on the particle surface and theophylline in the basic
condition (Fig. 9A). Similarly, the positively charged repulsion of the protonated forms of
these two components (-COOH of PNAG and =NH" of theophylline) was rationalized for the
abrupt release of the drug in the case of acidic condition.

The effect of the temperature change on the theophylline release behavior was also
studied using a stepwise temperature change from 10 °C to 37 °C (Fig. 8C). There was about
12% of the drug released at 10 °C and it was rapidly released for 92% when heated to 37 °C.
The abrupt release of the drug from the nanocomposite was attributed to the separation of the
agglomerated nanocomposites at high temperature as indicated by the decrease in Dy, (Fig.
9B).
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4. Conclusions

This work presented the preparation of pH- and thermo-responsive nanocomposite

based on PNAG matrix and MNP and its application in drug controlled release. The MNP

nanocomposite having good magnetic separation ability and water stability was obtained by

tuning the types and concentrations of the crosslinkers. It exhibited dual-responsive

properties as indicated by the change in its zeta potential and Dy, when the environmental pH

and temperature were changed. In addition, this novel nanocomposite was also demonstrated

for use as a magnetically guidable vehicle for theophylline controlled release with pH- and

thermo- triggered mechanisms.
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Fig. S1 *H NMR spectrum of NAG monomer

Calculations of the grafting density of carboxyl groups on PNAG-coated MNP after
dispersing in water

The amounts of carboxyl groups presenting on the MNP surface were quantitatively
determined by a conductometric titration. The conductometric titration curve of the reaction
between NaOH and HCI having a V-shape (Blank) shows (Fig. 1A). During the titration, the

reaction that takes place in the titration vessel is following:

. . H" Cr
Na* + OH ——> H,0 + CI' + Na'

In the region I, before the end point, OH" is removed from the solution by reaction
with H*, and CI is added to the solution. The conductance of the solution decreases prior to
the end point. After the end point (region II), no OH" is available to react, and the
conductance of the solution increases as a result of the additional of H and CI".

In the case of the titration of HCI with -COOH groups on the particle surface, the

conductrometric titration curve exhibits three regions (Fig. 1B). Before the titration of -
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COOH groups on the particle surface, the -COOH coated on the particle surface was
dispersed in an excess of NaOH solution. Thus, the reaction that takes place in the vessel is

following:

) ) Na* OH- . .
COO" + OH » -COO" + Na* + H,0 Na'OH

€XCess

In the region | of the titration, because basicity of excess OH in the solution is
stronger than that of -COO", the OH" in the solution was first neutralized when HCI was
titrated.

+ _
Na*.... + OH H d H,0 + Na* + CI

€XCess €XCess

+

In the region II, when the OH" in the solution was completely neutralized, the H
ions reacted with the -COQO" groups on the MNP surface. After the COO™ groups on the MNP
surface were completely reacted with H* ions, the solution conductivity sharply increase due
to the excess of OH and Na® (region IIl). The measurement of the amounts of -COOH
groups on the surface of the polymer-coated MNP was estimated from the following

equation:

... MAV
Carboxylic acid = -

_0.005 mol/L x (1.6 x 10° L)
2x107%g

= 4.0 mmol/g
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Chapter V

Controlled magnetite nanoclustering in the presence of
glycidyl-functionalized thermo-responsive

poly(N-isopropylacrylamide)

Abstract

Glycidyl-functionalized poly(N-isopropylacrylamide) (PNIPAAmM), synthesized via a
reversible addition-fragmentation transfer polymerization (RAFT), was used for controlling
degree of nanoclustering of magnetite nanoparticle (MNP). The polymer was grafted onto
MNP via the ring-opening reaction between glycidyl groups at the PNIPAAm chain terminal
and amino groups on the MNP surface to obtain thermo-responsive MNP nanocluster.
Hydrodynamic size (Dy) and colloidal stability of the nanocluster, corresponding to the
degree of nanoclustering reaction, can be regulated either by adjusting the ratio of MNP to
the polymer in the reaction or by introducing glycidyl groups to the polymers. The size of the
nanocluster ranged between 20 and 150 nm in diameter with about 10-120 particles/cluster.
Thermogravimetric analysis (TGA) and vibrating sample magnetometry (VSM) were used to
confirm the presence of the polymer in the nanocluster. A study showing indomethacin
controlled release of these MNP nanoclusters was also performed. This stable nanocluster
with magnetically guidable properties might be potentially used for entrapment of other bio-
entities or therapeutic drugs with temperature-responsive properties for controlled release

applications.

Keywords: magnetite; nanoparticle; nanocluster; poly(N-isopropylacrylamide); thermo-

responsive
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1. Introduction

In recent years, much attention has been paid in the study in magnetite nanoparticle
(MNP) particularly in developing facile and efficient synthetic approaches to control its size,
magnetic properties and chemical reactivity. Because of its high surface area-to-volume ratio,
many attempts have been made in conjugating bioentities such as deoxyribonucleic
acid (DNA) [1, 2], peptide nucleic acid (PNA) [3, 4], protein [5, 6], amino acid [7] and
antibodies [8, 9], on the surface for potential uses in biomedical applications. Due to strong
inter-particle attractive interactions such as Van der Waals force and magnetic force, they
tended to agglomerate to form uncontrollable aggregate, resulting in the loss in nanoscale-
related properties [10] and thus limiting its biomedical applications [11]. Coating the particle
with long chain polymer is one of a promising approach to prevent the particle aggregation
through a steric stabilization mechanism, resulting in improvement in stability and
dispersibility in the media. In addition, the polymer coated on the particle surface also served
as a platform for conjugation with functional biomolecules [12, 13].

Many applications, such as controlled drug delivery and magnetic separation of cells
and antibodies, take advantages of magnetically guidable properties of MNP. In these
applications, drug-conjugated or bioentity-conjugated MNP should have good magnetic
responsiveness, so that they can rapidly respond to an external magnetic field. One of the
promising approaches in enhancing magnetic responsiveness of MNP without the formation
of macroscopic particle aggregation was to assemble them into the form of nanocluster. MNP
nanocluster is composed of many interconnected single particles of ~3-20 nm in size and
minor amount of organic components [14]. Unlike micron-sized particles, formation of MNP
nanocluster significantly increased magnetic responsiveness [15, 16] as opposed to individual
MNP and also maintained its dispersibility and stability in the media [17, 18]. Importantly, its
superparamagnetic properties should also be maintained as long as individual MNP core can
be distinguished from each other after nanocluster formation, meaning that there was no one
polycrystalline particle but a nanocluster with distinguishable particles smaller than 20 nm
[19]. Controlling the degree of MNP nanoclustering with reasonable size will result in the
nanocluster with good magnetic responsiveness, good dispersibility and stability in the
media. Many approaches have been investigated in controlling the formation of MNP
nanocluster such as physical or physicochemical interaction between pre-synthesized MNP
and polymer particle [16, 20], in-situ polymerization of monomers in the presence of MNP

[21-23] and in-situ precipitation of MNP in the presence of polymer microsphere [24, 25].
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The study in the synthesis of MNP nanocluster coated with responsive polymers
was rather limited [26, 27]. In this work, preparation of MNP nanocluster coated with
poly(N-isopropylacrylamide)(PNIPAAmM) is presented. PNIPAAm functionalized with
glycidyl methacrylate (GMA) was first synthesized via Reversible Addition Fragmentation
Chain Transfer (RAFT) polymerization and then grafted onto MNP surface. RAFT
polymerization, one of several types of controlled radical polymerization (CRP) techniques,
was used in this work because it can produce polymers with controllable molecular weights
and narrow polydispersity indices (PDIs) and can be performed under mild condition
reactions in various reaction systems without using metal catalysts [28]. PNIPAAmM is the
most studied thermo-responsive polymer owing to its physiologically relevant transition
temperature and relative insensitivity to pH and salt content [29]. It has a lower critical
solution temperature (LCST) at 32°C, which is close to that of human body [30]. Below its
LCST, PNIPAAm is well soluble in water due to the formation of hydrogen bonding of the
chains with water molecules, resulting in the formation of a swollen state. When increasing
the temperature above its LCST, PNIPAAmM deswells to a collapsed state due to the formation
of hydrogen bondings among the polymer chains. This process is generally reversible,
making the polymer to behave as an on-off system when the temperature is changed across
the LCST. Syntheses of the copolymers containing PNIPAAmM have been widely reported
[31-35]. However, the studies in surface modification of MNP with PNIPAAm-containing
copolymers are rather limited [36, 37].

In this report, PNIPAAm was first synthesized via RAFT polymerization, followed by
the functionalization with GMA units at the chain terminal. The chemical structures and
functional groups of the synthesized PNIPAAmM were characterized via proton nuclear
magnetic resonance spectroscopy (*H NMR) and fourier transform infrared spectroscopy
(FTIR), respectively. It was then grafted to MNP through the ring-opening reaction of the
glycidyl groups at the chain terminal with amino groups grafted on MNP surface and
essentially induced the formation of MNP nanocluster. Transmission electron microscopy
(TEM) was conducted to determine the nanocluster size and photocorrelation spectroscopy
(PCS) was performed to determine hydrodynamic size (Dy) and LCST of the nanoclusters.
The effects of MNP-to-polymer ratio used in the reactions and the number of GMA units in
the polymer on Dy, and colloidal stability of the nanocluster were also investigated. Magnetic
properties of the nanoclusters were investigated via vibrating sample magnetometry (VSM).

The composition of MNP-polymer nanocluster was also determined via thermogravimetric
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analysis (TGA). In addition, a case study showing the drug controlled release application of

these MNP nanoclusters was also investigated.
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Figure 1 Schematic representation for controlled nanoclustering of MNP with glycidyl-
functionalized PNIPAAmM

2. Experimental
2.1 Materials

Unless otherwise stated, all reagents were used without further purification: iron (I11)
acetylacetonate (Fe(acac)s) (Acros, 99.9%), benzyl alcohol (Unilab, 98%), oleic acid (Fluka),
triethylamine (Carto Erba, 97%), 3-aminopropyl triethoxysilane (APS)(Acros, 99%), glycidyl
methacrylate (GMA) (Sigma-Aldrich, 97%), 2,2'-azobis (2-methylpropionitrile) (AIBN)
(Sigma-Aldrich, 98%), S-(thiobenzoyl)thioglycolic acid (Sigma-Aldrich, 99%). N-
isopropylacrylamide (NIPAAm) (Acros, 99%) was recrystallized twice in hexane before

polymerization.
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2.2 Synthesis
2.2.1 Synthesis of PNIPAAmM macro RAFT agents

In a round bottom flask, NIPAAm (10 g, 88.370 mmol), S-(thiobenzoyl) thioglycolic
acid RAFT agent (0.0924 g, 0.435 mmol) and an AIBN initiator (0.0182 g, 0.110 mmol) were
dissolved in 50 mL of 1,4-dioxane under N, atmosphere with stirring for 30 min. RAFT
polymerization of PNIPAAm was allowed for 48 h at 60°C to achieve 60% monomer
conversion. The mixture was then diluted with 1,4-dioxane to 100 mL and cooled to room
temperature. The polymer was then purified by precipitation in diethyl ether and dried in
vacuo. Purified PNIPAAm macro RAFT agents were subsequently used for the synthesis of
glycidyl-functionalized PNIPAAM.

2.2.2 Synthesis of glycidyl-functionalized PNIPAAmM (PNIPAAM-GMA)

A procedure similar to aforementioned polymerization was used for the synthesis of
PNIPAAM-GMA with the use of PNIPAAmM macro RAFT agent. An example described here
is for the synthesis of PNIPAAM-GMA with 8 repeating units of GMA (PNIPAAM-GMAg).
PNIPAAM-GMA with 18 repeating units of GMA (PNIPAAM-GMAg) was synthesized
using the similar procedure with appropriate amounts of GMA loaded. GMA (0.16 mL, 1.173
mmol), PNIPAAmM macro RAFT agent (1.00 g, 0.077 mmol) and AIBN initiator (3.0 mg,
0.018 mmol) were dissolved in 1,4-dioxane (30 mL) with N, purging for 30 min. The
reaction was set under N, atmosphere at 60°C for 48 h to achieve about 60% reaction
conversion. After the reaction, the product was purified by precipitation in methanol and
dried in vacuo.

2.2.3 Synthesis of amino-coated MNP

MNP was synthesized via a thermal decomposition of Fe(acac); (5 g, 14.05 mmol) in
benzyl alcohol (90 mL) at 180°C for 48 h under N, atmosphere. After the reaction, the
precipitant was removed from the mixture using an applied magnetic field and repetitively
washed with ethanol and then CH,Cl,. The resultant product was obtained as fine black
powder after drying under reduced pressure. Oleic acid (4 ml) was then added to the MNP
dispersion (0.6 g MNP in 30 ml toluene) with sonication for 3 h under N, atmosphere. MNP
aggregate was removed from the oleic acid-coated MNP by centrifugation at 5000 rpm for 15
min. To prepare amino-coated MNP, APS (1 ml, 4.517 mmol) was added to a mixture of
oleic acid-coated MNP (0.1 g) and TEA (0.01 ml, 0.075 mmol) in dried toluene (6 ml). The

dispersion was sonicated for 4 h at room temperature under N, atmosphere. Amino-coated



96

MNP was retrieved using a magnet, washed twice with ethanol and toluene and finally dried
in vacuo.
2.2.4 Synthesis of MNP-polymer nanoclusters

The polymer solution (0.001-10 mg in 1 mL of DI water) was added dropwise to
amino-coated MNP dispersion (1 mg MNP in 2 mL pH 10-aqueous solution). The mixture
was stirred at 65°C for 12 h under N, atmosphere. The product was isolated using a magnet,
washed twice with DI water and acetone and then dried in vacuo.
2.3 Characterization
2.3.1 Characterization of the polymers and nanoparticles

'H NMR spectra were performed on a 400 MHz Br.uker NMR spectrometer using

CDCI; as a solvent. FTIR was performed on a Perkin-Elmer Model 1600 Series FTIR
Spectrophotometer in the wavenumber range of 4,000-400 cm™. The samples were mixed and
pressed with KBr to form disc samples. TEM was performed on Philips Tecnai 12, operated
at 120 kV equipped with Gatan model 782 CCD camera. MNP dispersions in water were
directly cast onto carbon-coated copper grids and allowed to slowly evaporate at room
temperature. Magnetic properties of the particles were measured at room temperature using a
Standard 7403 Series, Lakeshore vibrating sample magnetometer. Magnetic moment of each
sample was investigated over a range of + 10000 G of applied magnetic fields using 30 min
sweep time. TGA was performed on SDTA 851 Mettler-Toledo at the temperature ranging
between 25 and 600°C at a heating rate of 20°C/min under oxygen atmosphere.
Hydrodynamic size (Dy) of the particles was measured by PCS using NanoZS4700 nanoseries
Malvern instrument.
2.3.2 Determination of indomethacin entrapment (EE) and loading efficiency (DLE) of the

polymer-coated MNP nanoclusters

The indomethacin solution (1 mL, 5 mg/mL in ethanol) was added dropwise with
stirring to an aqueous dispersion of the nanoclusters (3 mL, 5 mg of MNP nanocluster). The
mixture was stirred at 20 °C for 120 min. The weight of the entrapped drug in the complex
was determined from the difference of the weights of the loaded drug and the excess of the
drug remaining dispersible in the solution. After centrifugation to remove agglomerated
particles, the drug concentration in the supernatant, reflecting the amount of the entrapped
drug in the MNP nanoclusters, was determined using UV—Visible spectrophotometer at Amax

=320 nm. EE and DLE were calculated from the following equations:
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Weightof theentrappeddrug in theMNP nanocluste «
Weight of theloaded drug

Entrapment efficiency (EE) = 100 1)

Weightof theentrappeddrug in theMNP nanocluste

Drug loading efficiency (DLE) = -
Weightof theMNP nanocluste

x100 (2)

2.3.3 The cumulative release studies of entrapped indomethacin from the polymer-coated
MNP nanoclusters

Indomethacin-loaded MNP nanoclusters (5 mg of MNP nanocluster) were dispersed
in a 2 mL phosphate buffer solution (PBS) (pH 7.4). The dispersion of indomethacin-loaded
MNP nanoclusters was placed in a water bath at 20 “C (below LCST) or 45 °C (above LCST).
At a predetermined time interval, 200 pL aliquots of the dispersions were withdrawn from the
release media and 200 pL of PBS (pH 7.4) was replaced. After separation of the MNP
nanoclusters using an external magnet, the concentrations of the released drug in the

supernatant were determined via UV-Visible spectrophotometer at Amax = 320 nm.

weight of released drugat a given time

- > x100 3
Weightof theentrappeddrug in theMNP nanocluste

Cumulative release =

3. Results and Discussion

The main objective of this work is to control degree of nanoclustering of MNP using
glycidyl-functionalized PNIPAAmM (PNIPAAM-GMA) via a ‘“grafting onto” approach.
PNIPAAM-GMA was first synthesized via a RAFT polymerization by a sequential addition
of NIPAAm monomer and then GMA monomer to form reactive glycidyl-functionalized
PNIPAAm. It was envisioned that reactive amino groups on the particle surface can readily
open the epoxy rings in PNIPAAM-GMA and then induce MNP nanoclustering due to the
presence of multi-functional groups on MNP surface and also in the polymer structure.
PNIPAAM-GMAg and PNIPAAM-GMA;g (Table 1) were used in MNP nanoclustering
reactions to investigate the effect of numbers of GMA on Dy, dispersibility and stability of
MNP nanocluster in aqueous dispersions. In addition, effect of the polymer concentrations

used in the nanoclustering reaction on Dy, was also determined.

Synthesis of glycidyl-functionalized PNIPAAmM (PNIPAAM-GMA)
PNIPAAmM macro RAFT agent was synthesized via a RAFT polymerization of
NIPAAm using S-(thiobenzoyl)thioglycolic acid as a chain-transfer agent. In Figure 2A, the
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presence of the signals at 1.5 ppm (peak d) and 2.0 ppm (peak c) corresponding to methylene
and methine protons, respectively, indicated the formation of PNIPAAm. In addition, the CH3
signals at 1.1 ppm (peak a) and CH signals at 3.85 ppm (peak b) of the repeating units
without the signals of vinyl groups of NIPAAm monomers (5.6, 6.0 and 6.2 ppm of
CH»=CH-) also signified the formation of the PNIPAAmM macro RAFT agent. The molecular
weight (M,) of the polymer calculated from the reaction conversion (64% conversion) was
about 11,000 g/mol corresponding to 122 NIPAAm repeating units. This polymer was then
used as a macro RAFT agent for further functionalization with GMA to obtain PNIPAAmM
with different numbers of glycidyl units.

Figure 2B shows an example of '"H NMR spectrum of PNIPAAM-GMAss. The
signals of glycidyl groups, such as 2.6, 2.8 and 3.2 ppm (peak i, j and h) of epoxy rings and
4.3 ppm (peak g) of methylene protons adjacent to the ester groups, were observed indicating
the formation of PNIPAAM-GMA. According to the reaction conversion (60%), PNIPAAmM
with two different numbers of GMA units (8 and 18 units) was obtained, and the polymer
was thus designated as PNIPAAM-GMAg and PNIPAAM-GMA s, respectively (Table 1). *H
NMR spectrum of PNIPAAM-GMAg is similar to that of Figure 2B and shown in the

supporting information.
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Figure 2 *H NMR spectra of A) PNIPAAm macro RAFT agent and B) PNIPAAM-GMA 5
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From the results in Table 1, both M, spc and M, unue OF the polymers gradually
increased when increasing the numbers of GMA units (8 and 18 repeating units) in
PNIPAAmM chains. In all cases, the My, s»c Values were slightly higher than M, ;;\ux and their
PDIs were in the range of 1.24-1.41.

Table 1 RAFT polymerizations of PNIPAAmM and PNIPAAM-GMA

S— —_
IMonomer]:[RAFT] Conversion (%) M, 1w My, 6o
Polymer name [AIBN] after 48 h PDI
' (g/mol) (g/mol)
PNIPAAM [200]:[1]:[0.25] 64 11000 13000 1.30
PNIPAAM-GMA, [15]:[1]:[0.25] 60 12000 14000 1.24
PNIPAAM-GMA 4 [30]:[1]:[0.25] 61 14000 16000 1.41

! The monomers are NIPAAmM or GMA

2 — [monomer]

M, =
n THNMR [RAFT agent]

X %conversion X molecular weight of monomer

In good agreement with *H NMR, FTIR spectrum of PNIPAM shows N-H stretching
at 3437 cm™ and the characteristic signals of amide groups at 1647 cm™ and 1550 cm™
((O=C)-N-H)(Figure 3A). After functionalization of PNIPAAm with glycidyl groups, FTIR
spectrum shows the characteristic signals of epoxy rings of GMA at 841 cm™ and 909 cm™
(Figure 3B) [38, 39]. In addition, the signals at 1730 cm™ ((C=0)-0) and 1173 cm™ (C-O)
also indicated the presence of ester linkages of GMA units in the polymer chains.
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Figure 3 FTIR spectra of A) PNIPAAm, B) PNIPAAM-GMAgand C) MNP-PNIPAAmM-

GMA 5 nanocluster

Synthesis of MNP-PNIPAAmM-GMA nanocluster

FTIR spectrum of the amino-coated MNP shows the signals at 998 cm™ (Si-O
stretching), 1537 cm™ (N-H bending), 3369 cm™ (N-H stretching) and 583 cm™ (Fe-O) of the
MNP core (in the supporting information). To form the nanocluster, glycidyl-functionalized
PNIPAAmM solutions in water having various polymer concentrations were added to the
amino-coated MNP dispersions in basic condition (pH 10) and the reaction was set at 65'C
for 12 h. Epoxy functional groups of PNIPAAmM-GMA can readily react with amino groups
on MNP surface via a ring-opening reaction. FTIR spectrum of the nanocluster shows
characteristic signals of both MNP core at 583 cm™ (Fe-O stretching) and PNIPAAM-GMA
at 1719 cm™ ((C=0)-0 stretching of glycidyl groups), 3393 cm™ (N-H stretching), 1623 cm™*
and 1548 cm ! ((O=C)-N-H of the amide groups) (Figure 3C). In addition, the characteristic
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peaks of the epoxy groups (841 cm™and 909 cm™) disappeared after the MNP nanoclustering
due to the ring-opening reactions of glycidyl units.

Dy, of the polymers including PNIPAAmM, PNIPAAM-GMAg and PNIPAAM-GMA 5
(without MNPs) and those of MNP-polymers nanoclusters were investigated as a function of
the polymer concentrations via PCS (Figure 4A). Without MNP, Dy, tended to consistently
increase when increasing polymer concentrations from 0.001 to 10 mg/ml. Interestingly,
PNIPAAM-GMA ;5 showed significantly larger Dy (up to 820 nm at 10 mg/ml polymer
concentration) than those of the other two polymers (PNIPAAmM and PNIPAAM-GMAg). This
result suggested that PNIPAAM-GMA;5 might have some polymer agglomeration in water
due to the relatively long hydrophobic GMA segments in the structure.
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Figure 4 (A) Dy, of PNIPAAmM and PNIPAAM-GMA (without MNP) and (B) Dy of MNP
nanocluster grafted with PNIPAAmM or PNIPAAmM-GMA in various polymer concentrations.

1 mg MNP in 1 ml polymer solution was used in these reactions.

After the naoclustering reaction, ungrafted polymer was removed from the MNP
dispersion via a magnetic separation and washing process. MNP-polymer nanocluster was
then redispersed in water and its Dy was investigated as a function of the polymer
concentration (Figure 4B). MNP-PNIPAAmM (without GMA unit) apparently aggregated,
regardless of the ratio of MNP to the polymer used, due to the absence of glycidyl group in
the polymer chain for covalent coating on the MNP surface, and thus its Dy, did not measured.
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The presence of glycidyl groups in PNIPAAM-GMA provided covalent bonding of the
polymers with MNP via ring-opening reactions, resulting in the improved dispersibility of the
particles in water due to the polymer coating. Dy, tended to increase (from 100 nm to 400 nm)
when the ratio of the polymer in the reactions increased and this was attributed to the
formation of MNP nanoclustering. In addition, it should be mentioned that Dy, of these MNP
nanoclusters seemed to be smaller than those of their corresponding polymers at the same
polymer concentrations (Figure 4A), signifying the formation of nanoclustering between the
MNP and the functionalized polymers. The proposed mechanism of the formation of the
nanoclusters is shown in Figure 5. Because MNP coated with multifunctional groups of
primary amino groups, these particles can serve as nano-crosslinkers and thus induced the
formation of MNP nanoclusters, which were evidenced by TEM technique. These results
implied that Dy, of the nanoclusters, reflecting the degree of nanoclustering reactions, can be
regulated either by adjusting the ratio of the polymers to MNP in the reactions or by
introducing GMA units to the polymers.

* %
- 3
- -

Figure 5 Schematic mechanism of the formation of MNP-PNIPAAmM nanoclusters

TEM images of amino-coated MNP and the nanoclusters using 1:0.1 and 1:10 ratio
of MNP to PNIPAAM-GMA 5 are shown in Figure 6. These particles were dispersed in water
and directly cast on copper grids for the TEM sample preparation. Before the reactions
between MNP and the polymers, amino-coated MNP showed large aggregate of the particles
without nanoclusters due to the lack of polymeric stabilization to the particles (Figure 6A).
When introducing amino-coated MNP into PNIPAAmM-GMA 3 solutions, MNP nanoclusters
were thoroughly observed in TEM images (Figure 6B and 6C). The size of these nanoclusters
ranged between 20 and 150 nm in diameter with about 10-120 particles/cluster. These TEM
results supported the proposed mechanism of MNP nanoclustering shown in Figure 5. TEM
images of the MNP nanoclusters grafted with PNIPAAmM-GMAg exhibit the formation of the
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nanoclusters similarly to those of PNIPAAM-GMA ;g without significant difference in their

size (in the supporting information).

Figure 6 Representative TEM images of MNP before and after nanoclustering reactions
dispersed from water. (A, a) amino-coated MNP, (B, b) MNP-PNIPAAmM-GMA ;5 nanocluster
with MNP:polymer ratio of 1:0.1 and (C, ¢c) MNP-PNIPAAM-GMA;5 nanocluster with
MNP:polymer ratio of 1:10

It should be noted that a compromise between colloidal stability in water and
magnetic responsiveness of the nanoclusters is crucial for use in magnetic separation
applications. It was hypothesized that the formation of MNP nanoclusters with a controllable
degree of clustering should retain its nano-scale related properties but having sufficient
magnetic responsiveness. Therefore, the stability in water and magnetic responsiveness of the
MNP nanoclusters coated with PNIPAAM-GMAg or PNIPAAM-GMA 5 were investigated.
This experiment was performed with the use of MNP:PNIPAAmM-GMA ratio of 1:10 because
PCS results indicated that there was some degree of MNP-polymer nanoclustering as opposed
to those having 1:0.1 MNP:polymer (Figure 4B). Therefore, 1:10 ratio of MNP to the

polymers would be focused for the studies in the effect of the number of GMA units
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(PNIPAAM-GMAg and PNIPAAM-GMA5) on the particle stability, magnetic responsiveness
and thermo-responsive properties.

The MNP nanoclusters coated with PNIPAAM-GMAg or PNIPAAM-GMA ;5 showed
a good dispersibility in water without aggregation after 3 days and some slight aggregation
after 7 days of the preparations (Figure 7a and 7b), while those coated with PNIPAAmM
(without GMA units) exhibited macroscopic aggregation within 30 min (Figure 7c). This
result confirmed the reactions between GMA units in the polymers and the amino groups on

the particle surface, resulting in the polymer coating and thus improved dispersibility in

water.

§
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Figure 7 Water dispersibility of MNP nanoclusters coated with (a) PNIPAAM-GMAg, (b)
PNIPAAM-GMA ;5 and (c) PNIPAAmM,

Colloidal stability of MNP nanoclusters coated with the polymers in water when
subjected to an applied magnetic field was investigated. The particles coated with
PNIPAAM-GMA were able to be completely separated from the dispersions within 120 min
with an assistance of a permanent magnet (Figure 8a and 8b). This was attributed to the
formation of MNP nanoclusters, resulting in an improvement in magnetic responsiveness. It
should be mentioned that individual MNP cannot be magnetically separated from its carrier
fluid because the particle and the solvent can move as a whole [40]. When PNIPAAmM
(without GMA) was used instead of PNIPAAM-GMA, the particles were magnetically
separated from the dispersion within 3 min (Figure 8c). The much shorter separation time
was again attributed to the large aggregation of the particles due to a lack of polymer coating,

which was in good agreement with the PCS and water dispersibility results. These results
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indicated that coating the polymers on MNP is necessary in order to obtain stable
nanoclusters with ability to be separated from their dispersions. However, the magnetic
responsiveness and water dispersibility of the nanoclusters coated with PNIPAAM-GMAg
and PNIPAAmM-GMA ;5 were not different from each other.

magnet

magnet magnet magnet

Figure 8 Magnetic separation in water of MNP nanoclusters coated with (a) PNIPAAm-
GMAg, (b) PNIPAAM-GMA5 and (¢) PNIPAAm,

Percentage of organic components in the nanoclusters was determined via TGA
technique. It was assumed that the percent weight loss was attributed to the weight of organic
components and the residual weight was those of iron oxide in the nanoclusters (Figure 9A).
The organic component in amino-coated MNP (without the polymer) was about 5%, while
those in MNP-polymer nanoclusters were about 37% and 47%, depending on the type of the
polymer (PNIPAAM-GMAgs or PNIPAAM-GMA3) used in the nanoclustering reactions. The
MNP nanoclusters coated with the polymers with higher number of GMA units (PNIPAAmM-
GMA5) showed higher percentage of the organic component in the structure.

The results from VSM experiments were also in good agreement with those from
TGA. The nanoclusters having low MNP contents (high organic components) exhibited low

magnetic responsiveness, as indicated by the low saturation magnetization (Ms) in the M-H
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curves (Figure 9B). These nanoclusters showed superparamagnetic behavior as indicated by

the absence of coercivity and remanence when there was no applied magnetic field.
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Figure 9 A) TGA thermograms and B) M-H curves of (a) amino-coated MNP, (b) MNP-
PNIPAAM-GMAg and (¢) MNP-PNIPAAM-GMA 5 , when 1:10 ratio of MNP to the polymer

was used in the nanoclustering reactions.

Figure 10 shows Dy of MNP nanoclusters coated with PNIPAAM-GMAg and
PNIPAAM-GMA ;5 as a function of dispersion temperature. Dy, values did not significantly
change at the temperature below 34°C and drastically increased at the temperature between 34
°C and 40°C, indicating the LCST of the MNP nanoclusters of 34°C for both samples. The
observed LCST was slightly higher than those of PNIPAAm homopolymer (32" [41] and
this was attributed to the existence of GMA moiety in the structure, resulting in the formation

of hydroxyl groups in the structure after the ring-opening reactions. The increase in LCST of
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PNIPAAmM due to the presence of hydrophilic components in the polymer structure has been
previously reported [31].

At the temperature above the LCST (34°C), PNIPAAM in the nanoclusters became
more hydrophobic due to hydrogen bonding among the polymer chains, leading to the
enhancement in the particle agglomeration in water and thus increasing their Dy. These
results well corresponded to their aggregation when standing at the temperature above the
LCST for 30 min (the inset in Figure 10). They can be re-dispersible at the temperature below
the LCST and this behavior was reversible. When considering the effect of the number of
GMA units in the polymer chains on Dy of the nanoclusters, the increase in GMA units
further improved their water swellability due to the increased formation of hydrophilic

hydroxyl groups as indicated by the larger Dy, at the temperature above the LCST.
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Figure 10 Dy of MNP nanoclusters coated with (a) PNIPAAM-GMAg and (b) PNIPAAmM-
GMA 3 as a function of temperatures, when 1:10 ratio of MNP to the polymers was used in

the nanoclustering reactions.

A case study showing the drug controlled release application of these MNP
nanoclusters was also performed. EE and DLE of the nanoclusters were first investigated. It
was found that EE and DLE of the nanoclusters were rather high (45-48% of EE and 75-85%
of DLE). Indomethacin release profiles of the MNP nanoclusters coated with PNIPAAm-
GMAg and PNIPAAM-GMAyg in PBS (pH 7.4) at the temperature below (20 ‘C) and above
(45°C) its LCST were then investigated. In all cases, indomethacin releases from the samples
reached their equilibrium within 30 min.

In the case of MNP nanoclusters coated with PNIPAAM-GMAg, 74% indomethacin

was released at the temperature above its LCST (44°C), while 44% indomethacin released
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when the temperature was below its LSCT (20 °C). The significantly higher percent drug
release (ca. 30%) at the temperature above its LCST was owing to the squeezing mechanism
of the collapsed PNIPAAmM coated on the MNP nanoclusters at 45°C (Figure 11A), resulting
in an increased amount of indomethacin being released. A similar result was also observed
when the nanoclusters coated with PNIPAAM-GMAg were used in the experiment (Figure
11B). However, less difference in the indomethacin being released of (ca.5%) when the
temperature passed the LCST in this case was attributed to the presence of higher hydrophilic
hydroxyl groups after the ring-opening reaction as discussed in PCS results (Figure 10). As a
result, loosely packed structure of PNIPAAM-GMA;s on the particles was formed and
influenced the shrinkage of PNIPAAmM and the release of the entrapped indomethacin.
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Figure 11 Indomethacin release profiles of MNP nanoclusters coated with (A) PNIPAAmM-
GMAg and (B) PNIPAAM-GMA 5 at 20 °C and 45 °C.
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4. Conclusions

Controlled nanoclustering of MNP using PNIPAAM-GMA via a “grafting onto”
approach was presented in this work. PNIPAAm provided thermo-responsive properties to
the nanolcusters while GMA units allowed for the formation of nanocluster structure through
the glycidyl ring-opening reactions. RAFT polymerization was used to control the molecular
weight of PNIPAAmM and the number of GMA units in the polymer. The particles with good
colloidal stability in water with good magnetic responsiveness were much desirable. The
degree of nanoclustering can be controlled either by tuning the ratio of MNP to the polymers
in the reactions or by introducing GMA units to the polymer. Increasing the ratio of the
polymer to MNP in the reaction seemed to increase Dy and improved their water
dispersibility. The temperature change crossing its LCST can be used as a triggering
mechanism for controlled release of entrapped drugs on the nanoclusters. These novel MNP
nanoclusters with thermo-responsive properties, good magnetic sensitivity and good water
dispersibility might be good candidates for advanced technologies such as controlled release

applications.

References

[1] Yiu HHP, McBain SC, Lethbridge ZAD, Lees MR, Dobson J. Preparation and
characterization of polyethylenimine-coated Fe;O,-MCM-48 nanocomposite particles as a
novel agent for magnet-assisted transfection. J Biomed Mater Res A. 2010;92A(1):386-392.
[2] Chorny M, Polyak B, Alferiev IS, Walsh K, Friedman G, Levy RJ. Magnetically driven
plasmid DNA delivery with biodegradable polymeric nanoparticles. The FASEB Journal.
2007;21(10):2510-2519.

[3] Theppaleak T, Rutnakornpituk B, Wichai U, Vilaivan T, Rutnakornpituk M. Magnetite
nanoparticle with positively charged surface for immobilization of peptide nucleic acid and
deoxyribonucleic acid. J Biomed Nanotechnol. 2013;9(9):1509-1520.

[4] Theppaleak T, Rutnakornpituk M, Wichai U, Vilaivan T, Rutnakornpituk B. Anion-
exchanged nanosolid support of magnetic nanoparticle in combination with PNA probes for
DNA sequence analysis. J Nanopart Res. 2013;15(12).

[5] Bayrakci M, Gezici O, Bas SZ, Ozmen M, Maltas E. Novel humic acid-bonded magnetite
nanoparticles for protein immobilization. Materials Science and Engineering: C.
2014;42:546-552.



111

[6] Jiang W, Lai K, Wu Y, Gu Z. Protein corona on magnetite nanoparticles and
internalization of nanoparticle—protein complexes into healthy and cancer cells. Arch
Pharmacal Res. 2013;37(1):129-141.

[7] Karamipour S, Sadjadi MS, Farhadyar N. Fabrication and spectroscopic studies of folic
acid-conjugated Fe;O,@Au core—shell for targeted drug delivery application. Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy. 2015;148:146-155.

[8] Li TJ, Huang CC, Ruan PW, Chuang KY, Huang KJ, Shieh DB, et al. In vivo anti-cancer
efficacy of magnetite nanocrystal - based system using locoregional hyperthermia combined
with 5-fluorouracil chemotherapy. Biomaterials. 2013;34(32):7873-7883.

[9] Zhang Y, Kohler N, Zhang M. Surface modification of superparamagnetic magnetite
nanoparticles and their intracellular uptake. Biomaterials. 2002;23(7):1553-1561.

[10] Dong H, Huang J, Koepsel RR, Ye P, Russell AJ, Matyjaszewski K. Recyclable
antibacterial magnetic nanoparticles grafted with quaternized poly(2-(dimethylamino)ethyl
methacrylate) brushes. Biomacromolecules. 2011;12(4):1305-1311.

[11] Yang X, Chen L, Han B, Yang X, Duan H. Preparation of magnetite and tumor dual-
targeting hollow polymer microspheres with pH-sensitivity for anticancer drug-carriers.
Polymer. 2010;51(12):2533-2539.

[12] Rossi LM, Quach AD, Rosenzweig Z. Glucose oxidase-magnetite nanoparticle
bioconjugate for glucose sensing. Anal Bioanal Chem. 2004;380(4):606-613.

[13] Reynolds AF, Hilt JZ. Poly(n-isopropylacrylamide)-based hydrogel coatings on
magnetite nanoparticles via atom transfer radical polymerization. Nanotechnology.
2008;19(17):175101.

[14] Sun S, Zeng H, Robinson DB, Raoux S, Rice PM, Wang SX, et al. Monodisperse
MFe,0, (M = Fe, Co, Mn) Nanoparticles. J Am Chem Soc. 2004;126(1):273-279.

[15] Luo B, Xu S, Luo A, Wang WR, Wang SL, Guo J, et al. Mesoporous biocompatible and
acid-degradable magnetic colloidal nanocrystal clusters with sustainable stability and high
hydrophobic drug loading capacity. ACS Nano. 2011;5(2):1428-1435.

[16] Amiri H, Mahmoudi M, Lascialfari A. Superparamagnetic colloidal nanocrystal clusters
coated with polyethylene glycol fumarate: a possible novel theranostic agent. Nanoscale.
2011;3(3):1022-1030.

[17] Ge J, Hu Y, Biasini M, Beyermann WP, Yin Y. Superparamagnetic magnetite colloidal
nanocrystal clusters. Angew Chem Int Ed. 2007;46(23):4342-4345.



112

[18] Gao J, Ran X, Shi C, Cheng H, Cheng T, Su Y. One-step solvothermal synthesis of
highly water-soluble, negatively charged superparamagnetic Fe;O, colloidal nanocrystal
clusters. Nanoscale. 2013;5(15):7026-7033.

[19] Berret J-F, Schonbeck N, Gazeau F, El Kharrat D, Sandre O, Vacher A, et al. Controlled
clustering of superparamagnetic nanoparticles using block copolymers: design of new
contrast agents for magnetic resonance imaging. J Am Chem Soc. 2006;128(5):1755-1761.
[20] Dou J, Zhang Q, Jian L, Gu J. Magnetic nanoparticles encapsulated latexes prepared
with photo-initiated miniemulsion polymerization. Colloid Polym Sci. 2010;288(18):1751-
1756.

[21] Fan T, Li M, Wu X, Li M, Wu Y. Preparation of thermoresponsive and pH-sensitivity
polymer magnetic hydrogel nanospheres as anticancer drug carriers. Colloids Surf B
Biointerfaces. 2011;88(2):593-600.

[22] Khan A, EI-Toni AM, Alhoshan M. Preparation of thermo-responsive hydrogel-coated
magnetic nanoparticles. Mater Lett. 2012;89:12-15.

[23] Meerod S, Rutnakornpituk B, Wichai U, Rutnakornpituk M. Hydrophilic magnetic
nanoclusters with thermo-responsive properties and their drug controlled release. J Magn
Magn Mater. 2015;392:83-90.

[24] Yoon KY, Kotsmar C, Ingram DR, Huh C, Bryant SL, Milner TE, et al. Stabilization of
superparamagnetic iron oxide nanoclusters in concentrated brine with cross-linked polymer
shells. Langmuir. 2011;27(17):10962-10969.

[25] Chaleawlert-umpon S, Pimpha N. Morphology-controlled magnetite nanoclusters via
polyethyleneimine-mediated solvothermal process. Mater Chem Phys. 2012;135(1):1-5.
[26] Isojima T, Lattuada M, Vander Sande JB, Hatton TA. Reversible clustering of pH- and
temperature-responsive janus magnetic nanoparticles. ACS Nano. 2008;2(9):1799-1806.
[27] Wakamatsu H, Yamamoto K, Nakao A, Aoyagi T. Preparation and characterization of
temperature-responsive magnetite nanoparticles conjugated with N-isopropylacrylamide-
based functional copolymer. J Magn Magn Mater. 2006;302(2):327-333.

[28] Micic N, Young A, Rosselgong J, Hornung C. Scale-up of the reversible addition-
fragmentation chain transfer (RAFT) polymerization using continuous flow processing.
Processes. 2014;2(1):58-70.

[29] Wei W, Hu X, Qi X, Yu H, Liu Y, Li J, et al. A novel thermo-responsive hydrogel based
on salecan and poly(N-isopropylacrylamide): Synthesis and characterization. Colloids Surf B
Biointerfaces. 2015;125:1-11.



113

[30] Abandansari HS, Aghaghafari E, Nabid MR, Niknejad H. Preparation of injectable and
thermoresponsive hydrogel based on penta-block copolymer with improved sol stability and
mechanical properties. Polymer. 2013;54(4):1329-1340.

[31] Théato P, Zentel R. a,m-Functionalized poly-N-isopropylacrylamides: controlling the
surface activity for vesicle adsorption by temperature. J Colloid Interface Sci.
2003;268(1):258-262.

[32] Constantin M, Cristea M, Ascenzi P, Fundueanu G. Lower critical solution temperature
versus volume phase transition temperature in thermoresponsive drug delivery systems.
Express Polym Lett. 2011;5(10):839-848.

[33] Eeckman F, Moés AJ, Amighi K. Synthesis and characterization of thermosensitive
copolymers for oral controlled drug delivery. Eur Polym J. 2004;40(4):873-881.

[34] Rwei SP, Chuang Y'Y, Way TF, Chiang WY. Thermosensitive copolymer synthesized
by controlled living radical polymerization: Phase behavior of diblock copolymers of poly(N-
isopropyl acrylamide) families. J Appl Polym Sci. 2016;133(13):43224-43231.

[35] Zeighamian V, Darabi M, Akbarzadeh A, Rahmati-Yamchi M, Zarghami N, Badrzadeh
F, et al. PNIPAAmM-MAA nanoparticles as delivery vehicles for curcumin against MCF-7
breast cancer cells. Artificial Cells, Nanomedicine, and Biotechnology. 2016;44(2):735-742.
[36] Yamamoto K, Matsukuma D, Nanasetani K, Aoyagi T. Effective surface modification
by stimuli-responsive polymers onto the magnetite nanoparticles by layer-by-layer method.
Appl Surf Sci. 2008;255(2):384-387.

[37] Lien YH, Wu TM. Preparation and characterization of thermosensitive polymers grafted
onto silica-coated iron oxide nanoparticles. J Colloid Interface Sci. 2008;326(2):517-521.
[38] Li P, Xu R, Wang W, Li X, Xu Z, Yeung KWK, et al. Thermosensitive poly(N-
isopropylacrylamide-co-glycidyl methacrylate) microgels for controlled drug release.
Colloids Surf B Biointerfaces. 2013;101(0):251-255.

[39] Tang Y, Liu L, Wu J, Duan J. Synthesis and self-assembly of thermo/pH-responsive
double hydrophilic brush—coil copolymer with poly(l-glutamic acid) side chains. J Colloid
Interface Sci. 2013;397(0):24-31.

[40] Sondjaja R, Alan Hatton T, Tam MKC. Clustering of magnetic nanoparticles using a
double hydrophilic block copolymer, poly(ethylene oxide)-b-poly(acrylic acid). J Magn
Magn Mater. 2009;321(16):2393-2397.

[41] Chin H-Y, Wang D, Schwartz DK. Dynamic molecular behavior on thermoresponsive
polymer brushes. Macromolecules. 2015;48(13):4562-4571.



114

Supporting information

e
T OH
©)‘\S d cl
8 122 H,0
O O 0
a

Q NH DMSO dé

ppm

Figure S1.*H NMR spectrum of PNIPAAM-GMAg

%T

N-H 3369 cm! N-H 1537 cm!
C-H 2921 cm!

Si-0 998 cm!

Fe-O 583 cm'!

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400

cm?!

Figure S2 FTIR spectra of amino-coated MNP

A B
& % §
-

Figure S3 TEM images of MNP nanoclustering dispersed from water. (A, a MNP-PNIPAAmM-
GMAg nanocluster with MNP:polymer ratio of 1.01 and B, by MNP-PNIPAAM-GMAg

nanocluster with MNP:polymer ratio of 1:10



115

Chapter VI

Reusable magnetic nanocluster coated with poly(acrylic

acid) and its adsorption with antibody and antigen

Abstract

Synthesis of negatively charged magnetite nanocluster grafted with poly(acrylic acid)
(PAA) and its application as reusable nano-supports for adsorption with antibody and antigen
were presented herein. It was facilely prepared via a free radical polymerization of PAA in
the presence of functionalized magnetite nanoparticle (MNP) to obtain highly negative
charged nanocluster with high magnetic responsiveness, good dispersibility and stability in
water. According to transmission electron microscopy, size of the nanocluster ranged
between 200 and 500 nm without large aggregation visually observed in water.
Hydrodynamic size of the nanocluster consistently increased as increasing pH of the
dispersion, indicating its pH-responsive properties due to the repulsion of anionic carboxylate
groups in the structure. This nanocluster was successfully used as an efficient and reusable
support for adsorption with anti-horseradish peroxidase antibody. It preserved higher than
97% adsorption ability of the antibody after eight reusing cycles, signifying the potential of
this novel nanocluster as a reusable support in magnetic separation applications of other

bioentities.

Keywords: magnetite; nanocluster; adsorption; reusable; antibody; antigen
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1. Introduction

Magnetite nanoparticle (MNP) has recently shown a great potential for use in biotechnology
due to its ability to get close to biological entities such as cells, viruses, proteins, and genes
with heating ability when exposed to magnetic field [1]. However, bare MNP without surface
modification is not practically used in these applications because it is not stable in
physiological fluids. This will result in particle agglomeration in aqueous media due to many
attractive forces, such as magnetic and dipole-dipole attractions [2]. Therefore, the challenge
for the preparation of stable magnetic fluids is to prevent agglomeration during the
nanoparticle synthesis process. The promising methods to prevent particle agglomeration
include the use of electrostatic and steric stabilizers. Long chain and/or charged polymers
were usually coated on MNP surface to provide steric and/or charge repulsion stabilization
mechanisms to improve its stability and dispersibility in media, and also serve as a platform
for conjugation with functional bioentities [3-5].

Many research works have presented the application of MNP for magnetic separation
of bio-entities such as DNA [6-7], RNA [8] and proteins [9], particularly in specific
conjugation with antibody for magnetic separation [10-12] and marker [13]. For example,
antibody-conjugated MNP was used as a nanosolid support for separation of circulating
tumor cells from fresh whole blood [10]. Carboxyl-coated MNP was demonstrated for use as
a dual functional nanosupport for: 1) separation of messenger RNA from mammalian cells
and 2) extraction of the supercoiled form of plasmid DNA from agarose gel [14]. The
application of carboxylated-coated MNP for ionic adsorption with antibody using its
positively charged surface has been previously reported [15]. The adsorption of antibody was
suitable for application at the pH below its isoelectric point and the antibody was effectively
desorbed by increasing the ionic strength or by altering the net charge of the antibody by
adjusting pH of the solution.

However, weak magnetic responsiveness of well dispersible MNP might be a main
limitation in magnetic separation and targeting delivery applications [16-17]. To increase
magnetic sensitivity of MNP, the particle size should be suitably large to produce high
magnetic responsiveness. Nonetheless, the particle is not stable when its size is too large
owing to particle attractive forces, yielding an unstable colloidal dispersion of the particle
that can rapidly agglomerate to each other [18-19]. Formation of MNP nanocluster in a

controllable fashion is a promising approach to improve its magnetic responsiveness.
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MNP nanocluster comprises many interconnected single particles (=3-20 nm in diameter)
and minor amount of organic content [20]. Formation of MNP nanocluster with a proper size
gave rise to those with good dispersibility and stability in the media [21-22], and also good
magnetic responsiveness [16, 23]. Also, its superparamagnetic properties should also be
retained as long as each MNP core can be distinguishable from each other after
nanoclustering reaction [24]. Many researchers have investigated in controlling the formation
of MNP nanocluster via many approaches, e.g. physicochemical or physical interaction
between pre-synthesized MNP and polymer particle [23, 25], an in-situ precipitation of MNP
in the presence of polymeric microsphere [26-27] and an in-situ polymerization of monomers
in the presence of functional MNP [28-30].

From our previous works, attempts have been made for preparing magnetic nanocluster
via an in situ precipitation of MNP in the presence of presynthesized functional polymers.
Water dispersible MNP nanocluster prepared via a ring-opening reaction of poly(ethylene
oxide)-block-poly(2-vinyl-4,4-dimethylazlactone) (PEO-b-PVDM) diblock copolymers was
used as a reusable magnetic solid support for antibody adsorption [31]. It showed high
adsorption ability (>95%) with anti-rabbit IgG antibody even after eight adsorption-
separation-desorption cycles. Other functional polymers used for controlling degree of MNP
nanoclustering, e.g. diacrylate-terminated polydimethylsiloxane (PDMA)/disiloxane [32] and
glycidyl-functionalized poly(N-isopropyl acrylamide) (PNIPAAm) [33], have also been
demonstrated with some potential applications such as drug controlled release. An in situ
polymerization of thermo-responsive PNIPAAmM in the presence of acrylamide-coated MNP
has been reported as a facile method for preparing magnetic nanocluster for temperature-
triggered drug control release applications [28].

In the present report, a radical polymerization of poly(acrylic acid) (PAA) in the
presence of functionalized MNP to obtain anionic magnetic nanocluster for adsorption with
antibody and antigen is reported (Fig. 1). The loading ratio of acrylic acid monomer and
MNP in the polymerization was varied such that water dispersible nanocluster with good
magnetic sensitivity was gained. PAA was of great interest in this work because it can
provide good water dispersibility to the particles due to both electrostatic and steric repulsion
mechanisms. In addition, anionic PAA on the nanocluster surface also allowed for
electrostatic adsorption with positively charged bioentities; antibody and antigen produced
from rabbits were used as representatives in the present report. Adsorption ability and reusing

efficiency of the anionic MNP nanocluster with the antibody were also investigated.
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Fig. 1 Synthesis of PAA-MNP nanocluster via a free radical polymerization in the presence

of acrylamide-functionalized MNP

2. Experimental

2.1 Materials

Unless otherwise indicated, all reagents were used without purification: Iron (111) chloride
anhydrous (FeCls, 98%, Acros), iron (I1) chloride tetrahydrate (FeCl,.4H,0, 99 %, Acros
organic), oleic acid (68%, Carlo Erba), (3-aminopropyl)trimethoxysilane (APTES,98%,
Acros), ammonium persulfate (APS, 98%, Carlo Erba), ammonium hydroxide (NH,OH, 28-
30%, J.T. Baker) and triethylamine (TEA, 97 %, Carlo Erba). Acrylic acid (99.5%, Acros)
was distilled under reduced pressure. Acryloyl chloride was synthesized via a coupling
reaction between acrylic acid and benzoyl chloride (99%, Acros) at 75°C to give a colorless
liquid with ca. 60-65% yield. Anti-peroxidase-antibody produced in rabbit (anti-HRP),
peroxidase from horseradish (HRP), 10% BSA diluents (KPL), ABTS® peroxidase substrate
(KPL), Bradford reagent (Sigma), bovine gamma globulin (BGG, Thermo Scientific) and 2-

(N-morpholino)ethanesulfonic acid (MES, 99%, Acros) were used as received.

2.2 Characterization

Fourier transform infrared spectrophotometry (FTIR) was conducted on a Perkin-Elmer
Model 1600 Series FTIR Spectrophotometer. TEM was performed on a Philips Tecnail2
TEM operated at 120 kV with Gatan CCD camera (model 782). Aqueous dispersion was cast
on carbon-coated copper grids. Photocorrelation spectroscopy was performed on
NanoZS4700 nanoseries Malvern instrument. Dispersing media (water) was filtered through
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nylon syringe filters (0.2 um pore size) prior to use. The dispersion was sonicated for ca.20
min before each experiment. Thermogravimetric analysis (TGA) was conducted on
TGA/DSC1 Mettler-Toledo using a 20°C/min heating rate under O, atmosphere. Vibrating
sample magnetometry (VSM) were measured at room temperature using a Standard 7403
Series, Lakeshore. The ability of antibody adsorption and desorption to nanocluster was
investigated via a Synergy HT, Biotek microplate reader using UV-Visible wavelength (Amax)
at 595 nm.

2.3 Synthesis of acrylamide-grafted MNP as a crosslinker

Synthesis of acrylamide-grafted MNP has previously been reported [28]. Briefly, MNP was
synthesized via a co-precipitation of FeCl; (0.83 g in 10 mL deionized water) and
FeCl,.4H,0 (0.5 g in 10 mL deionized water) in 25% NH4OH (10 mL) solutions. After the
purification process, oleic acid (2 mL) was added to MNP-toluene dispersion (0.4 g of MNP
in 15 mL of toluene) with sonication to form oleic acid-grafted MNP. APTES (0.3 g, 1.36 x
10 mol) was then added to the MNP dispersion (0.4 g of the MNP in 15 mL of toluene)
containing 2 M TEA (2.5 mL) to form amino-grafted MNP. After 24 h stirring, the particles
were repeatedly precipitated in ethanol and washed with toluene. After re-dispersing the
particles (0.05 g) in a 7.5 M NaOH solution (5 ml), acryloyl chloride (2.0 mL, 0.022 mol)
was slowly added to the dispersion at 0 °C in an ice-water bath. After stirring for 24 h, the
product was magnetically separated, repetitively washed with water and then kept in the form

of aqueous dispersions with 0.01 g of the MNP/mL water.

2.4 Synthesis of PAA-MNP nanocluster

PAA100-MNP nanocluster and PAA300-MNP nanocluster were synthesized via a free
radical polymerization using 1 mole equivalent of APS as an initiator with 100 and 300 mole
equivalent of AA, respectively. First, APS solution (0.002 g, 8.76x10™ mole in 0.05 mL
deionized water) was added into AA solutions (0.068 g, 8.76x10 mole of AA for PAA100
and 0.210 g, 2.61x107 mole of AA for PAA300 in 5 mL deionized water). The
polymerization was performed at 70°C under N, atmosphere for 30 min. Acrylamide-grafted
MNP dispersion (0.01 g MNPs, 0.5 mL water) was slowly dropped to the mixture and it was
stirred for another 10 min to form PAA-MNP nanocluster. It was repeatedly washed with
water with an assistance of a magnet to remove unreacted monomer and ungrafted polymer

chain from the nanocluster.
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2.5 Studies in adsorption efficiency of PAA-MNP nanocluster with anti-HRP antibody

PAA-MNP nanocluster (10 mg) was incubated in 10 mM MES pH 5 solution (1 mL)
containing 400 ppm anti-HRP antibody for 2 h. The Bradford assay was used as an indirect
method to study the antibody adsorption efficiency. The protein concentrations of all samples
were investigated using a calibration curve of BGG as a protein standard. After adsorption
with anti-HRP antibody, PAA-MNP nanocluster was separated from the supernatant using a
permanent magnet. The absorption at 595 nm of the antibody solution before and after
adsorption was determined using the Bradford assay. Adsorption efficiency was calculated
from the amount of the antibody adsorbed on the nanocluster (in the unit of mg antibody/mg

MNP) (Fig. 2). So, it was calculated from this equation;

Adsorption efficiency = [(A-B)/A] X100.........coiriiiiiiiiiiieieeeeen (1)

where A is the loaded amount of anti-HRP antibody and B is the amount of anti-HRP

antibody remaining in the supernatant.
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Fig.2 A schematic representation of PAA-MNP nanoclusters for adsorption with anti-HRP

antibody

2.6 Studies in reusing efficiency of PAA-MNP nanocluster in adsorption with anti-HRP
antibody

PAA-MNP nanocluster (10 mg) was mixed with anti-HRP antibody in a 10 M MES buffer
pH 5 solution (1 mL). The nanocluster adsorbed with anti-HRP was magnetically separated
with a magnet and excess anti-HRP in the solution was decanted. Anti-HRP on the
nanocluster surface was then desorbed by repeatedly washing with 2 M NaCl solution with
pH 12. The amount of the antibody after desorption was investigated using the Bradford

assay described above. Desorption efficiency was estimated from this equation:
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Desorption efficiency = (C/B) X 100.........ccoiiriiiiiiii e (2)

where C is the amount of desorbed anti-HRP antibody and B is the amount of adsorbed anti-
HRP antibody.

The anti-HRP-free nanocluster was then retrieved from the mixture using a permanent
magnet. The adsorption-desorption process was performed repetitively to study the reusing

efficiency in adsorption with anti-HRP antibody of the nanocluster as illustrated in Fig. 3.
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Fig. 3 Hlustration of an adsorption- desorption cycle of PAA-MNP nanocluster in the

adsorption with anti-HRP antibody

2.7 Studies in capacity for antigen recognition of PAA-MNP nanocluster adsorbed with
antibody

After adsorption with antibody, the residue carboxyl groups of PAA-MNP nanocluster were
blocked with 1 mL of 1% BSA in 10 mM MES pH 7 at 25°C for 16 h. The nanocluster was
then washed with 10 mM MES pH 6 to remove excess BSA. An indirect detection method
was employed to determine the antigen recognition capacity of the nanocluster adsorbed with
antibody. First, 1 mL of 400 ppm of HRP antigen in a 10 mM MES pH 7 solution was added
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into anti-HRP antibody-adsorbed nanocluster and incubated for 30 min. The nanocluster was
repeatedly washed with a 10 mM MES pH 7 solution. The existence of antigen on the particle
surface was apparently observed by an addition of 1 mL of ABTS-H,0; solution into 10 pL
of the nanocluster dispersion. UV absorbance at the wavelength of 414 nm of the mixtures

was then measured.

3. Results and Discussion

The objective of this work was to synthesize negatively charged magnetic nanocluster via a
facile single-step free radical polymerization of PAA in the presence of functionalized MNP
to obtain the nanocluster having high antibody adsorption ability. The ratio of AA monomer
to the MNP was fine-tuned such that the nanocluster with good water dispersibility, good
magnetic responsiveness and high negatively charged surface was obtained. This nanocluster
with negatively charged surface was demonstrated for use as magnetic nanosupport for
adsorption with anti-HRP antibody and its adsorption ability was also investigated. In
addition, reusing efficiency of the nanocluster in adsorption with anti-HRP antibody and its
antigen recognition capacity were also studied.

To prepare PAA-MNP nanocluster, acrylamide-coated MNP was first synthesized via a
coupling reaction between amino groups coated on MNP surface and acryloyl chloride. This
functionalized MNP can serve as active nanocrosslinker during a free radical polymerization
of AA and thus induced MNP nanoclustering due to the presence of multi-functional
acrylamide groups on the particle surface (Fig. 1). It was envisioned that PAA homopolymer
might also be formed during the polymerization in competition with the formation of PAA-
MNP nanocluster. The PAA homopolymer was then removed from the nanocluster via
repetitive magnetic separation and washing processes.

TEM images of oleic acid-coated MNP, PAA100-MNP and PAA300-MNP
nanocluster are shown in Fig. 4. TEM samples of oleic acid-coated MNP were prepared from
toluene dispersion while those of both PAA-MNP nanocluster samples were prepared from
pH 7 aqueous dispersion. Oleic acid-coated MNP was spherical in shape with the size of 8-10
nm in diameter without any sign of nanoclustering (Fig. 4A). After the polymerization,
formation of MNP nanocluster was thoroughly observed from TEM images (Fig. 4B and 4C).
These TEM images supported the proposed mechanism of the formation of PAA-MNP
nanocluster illustrated in Fig. 1. The size of PAA100-MNP nanocluster ranged between 200
to 300 nm in diameter, while those of PAA300-MNP nanocluster was broader and slightly
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larger (200-500 nm in diameter). The slightly larger size of PAA300-MNP nanocluster was
attributed to the relatively higher amounts of PAA in PAA300-MNP nanocluster to react with

the reactive MNP in the clustering reaction.

200nm
—

Fig. 4 TEM images of (A) oleic acid-coated MNP (B) PAA100-MNP nanocluster (C)
PAA300-MNP nanocluster. The arrow in the inset in Fig. 4C indicates the presence of PAA

coated on the nanocluster surface.

FTIR spectra of the samples from each step of the reactions are shown in Fig. 5. The
spectrum of amino-grafted MNP exhibits the signals of amino-coated silica layer at 3369 cm’
! (N-H stretching) and 998 cm™ (Si-O stretching) and that of MNP core at 571 cm™ (Fe-O
stretching) (Fig. 5A). After functionalization with acrylamide groups, FTIR spectrum exhibits
characteristic signals of amide stretching bands at 1650 cm™ and 1560 cm™ (Fig. 5B). After
the polymerization and nanoclustering reactions, the spectrum of PAA-MNP nanocluster
shows characteristic signals of O=CO stretching (1709 cm™) and O-H stretching bands (3392
cm™) of carboxylic acid groups, signifying the presence of PAA units in its structure (Fig.
5C).
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Fig. 5 FTIR spectra of (A) amino-grafted MNP, (B) acrylamide-grafted MNP and (C)
PAA100-MNP nanocluster

Zeta potential values of the nanocluster as a function of dispersion pH are shown in
the Fig. 6A. The presence of ionizable carboxylic acid groups of PAA in the structure should
make them a polyelectrolyte in aqueous dispersion. In addition to functioning as both
electrostatic and steric stabilizers, the polyelectrolyte PAA also provided advantageous pH-
responsive properties to the nanocluster due to its large electrostatic potentials (pK, of acrylic
acid is 4.25) [34]. The results in Fig. 6 suggested that this nanocluster was pH responsive.
Zeta potential values of these nanocluster in water continuously decreased with increasing the
dispersion pH and became highly negatively charged in basic pH. This was attributed to the
formation of protonated carboxylic acid groups (—COOH) and deprotonated carboxylate
groups (—COOQO") depending on the solution pH. Fig. 6A indicated that the isoelectric point
(P1) of these particles was about pH of 2.5. This number was about two orders of magnitude
lower than pK, of acrylic acid (pK, of acrylic acid was 4.25) [34]. The polymeric nature of
PAA may decrease the pK, by one or more unit due to the potential electrostatic repulsion of
many adjacent carboxylate groups. It should be noted that, at pH 7, the surface charge of the
nanocluster was highly negative (-35 mV), which was necessary for magnetic separation of

antibody via an electrostatic adsorption mechanism later discussed in this work.
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Fig. 6 (A) Zeta potential of PAA100-MNP and PAA300-MNP nanocluster, (B) Dy of
PAA100- MNP and PAA300-MNP nanocluster as a function of dispersion pH and (C)
appearance of PAA100-MNP nanocluster dispersed in water in various pH. The arrows in
Fig. 6C indicate the aggregation of the nanocluster in pH 1 and pH 3 dispersions after 1 h of

the preparation.

Dy, of the nanocluster was studied as a function of solution pH (Fig. 6B). It was found
that Dy, increased as increasing pH of the dispersion. At pH below its PI, PAA chain in the
nanocluster was in a protonated form (-COOH), making it having no or less electrostatic
repulsion among the chains and eventually shrink. Increasing pH of the dispersion above its
Pl further increased the degree of negative charge of the nanocluster, resulting in the
enhancement in polymer swelling and thus increasing its Dy. This explanation agreed well
with the zeta potential plots as a function of pH discussed in Fig. 6A. In addition, pH-
responsive properties of the nanocluster were also evidenced by its dispersibility and stability
as a function of pH in water (Fig. 6C). The nanocluster apparently aggregated in pH 1-pH 3
dispersions and was stable and well dispersible in pH 5-pH 11 dispersions due to the
existence of additional electrostatic repulsion stabilization.

Effect of PAA compositions on Dy, of the nanocluster was also investigated (Fig. 6B).
PAA300-MNP nanocluster showed higher Dy, values than that of PAA100-MNP nanocluster
at the same dispersion pH. This was attributed to the higher amount of PAA in PAA300-
MNP nanocluster, resulting in the higher degree of water swelling and higher Dy,. The result
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also supported the slightly larger size of PAA300-MNP nanocluster observed in TEM images
(Fig. 4).

To determine the composition of PAA grafted in the MNP nanocluster, TGA was
performed to measure its weight loss at 600°C (Fig. 7). It should be noted that the ungrafted
species, including PAA homopolymer and residue monomer, were removed from the MNP
nanocluster via repetative washing-magnetic separating process. It was assumed that the
residue weight was the weight of iron oxide from MNP core remaining at 600 °C; the weight
loss was attributed to the organic PAA content in the nanocluster. It was found that PAA
content in PAA100-MNP nanocluster was 9 % (Fig. 7B) and those in PAA300-MNP
nanocluster was about 14 % (Fig. 7C). This result corresponded well with the high Dy, and the
high degree of water swelling of PAA300-MNP nanocluster observed in the PCS experiment

due to the high percentage of PAA in the structure as compared to PAA100-MNP
nanocluster.
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Fig. 7 TGA thermograms of (A) bare MNP, (B) PAA100-MNP nanocluster and (C)
PAA300-MNP nanocluster

Magnetic properties of bare MNP, PAA100-MNP nanocluster and PAA300-MNP
nanocluster were investigated via VSM technique (Fig. 8). Saturation magnetizations (Ms)
decreased from 62 emu/g of bare MNP to 22-40 emu/g of the nanocluster. This was again
attributed to the presence of non-magnetic PAA in the structure, resulting in the lowered
percentage of magnetite content in the nanocluster. PAA300-MNP nanocluster showed a

lower saturation magnetization (Ms) value than the other due to the higher PAA content in the
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structure. This result was in good agreement with that observed from the TGA experiment,
indicating higher PAA content in PAA300-MNP nanocluster than the other sample. Even
though there was some drop of the M value due to the presence of PAA in the structure, it
was still well responsive to an applied magnetic field as shown in the inset in Fig. 8. The
picture illustrated PAA100-MNP nanocluster dispersed in DI water and a magnetically
assisted separation. Without an external magnetic field, the colloidal dispersion was brown in
color and homogeneous without any sign of precipitation. When a magentic field was
applied, the nanocluster was enriched, leading to transparent dispersion. The dispersing-
magnetically separating process of the nanocluster was reversible for a number of cycles
without any sign of precipitation when stored at room temprature. It should be mentioned that
this dispersing-magnetically separating behavior was not observed in well dispersible
individual MNP [35]. In addition, this nanocluster still retained its superparamagnetic
properties evidenced by the lack of coercitivity and remanence after removing the magnetic
field.
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Fig. 8 Magnetization curves of (A) bare MNP, (B) PAA100-MNP nanocluster (C) PAA300-
MNP nanocluster. The inset shows the capturing of PAA100-MNP nanocluster with a

magnet.

To employ this in antibody adsorption applications, PAA-MNP nanocluster having

carboxylated-enriched surface was desired for adsorption between the anionic nanocluster
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and positively charged anti-HRP, and it shall be then used for the studies in antigen
recognition capacity (Fig. 9). In the antibody adsorption experiment, PAA100-MNP
nanocluster was chosen as a representative because it exhibied higher magnetic
responsiveness than those of PAA300-MNP nanocluster evidenced via VSM technique. In
addition, PAA100-MNP nanocluster also showed better stability as it was well dispersible in

water without any sign of precipitation even after 24 h of preparation.
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Fig. 9 Schematic illustration of PAA-MNP nanocluster adsorbed with antibody and antigen

To determine the antibody adsorption ability of the nanocluster, various
concentrations of anti-HRP antibody were loaded to PAA-MNP nanocluster (10 mg) in 1 mL
of 10 mM MES pH 5 solutions. It was found that the maximum concentration of the antibody
that can bind on the nanocluster surface while retaining 100% adsorption efficiency was 400
ppm (Fig. 10). Increasing the antibody concentrations from 400 ppm to 500-1000 ppm
resulted in the remaining of un-adsorbed antibody in the dispersions. Hence, 400 ppm
antibody loaded in 10 mg of PAA-MNP nanocluster would be used for the following

experiments.
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Fig. 10 Adsorption efficiency of PAA100-MNP nanocluster with anti-HRP antibody as a

function of the antibody concentrations

Fig. 11 shows the reusing efficiency of PAA100-MNP nanocluster for the adsorption
with anti-HRP antibody after eight reusing processes. After each adsorption-separation
process, the concentrations of adsorbed and desorbed antibody from each cycle were
investigated using the Bradford assay. The result indicated that the nanocluster preserved
higher than 97% adsorption ability of the antibody for eight reusing cycles, signifying the
capability of this novel nanocluster as reusable solid support in magnetic separation
application of bioentities.
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Fig. 11 Adsorption efficiency of PAA100-MNP nanocluster with anti-HRP antibody after
eight reusing processes

The capacity of the antigen recognition of the nanocluster adsorbed with antibody

was observed from the change to a greenish color product after the oxidation with an ABTS
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oxidizing agent, once it was reacted with horseradish peroxidase (HRP) labeled conjugates.
Hence, the nanocluster adsorbed with anti-HRP was conjugated with HRP for color
development once reacted with ABTS. PAA100-MNP nanocluster adsorbed with anti-HRP
and HRP exhibited the color changing from light green to blue once oxidized with ABTS
(Fig. 12G), signifying the positive result owing to the conjugation of HRP with anti-HRP on
the nanocluster surface. The nanocluster without anti-HRP and HRP (Fig. 12D) and those
solely adsorbed with anti-HRP (without HRP)(Figure 12E) were used as the controls. These
dispersions showed no changes in the color development after oxidized with ABTS. Other
control dispersions including the pH 7 MES buffer solution (the dispersing media)(Fig. 12A),
those with 1% BSA (a blocking reagent) (Fig. 12B), anti-HRP (Fig. 12C) and ABTS (Fig.
12H) were also investigated to confirm their negative results. Moreover, the solution of HRP
antigen (without MNP nanocluster) was also tested to confirm the color change (positive
testing) owing to the reaction of HRP with ABTS (Fig. 12F). More importantly, after eight
reusing processes, the nanocluster adsorbed with anti-HRP and HRP showed the color change
(the positive result) after an addition with ABTS, indicating that the antigen recognition of
the MNP nanocluster adsorbed with antibody was still preserved even after repeatedly used.
These results signified that the nanocluster shall be used as reusable magnetic support for
immobilization with other conjugates such as aptamers and their target molecules.
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Fig. 12 Visualization of the antigen recognition capability using an indirect method.
Appearance of the samples after an addition with ABTS oxidizing agent; A) 10 mM MES
buffer pH7, B) 1% BSA in 10 mM MES buffer pH7, C) anti-HRP, D) the nanocluster without
anti-HRP and HRP, E) the nanocluster adsorbed with anti-HRP, F) HRP antigen (the positive
control), G) the nanocluster adsorbed with anti-HRP and HRP (the sample) and H) ABTS
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4. Conclusions

Magnetite nanocluster grafted with PAA was synthesized via a free radical polymerization in
the presence of MNP to obtain the nanocluster with highly negative charge, high magnetic
responsiveness, good dispersibility and good stability in water. Dy, of the nanocluster changed
in response to the change in the dispersion pH, indicating its pH-responsive behavior. The
degree of nanoclustering was optimized such that its good dispersibility and stability in
neutral water were obtained while maintaining its good magnetic sensitivity, which was
essential for facile manipulation in magnetic separation applications. In addition, its anionic
surface also served as adsorbed platform with positivelt charged bio-molecules. In this work,
this novel magnetic nanocluster was effectively used as reusable support for adsorption with
anti-HRP for at least eight cycles. This magnetic nanocluster shall be beneficial for use as a

support for efficient and facile separation of any positively charged bio-entities.
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Supporting Information

1) A calibration curve of BGG
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2) The conductometric titration curves
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Calculations

1. Calculations of the grafting density of carboxyl groups on poly(AA)100-
MNP nanoclusters after dispersing in water

The amounts of carboxyl groups presenting on the particle surface were
quantitatively determined by a conductometric titration. Figure 41A shows the
conductometric titration curve of the reaction between NaOH and HCI having a V-shape

(Blank). During the titration, the reaction that takes place in the titration vessel is following:

Na" + O ——» H,0 + Cl + Na'

In the region I, before the end point, OH" is removed from the solution by reaction
with H*, and CI is added to the solution. The conductance of the solution decreases prior to
the end point. After the end point (region II), no OH" is available to react, and the
conductance of the solution increases as a result of the additional of H" and CI".

In the case of the titration of HCI with —-COOH groups on the MNP nanocluster, the
conductrometric titration curve exhibits three regions (Figure 40B and 40C). Before the
titration of -COOH groups on the MNP nanocluster, the —-COOH grafted on the MNP
nanocluster was dispersed in an excess of NaOH solution. Thus, the reaction that takes place
in the vessel is following:

+ -
-COO" + H* e OH _COO + Na + H,0 + Na'OH
€XCESS

In the region | of the titration, because basicity of excess OH- in the solution is
stronger than that of —-COQ’, the OH" in the solution was first neutralized when HCI was
titrated.

Na® + OH i d H,O + Na + Cl
a —_— + a
€XCECSS excess 2

In the region I, when the OH- in the solution was completely neutralized, the H+
ions reacted with the COO" groups on the MNP surface. After the COO™ groups on the MNP
surface were completely reacted with H* ions, the solution conductivity sharply increase due
to the excess of H and Na” (region 111). The measurement of the amounts of -COOH groups

on the surface of the polymer-grafted MNP was estimated from the following equation:
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Carboxylic acid = MAv
m
_0.005mol/L x (1000x10°)L
0.001g
=5 mmol/g

Where, V is the consumption volume of HCI solution in the second region (region I1)
of the conductometric titration (L) M is the molar concentration of polyelectrolyte (mol/L). In

this calculation, example is the poly(AA)100-MNP nanoclusters.

2. Calculations of the grafting density of carboxyl groups on poly(AA)300-
MNP nanoclusters after dispersing in water

Carboxylic acid :%

_ 0.005 mol/L x (3000x10°)L
0.001g

=15 mmol/g

3) The ability of antibody adsorption onto the pol(AA)-grafted MNP nanoclusters
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Figure S3 A schematic representation of poly(AA)-MNP nanoclusters in adsorption with
anti-HRP antibody
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Figure S4 Adsorption efficiency of PAA100-MNP nanoclusters for ionic adsorption with
anti-HRP antibody (Adsorption efficiency = [(A-B)/A] x100, where A is the loaded

concentration of antibody and B is the concentration of adsorbed antibody)
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Multi-scale assessment of soot using electron microscopy:
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Dr. Gizem Okyay, University
of Lille, France

14:45 - 15:00
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Center for Physical Sciences
and Technology, Lithuania
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Naresuan University,
Thailand
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The 4" edition of Nanotech France 2018 International Conference and Exhi-

bition. Paris, France: Péle Universitaire Léonard de Vinci

(Oral presentation)

Multi-functional copolymer for coating on magnetite

nanoparticle for use in bioconjugation
Sujittra Paenkaew and Metha Rutnakornpituk *

Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan
University, Phitsanulok, 65000 Thailand.

Abstract:

Surface modification of magnetite nanoparticle
(MNP) with a multi-functional copolymer and
its bioconjugation is presented herein. This co-
polymer was designed to possess multi-
functions including 1) thermo-responsive
poly(N-isopropyl acrylamide) (PNIPAAm) serv-
ing as a drug reservoir and for drug controlled
release, 2) thiolactone moiety for covalent graft-
ing onto MNP surface and also inducing the
formation of MNP nanoclusters and 3) cationic
poly(diethylaminoethyl methacrylate)
(PDEAEMA) for improving its water dispersi-
bility and for ionic adsorption with DNA. Fou-
rier Transform Infrared Spectrophotometry
(FTIR) results signified the existence of the co-
polymer in MNP nanoclusters. The copolymer-
coated nanoclusters showed the significant in-
crease in zeta potential from +16 mV to +28
mV after quaternization. This significantly im-
proved dispersibility of the particle in an aque-
ous media and it was thus used as a cationic
platform for adsorption with DNA through the
electrostatic  interaction. Thermo-responsive
PNIPAAm coated in the nanoclusters collapsed
at the temperature above its critical solution
temperature, resulting in the shrinkage of the
nanoclusters and thus eventually decreasing
their hydrodynamic size (Dy). The shrinkage of
the copolymer when heated to 45 °C would be
utilized as a triggering mechanism for drug con-
trolled release application. It was also found
that the use of alkyl amines having various
chain lengths (R-NH,; where R is alkyl groups
having C3, C8 and C12) in the nucleophilic
ring-opening reactions of the thiolactone rings
affected their magnetic separation ability, water
dispersibility and release rate of doxorubicin
model drug. These versatile copolymer-coated
nanoclusters showed a great potential for use as

a smart platform for bioconjugation and drug
controlled release application.

Keywords: magnetite nanoparticle, multi-
functional copolymer, thermo-responsiveness,
drug controlled release.

\\\\\\\\\\\

Figure 1: Tlustrating the surface modification
of magnetite nanoparticle (MNP) coated with
the multi-functional copolymer and its use in
controlled drug release.
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2.2) Anionic magnetite nanoparticle conjugated with peptide nucleic acid for pre-
concentration of real DNA, Sudarat Khadsai, Noppadol Seeja, Metha Rutnakornpituk,
Tirayut Vilaivan, Maliwan Nakkuntod, Waroon Suwankitti, Boonjira Rutnakornpituk, The
4" edition of Nanotech France 2018 International Conference and Exhibition, 27-29

June, 2018, Paris, France: Poéle Universitaire Léonard de Vinci

The 4" edition of Nanotech France 2018 International Conference and
Exhibition. Paris, France: Pole Universitaire Léonard de Vinci

(Oral presentation)

Poly(N-acryloyl glycine)-grafted magnetite nanoparticle conjugated with
pyrrolidinyl peptide nucleic acid for selective enrichment of trace DNA
samples

Sudarat Khadsai', Noppadol Seejal. Metha Rutnakompirukl, Tirayut Vilaivan’, Maliwan Nakkuntod®,
Waroon Suwankitti’, Boonjira Rutnakornpituk’**

'Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University,
Phitsanulok 65000, Thailand
’Organic Synthesis Research Unit. Department of Chemistry. Faculty of Science: Chulalongkorn University.
Patumwan. Bangkok 10330, Thailand
3Deparl:mem of Biology. Faculty of Science, Naresuan University, Phitsanulok 65000 Thailand
“The Center of Excellence for Innovation in Chemistry, Naresuan University, Phitsanulok, 65000, Thailand

Abstract

Poly(NV-acryloyl  glycine) (PNAG)-
grafted magnetite nanoparticle (MNP) was used
as magnetic support for real deoxyribonucleic
acid (DNA) preconcentration using pyrrolidinyl
peptide nucleic acid (PNA) as a probe. The
PNAG-grafted MNP was covalently conjugated
with streptavidin, followed by immobilization
with  biotin-conjugated PNA wvia specific

PNAG zrafied MNP

[Fa—

N bintn-conjugated PAA

interaction between biotin and streptavidin. The ?:1_':;‘7“
particles with the size of 300-400 nm were well ;—Q":-A,;’::
dispersible in water, had a good response to a RIS

magnet and had the capacity of 373 pmol

PNA/mg MNP. The probe on the particle can
discriminate between non-complementary and
complementary DNA using fluorophore-tagged
DNA as a model. Also, the particles were used
for precontration of zein genes of maize in fresh
produce and eight cereal products as real
samples. After the desorption of the DNA
adsorbed on the particle and then amplification
with Polymerase Chain Reaction (PCR)
technique, gel electrophoresis indicated that only
the real samples having zein gene of maize can
be adsorbed on the PNA-functionalized MNP,
indicating the high specificity between PNA and
complementary DNA. This PNA-functionalized
MNP might be effectively used as nano-solid
supports for DNA enrichment in real samples.

Keywords: magnetite, nanoparticle, nano-
solid supports, pyrrolidinyl peptide nucleic
acid, PNA probe, real deoxyribonucleic acid,
enrichment, pre-concentration
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Universal Academic Cluster International Autumn Conference in Tokyo, 11-13 October 2017

Multi-functional copolymer-coated nanocluster and its drug controlled release
application
Sujittra Paenkaew and Metha Rutnakornpituk

Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University,

Phitsanulok, 65000 Thailand.
Abstract

This work presents the synthesis of magnetite nanoparticle (MNP) coated with a multi-functional
copolymer contain-ing thiolactone acrylamide (TlaAm) and its use in controlled drug release. TlaAm units in the
copolymer were ring-opened with various alkyl amines (e.g. 1-propylamine, 1-octylamine or 1-dodecylamine) to
form thiol groups (-SH), followed by a thiol-ene coupling reaction with acrylamide-coated MNP and then
quaternized to obtain cationic copolymer-MNP nanoclusters having various degrees of hydrophobicity. It was
found that the MNP nanoclusters having different chain lengths of alkyl groups exhibited differences in magnetic
separation ability, water dispersibility and release rate of doxorubicin model drug. Moreover, all copolymer-
coated MNPs showed a thermo-responsive behavior as their hydrodynamic size (D,) decreased when increasing
the temperature of the dispersions due to the shrinkage of PNIPAAm moiety. These copolymer-MNP

nanoclusters could be used as a platform with thermal-triggering controlled drug release.
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2.4) Multi-functional copolymer-coated magnetic nanoparticle and its drug controlled
release, Sujitra Pankaew and Metha Rutnakornpituk, The First Materials Research
Society of Thailand International Conference (1St MRS Thailand International
Conference), Poster, 31 October-3 November 2017, Convention Center, The Empress
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The First Materials Research Society of Thailand International Conference
(1¥ MRS Thailand International Conference)

October 31 — November 3. 2017

The Empress Convention Center, Chiang Mai, Thailand

“Smart” multi-functional copolymer-coated magnetic nanoparticle and its applications for
bioconjugation and drug controlled release

Sujittra Paenkaew and Metha Rutnakornpituk *
Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University, Phitsanulok, 65000 Thailand.
Phone: 66-3596-3464, Fax: 66-5596-3401

*E-mail: methar@nu.ac.th

Abstract

Synthesis of magnetic nanoparticle (MNP) coated with a multi-functional polymer, poly(N,N-diethylaminoethyl
methacrylate)-b-poly(N-isopropyl acrylamide-st-thiolactone acrylamide) copolymer (PDEAEMA-b-P(NIPAAm-st-
TlaAm)), and its drug controlled release are herein presented. This copolymer was well designed to have multi-
functions including thermo-responsive PNIPAAm serving as a drug reservoir with a temperature-triggering
mechanism, thiolactone moiety for covalent grafting with MNP surface and tuning degree of hydrophobicity of the
copolymer. In addition, the positively charged PDEAEMA can improve its water dispersibility and serve as a
platform for ionic adsorption with anionic bio-entities such as DNA. It was found that the degree of hydrophobicity
of the copolymers coated on surface of particle can be tuned by using various alkyl chain lengths in thiolactone ring-
opening reaction. This can influence the particle self-assemblies in water (e.g. Dy, dispersibility, nano-aggregation)
and the release rate of doxorubicin model drug. When increasing the dispersion temperature, the particles showed a
thermo-responsive behavior as indicated by the decrease in hydrodynamie size and the accelerated drug release rate.
These versatile copolymer-MNP assemblies showed a great potential for use as a smart platform with thermal-
triggering controlled drug release system and for conjugation with any negatively charged bio-entities.

Keywords: poly(N-acryloyl glycine); nanocomposites; pH- and thermo-responsive polymer; drug release
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2.5) Multi-responsive poly(N-acryloyl glycine)-based nanocomposite and its controlled
release application, Nunthiya Deepuppha, Sudarat Khadsai, Boonjira Rutnakornpituk
and Metha Rutnakornpituk, The First Materials Research Society of Thailand
International Conference (1St MRS Thailand International Conference), Poster, 31
October-3 November 2017, Convention Center, The Empress Hotel, Chiang Mai,
Thailand

The First Materials Research Society of Thailand International Conference
(1* MRS Thailand International Conference)

October 31 — November 3. 2017

The Empress Convention Center. Chiang Mai, Thailand

Multi-responsive poly(N-acryloyl glycine)-based nanocomposite
and its controlled release application

Nunthiya Deepuppha, Sudarat Khadsai. Boonjira Rutnakornpituk and
Metha Rutnakornpituk*

Department af Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University, Phitsanulok, 65000 Thailand.
Phone: 66-5596-3464, Fax: 66-5596-3401

*E-mail: methar@nu.ac.th

Abstract

Magnetic nanocomposite coated with pH- and thermo-responsive poly(N-acryloyl glycine)(PNAG) was prepared via
a one pot-free radical polymerization, followed by a crosslinking reaction. Two types of the crosslinkers
(ethylenediamine and f#is(2-aminoethyl)amine) with two different concentrations (1 and 10 mol%) were used in an
attempt to tune the size, magnetic separation ability and water dispersibility of the nanocomposite. It was found that
the nanocomposite crosslinked with fris(2-aminoethyl)amine can be rapidly separated by a magnet while
maintaining its good dispersibility in water. The release profiles of theophylline as a model drug from the
nanocomposite were investigated as a function of pH (2.0 7.4 and 11.0) and temperature (10 °C and 37 °C) of the
dispersions. The drug was rapidly released when the dispersion pH changed from neutral to acidic/basic conditions
or when increasing the temperature from 10 °C to 37 °C. This nanocomposite showed a great potential for use as a
magnetically guidable vehicle for thermo- and pH-triggered drug controlled release applications.

Keywords: poly(N-acryvloyl glveine); nanocomposites; pH- and thermo-responsive polymer; drug release
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2.6) Anionic magnetite nanoparticle conjugated with pyrrolidinyl PNA for real DNA pre-
concentration, Sudarat Khadsai, Boonjira Rutnakornpituk, Tirayut Vilaivan, Maliwan
Nakkuntod, and Metha Rutnakornpituk, The First Materials Research Society of
Thailand International Conference (1St MRS Thailand International Conference), Poster,
31 October-3 November 2017, Convention Center, The Empress Hotel, Chiang Mai,
Thailand

The First Materials Research Society of Thailand International Conference
(1" MRS Thailand International Conference)

October 31 — November 3, 2017

The Empress Convention Center, Chiang Mai. Thailand

Anionic magnetite nanoparticle conjugated with pyrrolidinyl PNA
for real DNA pre-concentration

Sudarat Khadsai®, Boonjira Rutnakornpituk®, Tirayut Vilaivan®, Maliwan Nakkuntod®,
and Metha Rutnakornpituk™*

“Department of Chemistry and Center of Excellence in Biomaterials, Facuity of Science, Naresuan University, Phii ok 65000, Thailand.
*Department of Chemistry, Organic Synthesis Research Unit, Faculty of Science, Chulalongkorn University, Patumwan, Bangkok 10330,
Thailand,

‘Department of Biology, Faculty of Science, Naresuan University, Phi lok 65000, Thailand.

*E-mail: methar@nu.ac. th

Abstract

Magnetite nanoparticles (MNPs) were surface modified with anionic poly(N-acryloyl glycine) (PNAG) and then
streptavidin for specific interaction with biotin-conjugated pyrrolidinyl peptide nucleic acid (PNA). Hydrodynamic
size (Dy) of PNAG-grafted MNPs varied from 334 to 496 nm depending on the loading ratio of the MNP to NAG in
the reaction. UV-visible and fluorescence spectrophotometries were used to confirm the successful of streptavidin
and PNA on the MNPs. It was found that approximately 291 pmol of the PNA/mg MNP was immobilized on the
particle surface. The PNA-functionalized MNPs were effectively used as solid supports for DNA base
discrimination to differentiate between fully complementary and non-complementary/single-base mismatch DNA
using the PNA probe. These novel particles were also used for pre-concentration of zein gene of maize i fresh
produce and cereal products as real DNA samples. After desorption of the real DNA adsorbed on the particles and
then amplification with Polymerase Chain Reaction (PCR) technique and gel electrophoresis indicated the existence
of the zein gene of maize on the particles.
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2.7) Magnetite nanocluster coated with thiolactone-containing copolymer: effect of
alkyl substitution on magnetic separation ability and water dispersibility, Sujitra Pankaew
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Magnetite nanocluster coated with thiolactone-containing copolymer: effect of alkyl
substitution on magnetic separation ability and water dispersibility

Sujittra Paenkaew and Metha Rutnakornpituk *
" Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University,
Phitsanulok, 65000 Thailand.
Phone: 66-5596-3464, Fax: 66-5596-3401, *E-mail: methar@nu.ac.th

Abstract

Synthesis of a novel functional polymer, poly(N,N-diethylaminoethyl methacrylate)-b-poly(N-isopropyl
acrylamide-st-thiolactone acrylamide) copolymer (PDEAEMA-bH-P(NIPAAm-sz-TlaAm(), and its coating on magnetite
nanoparticle (MNP) are presented. TlaAm units in the copolymer were ring-opened with alkyl amines to form thiol groups
(-SH), followed by thiol-ene coupling reactions with acrylamide-coated MNP to obtain the MNP nanocluster. The goal
of this work was to obtain the nanocluster that can be rapidly separated by a magnet while maintaining its good water
dispersibility. Therefore, 1-propylamine, 1-octylamine and 1-dodecylamine were used in the ring-opening reactions (to
form C3-MNP, C8-MNP and C12-MNP, respectively) to investigate the effect of degree of hydrophobicity due to various
chain lengths of the alkyl groups on their magnetic separation ability and water dispersibility. It was found that C3-MNP,
as compared to C8-MNP and C12-MNP, showed a good response to a magnet upon magnetic separation with good
dispersing stability in water after 24 h of the synthesis. Interestingly, all copolymer-coated MNPs showed a thermo-
responsive behavior as their hydrodynamic size (D;) decreased when increasing the temperature of the dispersions due
to the shrinkage of PNIPAAm moiety. This novel copolymer-MNP hybrid might be efficiently used as a vehicle in drug
controlled release applications.

Keywords: Magnetite, Nanoparticle, Block copolymer; thermo-responsiveness
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Multi-responsive nanocomposites and their controlled release application

Nunthiva Deepuppha, Sudarat Khadsai and Metha Rutnakornpituk *
Department of Chemistry and the Center of Excellence in Biomaterials, Faculty of Science, Naresuan University,
Phitsanulok, 65000 Thailand. Phone 66-5596-3464, Fax 66-5596-3401,

E-mail: methar@nu.ac.th

Abstract

Thermo- and pH-responsive nanocomposite based on poly(N-acryloylglycine) (PNAG) and magnetite
nanoparticles (MNP) was synthesized via a free radical polymerization and then crosslinked. The effect of cross-linking
agents, e.g. ethylenediamine and #ris(2-aminoethyl)amine, on the size, magnetic separation ability and water dispersibility
of the nanocomposite was investigated. The nanocomposite was characterized via transmission electron microscopy
(TEM) to investigate their particle size and size distribution. It was found that the nanocomposite crosslinked with tris(2-
aminoethyl)amine have the size of 200-300 nm in diameter and can be rapidly separated by a magnet while maintaining
a good dispersibility in water. The preliminary study in responsive release of the entrapped theophylline as a model drug
from the nanocomposite was determined. This novel nanocomposite might be efficiently used as a magnetically guidable
nano-vehicle for thermo- and pH-triggered drug controlled release applications.

Keywords: Nanocomposite poly(N-acryloylglycine) magnetite nanoparticle thermo- and pH-responsive polymer
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Magnetic nanoparticle coated with
multi-responsive copolymer containing thiolactone
acrylamide

Sujittra Paenkaew and Metha Rutnakornpituk *

Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University, Thailand

*e-mail: methar@nu.ac.th

» PDEAEMA-b-P(NIPAAm-st-TlaAm) copolymer that was synthesized via RAFT
polymerization was ring-opened with alkyl amines to form thiol groups (-SH), followed
by the thiol-ene coupling reactions with acrylamide-grafted MNP.

» FT-IR, TEM, and PCS were performed to confirm the copolymer-grafted MNP having
surface.

» The effect of degree of hydrophobicity from various chain lengths of alkyl groups on the
aggregation, water dispersibility and morphology of the copolymer-coated MNP.

Keywords: Block copolymer; Nanoparticle; Thermosensitive
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PNA-conjugated magnetic nanocluster for real DNA pre-concentration

'"Metha Rutnakornpituk*, 'Sudarat Khadsai, 'Boonjira Rutnakornpituk. “Maliwan Nakkuntod,

*Tirayut Vilaivan

'Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science,
Naresuan Unmiversity, Phitsanulok 65000, Thailand

“Department of Biology. Faculty of Science, Naresuan University, Phitsanulok 65000 Thailand

*Organic Synthesis Research Unit, Department of Chemistry: Faculty of Science;

Chulalongkorn University, Patumwan, Bangkok 10330, Thailand
Phone: +66 55 3464 Fax: +66 55 3401 *E-mail: methar@nu.ac.th

Introduction

Magnetite nanoparticle (MNP) has presently been of scientific and technological

mnterest because of its magnetically guidable and nanoscale-related properties. In this work,

anionic poly(N-acryloyl glycine) (PNAG)-grafted magnetite nanocluster (MNC) was used as

a support for pre-concentration of real DNA using pyrrolidinyl peptide nucleic acid (PNA) as

a probe. PNAG-grafted MNC was covalently conjugated with streptavidin, followed by

functionalization with biotin-conjugated PNA via specific biotin-streptavidin interaction.

Results and Discussion

The synthesized PNAG-gratted MNC with size of 200-400 nm were well dispersible
in water, had a good response to a magnet and had the capacity of 373 pmol PNA/mg MNP.

The PNA probe on the particles can differentiate between complementary and

non-complementary DNA using fluorophore-tagged DNA as a model. The particles were also

used for pre-concentration of zein gene in maize as a real DNA sample. After desorption of

the DNA adsorbed on the particles and then amplification with Polymerase Chain Reaction

(PCR) techmque, UV-visible spectrophotometry and gel electrophoresis indicated the

existence of the zein gene on the particles.

Taking advantages of the
high stability and high specificity ja ;‘;‘ o
between pyrrolidinyl PNA and \%}3}: o "\ «;‘; i }} s
DNA, this anionic MNP might be ' %njf{ R { SEER oo o MNP e
greatly advantageous for use as L Z}/’a’ - ’ L
magnetic nano-supports for various D, - complementary DNA to PNA T
future technologies, such as S Dy meemplmntan DA A Dyin supernatant
diagnostics of genetic diseases and
pre-concentration of real DNA samples. Figure 1. Pre-concentration of DNA using

PNAG-grafted MNP functionalized with

PNA probe

References Stubimtzky,C. Vilaivan, T. Wagenknecht,H.A. Org. Biomol.Chem. 2014, 12, 3586.
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Polv(acrylic acid)-grafted magnetite nanocluster conjugated with pyrollidinyl peptide nucleic
acid for DNA base discrimination
Noppadol Seefa . Tirayut Vilaivan®, Metha Rutnakornpituk®, Boonjira Rutnakornpituk'*
IDepartment of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University.
Phitsanulok, 65000 Thailand

“Organic Svnthesis Research Unit, Department of Chemistry, Faculty of Science. Chulalongkorn University, Phayvathai
Road. Panmmwan, Bangkok 10330 Thailand, *E-mail: boonjrabi@no.ac.th

Abstract

This work focuses on the svathesis of poly(acrylic acid)(PAA)-grafted magnetite nanocluster (MNC) conjugated with
pyrollidiny] peptide micleic acid (PNA) as a probe for deoxynbose nucleic acid (DN A) base discrimination. To prepare
the MNC, acrylamide-functionalized magnetite nanoparticles were co-polymenzed with acrylic acid monomers in the
presence of ammonium persulfate. a radical initiator. to form anionic MNC. followed bv a covalent coupling with the
PNA. The PNA-fimctiomalized MNC was well dispersible m pH 7 phosphate buffer solutions. Transtimssion electron
microscopy (TEM) indicated that the size of the MNC ranged between 200 to 300 nm in diameter. Due to the presence
of ionizable carboxylic acid groups of PAA m the structure, the MNC showed responsive properties to the change of
the dispersion pH. From UV-Visible spectrophotometry technique. the functionalized amounts of the PNA were 0.184
nmol/mg MNC. The PNA probe on the MNC can differentiate between fully complementary, completely nusmatch and
single-base mismatch DNA using fluorophore-tagged DNA as a model with the loading capacity of 0.074 nmol DNA/mg
MNC. This novel anionic MNC with the PNA probe might be potentially applicable for use as a magnetically guidable
tool for pre-concentration of DNA nuxtures and a pronusing method for testing genetic modification.

Kevwords: maguetite nanoparticle / peptide nucleie acid / poly(acryhic acid)
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SMART-P1

Synthesis of magnetic nanoparticle grafted with thermo-responsive polymer containing
thiolactone acrylamide moiety
Suiittra Pasnkaew and Metha Rutakornpituk *
Department of Chenustry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University,

Plutsanulok, 65000 Thailand.
Phone: +66-5596-3464, Fax: +66-5596-3401, *E-mail: methar@nu.ac.th

Abstract

In this work, synthesis and characterization of magnetite nanoparticle (MNP) grafted with thermo-responsive functional
diblock copolymer contaimng thiolactone acrylamude moiety are reported. The copolymer of poly(2- (diethylanuno)
ethyl methacrylate)-b-poly(N-1sopropylacrylamide-st-thiolactone acrylanude) (PDEAEMA-A-P(NIPAAm- st-TlaAm))
was synthesized via reversible addition fragmentation chain transfer (RAFT) polymerizationusing a PDEAEMA
macro chain transfer agent (CTA) to mediate the polymerzation of statistical NIPAAm-TlaAm block. The TlaAm
units were ring-opened with 1-alkylamine to form thiol groups (-SH). followed by the thiol-ene coupling reactions with
acrvlanude-grafted MNP. PDEAEMA block in the copolymer was subsequently quatermzed with CH:I to provide
good water dispersibility to the copolymer-grafted MNP. The copolymer was characterized using proton nuclear
magnetic resonance ('H NMR) and Fourier transform infrared spectroscopies (FTIR). The copolymer-grafted MNP was
analyzed via FTIR. photon correlation spectroscopy (PCS). transmussion electron microscopy (TEM). This novel

polymer-MNP hybrid might be efficiently used in drug controlled release application and it will be warranted for future
studies.

Keywords: magnetite; naroparticle; RAFT polymenzation
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2.13) Dual-responsive poly(N-acryloyl glycine)-containing copolymer for coating on
magnetic nanoparticle, Nunthiya Deepuppha, Sudarat Khadsai and Metha
Rutnakornpituk’ The 6th International Polymer Conference of Thailand (PCT6), June 30th-
July 1St, 2016, Patumwan Princess Hotel, Bangkok, Thailand

SMART-P2

Dual-responsive poly(N-acryloyl glycine)-containing copolymer for coating on magnetic
nanoparticle
' * . Sudarat Khadsai and Metha Rutnakompituk *
Department of Chemlstrv and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University,
Phitsanulok, 65000 Thailand. Phone: 66-5596-3464, Fax: 66-5596-3401,
E-mail: methar@nu.ac.th

Abstract

Thermo- and pH-responsive methoxy poly(ethylene glycol)-b-poly(N-acryloyl glycine) (mPEG-5-PNAG) copolymer
was synthesized via reversible addition-fragmentation chain-transfer polymerization (RAFT) aad was used for coating
on magnetite nanoparticle (MNP). mPEG macro chain transfer agent (mPEG-CTA) was used to mediate RAFT of
NAG monomers to produce mPEG-b-PNAG copolymer with controlled molecular weight and polydispersity index
(PDI). The copolymer was used for coupling with amino functional groups grafted on MNP surface to form water
dispersible thermo- and pH responsive magnetic nanocluster. The polymer-MNP hybrid was characterized via
photocorrelation spectroscopy (PCS) to determine their hydrodynamic size (Dh) and transmiss:on electron microscopy
(TEM) to investigate their particle size and size distribution. This novel polymer-MNP hybrid might be applicable for use
as a magnetically guidable vehicle for thermo- and pH-triggered drug controlled release applications.

Keywords: poly(N-acryloylglycine) RAFT magnetite nanoparticle Thermo- and pH-responsive copolymer
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Synthesis of multi-responsive crosslinked magnetic nanocomposite
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Abstract

Nanocomposite based on poly(N-acryloylglycine) (PNAG) and magnetite nanoparticles (MNP) was
synthesized via a free radical polymerization and crosslinking. The effect of crosslinkers on the formation of
nanocomposite was investigated. It was found that the hydrodynamic diameters (D,) of the nanocomposite
ranged from 300 nm to 600 nm. Transmission electron microscopy (TEM) indicated that the nanocomposite as
well dispersible in water with the diameter of 200-300 nm. This novel nanocomposite might be applicable for

use as a magnetically guidable vehicle for thermo- and pH-triggered drug controlled release applications.

Keywords : poly(N-acryloylglycine)/ nanocomposite/ magnetite nanoparticle

*Corresponding author. E-mail : methar@nu.ac.th
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Abstract

Nanocomposite based on poly{ N-acryloylglycine) (PMNAG) and magnetite nanoparticles (MNP) was
synthesized via & free radical polymerization and crosslinking. The effect of crosslinkers on the formation of
nanocomposite was investigated. it was found that the hydrodynamic diameters (D,) of the nanoccomposite
ranged from 300 nm to 600 nm. Transmission electron microscopy (TEM) indicated that the nanocomposite as
well dispersible in water with the diameter of 200-300 nm. This novel manocompesite might be applicable for

use as a magnetically guidable vehicle for thermo- and pH-riggered drug controlled release applications.

Keywords : poly(N-acryloylglycine)/ nanocompesite’ magnetite nanoparticle
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Controlled magnetite nanoclustering in the presence of glycidyl-functionalized
thermo-responsive poly(N-isopropylacrylamide)

Metha Rutnakornpituk* and Bandit Thong-On

Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science, Naresuan University

Glycidyl-functionalized poly(N-isopropylacrylamide) (PNIPAAm), synthesized via a reversible addition-
fragmentation transfer polymerization (RAFT), was used for controlling degree of nanoclustering of magnetite nanoparticle
(MNP). The polymer was grafted onto MNP via the ring-opening reaction between glycidyl groups at the PNIPAAm chain
terminal and amino groups on the MNP surface to obtain thermo-responsive MNP nanocluster. Hydrodynamic size (D,) and
colloidal stability of the nanocluster, corresponding to the degree of nanoclustering reaction, can be regulated either by
adjusting the ratio of MNP to the polymer in the reaction or by introducing glycidyl groups to the polymers. The size of the
nanocluster ranged between 20 and 150 nm in diameter with about 10-120 particles/cluster. Thermogravimetric analysis
(TGA) and vibrating sample magnetometry (VSM) were used to confirm the presence of the polymer in the nanocluster. A
study showing indomethacin controlled release of these MNP nanoclusters was also performed. This stable nanocluster with
magnetically guidable properties might be potentially used for entrapment of other bio-entities or therapeutic drugs with

temperature-responsive properties for controlled release applications.

Keywords magnetite, nanoparticle, nanocluster, poly(N-isopropylacrylamide), thermo-responsive
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Magnetite nanoparticles grafted poly (acrylic acid) conjugated
with Peptide Nucleic Acid (PNA) for blomedical applications
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Abstract

In this work, the surfoce modification of mognetite nencperticles (WNPs) with the polyccrylic acid was
orepared via a rodical polymerization to form cnignic mogretic nencdusters. They were then conjugoted wih the
pyrolidiny! PNA for further using in the biomedical opplicotions. The pyrolidinyl PNA system showed o strong
oinding cffinity and high sequence specificity with DNA via Wetson-Crick base pairing e, The functional group
of polyocrylic ocid on the magnetite noncparticle wos cetermined by FT-IR spectrometry techrique, From the
studies of the omount for PNA immetilization via UV-VIS spectrophotometry technique, @ wos found that the
omount o pyrolidinyl PNA cn the megnetite nonoporticle was 0.173 pmolimg of mognetite. This biocompatible
hybrid megnetite nanoporticle with pyroiiding! PNA might further use in the biemedical opptcations.
Keywords: mognetite nanoporticle, peptide nuceic ocid, polylacrylic ocid)

*Corresponding author. E-mail: boenjircb@nu.oc.th
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Abstract

In this work, the surface modification of magnetite nanoparicles (MMPs) with the polyacrylic acid was
prepared via a radical polymerization to form anionic magnetic nanoclusters. They were then conjugated with
the pyroliding] PMA for further using in the biomedical applications. The pyrolidingl PMA system showed a
afrong binding affinity and high sequence aspecificity with DMA via Watson-Crick base pairing rule. The
functional group of polvacndic acid on the magnetite nanoparticle was determined by FT-IR apectrometny
technigue. From the studies of the amount for PNA immobilization via UV-VIS specirophotometry technigue, it
was found that the amount of pyrolidingl PNA on the magnetite nanopariicle was 0.184 nmol'mg of magnetite.
This biccompatible hybrid magnetite nanoparticle with pyrolidinyl PRA might further use in the biomedical
applications.

Keywords: magneiite nanoparticle / peptide nucleic acid / polyvi{acnyic acid)
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4.1) The workshop on “Natural Product-Based Drug Discovery for Aging Society” at
Faculty of Pharmaceutical Sciences, Naresuan University, 6 December, 2018,
Title: Functional polymer-coated magnetic nanoparticle and its bio-conjugation

and drug controlled release applications

Faculty of Pharmaceutical Sciences

Naresuan University

Phitsanulok, Thailand 65000 Tel: 66-55946-3730 Fax: 66-55946-3731

31% October 2018

Dear Associate Professor Dr. Metha Rutnakomnpituk

[ would like to mvite vou to give a 20 mimite-lecture in the workshop on “INatural Product-Based
Drug Discovery for Aging Society” which will be held at Faculty of Pharmaceutical Sciences,
Maresuan University on 6 December, 2018 under the intermational collaborative project on
“Discovery and Generation of New Medicinal Chemical Entities Based on Bioactive Natural
Products for Aging Society” supported by The Thai Research Fund (TRF) and National Natural
Science Foundation of China (NSFC). Please kindly send an abstract of vour presentation to me
within 5th November 2018,

Your acceptance of my mvitation will be greatly appreciated.
I am looking forward to heaning from you,

Yours sincerely,

| — .
I{G}’F‘nuﬂ@m o L*_ Jvolecilanas i
L

Associate Professor Dr. Komkanok Ingkaninan

Bioscreening Lab

Department of Pharmaceutical Chemistry and Pharmacognosy
Faculty of Pharmaceutical Sciences

Naresuan University

Phitsanulok 65000, Thailand
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Opening ceremony

Honorary Prof. Dr. Kanchana

Ngourungsi President of
Naresuan University
Chairpersons: Assoc. Prof. Dr. Kornkanok Ingkaninan
Praf. Or. Jian-Xin Li
09.15- 09.45 Medicinal-space investigation of sinormenine, an Prof. Or. Zhu-Jun Yao
economically available alkaloid from traditional (Nanjing University}
Chinese medicine
09.45 - 10.05 Cytotoxic merosesquiterpenes from the sponge Assoc. Prof, Dr. Anuchit
Spongia sp. Plubvukarn (Prince of Songkla
Uniivesily)
10.05 - 10.25 Genome mining and biosynthesis of microbial natural Prof. Or. Hui Ming Ge

products

Chairpersons: Prof- Dr. Zhu-Jun Yao
Assoc. Prof. Dr. Anuchit Plubrukam

(Nanpng Un'rversi)

1040 - 11.00 Functional polymer-coated magnetic nanoparticte and | Assoc. Prof. Dr. Metha
its bioconjugation and drug controlled release Rutnakompituk
applications {Naresuan University)
11.00 - 11.20 Enantioselective total synthesis of (+)-Plumisclerin A Or. Ming Gao
(Nanjing University)
11.20- 11.50 Develcpment of an at-line fractionation LC/QTOF- Dr. Jukkarin Srivilai
MS/MS method with rapid biochemical-identification (University of Phayac)
for isclation of natural steroid 5 alpha-reductase
inhibitors in Impatiens balsamina Linn.
Chairpersons: Prof- Or. Hui Ming Ge
Dr. Sudaporn Wongwan
13.00- 1330 Research and development of natural preducts from Assoc. Prof. Dr. Komkanok
Thai biodiversity Ingkaninan (Naresuan
University)
13.30 - 1350 Isolation of phosphediesterase 5 inhibitors from water | Asst. Prof, Dr, Nungruthai
lily (Nymphaea pubescens Willd.) Suphrom
{Naresuan University)
1350-14.10 | At-line microfractionation of PDES radiometric based | Dr. Prapapan Temkitthawon
assay coupled to QTOF LL/MS for the early {Naresuan University)

identification of active compounds from Derris
scandens
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Functional polymer-coated magnetic nanoparticle and its bioconjugation
and drug controlled release applications

Metha Rutnakornpituk

Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science,
Naresuan University. Phitsanulok 65000, Thailand
methar@nu.ac.th

Our research works have recently focused on
coating magnetic  nanoparticles  (MNP)  with
functional polymers using various approaches, such
as physical adsorption of polymers on its surfaces,
emulsion polymerization in the presence of MNP and
the so-called “grafting to” and “grafting from™
strategies. Coating these particles with polymers also
improves particle dispersibility in the media and
biocompatibility, which are minimum requirements
for uses in biomedical applications. Furthermore, the
polymers on MNP surface also provide a platform for
incorporation of various biological functional
molecules.

Recently, we have focused on surface
modification of MNP with various functional
polymers and also investigated its biomedical-related
applications, such as drug controlled release and
bioconjugation (DNA, antibody, antigen and drug
molecules). The functional polymers that attracted
our interest in this work include; 1) amino acid-
derived polymers, e.g. azlactone-based polymer and

thiolactone-based polymer and 2) stimuli-
responsive  polymers, e.g. poly(N-isopropy!
acrylamide) and poly(acrylic acid).

Amino acid-derived polymers have been
widely studied during the last decade because they
may create new non biological macromolecules
with biomimetic structures and properties. In
addition to that, stimuli-responsive polymers have
also been of our great interest in this work because
they can provide triggering mechanisms for release
of entrapped drugs. Such characteristics and the
potential applications of these functional polymers
have motivated us to design and develop tailored
materials with unique intelligent properties via
assorted  polymerization techniques. These
functional polymers coated on MNP surface thus
show a great potential for use in various biological
and medicinal applications. such as drug controlled
release via thermo-chemotherapy against cancer,
bio-chemical sensing and biocompatible materials.

1. Paenkacw, S., Rutnakomnpituk, M. (2018) Effect of alkyl chain lengths on the assemblies of magnetic
nanoparticles coated with multi-functional thiolactone-containing copolymer. J. Nanopart. Res., 20: 193-

204.

2. Khadsai, S., Seeja, N., Deepuppha, N., Rutnakornpituk, M., Vilaivan, T., Nakkuntod, M.,
Rutnakompituk, B. (2018) Poly(acrylic acid)-grafted magnetite nanoparticle conjugated
withpyrrolidiny| peptide nucleic acid for specific adsorption with real DNA. Colloids Surf. B

Biointerfaces, 165: 243-251

3. Meerod, S., Deepuppha, N., Rutnakompituk, B., Rutnakompituk, M. (2018) Reusable magnetic
nanocluster coated with poly(acrylic acid) and its adsorption with antibody and antigen. J. App. Polym.

Sci., 135: 46160.

4. Thong-On, B., Rutnakornpituk, M. (2016) Controlled magnetite nanoclustering in the presence of
glycidyl-functionalized thermo-responsive poly(Nisopropylacrylamide). Euro. Polym. J., 85: 519-531.

5. Prai-In, Y., Boonthip, C., Rutnakompituk, B., Wichai, U., Montembault, V., Pascual, S., Fontaine, L.,
Rutnakompituk, M. (2016) Recyclable magnetic nanocluster crosslinked with poly(ethylene oxide)-
block-poly(2-vinyl-4,4-dimethylazlactone) copolymer for adsorption with antibody. Mater. Sci. Eng. C

67: 285-293.

Metha Rutnakornpituk, Khon Kaen U. (B.Sc. 1996), Virginia Tech, USA (Ph.D. 2002, Prof.
IS Riffle), Visiting Fellow, U. du Maine, France (Prof. L. Fontaine). TRF Research Scholar
(2003-present). Assoc Prof., Naresuan University (2009-present). Research fields: Synthesis
of block copolymers via controlled radical polymerization (e.g. ATRP, RAFT) and living
anionic polymerization, surface modification of nanoparticle.
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4.2) The seminar at Aston University, Birmingham, UK, 19 May, 2016, Surface
decoration of magnetic nanoparticle with functional polymers and biomolecules:

Synthesis and applications

Surface decoration of magnetic nanoparticle with functional polymers and

biomolecules: Synthesis and applications

Assoc.Prof.Dr.Metha Rutnakornpituk

Department of Chemistry and Center of Excellence in Biomaterials, Faculty of Science,

Naresuan University, Phitsanulok, 65000 Thailand, e-mail: methar@nu.ac.th

Surface decoration of magnetite nanoparticle (MNP) has recently attracted a great
attention in biomedical applications. In this work, various approaches for decoration of
MNP surface with functional polymers and/or biomolecules will be presented. After the
polymer coating, the MNP with desirable properties such as high magnetic
responsiveness, biocompatibility, water dispersibility and containing interactive functions
on their surface was obtained. Some controlled radical polymerizations (CRP) such
ATRP and RAFT were also employed for the MNP surface functionalization. In this
presentation, conjugation of some biomolecules such as DNA, peptide nucleic acid

(PNA), antibody and drugs on to the MNP surface will be described.
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6) 5 International/National Collaborations

We have research collaboration with Prof.Dr.Martina Stenzel from the
Department of Chemistry, The University of New South Wales (UNSW), Sydney,
Australia. We have an exchange student, Mr.Bandit Thong-On, a PhD student
awarded by a Royal Golden Jubilee PhD Program to do his research at
Prof.Stenzel’s laboratory for 9 months (March - November 2015). In addition, we
now have an MOU between Naresuan University and The University of New

South Wales (UNSW).

We had an exchange program for Miss Sudarat Khadssai, a PhD student
awarded by a Royal Golden Jubilee PhD Program to do her research at Aston
University during April 2016-March 2017 (1 year) under the supervision of
Prof.Dr.Paul Topham, Department of Polymer Chemistry, Aston University. In
addition, we have been granted for the Newton Fund for a Scholar and a
supervisor. These fundings were sponsored by The Thailand Research Fund
(TRF) and co-funded by the Newton Fund (the British Council). We also have an

MOU between Naresuan University and Aston University.

We now have research collaboration with Prof.Dr.Philippe Daniel, a Professor at
the Universite du Maine, Le Mans, France. With his proposal approved by the
Region Pays de La Loire (France), he can now gather the researchers in many
Universities in South East Asia to do research under the project entitled “New
functional materials for food safety: the collaboration with South East Asia
(InnovASIA)”. Naresuan University is one of the collaborative institutes in this

mega project. We believe that with the collaboration with the Universities in
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South East Asia, we can extend our research interest and collaboration to the

Universities in our neighbor countries in the future.

We now have research collaboration by exchanging a Ph.D. student to do
research at Prof.Dr.Oliver Reiser’s lab (the University of Regensburg, Germany).
Miss Sujittra Paenkaew from my group is now joining Prof.Reiser’s group during
April 2018-March 2019 with the support from RGJ#16 with the research entitled

“Polymer-coated magnetic nanoparticle for catalytic applications”.

Professor Dr. Tirayut Vilaivan from the Department of Chemistry, Chulalongkron
University, is a well-known chemist in the PNA research area. | have been
honored to be a part of a TRF grant for a Distinguished Professor (2014-2018)

having Prof.Vilaivan as a principal investigator.
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Surface modification of magnetic nanoparticle (MNP) with poly(ethylene oxide)-block-poly(2-vinyl-4,4-
dimethylazlactone) (PEO-b-PVDM) diblock copolymers and its application as recyclable magnetic nano-
support for adsorption with antibody were reported herein. PEO-b-PVDM copolymers were first synthesized
via a reversible addition-fragmentation chain-transfer (RAFT) polymerization using poly(ethylene oxide)
chain-transfer agent as a macromolecular chain transfer agent to mediate the RAFT polymerization of VDM.
They were then grafted on amino-functionalized MNP by coupling with some azlactone rings of the PVDM

ﬁi’g‘ﬁ?ﬁ block to form magnetic nanoclusters with tunable cluster size. The nanocluster size could be tuned by adjusting
Nanocluster the chain length of the PVDM block. The nanoclusters were successfully used as efficient and recyclable nano-
Azlactone supports for adsorption with anti-rabbit IgG antibody. They retained higher than 95% adsorption of the antibody
RAFT during eight adsorption-separation-desorption cycles, indicating the potential feasibility in using this novel hy-
AﬂtibOdy brid nanocluster as recyclable support in cell separation applications.

Adsorption © 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles (MNPs) have potential applications in a
wide range of biomedical areas, such as hyperthermia treatment of
tumor [ 1], contrast enhancement agents in magnetic resonance imaging
(MRI) [2], immunoassay magnetic marker [3], site-specific drug deliv-
ery system [4] and magnetic separation [5]. However, there are limita-
tions in applying external magnetic field to MNPs in biomedical uses
because unmodified MNPs are not stable in physiological fluids, leading
to their aggregation in aqueous dispersion due to attractive forces, e.g.
dipole-dipole interaction and magnetic force [6]. Therefore, surface
modification of MNPs is a crucial requirement to use these particles as
biomedical materials. One of the most common useful methods for sur-
face modification is grafting polymers onto the particle surface, not only
to protect the particle against aggregation, but also to provide a platform
for further surface functionalization.

In general, there are two approaches for attachment of polymers to
particle surface, including the so-called “grafting-from” and “grafting-
onto” strategies [7-10]. The “grafting-from” strategy involves the
growth of polymer from particle surface [7,8], while in the “grafting-

* Corresponding author.
E-mail addresses: laurent.fontaine@univ-lemans.fr (L. Fontaine), methar@nu.ac.th
(M. Rutnakornpituk).

http://dx.doi.org/10.1016/j.msec.2016.05.032
0928-4931/© 2016 Elsevier B.V. All rights reserved.

onto” strategy, a pre-synthesized polymer is first prepared in solution
and then grafted onto particle surface [9,10]. The combination of these
two strategies with controlled radical polymerization (CRP) techniques,
such as atom transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain transfer (RAFT) polymerization, has
been widely used to prepare well-defined polymers coated onto MNP
surface [11-14]. RAFT polymerization is one of several types of CRP
techniques that produce polymers with controllable molecular weights
and narrow polydispersity indices (PDIs). Moreover, RAFT polymeriza-
tion is applicable to a wide range of vinyl monomers without using
metal catalysts. It can also be performed under mild condition reactions
in various reaction systems, including aqueous solution, organic sol-
vents, suspensions, emulsions and ionic liquids [15-23].

Another limitation of applications of MNPs in biomedical applica-
tions is the low magnetic sensitivity of single nanoparticles, resulting
in difficulties concerning their targeted delivery of MNPs by using a per-
manent magnetic field. The particle size should be sufficiently large in
order to yield high magnetization. However, the particles are unstable
when their size is too large due to attractive forced among the particles,
leading to macroscopic aggregation and thus loss in nano-scale related
properties. Controllable formation of nanoclustering is another poten-
tial approach to enhance magnetic sensitivity of MNPs. High saturation
magnetization of these magnetic nanoclusters is essential to efficiently
separate them from dispersions or localize them to a target-organ.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2016.05.032&domain=pdf
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In the present day, many works have reported the use of MNPs for
separation of bio-entities such as DNA, RNA and proteins [24,25,5]. In
addition, the potential of specific antibody-conjugated MNP for cell sep-
aration [26] and magnetic marker [3] was extensively studied. For ex-
ample, Puertas et al. [27] have recently reported the synthesis of
carboxylated MNP for ionic adsorption with antibodies through their
richest positive charged regions. The adsorption of antibodies was appli-
cable at the pH lower than its isoelectric point and the antibodies could
be easily eluted by increasing the ionic strength and/or changing the net
charge of the antibodies by changing the solution pH. Moreover, Xu
et al. [26] have also synthesized antibody-conjugated MNPs for use as
a platform to separate circulating tumor cells (CTCs) from fresh whole
blood. MNPs having reactive carboxyl groups were conjugated with an-
tibody against human epithelial growth factor receptor 2 (anti-HER2)
through an amidation reaction. The particle was then used to isolate
HER2 from human breast cancer cell line SK-BR3. It was found that
the capture of the HER2 was obtained only when the MNP was conju-
gated with the specific antibody.

In this work, we used the “grafting-onto” strategy to modify
MNP surface with poly(ethylene oxide)-block-poly(2-vinyl-4,4-
dimethylazlactone) (PEO-b-PVDM) copolymers to form magnetic
nanoclusters with tunable cluster size. The copolymers were syn-
thesized via RAFT polymerization to produce well-defined diblock
structures with controlled PVDM block lengths. PEO allows the par-
ticles to well disperse in aqueous medium and some azlactone rings
in the PVDM block serve as reactive electrophilic sites for further
coupling with amino groups grafted on MNP surface. It was hypoth-
esized that the chain length of the reactive PVDM block should
somewhat influence the nanoclustering formation, which essen-
tially affected its magnetic properties and water dispersibility. De-
gree of nanoclustering and magnetic sensitivity of the MNP clusters
were optimized such that water dispersible nanoclusters with high
magnetic separation efficiency were obtained. In this study, the ef-
ficiency of the magnetic nanoclusters for separation of anti-rabbit
IgG antibody from the dispersion and their recycling ability were
also determined (Scheme 1).

2. Experimental
2.1. Materials

Unless otherwise noted, all reagents were used without further puri-
fication: iron (III) acetylacetonate (Fe(acac)s, 99.9%, Acros), benzyl
alcohol  (98%, Unilab), oleic acid (90%,  Fluka), (3-

aminopropyl)triethoxysilane (APS, 99%, Sigma-Aldrich), triethylamine
(TEA, 299%, Sigma-Aldrich), 4,4’-azobis(4-cyanovaleric acid) (ACVA,

&’4‘1\1 Ring openning of
,L :

azlactone rings

Copolymer-MNP nanocluster

~ "\ PEOblock -

PVDM block

&%
‘0
N02

Anionic MNP nanocluster

‘ Magnetite nanoparticle

>98%, Aldrich), anti-rabbit IgG (antibody produced in goat, Sigma-
Aldrich), IgG from rabbit serum (Sigma-Aldrich), anti-IgG-HRP
(anti-rabbit IgG (whole molecule)-peroxidase (Sigma-Aldrich), 10% BSA
diluents (KPL), ABTS® Peroxidase Substrate (KPL), Bradford reagent
(Sigma), bovine gamma globulin (BGG, Thermo Scientific) and
2-(N-morpholino)ethanesulfonic acid (MES, 99%, Acros). 2-
Dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic  acid
(DMP) [28], poly(ethylene oxide) chain transfer agent (PEO-
CTA) [29] and 2-vinyl-4,4-dimethylazlactone (VDM) [30] were
synthesized following the reported procedures. Pure water was
obtained from a Millipore Direct Q system. 1,4-Dioxane (99.8%,
Sigma-Aldrich), n-hexane (95%, Acros), N,N-dimethylformamide
(DMF, 99.8%, Aldrich), toluene (99.8%, Sigma-Aldrich), ethanol
(2 99.5%, Sigma-Aldrich), and dichloromethane (CH,Cl,, 299.5%,
Sigma-Aldrich) were used as received.

2.2. Characterization

Fourier transform infrared (FTIR) spectroscopy was performed on
a Perkin-Elmer Model 1600 Series FTIR Spectrophotometer. The solid
samples were mixed with KBr to form pellets. Nuclear magnetic res-
onance (NMR) spectra were performed on a 400 MHz Bruker NMR
spectrometer for 'H NMR (400 MHz). Chemical shifts are reported
in ppm relative to deuterated solvent resonances. Molar masses
and molar mass distributions were determined via size exclusion
chromatography (SEC) operating at 35 °C on a system equipped
with a Spectra System AS1000 autosampler with a guard column
(Polymer Laboratories, PL gel 5 um guard, 50 x 7.5 mm) followed
by two columns (Polymer Laboratories, two PL gel 5 um Mixed-D col-
umns, 2 x 300 x 7.5 mm) and a refractive index detector (SpectraSystem
RI-150). Polystyrene standards (580-483 x 10 g-mol~!) were used to
calibrate the SEC. Transmission electron microscopy (TEM) was per-
formed on a Philips Tecnai 12 operated at 120 kV equipped with a
Gatan model 782 CCD camera. Thermogravimetric analysis (TGA)
was performed on SDTA 851 Mettler-Toledo at the temperature
ranging between 25 and 600 °C at a heating rate of 20 °C/min
under oxygen atmosphere. Vibrating sample magnetometer (VSM)
measurements were performed at room temperature using a
Standard 7403 Series, Lakeshore vibrating sample magnetometer.
Hydrodynamic diameter (Dy) and zeta potential of the particles
were measured via a photo correlation spectroscopy (PCS) using
NanoZS4700 nanoseries Malvern instrument. The sample disper-
sions were sonicated for 30 min before the measurements at 25 °C
without filtration. The ability of antibody adsorption to MNP was in-
vestigated with an ultraviolet-visible (UV-vis) spectrophotometer
on Perkin ElImer model Lamda 20 at N = 595 nm.
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Scheme 1. Schematic illustration of PEO-b-PVDM diblock copolymer-MNP nanocluster for antibody adsorption and its recycling.
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Scheme 2. Synthesis of PEO-b-PVDM diblock copolymers by RAFT polymerization.

2.3. Synthesis and properties of copolymers-MNP nanoclusters

2.3.1. Synthesis of PEO-b-PVDM diblock copolymers by RAFT polymeriza-
tion (Scheme 2)

An example of the synthesis of PEO-b-PVDM block copolymer using
a molar ratio of [VDM]y:[PEO-CTA]y:[ACVA]y equal to 100:1:0.2 M ratio
is herein explained. VDM (0.74 g, 5.34 x 10~ mol), PEO-CTA (0.126 g,
534 x 10~° mol), ACVA (3 mg, 1.07 x 10~° mol), 1,4-dioxane (3.0 mL)
and DMF (0.2 mL) used as an internal reference were added to a Schlenk
tube equipped with a stir bar. The mixture was deoxygenated by bub-
bling argon for 30 min. The solution was then immersed in an oil bath
thermostated at 70 °C for 4 h to allow the polymerization to occur. Con-
version of VDM was determined to be 41% by '"H NMR spectroscopy by
comparing the integration area value of the vinylic protons of VDM at
5.93 ppm with the integration area value of the CH proton of DMF at
8.01 ppm. After precipitation in n-hexane, the polymer was dried in
vacuo at room temperature for 12 h to yield a yellow powder product.
The final polymer was analyzed by SEC, FT-IR spectroscopy and 'H
NMR spectroscopy. M, sgc = 8800 g-mol™"', PDI = 1.09. FTIR (v,
cm™! ) V(@w; azlactone) = 1201, V(C_N; azlactone) = 1699 and V(c_o;
azlactone) = 1817. 'H NMR (400 MHz, CDCl;, § (ppm)): 0.86
(CH4(CH3)1dCHAY), 1.40 (JI0CO(C(CH3)4N_), 1.80-2.80 (CHJCH),, 3.38
(CH30(CH4CH;0)44d and 3.65
(CH30(CHZCH,0)4{CH,CH4DC(0)C(CH3)J.

2.3.2. Synthesis of (3-aminopropyl)triethoxysilane-grafted MNP (APS-
grafted MINP)

Amino-grafted MNPs were synthesized through a three-step pro-
cess: (1) synthesis of MNP core, (2) grafting of oleic acid onto the
MNP and (3) a ligand exchange reaction with APS. First, a thermal de-
composition of Fe(acac)s (5 g, 14.05 mmol) in benzyl alcohol (90 mL)

was performed at 180 °C for 48 h to obtain MNP core. The particle was
magnetically separated from the dispersion and washed with ethanol
and CH,CI, repetitively to remove benzyl alcohol and then dried in
vacuo. Oleic acid (4 mL) was then dropped to a MNP-toluene dispersion
(0.8 g of MNPs in 30 mL of toluene) previously sonicated, to form oleic
acid-grafted MNPs. APS (0.6 g, 2.71 x 10~ > mol) was then added to
the oleic acid-grafted MNP dispersed in toluene (0.8 g of the MNP in
30 mL of toluene) containing 2 M TEA (5 mL) to form APS-grafted
MNPs. After stirring for 24 h, the particles were precipitated in ethanol
and washed with toluene to remove oleic acid and ungrafted APS
from the dispersion. FTIR (v, cm™1): V(rg) = 586, V(sp stretching) =
1103-1079, V(cH3 stretching) = 2974-2886 and V(M stretching) = 3363.

2.3.3. Formation of PEO-b-PVDM copolymers-MNP nanoclusters (Scheme
3)

APS-grafted MNP (100 mg) was dispersed in 10 mL 1,4-dioxane by
sonication. Then, a PEO-b-PVDM diblock copolymer solution (100 mg
of the copolymer in 10 mL of 1,4-dioxane) was added to the APS-
grafted MNP dispersion under stirring at room temperature for 12 h.
The copolymer-MNP nanocluster was magnetically separated from the
dispersion and washed with 1,4-dioxane. This process was repeatedly
performed to remove ungrafted copolymer from the MNP nanocluster.
The copolymer-MNP nanocluster was then dried in vacuo at room tem-
perature for 12 h.

2.34. Study in adsorption percentage of the copolymer-MNP nanoclusters
with antibody

The copolymer-MNP nanocluster was first dispersed in water for
12 h to form carboxylated-enriched nanocluster due to the ring-
opening reaction of the remaining azlactone rings in the copolymer on
particle surface. After drying process, 10 mg of the copolymer-MNP
nanoclusters were incubated in 1 mL of 10 mM MES pH 6 solution
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Scheme 3. Synthesis of PEO-b-PVDM copolymers-MNP nanocluster.
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Scheme 4. Schematic illustration of an adsorption-separation-desorption cycle of the recyclable copolymer-MNP nanocluster in adsorption with antibody (anti-rabbit-IgG).

containing anti-rabbit IgG antibody for 2 h at room temperature. The
Bradford assay [31] was used to determine antibody adsorption per-
centage of the particles with antibody. The protein concentration of all
samples was determined using a calibration curve of BGG as a protein
standard (in the Supporting information). The copolymer-MNP
nanoclusters after adsorption with antibody were separated from the
supernatant using an external magnet and characterized via FTIR, VSM
and TGA (see the Supporting information). The absorption at 595 nm
of the antibody solution before and after adsorption process was mea-
sured using the Bradford assay. The adsorption percentage of the anti-
body on the nanoclusters can be directly calculated using the
following equation:

Adsorption percentage = [(A—B)/A] x 100 (1)

where A is the initial concentration of antibody and B is the concentra-
tion of antibody in the supernatant at time t (non-adsorbed antibody).

2.3.5. Determination of recycling ability of the PEO-b-PVDM copolymer-
MNP nanoclusters in adsorption with anti-rabbit IgG antibody
Copolymer-MNP nanoclusters adsorbed with anti-rabbit IgG anti-
body were thoroughly washed with 1 mL of a washing solution to de-
sorb the antibody on the nanocluster surface. Desorption percentage
of the antibody on the nanoclusters was determined using the Bradford

assay and calculated from the following equation:

Desorption percentage = (C/B) x 100 (2)

where C is the concentration of desorbed antibody and B is the concen-
tration of adsorbed antibody. The adsorption-separation-desorption
process was performed repeatedly to determine the recycling efficiency
of the nanoclusters as illustrated in Scheme 4.

2.3.6. Antigen recognition capacity study of antibody-adsorbed magnetic
nanoclusters

After antibody adsorption procedure, the remaining carboxyl groups
of magnetic nanoclusters were blocked with 1 mL of 1% BSA in 10 mM
MES pH 6 at 25 °C for 16 h. MNP nanoclusters were then washed with
10 mM MES pH 6 to remove an excess BSA. To detect the antigen recog-
nition capacity of antibody-adsorbed MNP nanoclusters, an indirect de-
tection method was used. First, 1 mL of 400 ppm of primary antigen
(2.00 times molar excess) in 10 mM MES pH 6 was added into anti
rabbit-IgG antibody-adsorbed MNP nanoclusters and incubated for
30 min. After washing the particles with 10 mM MES pH 6, they were
incubated with 1 mL of 400 ppm of anti-rabbit-HRP antibody for an-
other 30 additional min. The presence of antigen on the particle surface
was visualized by adding 1 mL of ABTS-H,0- solution into 10 pl of the
MNP nanocluster dispersion.

Table 1

Diblock copolymers based on PEO and VDM synthesized by RAFT polymerization at 70 °C in 1,4-dioxane: experimental conditions and characterizations.
Run Copolymer? [VDM]o: [PEO-CTA]o: [ACVA], Reaction time (h) VDM conv.” (%) My € (g/mol) My sec” (g/mol) pDI¢
1 PEQ44-b-PVDM3, 25:1:0.2 4 84 5277 7400 1.04
2 PEO44-b-PVDMy4 100:1:0.2 4 41 8060 8800 1.09
3 PEO44-b-PVDMgy 100:1:0.2 8 84 14,083 14,500 1.06

2 The number of monomer units determined by 'H NMR spectroscopy.

> VDM conversion determined by 'H NMR spectroscopy by comparing the integration area value of the vinylic protons of VDM at 5.93 ppm with the integration area value of the CH

proton of DMF at 8.01 ppm.
My, th = Mn, nvr of pro-cta + (([VDM]o / [PEO-CTA]o) x VDMcony. X Mvpm)-
4" Determined by SEC in THF using polystyrene standard.
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Fig. 1. Overlay SEC traces of (a) PEO44-CTA, (b) PEO44-b-PVDM,; copolymer (Run 1,
Table 1), (c) PEO44-b-PVDMy4; copolymer (Run 2, Table 1) and (d) PEO44-b-PVDMg4
copolymer (Run 3, Table 1).

3. Results and discussion
3.1. Synthesis of PEO-b-PVDM diblock copolymers by RAFT polymerization

PEO-b-PVDM copolymers-MNP nanoclusters were obtained by
the reaction between primary amine groups coated on MNPs surface
and azlactone groups within the backbone of PEO-b-PVDM diblock
copolymers via a ring-opening reaction (Scheme 3). In the first
step, PEO-b-PVDM diblock copolymers were synthesized using
PEO-CTA as the macromolecular chain transfer agent to mediate
the RAFT polymerization of VDM in the presence of ACVA used as ini-
tiator in 1,4-dioxane at 70 °C. The characteristics of the copolymers
having three different PVDM block lengths are shown in Table 1.
Theoretical number-average molecular weights (M, «,) calculated
from the monomer conversion increased as increasing the PVDM
block length and this result is in good agreement with SEC results
(Table 1). Fig. 1 shows that SEC traces of PEO-b-PVDM diblock copol-
ymers shift to earlier retention times with respect to the SEC trace of
PEO-CTA maintaining low polydispersity indices (PDIs < 1.10). This
result shows that the copolymerization is well controlled leading to
well-defined diblock copolymer structures.
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Fig. 3. TGA thermograms of A) bare MNPs, B) APS-grafted MNPs, C) PEO44-b-PVDM,;-
MNP nanoclusters, D) PEO44-b-PVDMy4;-MNP nanoclusters and E) PEO44-b-PVDMgy4-
MNP nanoclusters.

TH NMR spectrum (Fig. 2A) of the PEQ,4-b-PVDMy,; copolymer (Run
2, Table 1) shows the presence of signals at 3.38 ppm
(CH30(CH#CH,0)44s  labeled a) and at 365 ppm
(CH30(CH#CH,0)44CH,CH30C(0)C(CH3)4; labeled b), which are char-
acteristics of the PEO block and the presence of a signal at 1.40 ppm
(OCOv(C(CH53)4N~, labeled c), which is characteristic of PVDM block.
The other two block copolymers show similar 'H NMR patterns to that
of PEO44-b-PVDMy4; block copolymer with different integration ratios
of signals labeled b and ¢, depending on the block lengths of each copol-
ymer. Moreover, the FTIR spectrum (Fig. 2B) of the PEO44-b-PVDMy, co-
polymer shows the characteristic bands of the azlactone rings at
1817 cm™ ! (Ve o), at 1699 cm™ (Ve n) and at 1201 cm™ ! (V).

3.2. Formation of PEO-b-PVDM copolymers-MNP nanoclusters

PEO-b-PVDM copolymers-MNP nanoclusters were obtained by reac-
tion between amino groups grafted onto the surface of APS-grafted
MNPs with azlactone rings of PVDM block of copolymers in 1,4-dioxane
at room temperature. Resulting copolymers-MNP nanoclusters were
characterized by TGA and FTIR spectroscopy. TGA technique was used
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Fig. 2. A) "H NMR spectrum of the PEQ44-b-PVDMy; block copolymer (Run 2, Table 1) in CDCl; and B) FTIR spectrum of the PEQ44-b-PVDMy,; block copolymer.
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Fig. 4. FTIR spectra of A) APS-grafted MNPs, B) PEO44-b-PVDMy; block copolymers and C) PEO44-b-PVDM,4;-MNP nanoclusters.
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Fig. 5. TEM images of A) APS-grafted MNPs, B) PEO44-b-PVDM,;-MNP nanoclusters, C) PEO44-b-PVDM4;-MNP nanoclusters and D) PEO44-b-PVDMg4-MNP nanoclusters. All TEM samples
were prepared from aqueous dispersions. The expansion of some nanoclusters is shown in the inset.
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to calculate the percentage of organic layers bound onto MNPs. It was
assumed that the percent weight loss was attributed to the weight of or-
ganic components and the residual weight was due to completely oxi-
dized iron oxide in the form of magnetite. It was found that APS
content in the nanoclusters was about 2.2% and the copolymers in the
nanoclusters were in the range of 8.4-11.9% (Fig. 3).

The FTIR spectrum of PEO44-b-PVDM4;-MNP nanoclusters exhibits
the left over C~0 characteristic band of the azlactone ring at
1819 cm™ ! after the coupling reaction (Fig. 4), indicating the availability
of some azlactone rings for further hydrolysis with water to form the
MNP containing carboxylated-enriched surface for ionic adsorption
with antibody in the next step.

TEM images of APS-grafted MNPs and MNP nanoclusters coated
with PEO-b-PVDM block copolymers containing different PVDM chain
lengths are shown in Fig. 5. It was found that large aggregations of the
particles were observed for APS-grafted MNPs (Fig. 5A). After PEO-b-
PVDM block copolymer coating, the particle dispersibility was obviously
improved due to hydrophilic PEO coating on its surface. In addition, the
existence of carboxylic acid groups arising from the ring-opening reac-
tion of azlactone rings in the PVDM block after exposure in water
might also enhance water dispersibility of the particles. The ring-
opening reaction between azlactone rings in the PVDM block of the co-
polymers and amino groups grafted on MNP surface led to the forma-
tion of the nanoclusters (Scheme 3). The size of these nanoclusters
increased from 20 to 150 nm with increasing the PVDM chain lengths:
approximately 10, 50 and 100 particles/cluster were obtained for
PEO44-b-PVDM21, PEO44—b-PVDM41 and PEO44-b-PVDMg4 block COpOly—
mers, respectively (Fig. 5B, 5C and 5D). Increasing reactive azlactone
groups in the PVDM block by increasing the PVDM length increased
numbers of the MNP participating in the nanoclustering, indicating
that the size of these nanoclusters can be controlled by adjusting the
number of reactive azlactone rings in the block copolymers.

Hydrodynamic diameter (Dy,) of APS-grafted MNP estimated by PCS
was significantly larger than those of the MNPs coated with PEO-b-
PVDM block copolymers, indicating the improvement in water
dispersibility of the particles after copolymer coating (Table 2) and are
in good agreement with TEM results. Increasing PVDM block lengths
in the copolymers led to the increase in Dy (97-166 nm) as ascertained
by the TEM results. In addition, hydrodynamic size distributions of the
copolymers-MNP nanoclusters were narrow as compared to that of
APS-grafted MNP as a result of polymer coating and thus improving
their water dispersibility. Zeta potential values of the nanoclusters
were increased significantly after copolymer coating (—27.2 to
—33.9 mV) due to the ring-opening of PVDM units in the copolymers,
resulting in the formation of the nanoclusters with carboxylated-
enriched surface. The negative charge of the carboxylated-coated
nanoclusters was essential for magnetic separation of antibody through
ionic adsorption mechanism in the next step.

Magnetic properties of bare MNP, APS-grafted MNP and MNP
nanoclusters coated with PEO-b-PVDM block copolymers containing
different PVDM chain lengths are shown in Fig. 6. Saturation magnetiza-
tions (M;) of MNP nanoclusters ranged between 33 and 42 emu/g and
these numbers were lower than their MNP precursors. This was attrib-
uted to the presence of organic components in the structure, leading
to the lower percentage of magnetite content in the nanoclusters. Al-
though there was some degree of MNP nanoclustering, these particles

Table 2
Hydrodynamic diameter (Dy,), size distribution and zeta potential of the nanoclusters dis-
persed in 10 mM MES pH 6 solutions.

Run Samples Dy, (nm) Zeta potential (mV)
1 APS-coated MNP 984.1 —35
2 PEQ44-b-PVDM,;-MNP nanoclusters 96.7 —27.2
3 PEQ44-b-PVDM,4;-MNP nanoclusters 1175 —283
4 PEQ44-b-PVDMg,4- MNP nanoclusters 166.1 —339
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Fig. 6. M-H curves of A) bare MNPs, B) APS-grafted MNPs, C) PEO44-b-PVDM,;-MNP
nanoclusters, D) PEO44-b-PVDM,4;-MNP nanoclusters and E) PEO44-b-PVDMgs-MNP
nanoclusters.

exhibited superparamagnetism evidenced by the absence of magnetic
remanence and coercivity in the M-H curves.

3.3. Adsorption percentage and recycling studies of the copolymer-MNP
nanoclusters with antibody

To use them in antibody adsorption application, copolymers-MNP
nanoclusters having carboxylated-enriched surface are desirable for
ionic adsorption between negatively charged MNP and positive moiety
in anti-rabbit IgG antibody. Residual azlactone rings on the MNP surface
were thus hydrolyzed to form nanoclusters with negatively charged
surface due to carboxylated groups coating before adsorption experi-
ments. Nanoclusters having four different cluster sizes as shown in
Table 2 were used as nano-solid supports in antibody adsorption exper-
iments. It was found that APS-coated MNP was not dispersible in 10 mM
MES pH 6 solution due to the absence of polymer coating on its surface.
On the other hand, the nanoclusters grafted with carboxylated-
functionalized PEO44-b-PVDM;; and PEO44-b-PVDM,; copolymers
were well dispersible in the media but not completely separated from
the media using an external magnet. Traces of MNP in the supernatant
after magnetic separation and/or ultracentrifugation could therefore in-
terfere with Bradford assay [27]. The presence of single nanoparticles or
magnetic clusters with small size, hypothetically having low magnetic
sensitivity, resulted in difficulty in removal from the dispersion [32]. A
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Fig. 7. Adsorption percentages of PEO4-b-PVDMg4-MNP nanoclusters for ionic adsorption
with anti-rabbit IgG antibody (Adsorption percentage = [(A — B) / A] x 100, where A is
the initial concentration of antibody and B is the concentration of antibody in the
supernatant at time t (non-adsorbed antibody)).
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Fig. 8. Recycling efficiency of PEO44-b-PVDMg4-MNP nanoclusters in the ionic adsorption
of anti-rabbit IgG antibody after 8-recycling process.

compromise between good water dispersibility and magnetic sensitiv-
ity of MNP is crucial for use as a nano-solid support. Therefore, the
nanoclusters grafted with these two copolymers were unable to be
used as supports for antibody adsorption. Interestingly, nanoclusters
grafted with PEO44-b-PVDMg,4 copolymer with Dy, of 166 nm exhibited
good dispersibility in the media and, more importantly, they facilitated
separation by an external magnet without traces of MNP in the disper-
sion resulting in an absence of interference with Bradford assay. There-
fore, the carboxylated-functionalized PEO44-b-PVDMjg, copolymer-
coated MNP nanoclusters were then subjected to the adsorption exper-
iments with anti-rabbit-IgG antibody.

Adsorption percentage of the copolymer-MNP nanoclusters with
anti-rabbit-IgG antibody was investigated after removing an excess an-
tibody from the mixture. Fig. 7 shows that 200 ppm was the maximum
concentration of antibody that can be used for binding on nanocluster
surface. Increasing antibody concentration to 300 and 400 ppm resulted
in the existence of non-adsorbed antibody in the dispersion. Therefore,
200 ppm antibody loading in 10 mg of PEO44-b-PVDMgs-MNP
nanoclusters will be used for further experiments. In addition, the Mg
from VSM and the percent weight residual from TGA techniques of the
antibody-adsorbed nanoclusters showed slight decreases as compared
to those before the adsorption, implying that there was some antibody
adsorbed on the complexes.

Because these nanoclusters possess magnetically guidable proper-
ties, which are great advantages in facilitating recycling process, the
recycling ability of the copolymer-MNP nanoclusters was thus investi-
gated. After 2 h adsorption of antibody, the nanoclusters were separated
from dispersion using a permanent magnet. To prove the recycling con-
cept, desorption of anti-rabbit IgG from nanocluster surface was exam-
ined by testing different washing solutions. The amount of antibody in
supernatant after adsorption-desorption processes were quantitatively
determined using Bradford assay and the desorption percentage was
determined using Eq. (2). NaCl salt solutions at concentrations
300 mM, 1.0 and 2.5 M at pH 7, as well as 1.0 M NaCl solution at
pH 12 were used for this purpose. These salt solutions at pH 7 were un-
able to desorb anti-rabbit IgG antibody from the nanocluster surface

Anti-rabbit IgG-HRP
Anti-rabbit IgG

et Wﬁ%—-

probably because the solution pH was in the range of isoelectric point
(pI) of the antibody (6-9) [33]. The antibody can also be desorbed by
changing the global net charge of the antibody by shifting the solution
pH [27]. 1.0 M Nadl solution with pH 12 exhibited a complete removal
of the antibody from the surface due to the suppression in ionic adsorp-
tion between carboxylated nanoclusters and the antibody as opposed to
the case when the pH is in the pl range of the antibody. Therefore, 1 M
NaCl pH 12 solution was used as the washing solution to investigate the
adsorption recycling ability of the nanoclusters.

Fig. 8 shows the adsorption percentage of the nanoclusters with the
antibody in each cycle. After each adsorption-separation process, the
concentration of adsorbed antibody and desorbed antibody from each
cycle was determined using Bradford assay. The results showed that
the particles retained a higher than 96% adsorption of the antibody for
eight adsorption-separation-desorption cycles, indicating the potential
feasibility in using this novel hybrid nanocluster as recyclable support
in cell separation applications.

3.4. Antigen recognition capacity study of antibody-adsorbed magnetic
nanoclusters

The antigen recognition capacity of antibody-adsorbed MNP
nanoclusters was determined from the development of a green-blue
color product after the oxidation with ABTS, when reacted with horse-
radish peroxidase (HRP) labeled conjugates. Therefore, anti-rabbit
IgG-adsorbed MNP nanoclusters were first immobilized with an IgG an-
tigen, followed by anti-rabbit IgG-HRP as a secondary antibody for color
development when reacted with ABTS. It was found that anti-rabbit
IgG-adsorbed MNP nanoclusters exhibited the changing of color from
light green to blue after the oxidation with ABTS (Fig. 9D), indicating
the conjugation of IgG antigen with anti-rabbit IgG adsorbed on the
nanocluster surface. The MNP nanoclusters without anti-rabbit IgG-
HRP as the secondary antibody (Fig. 9E), without IgG antigen (Fig. 9F)
and without anti-rabbit IgG (Fig. 9G) were used as control dispersions.
These dispersions showed negative results as their solution color did
not change upon the oxidation with ABTS. The dispersion media
(10 mM MES pH 6) (Fig. 9A) and those with 1% BSA as a blocking re-
agent (Fig. 9B) were also testified to evaluate the negative results of
the control solutions. In addition, the solution of anti-rabbit IgG-HRP
as the secondary antibody (without MNP nanoclusters) was also used
in the testing to evaluate the color change (positive result) due to the re-
action between HRP and ABTS (Fig. 9C). It should be also noted that the
MNP nanoclusters after eight recycling process also showed a positive
result as illustrated in Fig. 9D. Therefore, these experiments confirm
that the antigen recognition of the antibody-adsorbed MNP
nanoclusters was preserved. These MNP nanoclusters could be used as
a recyclable magnetic marker to immobilize with other specific
antibody-antigen conjugates.

4. Conclusions

Surface modification of MNPs with well-defined PEO-b-PVDM
diblock copolymers using “grafting-onto” strategy to form magnetic
nanoclusters was described. The nanocluster size could be tuned by
adjusting the amount of reactive azlactone rings in the PVDM block to
obtain a controllable size below 150 nm. The obtained nanoclusters

Fig. 9. Scheme showing the indirect method used to visualize the antigen recognition capability; A) 10 mM MES pH 6, B) 1% BSA in 10 mM MES pH 6, C) anti-rabbit IgG-HRP, D) anti-rabbit
IgG-adsorbed MNP nanoclusters immobilized with IgG and anti-rabbit I[gG-HRP, E) anti-rabbit IgG-adsorbed MNP nanoclusters immobilized with IgG, F) anti-rabbit IgG-adsorbed MNP

nanoclusters without IgG (blocked with BSA) and G) MNP nanoclusters.
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were well dispersed in water, have good magnetic sensitivity and neg-
atively charged surface. These properties are required to use these par-
ticles in magnetic separation applications. The good magnetic
sensitivity of the nanoclusters allowed facile manipulation using mag-
netic separation. Moreover, their negatively charged surface provided
adsorption capability with positively charged bio-entities. These novel
magnetic nanoclusters were successfully used as efficient and recyclable
nano-solid supports for adsorption with anti-rabbit IgG antibody for at
least 8-recycling process. The preliminary studies in the adsorption of
the nanoclusters with IgG antigen were also demonstrated. The purity
of the antigen after the adsorption and their efficiency for use in real
sample separation are warranted for further exploration. These mag-
netic nanoclusters might be advantageous for use as nano-solid sup-
ports for efficient and facile separation of other positively charged
molecules, especially antibody-antigen conjugates.
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Abstract This work presents the synthesis of magnetite
nanoparticle (MNP) coated with poly(N,N-
diethylaminoethyl methacrylate)-b-poly(N-isopropyl
acrylamide-st-thiolactone acrylamide) (PDEAEMA-b-
P(NIPAAm-st-TlaAm) copolymer and its use in con-
trolled drug release and bio-conjugation. TlaAm units in
the copolymer were ring-opened with various alkyl
amines to form thiol groups (-SH), followed by thiol-
ene coupling reactions with acrylamide-coated MNP
and then quaternized to obtain cationic copolymer-
MNP assemblies (the size <200 nm/cluster). The use
of alkyl amines having various chain lengths (e.g., 1-
propylamine, 1-octylamine, or 1-dodecylamine) in the
nucleophilic ring-opening reactions of the thiolactone
rings affected their magnetic separation ability, water
dispersibility, and release rate of doxorubicin model
drug. In all cases, when increasing the temperature, they
showed a thermo-responsive behavior as indicated by
the decrease in hydrodynamic size and the accelerated
drug release rate. These copolymer-MNP assemblies
could be used as a novel platform with thermal-
triggering controlled drug release and capability for
adsorption with any negatively charged biomolecules.
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Introduction

In recent years, magnetite nanoparticle (MNP) has exten-
sively attracted interest owing to their superparamagnetic
properties and their potential applications in various fields.
Incorporation of MNP into various organic nano-
assemblies has been investigated by features of their in-
triguing biomedical applications, such as remotely con-
trolled drug release, magnetically guidable drug delivery
(Sahoo et al. 2013; Wang et al. 2013; Li et al. 2006),
magnetic resonance imaging (MRI) (Mahmoud et al.
2013; Hu et al. 2013), and hyperthermia cancer treatment
delivery (Qu et al. 2014; Chen et al. 2015; Singh et al.
2014). However, it tends to aggregate to each other mainly
owing to dipole-dipole and magnetic attractive forces,
leading the loss in nano-scale related properties and a
decrease in the surface area/volume ratio (Lim et al.
2013). Grafting long-chain polymers onto MNP surface

Phitsanulok 65000, Thailand
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is currently one of the promising approaches to realize its
dispersibility in the media due to charge repulsion of ionic
surface or steric repulsion of long chain surfactant (Chen
et al. 2012; Mekkapat et al. 2013). In addition, this poly-
meric coating can also serve as a platform for conjugation
of biomolecules of interest on the MNP surface (Leung
et al. 2013; Machida et al. 2014; Prabha and Raj 2016;
Ulbrich et al. 2016).

Many works have now extensively reported in the
MNP polymeric coating accomplished either via
“grafting from” or “grafting to” strategies (Qin
et al. 2004; Wang et al. 2008) with controlled radical
polymerization (CRP) techniques. CRP technique
produces well controllable polymer architecture on
particle surface because it can control molecular
weight, polydispersity, functionality, and composi-
tion distribution of polymers (Braunecker and
Matyjaszewski 2007). Three general techniques of
CRP include nitroxide-mediated polymerization
(NMP) (Sciannamea et al. 2008), atom transfer rad-
ical polymerization (ATRP) (Matyjaszewski 2012;
Huang et al. 2017), reversible addition fragmenta-
tion chain transfer polymerization (RAFT) (Moad
et al. 2008; Hill et al. 2015). Being of our particular
interest, RAFT as opposed to other CRP techniques
can be performed in various kinds of solvent, wide
range of temperature, no need of metals used for
polymerization, and large range of monomer classes
(Willcock and O’Reilly 2010).

This present work reports the synthesis of a mul-
tifunctional copolymer via RAFT for coating onto
the surface of MNP and its use in drug-controlled
release and bio-conjugation. This copolymer was
well designed to have multi-functions including:
(1) thermo-responsive poly(N-isopropylacrylamide)
(PNIPAAm) serving as a drug reservoir with a
temperature-triggering mechanism, (2) thiolactone
moiety for covalent grafting with MNP surface and
tuning degree of hydrophobicity of the copolymer,
and (3) positively charged poly(N,N-diethylamino-
2-ethylmethacrylate) (PDEAEMA) for improving its
water dispersibility and ionic adsorption with anion-
ic bio-entities. PNIPAAm responded to the change
of the environmental temperature due to the phase
separation when crossing its lower critical solution
temperature (LCST =30-34 °C) (Gandhi et al.
2015). When raising the temperature above its
LCST, the copolymer was in the collapse state due
to the formation of the intramolecular hydrogen

@ Springer

bonding among the polymer chains. In contrast, it
swelled at the temperature below its LCST owing to
the intermolecular hydrogen bonding between water
molecules and polymer chains (Du et al. 2010;
Bischofberger and Trappe 2015; Patil and
Wadgaonkar 2017; Rodkate and Rutnakornpituk
2016; Meerod et al. 2015).

The reactions involving thiol chemistry have now
gain a great attention because thiols (-SH) are highly
reactive nucleophiles for the reactions with epoxide,
alkyl halides, and double or triple bonds (Espeel and
Du Prez 2015; Stamenovi et al. 2011). However, the
applications of thiols are rather limited because they
have a short shelf life due to the oxidation reaction
resulting in disulfide formation (Espeel et al. 2012).
A promising approach to overcome this limitation is
to use a reactive thiolactone, a cyclic thioester, as a
latent thiol functional group. This reaction involves
a ring-opening reaction of thiolactone moieties to
obtain thiol functionality (-SH), subsequently
reacting with electrophiles for the second modifica-
tion in one-pot reaction (Espeel and Du Prez 2015;
Chen et al. 2014; Reinicke et al. 2013; Espeel et al.
2011). Many works from Du Prez’s research group
have reported the use of thiolactone for the double
modification purpose (Espeel and Du Prez 2015;
Stamenovi et al. 2011; Espeel et al. 2012; Chen
et al. 2014; Reinicke et al. 2013; Espeel et al. 2011).

In this report, we describe a synthesis of a thermo-
responsive multifunctional diblock copolymer contain-
ing thiolactone acrylamide (TlaAm) units for coating on
MNP surface and its use for drug-controlled release and
bio-conjugation applications. PDEAEMA synthesized
via RAFT polymerization was used as a macro chain
transfer agent (CTA) for a chain extension of
PNIPAAm-s¢#-PTIAm second block. PTIAm units were
ring opened by alkyl amines to form thiol groups, which
were subsequently reacted with the acrylamide-coated
MNP to obtain the copolymer-coated particle.
PDEAEMA block was then quaternized to obtain cat-
ionic MNP to improve the water dispersibility of the
particle and for ionic adsorption with negative bio-enti-
ties. The effect of alkyl chain lengths (C3, C8, and C12)
on the assemblies of the copolymer-coated MNP, affect-
ing their water dispersibility and magnetic separation
ability, was investigated. Moreover, the temperature
change and the effect of alkyl chain lengths on the rate
of the drug release (doxorubicin as a model drug) were
also studied (Fig. 1).
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Fig. 1 Synthetic scheme of the copolymer-coated MNP (MC) and its quaternization (qMC)

Experimental
Materials

Unless otherwise stated, the reagents were used without
purification: iron(Il) acetylacetonate (Fe(acac)s;, 99%,
Acros), aminopropyltriethoxysilane (APTES, 99%,
Acros), D,L-homocysteine thiolactone hydrochloride
(99%, Acros), oleic acid (Carlo Erba), (3-aminopropyl)
tricthoxysilane (APTES, 99%, Acros), tricthylamine
(TEA, 97%, Carlo Erba), 2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%, Sigma-Aldrich),
s-(thiobenzoyl) thioglycolic acid as a chain transfer
agent (99%, Aldrich), 2-(diethylamino) ethyl methacry-
late (DEAEMA, 99% stabilized, Acros), and N-
isopropylacrylamide (NIPAAm, 99%, Acros) were used
as received. Acryloyl chloride was synthesized prior to
use via a chloride exchange reaction between acrylic
acid (98 %, Acros) and benzoyl chloride (99%, Acros) to
obtain a colorless liquid with 60% yield. 1-Propylamine
(99%, Sigma-Aldrich), 1-octylamine (99%, Merck), 1-
dodecylamine (98%, Acros), and iodomethane (2.0 M in
tert-butyl methyl ether, Sigma-Aldrich) were used as
received. Doxorubicin hydrochloride (DOX, 2 mg/ml,
Pharmachemie BV) were used as received.

Synthesis of N-thiolactone acrylamide (TlaAm)
monomer (Reinicke et al. 2013)

To the mixture of D,L-homocysteine thiolactone hy-
drochloride (7.05 g, 45.6 mmol) in a H,O/1,4-dioxane
solution (100 ml), NaHCOj; (19.20 g, 227.9 mmol) was

added and stirred for 30 min in an ice bath. Acryloyl
chloride (8.3 g, 91.2 mmol) was then added dropwise
and stirred at room temperature overnight. After the
reaction completed, brine (100 ml) was added into the
solution, followed by extracting with ethyl acetate (3 x
200 ml) to obtain TlaAm in an organic layer. Finally,
TlaAm monomer was purified by recrystallization from
CH,Cl, and then dried in vacuo.

Synthesis of acrylamide-coated MNP

MNP was synthesized via a thermal decomposition
method of Fe(acac); (5 g, 14.1 mmol) in 90 ml
benzyl alcohol at 180 °C for 48 h. Then, the
particle was magnetically separated and washed
with ethanol and then chloroform. Oleic acid
(4 ml) was slowly added to the MNP-toluene dis-
persion (30 ml) with sonication to form oleic acid-
coated MNP, followed by an addition of APTES
(4 ml) containing TEA (2 ml) to form amino-coated
MNP. After stirring for 24 h, the particles were
precipitated in ethanol and washed with toluene.
After re-dispersing the particles (0.1 g) in a NaOH
solution (6.72 mmol in 10 ml DI), acryloyl chloride
(3.36 g, 37.1 mmol) was then added to the disper-
sion and stirred for 24 h. The product was magnet-
ically separated, repeatedly washed with water, and
then stored in the form of dispersions in THF
(0.1 g MNP/1 ml).

@ Springer
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Synthesis of PDEAEMA macro chain transfer agent
(PDEAEMA macro CTA)

DEAEMA monomer (1.9361 g, 10.4 mmol),
S-(thiobenzoyl) thioglycolic acid (31.7 mg, 0.1 mmol)
as CTA, and AIBN initiator (4.9 mg, 0.03 mmol)
(IDEAEMA]y:[CTA]:[AIBN] molar ratio of 70:1:0.2,
respectively) were dissolved in 1,4-dioxane (7 ml) under
N, atmosphere with stirring for 30 min. The RAFT
polymerization was performed for 48 h at 70 °C to
obtain ca. 50% monomer conversion with M, of
PDEAEMA about 6700 g/mol (Supplementary material
Fig. S1). The polymerization was ceased by cooling at
room temperature in air. The PDEAEMA macro CTA
was purified by dialysis in methanol and dried in vacuo.

Synthesis of PDEAEMA-b-P(NIPAAm-st-TlaAm) block
copolymer

PDEAEMA macro CTA (0.06 mmol), NIPAAm
(4.24 mmol), TlaAm (1.82 mmol), and AIBN initiator
(0.01 mmol) (INIPAAm]y:[TlaAm]y:[PDEAEMA mac-
ro CTA]:JAIBN] molar ratio of 70:30:1:0.2, respective-
ly) were dissolved in 1,4-dioxane (8.5 ml) under N,
atmosphere with stirring for 30 min. The RAFT poly-
merization was performed at 70 °C for 4 h to obtain
ca.50% NIPAAm conversion and 30% TlaAm conver-
sion with M, of the copolymer about 12,200 g/mol
(Supplementary material Fig. S2). The polymerization
was stopped by cooling at room temperature with air.
The copolymer was purified by dialysis in methanol and
dried in vacuo.

Synthesis of the copolymer-coated MNP by a double
modification of PDEAEMA-b-P(NIPAAm-st-TlaAm)
copolymer

The copolymer (0.16 mmol of TlaAm unit) was dis-
solved in chloroform (5 ml) followed by an addition of
primary alkylamines (0.32 mmol, 2:1 M ratio of alkyl
amine to TlaAm unit), e.g., 1-propylamine, I-
octylamine, and 1-dodecylamine, to obtain the C3, C8,
and C12 copolymers, respectively. The solution was
then mixed with the acrylamide-coated MNP (100 mg)
and TEA (0.1 ml) and stirred for 24 h under N, gas. The
copolymer-coated MNP was magnetically separated
and washed with chloroform and designated as MC3,
MCS8, and MC12, respectively.
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Quaternization of PDEAEMA in the copolymer-coated
MNP

The copolymer-coated MNP (1.76 mmol of DEAEMA
units) was re-dispersed in ethanol (40 ml), followed by
dropwise addition of 2 M CHj;I solution (1.76 mmol).
The mixture was stirred for 20 h in dark at room tem-
perature. The quaternized products (QMC3, qMCS8, and
qMC12) were magnetically separated and washed with
THF to remove an excess of CH3I, followed by drying
in vacuo to obtain black powder.

In vitro release studies of entrapped DOX
from the copolymer-coated MNP

The drug solution (2 mg/ml of DOX) was added
dropwise into the quaternized MNP dispersions
(10 mg/2 ml in DI water) with stirring at 15 °C for
3 h. The DOX-entrapped MNP was separated from an
excess DOX by magnetic separation for 30 min and
washed with DI water for 4 times. The dispersion of
DOX-entrapped MNP (10 mg in 3 ml DI water) was
placed in a water bath at 25 °C (below LCST of
PNIPAAm) for 1 h, and then, temperature was increased
to 45 °C (above LCST of PNIPAAm) for another
80 min. During the experiment, 0.2 ml of the dispersions
was withdrawn from the release media at a pre-
determined time until the released drug reached the
equilibrium (the total time points ranging between 12
and 15). After 30-min magnetic separation, the concen-
trations of the released drug in the supernatant at a given
time were determined via UV-visible spectrophotometry
at A=480 nm and % drug release was calculated from
the following equation;

%drug released

~ Weight of released drug at a given time
~ Weight of the entrapped drug in the MNP

x 100

where the weight of the entrapped drug in the MNP was
determined from the amount of the drug at the maxi-
mum point of the release profile combined with those
remaining in the particles. To dissolve the remaining
drug from the MNP, DI water (3 ml) was added to the
particles and then the mixture was heated at 50 °C for
1 h. After 30-min magnetic separation, the drug concen-
tration in the supernatant was then determined via UV-
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visible spectrophotometry. The drug entrapment effi-
ciency was calculated from the following equation:

Entrapment efficiency (%EE)

_weight of the entrapped drug in the MNP
N weight of the loaded drug

x 100

Characterization

FTIR spectrophotometry was operated on a Perkin—
Elmer Model 1600 Series FTIR spectrophotometer. 'H
NMR spectroscopy was performed on a 400-MHz
Bruker NMR spectrometer using DMSO-dg or CDCly

100

A
95 (A)
90 A a
5 85 1
g 80
= 75 A d
o C
E 70 A
2
N 65 A
60 b
55 A
50 - . - .
0 200 400 600 800 1000

Temperature (°C)

Magnetization emu/g)

as solvents. The hydrodynamic diameter (Dy,) and zeta
potential of the particles were measured by PCS using
NanoZS4700 nanoseries Malvern instrument. The sam-
ple dispersions were sonicated for 1 h before each
measurement without filtration. The TEM images were
conducted using a Philips Tecnai 12 operated at 120 kV
equipped with Gatan model 782 CCD camera. The
particles were re-dispersed in water and then sonicated
before deposition on a TEM grid. TGA was performed
on Mettler-Toledo’s SDTA 851 at the temperature rang-
ing between 50 and 800 °C and a heating rate of
20 °C/min under oxygen atmosphere. Magnetic proper-
ties of the particles were measured at room temperature
using a Standard 7403 Series, Lakeshore vibrating sam-
ple magnetometer (VSM). UV-visible spectrophotome-
try was performed on microplate reader at A =480 nm.
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Fig. 5 A TGA thermograms and B M-H curves of (a) acrylamide-coated MNP, (b) MC3, (c) MCS8, and (d) MC12
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Table 1 Zeta potential values and hydrodynamic size (Dy,) of the copolymer-coated MNP

Types of MNP Zeta potential [mV] Dy, of quaternized particles [nm]
Before quaternization After quaternization at 25 °C at45 °C
Acrylamide-coated MNP —153+05 —153+05 564+63 506+52
MC3 0 284+1.0 1068 =197 396 £58
MC8 0 16.2+0.6 836+214 372103
MC12 0 26.3+0.8 1426 +218 295+0

Results and discussion

This work focused on the surface modification of MNP
with multi-functional PDEAEMA-b-P(NIPA Am-st-
TlaAm) copolymer to obtain magnetic nanocluster with
thermo-responsive properties for drug-controlled re-
lease application. The copolymer was synthesized via
RAFT polymerization to control architecture and the
molecular weight of the block copolymer. PDEAEMA
macro CTA was first synthesized, followed by the ex-
tension of P(NIPAAm-st-TlaAm) second block from

-
4 . @)
¥

%

8
©
»
‘S';,ﬁ "\‘_‘ «
. 2
200nm £ e

PDEAEMA first block. It was envisioned that the
quaternized PDEAEMA could form the corona, while
P(NIPAAm-st-TlaAm) block self-assembled to be a
core in aqueous media. (Supplementary material Fig.
S3). PTlaAm in the P(INIPAAm-sz-TlaAm) allowed for
a double modification for (1) adjustment of the degree of
the hydrophobicity of the polymeric core and (2) immo-
bilization of the polymer on MNP surface. This
P(NIPAAm-st-TlaAm) core was also used for entrap-
ment of a therapeutic drug with a thermo-triggering
release mechanism owing to the existence of PNIPAAm
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Fig. 6 TEM images of a acrylamide-coated MNP, b qMC3, ¢ gMCS8, and d qMC12 prepared from aqueous dispersions
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in the structure. In addition, an optimal degree of
hydrophilicity/hydrophobicity of the copolymer might
be necessary for controlled release of the entrapped
drug. Therefore, three different alkyl chain lengths
(C3, C8, and C12) were used for tuning the degree of
the hydrophobicity of the copolymer coated on the
particle surface.

Synthesis and characterization of the copolymer-coated
MNP

"H NMR spectra of the purified products from each step
are shown in Fig. 2. The signals corresponding to the
methylene protons of PDEAEMA macro CTA (1.8—
1.9 ppm) indicated the polymerization of PDEAEMA
(Fig. 2a). This macro CTA was then used for the prop-
agation of NIPAAm and TlaAm monomers. The new
signals at § 1.1 and 3.6 ppm of the NIPA Am units and at
0 3.2 and 4.7 ppm of TlaAm units indicated the propa-
gation of both monomers from PDEAEMA macro CTA
(Fig. 2b). After the ring-opening reactions of thiolactone
units with various alkylamines (1-propylamine, 1-
octylamine, and 1-dodecylamine), the strong signals of
the protons of alkyl groups appeared in the range of &
0.9-1.4 ppm (Fig. 2c—e). In good agreement with this
result, the disappearance of TlaAm signals at & 3.3—
3.4 ppm (signal £ in Fig. 2b) and 6 4.7 (signal 7 in
Fig. 2b), indicating the successful ring-opening reac-
tions of thiolactone moiety in the copolymers. In addi-
tion, the results from FTIR were also in good agreement
with those obtained from 'H NMR (Supplementary
material Fig. S4).

After the ring-opening reaction of thiolactone rings in
the copolymers with alkylamines to form thiol groups (-
SH), the acrylamide-coated MNP was subsequently
added to the mixture allowing for the thiol-ene reaction
(Lowe 2010). The proposed thiol-ene reaction mecha-
nism between the acrylamide on the MNP surface and
thiol groups (-SH) of the copolymer is shown in Fig. 3.
Figure 4 shows FTIR spectra of the acrylamide-coated
MNP and the MNP coated with the copolymers after the
thiol-ene reaction. The signal at 590 cm™ ' corresponding
to Fe—O bond in the MNP appeared in every sample
(Fig. 4). Figure 4b, d shows the characteristic adsorption
signals of C=0 stretching (1730 cm '), C-O stretching
(1260 cm™") of carboxyl groups, and C—C stretching
(800 cm ™) of the copolymer, signifying the existence of
the copolymer on the particle surface through the thiol-
ene reaction.
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To study the organic/inorganic composition of the
copoymer-coated MNP, TGA was used to determine
the weight loss at 800 °C (Fig. 5a). It was hypothesized
that the residue weight was the weight of iron oxide
from oxidized MNP, while the loss weight was the
organic conponents in the copolymer-MNP assemblies.
The decrease of the residual weight in the samples
corresponded to the increase in the organic contents in
the MNP. It was found that there was about 12% organic
content in acrylamide-coated MNP, while after coating
with the copolymer, there were 26, 28, and 41% of the
polymers in MC12, MC8, and MC3, respectively, sig-
nifying that MC3 had higher degree of alkyl substitution
as compared to the other two. This was rationalized that
the short alkyl chain length in the C3 copolymer might
have less steric hindrance in the particle coating step,
resulting in the better accessibility of the particles to
react with the copolymers and thus higher amounts of
the copolymers on the particles.

VSM technique was used to determine magnetic
properties of the MNP before and after the copolymer
coating (Fig. 5b). They well responded to an applied
magnet and showed superparamagnetic behavior due to
the absence of the coercitivity (H.) and remanence (M,)

After standing for A)
qQMCI2
Oh
2h
75h

gMC3  gMC8 gMCI2

without a magnet

qMC3 gMC8 gMCl12

==

with a magnet after 5 min

Fig. 7 a Water dispersibility and b magnetic separation ability of
gqMC3, gMC8, and gMC12
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upon removal of an external magnetic field. The satura-
tion magnetization (M) decreased from 58 emu/g of
acrylamide-coated MNP to 56 emu/g of MC12, 54 emu/
g of the MCS8, and 31 emu/g of MC3, due to the
presence of non-magnetic copolymer on the particle
surface and thus the drop of their magnetic responsive-
ness. The decrease in the net magnetization
corresponded well to the increase of the copolymers
coated on the particles observed in TGA.

The copolymer-coated MNP was then quaternized
to improve the particle dispersibility in water. Zeta
potentials of the particle both before (MC3, MCS,
and MC12) and after quaternization (QMC3, qMCS,
and ¢qMC12) were studied using PCS (Table 1). The
zeta potentials of acrylamide-coated MNP before
and after quaternization did not change because
there was no copolymer coated on the MNP surface.
After the copolymer coating, their zeta potential

890y

" 00® ‘.,“
v A ®
Pomd® 2009, a

heat

Drug loading

values of all copolymers significantly increased
from 0 to 16-28 mV after quaternizations, owing
to the formation of permanent positive charges of
quaternary ammonium groups in the copolymer-
coated MNP. It should be noted that these positive
charges might facilitate the particles to be well dis-
persible in an aqueous media, which was necessary
for the use in drug-controlled release applications
discussed later in this report.

In addition, the preliminary studies in the use of the
cationic MNP for ionic adsorption with negative bio-
entities were also investigated. DNA tagged with 6-
carboxytetramethyl rhodamine (TAMRA-5'-TACC
ACCATTC-3’") was selected as a model compound to
proof the idea of ionic adsorption capability of the
particles. qMC12 (2 mg) as a representative was dis-
persed in 0.4 uM DNA solution (2 ml) and then stirred
for 2 h, followed by magnetic separation. It was found

acrylamide-coated MNP

a ® NIPAAm
& ® TlaAm
qPDEAEMA

4 Doxorubicin drug
" O OH o)

Drug release

Fig. 9 The proposed mechanism of DOX release from the copolymer-coated MNP
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that the concentrations of DNA in the solutions signif-
icantly decreased from 0.42 to 0.05 uM (Supplementary
materials Fig. S5), indicating that the MNP can be used
as a cationic platform for adsorption with DNA through
the electrostatic interaction.

Representative TEM images of acrylamide-coated
MNP and the quaternized copolymer-coated MNP
(qQMC) prepared from aqueous dispersions are shown
in Fig. 6. Acrylamide-coated MNP showed macroscopic
aggregation due to the lack of polymer coating resulting
in the particles with poor water dispersibility (Fig. 6a).
After coating with the copolymer and then
quaternization, formation of the nanoclusters with the
size below 200 nm/cluster was observed (Fig. 6b—d).
They showed good dispersibility in water without no-
ticeable aggregation after standing for 2 h (Fig. 7a).
After 75 h, the qMC3 dispersion exhibited some aggre-
gation, while those of qMC8 and gMC12 were insignif-
icant. This was attributed to the higher degree of alkyl
substitution of 1-propylamine in the copolymer due to
less steric hindrance as compared to those of 1-octyl and
1-dodecylamines, resulting in the higher degree of hy-
drophobicity of the copolymer and consequently aggre-
gating in water. The TGA result discussed above also
supported this assumption that there was higher amount
of the copolymer in qMC3, which might result in the
higher degree of hydrophobicity as compared to qMC8
and qMC12.

The particle dispersibility in water shown in Fig. 7a
was in good agreement with their magnetic separation
ability in water. After 5 min of magnetic separation,
qMC3 can be completely separated while there were
some dispersible particles remaining in qMC8 and
qMC12 dispersions (Fig. 7b). Importantly, the
completely separated ability of particles from the dis-
persion with an assistance of a magnet was necessary for
the determination of the drug-controlled release
discussed later in this work.

Because the copolymer coated on the particles in this
work comprised thermo-responsive moieties of
PNIPAAm and PDEAEMA, the effect of the change in
the temperature on their Dy, was investigated. The ex-
perimental temperatures were set at 25 and 45 °C, which
crosses their critical solution temperature (LCST of
PNIPAAm =30-34 °C and LCST of PDEAEMA =
31 °C) (Gandhi et al. 2015; Maeda and Mochiduki
2004). It was found that, in all cases, Dy, of the particle
coated with the copolymers at 45 °C was smaller than
those at 25 °C (Table 1). The copolymers collapsed at
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the temperature above its critical solution temperature,
resulting in the shrinkage of the nanocluster and thus the
decrease in their Dy,. It should be noted that the shrink-
age of the copolymer when heated to 45 °C would be
utilized as a triggering mechanism for drug-controlled
release discussed in the later section.

In vitro release studies of entrapped DOX
from the copolymer-coated MNP triggered
by the temperature change

DOX, known as a chemotherapy medication used to treat
cancer, was used as a model drug for entrapment in and
then release from the copolymer-coated MNP. It was
hypothesized that DOX was entrapped in the
copolymer-coated particles due to the hydrogen bonding
of DOX molecules with the copolymer. %EE of gMC3
was ca. 5.4%, while those of qMC8 and gqMC12 ranged
between 10.3 and 10.8%. The two-fold lower percentage
of gqMC3 as compared to those of the other two samples
was probably due to the higher degree of hydrophobicity
in qMC3 (higher degree of alkyl substitution), which
might result in less entrapment of DOX on the particles.

DOX release studies were performed at 25 °C with a
step-wise increase in the temperature to 45 °C after the
equilibrium (Fig. 8). In all cases, the release of DOX from
the particle at 25 °C reached their equilibrium within
40 min and they were held at this temperature for 1 h to
ensure the equilibrium. Generally, when the temperature
of dispersion is increased above room temperature, the
preloaded drug should mainly be released via a diffusion
mechanism (Liu et al. 2010). In this work, when increas-
ing the temperature to 45 °C (above LCST of PNIPAAm),
all samples (QMC3, gMCS8, and qMC12) showed the
same trend of the drug release. The increment of DOX
release upon increasing the temperature was mainly at-
tributed to “a diffusion mechanism”. Interestingly, qMC8
and gMC12 showed the faster rate of DOX release with
additional release of ca. 8—10% and reached the equilib-
rium within 40 min. This accelerated release rate was
attributed to “a squeezing mechanism” due to the col-
lapse of PNIPAAm chains at above its LCST
(Trongsatitkul and Budhlall 2013). However, the release
rate of DOX in qMC3 seemed to be retarded at the
beginning of the elevated temperature and it was then
slowly released afterward with additional DOX release of
ca. 11%. The higher degree of hydrophobicity in qMC3
discussed above might inhibit the squeezing behavior of
PNIPAAm in the copolymer, which thus initially retarded
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the release of the entrapped drug from the particles at the
elevated temperature (Fig. 9).

Conclusions

We herein reported the multi-responsive MNP modified
with cationic PDEAEMA-b-P(NIPAAm-sz-TlaAm) co-
polymer and its potential applications in controlled drug
release and bio-conjugation. Degree of hydrophobicity
of the copolymers coated on surface of particle can be
tuned by using various alkyl chain lengths in thiolactone
ring-opening reaction and this can influence the particle
self-assemblies in water (e.g., Dy, dispersibility, nano-
aggregation) and the drug release rate. These particles
exhibited the temperature responsive behavior, which
can be used as a triggering mechanism for controlled
release of DOX. These versatile copolymer-MNP as-
semblies showed an enormous potential for use as a
smart platform with thermal-triggering controlled drug
release system and for conjugation with any negatively
charged bio-entities.
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pH- and thermoresponsive nanocomposite composed of poly(N-acryloyl glycine) (PNAG) matrix and magnetite nanoparticle
(MNP) was synthesized and then used for drug controlled release application. The effects of crosslinkers, e.g., ethylenediamine
and tris(2-aminoethyl)amine, and their concentrations (1 and 10mol%) on the size, magnetic separation ability, and water
dispersibility of the nanocomposite were investigated. The nanocomposite crosslinked with tris(2-aminoethyl)amine (size
ranging between 50 and 150 nm in diameter) can be rapidly separated by a magnet while maintaining its good dispersibility in
water. It can respond to the pH and temperature change as indicated by the changes in its zeta potential and hydrodynamic size.
From the in vitro release study, theophylline as a model drug was rapidly released when the pH changed from neutral to acidic/
basic conditions or when increasing the temperature from 10°C to 37°C. This novel nanocomposite showed a potential
application as a magnetically guidable vehicle for drug controlled release with pH- and thermotriggered mechanism.

1. Introduction

Magnetite nanoparticle (MNP) has attracted great attention
in recent years in biomedical and biotechnological applica-
tions [1-5] owing to its magnetically guidable properties
[2], high surface area-to-volume ratio [4], high saturation
magnetization [6, 7], low toxicity, and high biocompatibility
[8]. These intriguing properties make MNP as an ideal can-
didate for use in various biomedical fields such as drug deliv-
ery [5], diagnostics, therapeutics [2, 9, 10], and magnetic
separation [11-13].

In the magnetic separation application, MNP should
have high magnetic responsiveness, so that it should abruptly
respond to a magnet and completely remove unadsorbed
entities after decanting [14, 15]. Formation of nanocompos-
ite containing multiparticles of MNP embedded in polymer
matrix was another promising approach to enhance mag-
netic sensitivity while maintaining its good dispersibility
in the media. When individual unique properties of both

MNP and polymer matrix were combined, multifunctional
nanocomposite serving as a platform for further conjugation
with desirable bioentities can be obtained [16, 17]. Thus, this
hybrid nanocomposite has been particularly used in the bio-
logical field such as drug delivery system [18, 19], controlled
release [16, 20, 21], and magnetic separation [11-13]. Previ-
ous works have reported the synthesis of MNP-polymer
nanocomposite having both good magnetic separation ability
and good water dispersibility for drug controlled release
[4, 16] and for conjugation with bioentities [17, 22].
Interestingly, polymer matrix having external stimuli-
responsive properties in nanocomposite can be used as a
handle in controlled release applications [23-27]. Previous
works have presented the use of MNP coated with pH-
and thermoresponsive polymers as a handle for triggered
mechanisms for drug controlled release [26]. Among the
pH- and thermo-responsive polymers, poly(N-acryloyl gly-
cine) (PNAG) is of particular interest in this research because
it can be facilely synthesized via a free radical polymerization
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FIGURE 1: Schematic preparation of PNAG-coated MNP nanocomposite for drug controlled release applications.

of N-acryloyl glycine monomer in aqueous solutions [12, 28].
H-bonding network of carboxyl groups (-COOH) and amide
groups (-CONH-) in PNAG chains with water molecules
plays a crucial role in its pH- and temperature-responsive
properties [29].

In a basic pH condition, the carboxylate groups (COO™)
of PNAG should be formed, resulting in the enhancement in
water swelling due to negative-charge repulsion among the
chains. On the other hand, when the polymer was protonated
in an acidic pH condition, its collapsed structure should be
formed [30]. PNAG also showed thermoresponsive proper-
ties when its environmental temperature changed due to H-
bonding of amide bonds in the chains with water molecules
[31, 32], similarly to the case of the amino acid-derived poly-
mers, such as poly(N-acryloyl glycinamide) (PNAGA) [33],
poly(acrylamide) (PAAm), and poly(acrylic acid) (PAA)
[34-36]. However, the study in upper critical solution tem-
perature (UCST) of PNAG homopolymer has never been
reported, while that of PNAG-containing copolymer was very
limited [37]. At the temperature below the UCST, PNAG
should be stabilized by intramolecular H-bonding, resulting
in the formation of solid hydrogels. At the temperature
above its UCST, it can reversibly turn into fluid state because
the intramolecular H-bonding is diminished and because of
the simultaneous formation of intermolecular H-bonding
between water molecules and chains of polymer [33].

This work reports the synthesis of MNP nanocomposite
coated with pH-/thermoresponsive PNAG and its use in drug
controlled release. Modification of MNP surface with PNAG
was first prepared via a free radical polymerization, followed
by a crosslinking reaction. Different types and concentra-
tions of the crosslinkers (1 mol% and 10mol% of tris(2-
aminoethyl)amine or ethylenediamine) were used in the
crosslinking in an attempt to tune the reaction condition to
gain the nanocomposite with good water dispersibility and
high magnetic separation ability. The effect of the crosslink-
ing condition of the nanocomposite on the controlled release
of theophylline as a model drug was also investigated. It was
rationalized that PNAG can serve as a reservoir of the drug

with both pH- and temperature-triggered drug release mech-
anisms (Figure 1). The effects of pH (pH2.0, pH7.4, and
pH 11.0) and temperature (10°C and 37°C) on its drug release
rate were also herein investigated.

2. Experimental

2.1. Materials. Ammonium hydroxide (NH,OH) (28-30%,
J.T. Baker), N-(3-dimethylaminopropyl)-N’-ethylcarbodii-
mide hydrochloride (EDC-HCI) (GL Biochem Shanghai
Ltd.), ethylenediamine (Carlo Erba), glycine (AR grade),
iron(II) chloride tetrahydrate (FeCl,.4H,O) (99%, Acros
Organic), iron(III) chloride (FeCl;) (98%, Acros), oleic
acid (Carlo Erba), ammonium persulfate (APS) (98%,
Carlo Erba), (3-aminopropyl) triethoxysilane (APTES)
(99%, Acros), triethylamine (TEA) (97%, Carlo Erba), the-
ophylline anhydrous (>99%, Sigma-Aldrich), and tris(2-
aminoethyl)amine (96%, Sigma-Aldrich) were used as
received. Acryloyl chloride was prepared via a chloride
exchange reaction between benzoyl chloride (Acros, 99%)
and acrylic acid (98%, Acros) at 75°C to obtain a colorless
liquid with 60% yield.

2.2. Characterization. Fourier-transform infrared spectrome-
try (FTIR) was conducted on a Perkin-Elmer Model 1600
series FTIR spectrometer. 'H NMR spectroscopy was charac-
terized via a 400 MHz Bruker NMR spectrometer. Transmis-
sion electron microscopy (TEM) was conducted on Philips
Tecnai 12 operated at 120kV. The dispersion of the particle
in water was dropped on a carbon-coated copper grid at
room temperature without filtration. Zeta potential and
hydrodynamic size (D,)) of the particle were determined on
NanoZ$4700 nanoseries Malvern photocorrelation spec-
trometer (PCS). Magnetic properties were characterized via
a Standard 7403 Series, Lakeshore vibrating sample magne-
tometer (VSM). UV-visible spectrophotometry was con-
ducted on Analytik-Jena AG Specord 200 plus UV-Vis
spectrophotometer at A =272 nm.
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2.3. Preparation of N-Acryloyl Glycine (NAG) Monomer. Gly-
cine (61.8 mmol, 4.64g) was dissolved in a NaOH aqueous
solution (123.6 mmol, 4.95g). An acryloyl chloride solution
in tetrahydrofuran (61.8 mmol, 5.0 mL) was added into the
solution and then stirred at 0°C for 3h. The mixture was
washed with diethyl ether, and then the aqueous solution layer
was adjusted to a pH 2 solution with conc. HCL. The extraction
with ethyl acetate was carried out, and then the organic layer
was dried with anh. Na,SO,, filtered, and evaporated in vacuo.
Finally, white solid as a product was obtained: 2.41g, 30%
yield; 'H NMR (400 MHz, D,0): & 4.08 ppm (s, 2H), 5.82-
5.84 (dd, 1H), and 6.24-6.39 (dd and t, 2H).

2.4. Preparation of Acrylamide-Coated MNP. 30% NH,OH
solution (5.0mL) was added into a solution mixture of
FeCl,-4H,0 (2.1 mmol, 0.83 g) and FeCl; (2.5mmol, 0.50 g)
with stirring at 25°C for 30 min. After being separated and
washed with distilled water, an oleic acid solution (1.0 mL)
in toluene (9.0mL) was added into the MNP dispersion
and then stirred at 25°C for 30 min. Oleic acid-coated MNP
was precipitated in acetone, separated by a magnet, and then
redispersed in toluene (10.0 mL). TEA (13.6 mmol, 1.0 mL)
and APTES (11.9 mmol, 2.5 mL) were then added to the dis-
persion with stirring at 25°C under N, for 24h to obtain
amino-coated MNP.

After magnetic separation, washing, and evaporation
until dryness, amino-coated MNP (0.05g) was then dis-
persed in a NaOH solution (1.50g) by ultrasonication. An
acryloyl chloride (49.5 mmol, 5.0 mL) was slowly added into
the MNP dispersion at 0°C in an ice bath for 1h, and then
the mixture was continuously stirred at 25°C for 24 h. After
a reaction was completed, the particle was separated by a
magnet and then repeatedly washed with distilled water
and stored in the dispersion form (0.02 g MNP/mL H,0).

2.5. Preparation of PNAG-Coated MNP Nanocomposite.
NAG monomer (0.25g, 1.94 mmol) was dissolved in distilled

weight of the release drug ata given time

water (20.0 mL), followed by an addition of a dispersion of
acrylamide-coated MNP (0.05g MNP in 25.0mL distilled
water). An APS radical initiator solution (10% in distilled
water, 0.04mmol) was injected into the mixture, and the
reaction was set allowed for 2h at 70°C under N, gas to
obtain PNAG-coated MNP nanocomposite. After magnetic
separation and washing with distilled water to remove
the unreacted monomers and uncoated polymer chains,
the nanocomposite was then dried in vacuo. In the crosslink-
ing reaction, the dispersion of the nanocomposite (0.05g
nanocomposite in 50.0 mL distilled water) was added with
EDC-HCI (5% in distilled water) as a coupling agent and stir-
red at 25°C 1 h. After magnetic separation, the nanocompos-
ite was redispersed in the crosslinker solutions (1 or 10 mol%
of ethylenediamine or tris(2-aminoethyl)amine in a pH11
buffer solution) and then stirred for 1h. After the crosslink-
ing reaction, the MNP nanocomposite was rinsed with dis-
tilled water with the use of a magnet to wash the unreacted
crosslinking agents and then dried in vacuo.

2.6. The Release Studies of Entrapped Theophylline from the
MNP Nanocomposite. The dispersion of the MNP nanocom-
posite (5 mg of the MNP nanocomposite in 1.0 mL aqueous
dispersion) was dropwise added with a theophylline solution
(1.0mL, 10 mg/mL in distilled water). After stirring for 3h
at 40°C, the drug-loaded MNP nanocomposite was removed
from an excess drug using an external magnet. In the in vitro
release study, the theophylline-entrapped MNP nanocom-
posite (5mg of the MNP nanocomposite) was dispersed in
5.0 mL buffer solutions (pH 2.0, pH 7.4, or pH 11.0). The dis-
persion was placed into a water bath at 10°C or 37°C. At a
predetermined time interval, 100 uL of sample dispersion
was withdrawn from the release media. After each sampling,
the nanocomposite was magnetically separated and then the
supernatant was analyzed via UV-visible spectrophotometer
at 272nm wavelength. Percent release (%) was estimated
from the following equation;

Percent release (%) =

To determine drug entrapment efficiency (EE) and
drug loading efficiency (DLE), the weight of theophylline
entrapped in the MNP nanocomposite was determined from
the amount of the drug at the maximum point of the release
profile combined with those remaining in the particles. The

EE (%) =

weight of the drug entrapped in the MNP nanocomposite

weight of the drug entrapped in the MNP nanocomposite

% 100. (1)

nanocomposite was extracted with a 0.1 M HCI solution to
dissolve the leftover drug and then analyzed via UV-visible
spectrophotometer. Therefore, EE and DLE were defined
from the following equations:

x 100, (2)

DLE (%) =

weight of the loaded drug

weight of the drug entrapped in the MNP nanocomposite "

100. (3)

weight of the MNP nanocomposite
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FIGURE 2: FTIR spectra of (a) acrylamide-coated MNP, (b) PNAG homopolymer, and (c) PNAG-coated MNP nanocomposite.

3. Results and Discussion

In this work, PNAG-coated MNP was first synthesized via
a free radical polymerization to form a water dispersible
magnetic nanocomposite. In addition to steric stabilization,
PNAG also provided electrostatic repulsion stabilization to
the nanocomposite due to the presence of carboxylate
groups. Additional crosslinking of the MNP nanocomposite
was conducted to obtain those with good magnetic separa-
tion ability while retaining its good water dispersibility.
Two different crosslinkers (ethylenediamine and tris(2-ami-
noethyl)amine) were used in this work to study the effect of
the crosslinkers and their concentrations on Dy, water dis-
persibility and magnetic separation ability of the MNP nano-
composite. pH- and thermoresponsive properties of PNAG
coated on its surface provided dual triggering mechanisms
for drug release. In this report, in vitro release profile of the-
ophylline entrapped on the nanocomposite was investigated
as a function of pH (2.0 7.4 and 11.0) and temperature
(10°C and 37°C).

3.1. Characterization of the MNP Nanocomposite. FTIR
spectra of the particles before and after coating with PNAG
are displayed in Figure 2. The spectrum of acrylamide-
coated MNP shows the weak signals of NHC=0O stretching
(1539 and 1625cm™'), N-H stretching (3232 cm™), and

also those of the MNP core at 551 cm™ ' (Fe-O stretching)
(Figure 2(a)). Once the nanocomposite was formed by coat-
ing MNP with PNAG, the peaks attributed to C-O stretching
(1221cm ™), NHC=0 stretching (1550 and 1633 cm™), C=0
stretching (1722 cm™), and N-H stretching (3301 cm™) were
observed (Figure 2(c)). These signals corresponded well to
those of PNAG homopolymer (Figure 2(b)), indicating the
presence of PNAG coated on the MNP nanocomposite.

3.2. Effect of Crosslinking Reactions on the Properties of the
MNP Nanocomposite. Ethylenediamine and tris(2-ami-
noethyl)amine with two different concentrations (1 and
10mol%) were used as the crosslinkers in the nanocom-
posite. The goal of this work was to obtain the MNP nano-
composite with good magnetic separation ability while
retaining its good water stability; the conditions in the
crosslinking reactions (type of crosslinkers and concentra-
tions) were thus optimized. Zeta potentials and D, of the
nanocomposites were investigated using the PCS technique
(Figure 3).

As compared to acrylamide-coated MNP, PNAG-coated
MNP nanocomposite did not show an increase in D, while
its zeta potential values significantly increased from —12 to
—24mV, and this was probably due to the existence of
anionic carboxylate groups from PNAG. This result well
corresponded to that observed from the conductometric
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titration shown in supporting information. After the cross-
linking reactions, D, of all samples significantly increased
while its zeta potential values decreased. The coupling
reactions between the carboxyl groups of PNAG coated
on the particles and the amino groups of the crosslinkers
induced the nanoaggregation of the individual particles,
resulting in the formation of nanocomposite having multi-
ple particles embedded and a slight drop in the degree of
negative charge. The increase in the crosslinker concentra-
tion from 1% to 10% also promoted the formation of the
crosslinked nanocomposite as indicated by the enlarged Dy,
. Interestingly, the use of tris(2-aminoethyl)amine seemed
to enhance the degree of crosslinking as compared to that
of ethylenediamine (at the same crosslinker concentra-
tions), probably due to the higher number of the equiva-
lent reactive amines in the reactions (Figure 4).

The size and the size distribution of the MNP nanocom-
posite in each step of the reactions were also observed via
TEM (Figure 5). Acrylamide-coated MNP exhibited aggre-
gation of the particles without the formation of nanoclusters
owing to the lack of polymer coating (Figure 5(a)). When
MNP surface was coated with PNAG, the particles showed
an improvement in water dispersibility without significant
aggregation (Figure 5(b)). After the crosslinking, the cluster
feature of the nanocomposite with the size of ca. 50-150 nm
in diameter was observed (Figures 5(c)-5(f)) and this
corresponded to that observed in PCS results. However,

there was no apparent difference in the size and the size
distribution of the nanocomposite between those crosslinked
with ethylenediamine and tris(2-aminoethyl)amine or with
different concentrations.

Water dispersibility, stability, and magnetic separation
ability of the particles in each step of the reactions were inves-
tigated. Acrylamide-coated MNP aggregated within a few
minutes after the preparation due to a lack of polymeric sta-
bilization. After coating with PNAG, the particles were well
stabilized through both steric and electrostatic repulsion
mechanisms, resulting in the stable MNP dispersions with
insignificant aggregation even after 24 h of the preparation.
However, they cannot be completely separated after applying
with a magnet for 5 min, which would be troublesome when
employed for magnetic separation applications. The cross-
linking of these nanocomposites was conducted in an
attempt to enhance the magnetic separation ability, while
retaining its good water stability. Tris(2-aminoethyl)amine
and ethylenediamine with two different concentrations
(1 mol% and 10 mol%) were used as additional crosslinkers.
According to the results in Table 1, the nanocomposites after
crosslinking showed a fair dispersibility in water after 24h
standing with a slight aggregation. This was probably due
to the formation of the nanoclusters with a larger size, which
corresponded well to the results observed from the PCS tech-
nique discussed above. These nanocomposites can be sepa-
rated within 5min due to the increase in its size, resulting
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crosslinking with (c) 1 mol% and (d) 10 mol% of ethylenediamine, and (e) 1 mol% and (f) 10 mol% of tris(2-aminoethyl)amine.

in an improved response to a magnet. Interestingly, as com-  dispersion and it would be used as a representative for other
pared to the others, those crosslinked with 10mol% tris(2-  studies, e.g., magnetic properties, drug entrapment, and con-
aminoethyl)amine can be completely separated from the  trolled release studies.
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3.3. Multiresponsive Properties of the MNP Nanocomposite  after crosslinking with 10 mol% of tris(2-aminoethyl)amine
as a Function of Magnetic Field, Dispersion pH, and  were determined via the VSM technique. It was found that
Temperature. Magnetic properties of acrylamide-coated  the saturation magnetization (M) of the particles decreased
MNP and PNAG-coated MNP nanocomposites before and ~ from 68 emu/g to 40 emu/g after coating with PNAG due to
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the presence of nonmagnetic organic polymer in the nano-
composite (Figure 6). After the crosslinking reaction, its M,
value increased to 50 emu/g and this was probably owing to
the formation of MNP nanoclusters, leading to the increase
in the magnetic sensitivity [15].

To confirm pH-responsive properties of the crosslinked
MNP nanocomposite, its Dy, was determined in pH?2.0, 7.4,
and 11.0 buffer solutions. It was found that D, in pH 2.0 can-
not be measured due to macroaggregation of the particles
(indicated by an arrow in the inset in Figure 7(a)). This was
probably because PNAG was in the COOH form, resulting
in the lack of anionic charged repulsion. In addition, its Dy,
increased from 617nm to 1011 nm when the pH changed

from pH7.4 to pH11.0 and this was attributed to presence
of negatively charged repulsion of -COO™ from PNAG
chains, resulting in the swelling of the nanocomposite. The
change of D, as a function of dispersion pH corresponded
to the pK, value of PNAG (pK, 3.2) in terms of the proton-
ated/deprotonated forms of the carboxyl groups [38]. D, of
the MNP nanocomposite was then investigated at 10°C and
37°C in pH7.4 buffer solutions. D, significantly dropped
from 685 nm to 260 nm when the temperature was decreased
from 10°C to 37°C (Figure 7(b)). It was rationalized that a
number of the crosslinked MNP nanocomposites might be
in the agglomerated form at 10°C due to the H-bonding
among each nanocomposite.
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At 37°C, the nanocomposite might be separated from
each other due to the predominant interaction between
PNAG on the nanocomposite surface and water molecules.

3.4. Drug Release Behavior. A showcase of the MNP nano-
composite for a drug controlled release application was
also carried out in this work. Theophylline, a methylxan-
thine drug used in therapy for respiratory diseases, was
selected as a model drug because it can be quantified via
UV-vis spectrophotometry and possesses the amino groups
in the structure. The protonation/deprotonation of the
amino groups in theophylline leads to ionic adsorption/
repulsion interactions with the carboxyl groups of PNAG,
resulting in the drug release triggered by the change of
the dispersion pH.

EE and DLE of the MNP nanocomposite crosslinked with
10mol% of tris(2-aminoethyl)amine were first investigated.
EE and DLE of the nanocomposite were 22-35% and 45—
69%, respectively, depending on the pH and temperature of
the dispersions. The effect of pH and temperature changes
on the theophylline release rate from the MNP nanocompos-
ite was then studied. The theophylline release studies were
performed using stepwise pH changes from pH7.4 to
pH2.0 and from pH 7.4 to pH11.0 (Figures 8(a) and 8(b)).
It should be noted that pK, of PNAG was about 3.2 [38]
and that of theophylline was 8.8 [39, 40]. It was found that
the drug was rapidly released when the pH changed from
neutral to acidic/basic conditions. This was attributed to the
negatively charged repulsion of the deprotonated forms of
PNAG (-COO") on the particle surface and theophylline in
the basic condition (Figure 9(a)). Similarly, the positively
charged repulsion of the protonated forms of these two com-
ponents (-COOH of PNAG and =NH" of theophylline) was
rationalized for the abrupt release of the drug in the case of
acidic condition.

The effect of the temperature change on the theophylline
release behavior was also studied using a stepwise tempera-
ture change from 10°C to 37°C (Figure 8(c)). There was about
12% of the drug released at 10°C, and it was rapidly released
for 92% when heated to 37°C. The abrupt release of the drug
from the nanocomposite was attributed to the separation of
the agglomerated nanocomposites at high temperature as
indicated by the decrease in D, (Figure 9(b)).

4. Conclusions

This work presented the preparation of pH- and thermore-
sponsive nanocomposite based on PNAG matrix and MNP
and its application in drug controlled release. The MNP
nanocomposite having good magnetic separation ability
and water stability was obtained by tuning the types and con-
centrations of the crosslinkers. It exhibited dual-responsive
properties as indicated by the change in its zeta potential
and D, when the environmental pH and temperature were
changed. In addition, this novel nanocomposite was also
demonstrated for use as a magnetically guidable vehicle for
theophylline controlled release with pH- and thermotrig-
gered mechanisms.

Journal of Nanomaterials
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degree of nanoclustering of magnetite nanoparticle (MNP). The polymer was grafted onto
MNP via the ring-opening reaction between glycidyl groups at the PNIPAAm chain terminal
and amino groups on the MNP surface to obtain thermo-responsive MNP nanocluster.
Hydrodynamic size (Dy) and colloidal stability of the nanocluster, corresponding to the
degree of nanoclustering reaction, can be regulated either by adjusting the ratio of MNP
Nanoparticle to the polymer in the reaction or by introducing glycidyl groups to the polymers. The size
Nanocluster of the nanocluster ranged between 20 and 150 nm in diameter with about 10-120 parti-
Poly(N-isopropylacrylamide) cles/cluster. Thermogravimetric analysis (TGA) and vibrating sample magnetometry
Thermo-responsive (VSM) were used to confirm the presence of the polymer in the nanocluster. A study show-
ing indomethacin controlled release of these MNP nanoclusters was also performed. This
stable nanocluster with magnetically guidable properties might be potentially used for
entrapment of other bio-entities or therapeutic drugs with temperature-responsive prop-
erties for controlled release applications.

Keywords:
Magnetite

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, much attention has been paid in the study in magnetite nanoparticle (MNP) particularly in developing
facile and efficient synthetic approaches to control its size, magnetic properties and chemical reactivity. Because of its high
surface area-to-volume ratio, many attempts have been made in conjugating bioentities such as deoxyribonucleic acid (DNA)
[1,2], peptide nucleic acid (PNA) [3,4], protein [5,6], amino acid [7] and antibodies [8,9], on the surface for potential uses in
biomedical applications. Due to strong inter-particle attractive interactions such as Van der Waals force and magnetic force,
they tended to agglomerate to form uncontrollable aggregate, resulting in the loss in nanoscale-related properties [10] and
thus limiting its biomedical applications [11]. Coating the particle with long chain polymer is one of a promising approach to
prevent the particle aggregation through a steric stabilization mechanism, resulting in improvement in stability and dis-
persibility in the media. In addition, the polymer coated on the particle surface also served as a platform for conjugation with
functional biomolecules [12,13].
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Many applications, such as controlled drug delivery and magnetic separation of cells and antibodies, take advantages of
magnetically guidable properties of MNP. In these applications, drug-conjugated or bioentity-conjugated MNP should have
good magnetic responsiveness, so that they can rapidly respond to an external magnetic field. One of the promising
approaches in enhancing magnetic responsiveness of MNP without the formation of macroscopic particle aggregation was
to assemble them into the form of nanocluster. MNP nanocluster is composed of many interconnected single particles of
~3-20 nm in size and minor amount of organic components [14]. Unlike micron-sized particles, formation of MNP nanoclus-
ter significantly increased magnetic responsiveness [15,16] as opposed to individual MNP and also maintained its dis-
persibility and stability in the media [17,18]. Importantly, its superparamagnetic properties should also be maintained as
long as individual MNP core can be distinguished from each other after nanocluster formation, meaning that there was
no one polycrystalline particle but a nanocluster with distinguishable particles smaller than 20 nm [19]. Controlling the
degree of MNP nanoclustering with reasonable size will result in the nanocluster with good magnetic responsiveness, good
dispersibility and stability in the media. Many approaches have been investigated in controlling the formation of MNP nan-
ocluster such as physical or physicochemical interaction between pre-synthesized MNP and polymer particle [16,20], in-situ
polymerization of monomers in the presence of MNP [21-23] and in-situ precipitation of MNP in the presence of polymer
microsphere [24,25].

The study in the synthesis of MNP nanocluster coated with responsive polymers was rather limited [26,27]. In this work,
preparation of MNP nanocluster coated with poly(N-isopropylacrylamide) (PNIPAAm) is presented. PNIPAAm functionalized
with glycidyl methacrylate (GMA) was first synthesized via Reversible Addition Fragmentation Chain Transfer (RAFT) poly-
merization and then grafted onto MNP surface. RAFT polymerization, one of several types of controlled radical polymeriza-
tion (CRP) techniques, was used in this work because it can produce polymers with controllable molecular weights and
narrow polydispersity indices (PDIs) and can be performed under mild condition reactions in various reaction systems with-
out using metal catalysts [28]. PNIPAAm is the most studied thermo-responsive polymer owing to its physiologically rele-
vant transition temperature and relative insensitivity to pH and salt content [29]. It has a lower critical solution temperature
(LCST) at 32 °C, which is close to that of human body [30]. Below its LCST, PNIPAAm is well soluble in water due to the for-
mation of hydrogen bonding of the chains with water molecules, resulting in the formation of a swollen state. When increas-
ing the temperature above its LCST, PNIPAAm deswells to a collapsed state due to the formation of hydrogen bondings
among the polymer chains. This process is generally reversible, making the polymer to behave as an on-off system when
the temperature is changed across the LCST. Syntheses of the copolymers containing PNIPAAm have been widely reported
[31-35]. However, the studies in surface modification of MNP with PNIPAAm-containing copolymers are rather limited
[36,37].

In this report, PNIPAAm was first synthesized via RAFT polymerization, followed by the functionalization with GMA units
at the chain terminal. The chemical structures and functional groups of the synthesized PNIPAAm were characterized via
proton nuclear magnetic resonance spectroscopy (‘H NMR) and fourier transform infrared spectroscopy (FTIR), respectively.
It was then grafted to MNP through the ring-opening reaction of the glycidyl groups at the chain terminal with amino groups
grafted on MNP surface and essentially induced the formation of MNP nanocluster. Transmission electron microscopy (TEM)
was conducted to determine the nanocluster size and photocorrelation spectroscopy (PCS) was performed to determine
hydrodynamic size (Dy) and LCST of the nanoclusters. The effects of MNP-to-polymer ratio used in the reactions and the
number of GMA units in the polymer on Dy, and colloidal stability of the nanocluster were also investigated. Magnetic prop-
erties of the nanoclusters were investigated via vibrating sample magnetometry (VSM). The composition of MNP-polymer
nanocluster was also determined via thermogravimetric analysis (TGA). In addition, a case study showing the drug controlled
release application of these MNP nanoclusters was also investigated (see Fig. 1).

2. Experimental
2.1. Materials

Unless otherwise stated, all reagents were used without further purification: iron (III) acetylacetonate (Fe(acac)s) (Acros,
99.9%), benzyl alcohol (Unilab, 98%), oleic acid (Fluka), triethylamine (Carto Erba, 97%), 3-aminopropyl triethoxysilane (APS)
(Acros, 99%), glycidyl methacrylate (GMA) (Sigma-Aldrich, 97%), 2,2’-azobis (2-methylpropionitrile) (AIBN) (Sigma-Aldrich,
98%), S-(thiobenzoyl)thioglycolic acid (Sigma-Aldrich, 99%). N-isopropylacrylamide (NIPAAm) (Acros, 99%) was recrystal-
lized twice in hexane before polymerization.

2.2. Synthesis

2.2.1. Synthesis of PNIPAAm macro RAFT agents

In a round bottom flask, NIPAAm (10g, 88.370 mmol), S-(thiobenzoyl) thioglycolic acid RAFT agent (0.0924 g,
0.435 mmol) and an AIBN initiator (0.0182 g, 0.110 mmol) were dissolved in 50 mL of 1,4-dioxane under N, atmosphere with
stirring for 30 min. RAFT polymerization of PNIPAAm was allowed for 48 h at 60 °C to achieve 60% monomer conversion. The
mixture was then diluted with 1,4-dioxane to 100 mL and cooled to room temperature. The polymer was then purified by
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Fig. 1. Schematic representation for controlled nanoclustering of MNP with glycidyl-functionalized PNIPAAm.

precipitation in diethyl ether and dried in vacuo. Purified PNIPAAm macro RAFT agents were subsequently used for the syn-
thesis of glycidyl-functionalized PNIPAAm.

2.2.2. Synthesis of glycidyl-functionalized PNIPAAm (PNIPAAm-GMA)

A procedure similar to aforementioned polymerization was used for the synthesis of PNIPAAm-GMA with the use of PNI-
PAAm macro RAFT agent. An example described here is for the synthesis of PNIPAAm-GMA with 8 repeating units of GMA
(PNIPAAmM-GMAg). PNIPAAm-GMA with 18 repeating units of GMA (PNIPAAm-GMA,g) was synthesized using the similar
procedure with appropriate amounts of GMA loaded. GMA (0.16 mL, 1.173 mmol), PNIPAAm macro RAFT agent (1.00 g,
0.077 mmol) and AIBN initiator (3.0 mg, 0.018 mmol) were dissolved in 1,4-dioxane (30 mL) with N, purging for 30 min.
The reaction was set under N, atmosphere at 60 °C for 48 h to achieve about 60% reaction conversion. After the reaction,
the product was purified by precipitation in methanol and dried in vacuo.

2.2.3. Synthesis of amino-coated MNP

MNP was synthesized via a thermal decomposition of Fe(acac)s (5 g, 14.05 mmol) in benzyl alcohol (90 mL) at 180 °C for
48 h under N, atmosphere. After the reaction, the precipitant was removed from the mixture using an applied magnetic field
and repetitively washed with ethanol and then CH,Cl,. The resultant product was obtained as fine black powder after drying
under reduced pressure. Oleic acid (4 ml) was then added to the MNP dispersion (0.6 g MNP in 30 ml toluene) with sonica-
tion for 3 h under N, atmosphere. MNP aggregate was removed from the oleic acid-coated MNP by centrifugation at
5000 rpm for 15 min. To prepare amino-coated MNP, APS (1 ml, 4.517 mmol) was added to a mixture of oleic acid-coated
MNP (0.1g) and TEA (0.01 ml, 0.075 mmol) in dried toluene (6 ml). The dispersion was sonicated for 4 h at room temperature
under N, atmosphere. Amino-coated MNP was retrieved using a magnet, washed twice with ethanol and toluene and finally
dried in vacuo.

2.2.4. Synthesis of MNP-polymer nanoclusters

The polymer solution (0.001-10 mg in 1 mL of DI water) was added dropwise to amino-coated MNP dispersion (1 mg
MNP in 2 mL pH 10-aqueous solution). The mixture was stirred at 65 °C for 12 h under N, atmosphere. The product was iso-
lated using a magnet, washed twice with DI water and acetone and then dried in vacuo.

2.3. Characterization
2.3.1. Characterization of the polymers and nanoparticles

TH NMR spectra were performed on a 400 MHz Br.uker NMR spectrometer using CDCl; as a solvent. FTIR was performed
on a Perkin-Elmer Model 1600 Series FTIR Spectrophotometer in the wavenumber range of 4000-400 cm~!. The samples
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were mixed and pressed with KBr to form disc samples. TEM was performed on Philips Tecnai 12, operated at 120 kV
equipped with Gatan model 782 CCD camera. MNP dispersions in water were directly cast onto carbon-coated copper grids
and allowed to slowly evaporate at room temperature. Magnetic properties of the particles were measured at room temper-
ature using a Standard 7403 Series, Lakeshore vibrating sample magnetometer. Magnetic moment of each sample was inves-
tigated over a range of £10,000 G of applied magnetic fields using 30 min sweep time. TGA was performed on SDTA 851
Mettler-Toledo at the temperature ranging between 25 and 600 °C at a heating rate of 20 °C/min under oxygen atmosphere.
Hydrodynamic size (Dy,) of the particles was measured by PCS using NanoZS4700 nanoseries Malvern instrument.

2.3.2. Determination of indomethacin entrapment (EE) and loading efficiency (DLE) of the polymer-coated MNP nanoclusters

The indomethacin solution (1 mL, 5 mg/mL in ethanol) was added dropwise with stirring to an aqueous dispersion of the
nanoclusters (3 mL, 5 mg of MNP nanocluster). The mixture was stirred at 20 °C for 120 min. The weight of the entrapped
drug in the complex was determined from the difference of the weights of the loaded drug and the excess of the drug
remaining dispersible in the solution. After centrifugation to remove agglomerated particles, the drug concentration in
the supernatant, reflecting the amount of the entrapped drug in the MNP nanoclusters, was determined using UV-Visible
spectrophotometer at Apax = 320 nm. EE and DLE were calculated from the following equations:

_ Weight of the entrapped drug in the MNP nanocluster "

Entrapment efficiency (EE) Weight of the loaded drug

100 (1)

_ Weight of the entrapped drug in the MNP nanocluster “

Drug loading efficiency (DLE) Weight of the MNP nanocluster

100 2)

2.3.3. The cumulative release studies of entrapped indomethacin from the polymer-coated MNP nanoclusters
Indomethacin-loaded MNP nanoclusters (5 mg of MNP nanocluster) were dispersed in a 2 mL phosphate buffer solution
(PBS) (pH 7.4). The dispersion of indomethacin-loaded MNP nanoclusters was placed in a water bath at 20 °C (below LCST) or
45 °C (above LCST). At a predetermined time interval, 200 pL aliquots of the dispersions were withdrawn from the release
media and 200 pL of PBS (pH 7.4) was replaced. After separation of the MNP nanoclusters using an external magnet, the con-
centrations of the released drug in the supernatant were determined via UV-Visible spectrophotometer at Ay.x = 320 nm.

weight of released drug at a given time §
Weight of the entrapped drug in the MNP nanocluster

Cumulative release = 100 3)

3. Results and discussion

The main objective of this work is to control degree of nanoclustering of MNP using glycidyl-functionalized PNIPAAm
(PNIPAAm-GMA) via a “grafting onto” approach. PNIPAAm-GMA was first synthesized via a RAFT polymerization by a
sequential addition of NIPAAm monomer and then GMA monomer to form reactive glycidyl-functionalized PNIPAAm. It
was envisioned that reactive amino groups on the particle surface can readily open the epoxy rings in PNIPAAm-GMA
and then induce MNP nanoclustering due to the presence of multi-functional groups on MNP surface and also in the polymer
structure. PNIPAAm-GMAg and PNIPAAm-GMA ;g (Table 1) were used in MNP nanoclustering reactions to investigate the
effect of numbers of GMA on Dy, dispersibility and stability of MNP nanocluster in aqueous dispersions. In addition, effect
of the polymer concentrations used in the nanoclustering reaction on D, was also determined.

3.1. Synthesis of glycidyl-functionalized PNIPAAm (PNIPAAm-GMA)

PNIPAAmM macro RAFT agent was synthesized via a RAFT polymerization of NIPAAm using S-(thiobenzoyl)thioglycolic acid
as a chain-transfer agent. In Fig. 2A, the presence of the signals at 1.5 ppm (peak d) and 2.0 ppm (peak c) corresponding to

methylene and methine protons, respectively, indicated the formation of PNIPAAm. In addition, the CH; signals at 1.1 ppm
(peak a) and CH signals at 3.85 ppm (peak b) of the repeating units without the signals of vinyl groups of NIPAAm monomers

Table 1

RAFT polymerizations of PNIPAAm and PNIPAAm-GMA.
Polymer name [Monomer]:[RAFT]: [AIBN]* Conversion (%) after 48 h (M, TH NMR" (g/mol) (M, GPC (g/mol) PDI
PNIPAAmM [200]:[1]:[0.25] 64 11,000 13,000 1.30
PNIPAAmM-PGMAg [15]:[1]:[0.25] 60 12,000 14,000 1.24
PNIPAAmM-PGMA; 5 [30]:[1]:[0.25] 61 14,000 16,000 1.41

¢ The monomers are NIPAAm or GMA.

® (M, 1H NMR = jenemerl 9 conversion x molecular weight of monomer.
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Fig. 2. '"H NMR spectra of (A) PNIPAAm macro RAFT agent and (B) PNIPAAm-GMA s (solvent: DMSO Dg).

(5.6, 6.0 and 6.2 ppm of CH,=CH—) also signified the formation of the PNIPAAm macro RAFT agent. The molecular weight
(M,) of the polymer calculated from the reaction conversion (64% conversion) was about 11,000 g/mol corresponding to
122 NIPAAm repeating units. This polymer was then used as a macro RAFT agent for further functionalization with GMA
to obtain PNIPAAm with different numbers of glycidyl units.

Fig. 2B shows an example of '"H NMR spectrum of PNIPAAmM-GMAg. The signals of glycidyl groups, such as 2.6, 2.8 and
3.2 ppm (peak i, j and h) of epoxy rings and 4.3 ppm (peak g) of methylene protons adjacent to the ester groups, were
observed indicating the formation of PNIPAAm-GMA. According to the reaction conversion (60%), PNIPAAm with two differ-
ent numbers of GMA units (8 and 18 units) was obtained, and the polymer was thus designated as PNIPAAm-GMAg and
PNIPAAM-GMA g, respectively (Table 1). "H NMR spectrum of PNIPAAm-GMAg is similar to that of Fig. 2B and shown in
the supporting information.

From the results in Table 1, both M, GPC and M,,, 1H NMR of the polymers gradually increased when increasing the num-
bers of GMA units (8 and 18 repeating units) in PNIPAAm chains. In all cases, the M,, GPC values were slightly higher than
M,, 1TH NMR and their PDIs were in the range of 1.24-1.41.

In good agreement with '"H NMR, FTIR spectrum of PNIPAM shows N-H stretching at 3437 cm™! and the characteristic
signals of amide groups at 1647 cm~! and 1550 cm™! ((0O=C)—N—H) (Fig. 3A). After functionalization of PNIPAAm with gly-
cidyl groups, FTIR spectrum shows the characteristic signals of epoxy rings of GMA at 841 cm~! and 909 cm™! (Fig. 3B)
[38,39]. In addition, the signals at 1730 cm~! ((C=0)—0) and 1173 cm~! (C—O0) also indicated the presence of ester linkages
of GMA units in the polymer chains.

3.2. Synthesis of MNP-PNIPAAm-GMA nanocluster

FTIR spectrum of the amino-coated MNP shows the signals at 998 cm~! (Si—O stretching), 1537 cm~! (N—H bending),
3369 cm~! (N—H stretching) and 583 cm~! (Fe—O0) of the MNP core (in the Supporting information). To form the nanocluster,
glycidyl-functionalized PNIPAAm solutions in water having various polymer concentrations were added to the amino-coated
MNP dispersions in basic condition (pH 10) and the reaction was set at 65 °C for 12 h. Epoxy functional groups of PNIPAAm-
GMA can readily react with amino groups on MNP surface via a ring-opening reaction. FTIR spectrum of the nanocluster
shows characteristic signals of both MNP core at 583 cm~! (Fe—O stretching) and PNIPAAm-GMA at 1719 cm™! ((C=0)—
O stretching of glycidyl groups), 3393 cm~! (N—H stretching), 1623 cm~! and 1548 cm ™! ((0O=C)—N—H of the amide groups)
(Fig. 3C). In addition, the characteristic peaks of the epoxy groups (841 cm~! and 909 cm ') disappeared after the MNP nan-
oclustering due to the ring-opening reactions of glycidyl units.

Dy, of the polymers including PNIPAAm, PNIPAAmM-GMAg and PNIPAAmM-GMAg (without MNPs) and those of MNP-
polymers nanoclusters were investigated as a function of the polymer concentrations via PCS (Fig. 4A). Without MNP, Dy,
tended to consistently increase when increasing polymer concentrations from 0.001 to 10 mg/ml. Interestingly, PNIPAAm-
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Fig. 3. FTIR spectra of (A) PNIPAAm, (B) PNIPAAm-GMAg and (C) MNP-PNIPAAm-GMA g nanocluster.

GMA g showed significantly larger Dy, (up to 820 nm at 10 mg/ml polymer concentration) than those of the other two poly-
mers (PNIPAAm and PNIPAAm-GMAg). This result suggested that PNIPAAm-GMA;g might have some polymer agglomeration
in water due to the relatively long hydrophobic GMA segments in the structure.

After the naoclustering reaction, ungrafted polymer was removed from the MNP dispersion via a magnetic separation and
washing process. MNP-polymer nanocluster was then redispersed in water and its Dy was investigated as a function of the
polymer concentration (Fig. 4B). MNP-PNIPAAm (without GMA unit) apparently aggregated, regardless of the ratio of MNP to
the polymer used, due to the absence of glycidyl group in the polymer chain for covalent coating on the MNP surface, and
thus its Dy, did not measured. The presence of glycidyl groups in PNIPAAm-GMA provided covalent bonding of the polymers
with MNP via ring-opening reactions, resulting in the improved dispersibility of the particles in water due to the polymer
coating. Dy, tended to increase (from 100 nm to 400 nm) when the ratio of the polymer in the reactions increased and this
was attributed to the formation of MNP nanoclustering. In addition, it should be mentioned that Dy, of these MNP nanoclus-
ters seemed to be smaller than those of their corresponding polymers at the same polymer concentrations (Fig. 4A), signi-
fying the formation of nanoclustering between the MNP and the functionalized polymers. The proposed mechanism of the
formation of the nanoclusters is shown in Fig. 5. Because MNP coated with multifunctional groups of primary amino groups,
these particles can serve as nano-crosslinkers and thus induced the formation of MNP nanoclusters, which were evidenced
by TEM technique. These results implied that Dy, of the nanoclusters, reflecting the degree of nanoclustering reactions, can be
regulated either by adjusting the ratio of the polymers to MNP in the reactions or by introducing GMA units to the polymers.

TEM images of amino-coated MNP and the nanoclusters using 1:0.1 and 1:10 ratio of MNP to PNIPAAm-GMA;g are shown
in Fig. 6. These particles were dispersed in water and directly cast on copper grids for the TEM sample preparation. Before the
reactions between MNP and the polymers, amino-coated MNP showed large aggregate of the particles without nanoclusters
due to the lack of polymeric stabilization to the particles (Fig. 6A). When introducing amino-coated MNP into PNIPAAm-
GMA 5 solutions, MNP nanoclusters were thoroughly observed in TEM images (Fig. 6B and C). The size of these nanoclusters
ranged between 20 and 150 nm in diameter with about 10-120 particles/cluster. These TEM results supported the proposed
mechanism of MNP nanoclustering shown in Fig. 5. TEM images of the MNP nanoclusters grafted with PNIPAAm-GMAg exhi-
bit the formation of the nanoclusters similarly to those of PNIPAAm-GMA g without significant difference in their size (in the
Supporting information).

It should be noted that a compromise between colloidal stability in water and magnetic responsiveness of the nanoclus-
ters is crucial for use in magnetic separation applications. It was hypothesized that the formation of MNP nanoclusters with a
controllable degree of clustering should retain its nano-scale related properties but having sufficient magnetic responsive-
ness. Therefore, the stability in water and magnetic responsiveness of the MNP nanoclusters coated with PNIPAAm-GMAg or
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Fig. 5. Schematic mechanism of the formation of MNP-PNIPAAm nanoclusters.

PNIPAAmM-GMA;g were investigated. This experiment was performed with the use of MNP:PNIPAAm-GMA ratio of 1:10
because PCS results indicated that there was some degree of MNP-polymer nanoclustering as opposed to those having
1:0.1 MNP:polymer (Fig. 4B). Therefore, 1:10 ratio of MNP to the polymers would be focused for the studies in the effect
of the number of GMA units (PNIPAAm-GMAg and PNIPAAm-GMAg) on the particle stability, magnetic responsiveness
and thermo-responsive properties.

The MNP nanoclusters coated with PNIPAAm-GMAg or PNIPAAm-GMA g showed a good dispersibility in water without
aggregation after 3 days and some slight aggregation after 7 days of the preparations (Fig. 7a and b), while those coated with
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Fig. 6. Representative TEM images of MNP before and after nanoclustering reactions dispersed from water. (A, a) amino-coated MNP, (B, b) MNP-PNIPAAmM-
GMA g nanocluster with MNP:polymer ratio of 1:0.1 and (C, c) MNP-PNIPAAmM-GMA g nanocluster with MNP:polymer ratio of 1:10.

Fig. 7. Water dispersibility of MNP nanoclusters coated with (a) PNIPAAm-GMAg, (b) PNIPAAm-GMA;g and (c) PNIPAAm.

PNIPAAm (without GMA units) exhibited macroscopic aggregation within 30 min (Fig. 7c). This result confirmed the reac-
tions between GMA units in the polymers and the amino groups on the particle surface, resulting in the polymer coating
and thus improved dispersibility in water.

Colloidal stability of MNP nanoclusters coated with the polymers in water when subjected to an applied magnetic field
was investigated. The particles coated with PNIPAAm-GMA were able to be completely separated from the dispersions
within 120 min with an assistance of a permanent magnet (Fig. 8a and b). This was attributed to the formation of MNP nan-
oclusters, resulting in an improvement in magnetic responsiveness. It should be mentioned that individual MNP cannot be
magnetically separated from its carrier fluid because the particle and the solvent can move as a whole [40]. When PNIPAAm
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Fig. 8. Magnetic separation in water of MNP nanoclusters coated with (a) PNIPAAm-GMAg, (b) PNIPAAm-GMA g and (c) PNIPAAm.

(without GMA) was used instead of PNIPAAm-GMA, the particles were magnetically separated from the dispersion within
3 min (Fig. 8c). The much shorter separation time was again attributed to the large aggregation of the particles due to a lack
of polymer coating, which was in good agreement with the PCS and water dispersibility results. These results indicated that
coating the polymers on MNP is necessary in order to obtain stable nanoclusters with ability to be separated from their dis-
persions. However, the magnetic responsiveness and water dispersibility of the nanoclusters coated with PNIPAAM-GMAg
and PNIPAAm-GMA g were not different from each other.

Percentage of organic components in the nanoclusters was determined via TGA technique. It was assumed that the per-
cent weight loss was attributed to the weight of organic components and the residual weight was those of iron oxide in the
nanoclusters (Fig. 9A). The organic component in amino-coated MNP (without the polymer) was about 5%, while those in
MNP-polymer nanoclusters were about 37% and 47%, depending on the type of the polymer (PNIPAAm-GMAg or
PNIPAAmM-GMA3g) used in the nanoclustering reactions. The MNP nanoclusters coated with the polymers with higher num-
ber of GMA units (PNIPAAm-GMA5) showed higher percentage of the organic component in the structure.

The results from VSM experiments were also in good agreement with those from TGA. The nanoclusters having low MNP
contents (high organic components) exhibited low magnetic responsiveness, as indicated by the low saturation magnetiza-
tion (M) in the M-H curves (Fig. 9B). These nanoclusters showed superparamagnetic behavior as indicated by the absence of
coercivity and remanence when there was no applied magnetic field.

Fig. 10 shows Dy, of MNP nanoclusters coated with PNIPAAm-GMAg and PNIPAAm-GMA 3 as a function of dispersion tem-
perature. Dy, values did not significantly change at the temperature below 34 °C and drastically increased at the temperature
between 34 °C and 40 °C, indicating the LCST of the MNP nanoclusters of 34 °C for both samples. The observed LCST was
slightly higher than those of PNIPAAm homopolymer (32°) [41] and this was attributed to the existence of GMA moiety
in the structure, resulting in the formation of hydroxyl groups in the structure after the ring-opening reactions. The increase
in LCST of PNIPAAm due to the presence of hydrophilic components in the polymer structure has been previously reported
[31].

At the temperature above the LCST (34 °C), PNIPAAm in the nanoclusters became more hydrophobic due to hydrogen
bonding among the polymer chains, leading to the enhancement in the particle agglomeration in water and thus increasing
their Dy. These results well corresponded to their aggregation when standing at the temperature above the LCST for 30 min
(the inset in Fig. 10). They can be re-dispersible at the temperature below the LCST and this behavior was reversible. When
considering the effect of the number of GMA units in the polymer chains on Dy, of the nanoclusters, the increase in GMA units
further improved their water swellability due to the increased formation of hydrophilic hydroxyl groups as indicated by the
larger Dy, at the temperature above the LCST.

A case study showing the drug controlled release application of these MNP nanoclusters was also performed. EE and DLE
of the nanoclusters were first investigated. It was found that EE and DLE of the nanoclusters were rather high (45-48% of EE
and 75-85% of DLE). Indomethacin release profiles of the MNP nanoclusters coated with PNIPAAm-GMAg and PNIPAAm-
GMA g in PBS (pH 7.4) at the temperature below (20 °C) and above (45 °C) its LCST were then investigated. In all cases, indo-
methacin releases from the samples reached their equilibrium within 30 min.

In the case of MNP nanoclusters coated with PNIPAAm-GMAg, 74% indomethacin was released at the temperature above
its LCST (44 °C), while 44% indomethacin released when the temperature was below its LSCT (20 °C). The significantly higher
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percent drug release (ca. 30%) at the temperature above its LCST was owing to the squeezing mechanism of the collapsed
PNIPAAm coated on the MNP nanoclusters at 45 °C (Fig. 11A), resulting in an increased amount of indomethacin being
released. A similar result was also observed when the nanoclusters coated with PNIPAAm-GMA g were used in the experi-
ment (Fig. 11B). However, less difference in the indomethacin being released of (ca.5%) when the temperature passed the
LCST in this case was attributed to the presence of higher hydrophilic hydroxyl groups after the ring-opening reaction as dis-
cussed in PCS results (Fig. 10). As a result, loosely packed structure of PNIPAAm-GMAg on the particles was formed and
influenced the shrinkage of PNIPAAm and the release of the entrapped indomethacin.
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Fig. 11. Indomethacin release profiles of MNP nanoclusters coated with (A) PNIPAAm-GMAg and (B) PNIPAAM-GMA;g at 20 °C and 45 °C.

4. Conclusions

Controlled nanoclustering of MNP using PNIPAAm-GMA via a “grafting onto” approach was presented in this work. PNI-
PAAm provided thermo-responsive properties to the nanoclusters while GMA units allowed for the formation of nanocluster
structure through the glycidyl ring-opening reactions. RAFT polymerization was used to control the molecular weight of PNI-
PAAm and the number of GMA units in the polymer. The particles with good colloidal stability in water with good magnetic
responsiveness were much desirable. The degree of nanoclustering can be controlled either by tuning the ratio of MNP to the
polymers in the reactions or by introducing GMA units to the polymer. Increasing the ratio of the polymer to MNP in the
reaction seemed to increase Dy, and improved their water dispersibility. The temperature change crossing its LCST can be
used as a triggering mechanism for controlled release of entrapped drugs on the nanoclusters. These novel MNP nanoclusters
with thermo-responsive properties, good magnetic sensitivity and good water dispersibility might be good candidates for
advanced technologies such as controlled release applications.
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Reusable magnetic nanocluster coated with poly(acrylic acid) and its

adsorption with an antibody and an antigen
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ABSTRACT: The synthesis of negatively charged magnetite nanoclusters grafted with poly(acrylic acid) (PAA) and their application as
reusable nanosupports for adsorption with antibodies and antigens are presented in this article. They were facilely prepared via the
free-radical polymerization of PAA in the presence of functionalized magnetite nanoparticles to obtain highly negative charged nano-
clusters with a high magnetic responsiveness and good dispersibility and stability in water. According to transmission electron micros-
copy, the sizes of the nanoclusters ranged between 200 and 500nm, without large aggregation visually observed in water. The
hydrodynamic size of the nanocluster consistently increased with increasing pH of the dispersion; this indicated its pH-responsive
properties, which was due to the repulsion of the anionic carboxylate groups in the structure. This nanocluster was successfully used
as an efficient and reusable support for adsorption with anti-horseradish peroxidase antibody. It preserved higher than a 97% adsorp-
tion ability of the antibody after eight reuse cycles; this signified the potential of this novel nanocluster as a reusable support in the
magnetic separation applications of other bioentities. © 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46160.
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INTRODUCTION

Magnetite nanoparticles (MNPs) have recently shown great
potential for use in biotechnology because of their ability to get
close to biological entities, such as cells, viruses, proteins, and
genes, with heating abilities when exposed to magnetic fields."
However, bare MNPs without surface modification are not practi-
cal for these applications because they are not stable in physiolog-
ical fluids. Their use would result in particle agglomeration in
aqueous media because of the many attractive forces, such as
magnetic and dipole—dipole attractions.” Therefore, the challenge
for the preparation of stable magnetic fluids is to prevent agglom-
eration during the nanoparticle synthesis process. Promising
methods to prevent particle agglomeration include the use of
electrostatic and steric stabilizers. Long-chain and/or charged pol-
ymers are usually coated on the MNP surface to provide steric
and/or charge-repulsion-stabilization mechanisms to improve
their stability and dispersibility in media®~
platform for conjugation with functional bioentities.®’

and also serve as a

Previous researchers have presented the application of MNPs for
the magnetic separation of bioentities, including DNA,*
RNA,'®!"! proteins,'? and enzymes." In particular, researchers have
widely focused on the specific conjugation of MNPs with anti-
bodies for magnetic separation. MNPs conjugated with antibodies
against human epithelial growth factor receptor 2 were used for the
immunomagnetic separation of tumor cells from fresh whole
blood"* and for tumor targeting and hyperthermia.'” By taking
advantage of the ionic reversible interactions, researchers synthe-
sized highly active antibody-conjugated MNPs.'® MNPs conjugated
with dengue specific immunoglobulin M antibody were proven
to have better analytical responses than those of traditional
enzyme-linked immunosorbent assay.'” MNPs bound with ScFv
(fragment antibody) and anti-CD73 antibody magnetically sepa-
rated 5'-nucleotidase enzyme used as a bioindicator for diagnosing
diseases.'® Anti—glypican 3 antibody-conjugated MNPs can be
used to detect glypican 3 liver cancer cells with enzyme-linked
immunosorbent assay.'” In addition, MNPs coated with poly-
(ethylene oxide)-block-poly(2-vinyl-4,4-dimethylazlactone) diblock

Additional Supporting Information may be found in the online version of this article.
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PAA-MNP nanoclusters

Figure 1. Synthesis of PAA-MNP nanoclusters via free-radical polymerization in the presence of acrylamide-functionalized MNPs. [Color figure can be

viewed at wileyonlinelibrary.com]

copolymers were used as a recyclable magnetic nanosupport for
adsorption with anti-rabbit immunoglobulin G antibody.*’

However, the weak magnetic responsiveness of the very dispers-
ible MNPs might be a main limitation in the magnetic separa-
tion and targeted-delivery applications.?** To increase the
magnetic sensitivity of MNPs, the particle size should be suit-
ably large to produce a high magnetic responsiveness. Nonethe-
less, the particles are not stable when their size is too large
because of particle attractive forces; this yields an unstable col-
loidal dispersion of the particles, which can rapidly agglomer-
ate.”»** The formation of MNP nanoclusters in a controllable
fashion is a promising approach for improving their magnetic
responsiveness.

MNP nanoclusters are composed of many interconnected single
particles (ca. 3-20nm in diameter) and minor amounts of
organic components.”> The formation of MNP nanoclusters with
a proper size gave rise to those with good dispersibility and stabil-
ity in media®®*’ and also good magnetic responsiveness.”' Also,
their superparamagnetic properties were also retained as long as
each MNP core could be distinguished from one another after a
nanoclustering reaction.”® Many researchers have investigated for
the control of the formation of MNP nanocluster via many
approaches, for example, physicochemical or physical interactions
between presynthesized MNPs and polymer particles,” the in situ
precipitation of MNPs in the presence of polymeric micro-
spheres,”®" and the in situ polymerization of monomers in the
presence of functional MNPs.”>>*

In our previous studies, we attempted to prepare magnetic
nanoclusters via the in situ precipitation of MNPs in the pres-
ence of presynthesized functional polymers. Water-dispersible
MNP nanoclusters prepared via a ring-opening reaction of
poly(ethylene  oxide)-block-poly(2-vinyl-4,4-dimethylazlactone)
diblock copolymers were used as reusable magnetic solid sup-
ports for antibody adsorption.”® They showed a high adsorption
ability (>95%) with anti-rabbit immunoglobulin G antibody
even after eight adsorption—separation—desorption cycles. Other
functional polymers used to control the degree of MNP
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nanoclustering, for example, diacrylate-terminated polydime-
thylsiloxane—disiloxane® and glycidyl-functionalized poly(N-iso-
propyl acrylamide),’®
some potential applications, such as drug controlled release.
The in situ polymerization of thermoresponsive poly(N-isopro-
pyl acrylamide) in the presence of acrylamide-coated MNPs has
been reported as a facile method for preparing magnetic nano-
clusters for temperature-triggered controlled drug-release
applications.”

have also been demonstrated with

In this article, a radical polymerization of poly(acrylic acid)
(PAA) in the presence of functionalized MNPs to obtain anionic
magnetic nanoclusters for adsorption with antibodies and anti-
gens is reported (Figure 1). The loading ratio of acrylic acid
(AA) monomer and MNPs in the polymerization was varied
such that water-dispersible nanoclusters with good magnetic
sensitivity were gained. PAA was of great interest in this study
because it could provide good water dispersibility to the par-
ticles because of its electrostatic and steric repulsion mecha-
nisms. In addition, anionic PAA on the nanocluster surface also
allowed for electrostatic adsorption with positively charged bio-
entities; antibodies and antigens produced from rabbits were
used as representatives in this study. The adsorption ability and
reuse efficiency of the anionic MNP nanoclusters with the anti-
bodies were also investigated.

EXPERIMENTAL

Materials

Unless otherwise indicated, the following reagents were used
without purification: anhydrous iron(III) chloride (FeCls; 98%,
Acros), iron(II) chloride tetrahydrate (FeCl,-4H,0; 99%, Acros
organic), oleic acid (68%, Carlo Erba), (3-aminopropyl)trime-
thoxysilane (98%, Acros), ammonium persulfate (APS; 98%,
Carlo Erba), ammonium hydroxide (NH,OH; 28-30%, J. T.
Baker), and triethylamine (97%, Carlo Erba). AA (99.5%,
Acros) was distilled under reduced pressure. Acryloyl chloride
was synthesized via a coupling reaction between AA and ben-
zoyl chloride (99%, Acros) at 75°C to give a colorless liquid
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Table I. Summary of the Preparation of the PAA-MNP Nanoclusters
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Initiator (APS)?

Monomer (AA)°

Nanocluster g mol g mol Molar ratio (initiator/monomer)
PAA100-MNP 0.002 8.76x107° 0.068 8.76x10°° 1:100
PAA300-MNP 0.002 8.76x107° 0.21 2.61x1072 1:300

@Dissolved in 0.05mL of deionized water
b Dissolved in 5.0 mL of deionized water.

with about a 60—-65% yield. Anti-peroxidase antibody produced
in rabbits [anti-horseradish peroxidase (anti-HRP)], horseradish
peroxidase (HRP), 10% bovine serum albumin (BSA) diluents
(KPL), 2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
peroxidase substrate (KPL), Bradford reagent (Sigma), bovine vy
globulin (Thermo Scientific), and 2-(N-morpholino)ethane sul-
fonic acid (MES; 99%; Acros) were used as received.

Characterization

Fourier transform infrared (FTIR) spectrophotometry was con-
ducted on a PerkinElmer model 1600 series FTIR spectrophotom-
eter. Transmission electron spectroscopy (TEM) was performed
on a Philips Tecnail2 TEM instrument operated at 120kV with a
Gatan charge coupled device (CCD) camera (model 782). Aque-
ous dispersions were sonicated and then cast on carbon-coated
copper grids. High-resolution TEM and energy-dispersive X-ray
(EDX) mapping were performed on a JEOL JEM 2010200kV
TEM-EDX instrument. Photocorrelation spectroscopy was per-
formed on a NanoZS4700 Nanoseries Malvern instrument. Dis-
persing media (water) was filtered through nylon syringe filters
(0.2 um pore size) before use. The dispersion was sonicated for
about 20 min before each experiment. Thermogravimetric analysis
(TGA) was conducted on a TGA/DSC1 Mettler Toledo instrument
with a 20°C/min heating rate under an O, atmosphere. Vibrating
sample magnetometry (VSM) was performed at room tempera-
ture with a Standard 7403 Series instrument (Lakeshore). Anti-
body adsorption and nanocluster desorption were investigated via
a Synergy HT microplate reader (BioTek) with an ultraviolet—visi-
ble (UV—vis) at A of 595 nm.

Synthesis of Acrylamide-Grafted MNPs as a Crosslinker

The synthesis of acrylamide-grafted MNPs was reported previ-
ously.®® Briefly, MNPs were synthesized via the coprecipitation
of FeCl; (0.83g in 10 mL of deionized water) and FeCl,-4H,O
(0.5g in 10mL of deionized water) in 25% NH,OH (10mL)
solutions. After the dispersion was stirred for 30 min, the par-
ticles were precipitated by centrifugation for 10 min (5000 rpm),
and the aqueous layer was discarded. A volume of 15mL of tol-
uene was added to the particles without dryness. An oleic acid
solution in hexane (2mL in 20mL of hexane) was then slowly
introduced into MNP—toluene dispersion (ca. 0.4g of MNP in
15mL of toluene) with sonication; this was followed by repreci-
pitation in acetone to obtain oleic acid coated MNPs, which
were then dried in vacuo.

(3-Aminopropyl)trimethoxysilane (0.3 g, 1.36 X 107> mol) was
then added to the MNP dispersion (0.4 g of the MNPs in 15mL
of toluene) containing 2 M triethylamine (2.5mL) to form
amino-grafted MNP. After 24h of stirring, the particles were
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repeatedly precipitated in EtOH and washed with toluene. After
the particles were redispersed (0.05g) in a 7.5 M NaOH solu-
tion (5mL), acryloyl chloride (2.0mL, 0.022 mol) was slowly
added to the dispersion at 0°C in an ice—water bath. After 24 h
of stirring, the product was magnetically separated, repetitively
washed with water, and then kept in the form of aqueous dis-
persions with 0.01 g of MNPs/mL of water.

Synthesis of the PAA-MNP Nanoclusters

PAA100-MNP nanoclusters and PAA300-MNP nanoclusters
were synthesized via free-radical polymerization with 1 mol
equivalent of APS as the initiator with 100 and 300 molar
equivalents of AA, respectively. Table I summarizes the details
of the sample preparation used in this study. First, APS solution
was added to the AA solutions. The polymerization was per-
formed at 70°C under an N, atmosphere for 30min. An
acrylamide-grafted MNP dispersion (0.01g of MNP, 0.5mL of
water) was slowly dropped into the mixture, and the mixture
was stirred for another 10 min to form PAA-MNP nanoclusters.
This was repeatedly washed with water with the assistance of a
magnet to remove the unreacted monomer and ungrafted poly-
mer chain from the nanoclusters.

Adsorption Efficiency of the PAA-MNP Nanoclusters with
Anti-HRP Antibodies

PAA-MNP nanoclusters (10mg) were incubated in a 10mM
MES solution at pH5 (1 mL) containing 400 ppm anti-HRP
antibodies for 2h. A Bradford assay was used as an indirect
method to study the antibody adsorption efficiency. The protein
concentrations of all of the samples were investigated with a cal-
ibration curve of bovine <y globulin as a protein standard. After
adsorption with anti-HRP antibodies, the PAA-MNP nanoclus-
ters were separated from the supernatant with a permanent
magnet. The absorptions at 595nm of the antibody solutions
before and after adsorption were determined with the Bradford
assay. The adsorption efficiency was calculated from the amount
of the antibodies adsorbed on the nanoclusters (milligrams of
antibody per milligrams of MNPs; Figure 2). So, it was calcu-
lated from the following equation:

Adsorption efficiency = [(A—B/A)] X 100 (1)

where A is the loaded amount of anti-HRP antibody and B is the
amount of anti-HRP antibody remaining in the supernatant.

Reuse Efficiency of the PAA-MNP Nanoclusters in
Adsorption with Anti-HRP Antibodies

PAA-MNP nanoclusters (10 mg) were mixed with anti-HRP anti-
bodies in a 10 M MES buffer solution at pH5 (1 mL). The nano-
clusters adsorbed with anti-HRP were magnetically separated
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with a magnet, and excess anti-HRP in the solution was decanted.
Anti-HRP on the nanocluster surface was then desorbed by
repeated washing with a 2 M NaCl solution at pH 12. The amount
of the antibodies after desorption was investigated with the Brad-
ford assay described previously. The desorption efficiency was
estimated from the following equation:

Desorption efficiency =(C/B) X 100 (2)
where C is the amount of desorbed anti-HRP antibodies.

The anti-HRP-free nanoclusters were then retrieved from the
mixture with a permanent magnet. The adsorption—desorption

Add anti-HRP

\/5&

PAA-MNP nanoclusters
mixed with anti-HRP

PAA-MNP nanoclusters
dispersed in 10 mM MES pH5

Remove
a magnet

PAA-MNP nanoclusters
without anti-HRP

process was performed repetitively to study the reuse efficiency
in adsorption with the anti-HRP antibodies of the nanocluster,
as illustrated in Figure 3.

Capacity for Antigen Recognition of the PAA-MNP
Nanoclusters Adsorbed with Antibodies

After the adsorption with antibodies, the residue carboxyl
groups of the PAA-MNP nanoclusters were blocked with 1 mL
of 1% BSA in 10mM MES at pH7 and 25°C for 16h. The
nanocluster was then washed with 10mM MES at pH6 to
remove excess BSA. An indirect detection method was used to

vyY
vy

Remove excess anti-HRP

PAA-MNP nanoclusters
adsorbed with anti-HRP

Remove
a magnet

1. Desorb anti-HRP  # ~ -ﬁ

2. Apply a magnet

Ve

vy
» g

Redispersed PAA-MNP
nanoclusters adsorbed with
anti-HRP

3. Remove anti-HRP

Figure 3. Illustration of an adsorption—desorption cycle of PAA-MNP nanoclusters in adsorption with an anti-HRP antibody. [Color figure can be

viewed at wileyonlinelibrary.com]
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Figure 4. TEM images of (A) oleic acid coated MNPs, (B) PAA100-MNP nanoclusters, and (C) PAA300-MNP nanoclusters; (D) high-resolution TEM
image of PAA100-MNP nanoclusters; and EDX mapping of PAA100-MNP nanoclusters showing the distribution of (E) iron (presented as red dots) and
(F) oxygen (presented as yellow dots). [Color figure can be viewed at wileyonlinelibrary.com]

determine the antigen-recognition capacity of the nanocluster
adsorbed with antibody. First, 1 mL of 400 ppm of HRP antigen
in a 10mM MES solution at pH7 was added to the anti-HRP
antibody-adsorbed nanoclusters and incubated for 30 min. The
nanoclusters were repeatedly washed with a 10 mM MES solu-
tion at pH7. The existence of antigens on the particle surface
was apparently observed through the addition of 1mL of
ABTS-H,0, solution to 10puL of the nanocluster dispersion.
The UV absorbance at a A of 414nm of the mixtures was then
measured.

RESULTS AND DISCUSSION

The objective of this study was to synthesize negatively charged
magnetic nanoclusters via a facile single-step free-radical poly-
merization of PAA in the presence of functionalized MNPs to
obtain nanoclusters with high antibody adsorption abilities. The
ratio of AA monomer to the MNPs was fine-tuned such that
nanoclusters with good water dispersibility, good magnetic
responsiveness, and highly negatively charged surfaces were
obtained. These nanoclusters with negatively charged surfaces
were demonstrated for use as magnetic nanosupports for
adsorption with anti-HRP antibodies, and their adsorption abil-
ities were also investigated. In addition, the reuse efficiency of
the nanoclusters in adsorption with anti-HRP antibodies and its
antigen-recognition capacity were also studied.
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To prepare the PAA-MNP nanoclusters, acrylamide-coated
MNPs were first synthesized via a coupling reaction between
amino groups coated on the MNP surface and acryloyl chloride.
These functionalized MNPs could serve as active nanocros-
slinkers during the free-radical polymerization of AA and, thus,
induced MNP nanoclustering because of the presence of multi-
functional acrylamide groups on the particle surface (Figure 1).
We observed that PAA homopolymer might also be formed dur-
ing the polymerization in competition with the formation of
PAA-MNP nanoclusters. The PAA homopolymer was then
removed from the nanoclusters via repetitive magnetic separa-
tion and washing processes.

TEM images of oleic acid coated MNPs and PAA100-MNP and
PAA300-MNP nanoclusters are shown in Figure 4. The TEM
samples of oleic acid coated MNPs were prepared from toluene
dispersion, whereas those of both PAA-MNP nanocluster sam-
ples were prepared from pH?7 aqueous dispersions. The oleic
acid coated MNPs were spherical in shape with sizes 8—10 nm
in diameter, without any sign of nanoclustering [Figure 4(A)].
After the polymerization, the formation of MNP nanoclusters
was thoroughly observed from the TEM images [Figure 4(B,C)].
High-resolution TEM clearly evidenced the presence of a PAA
layer (as indicated by an arrow) coated on the particles with a
thickness of approximately 5-8 nm [Figure 4(D)]. EDX map-
ping of the nanoclusters showing iron (Fe) and oxygen (O) dis-
tributions also confirmed that the MNPs (Fe;O,) were in the
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Figure 5. FTIR spectra of (A) amino-grafted MNPs, (B) acrylamide-
grafted MNPs, and (C) PAA100-MNP nanoclusters.

form of nanoclusters [Figure 4(E,F)]. These results support the
proposed mechanism of the formation of PAA-MNP nanoclus-
ters illustrated in Figure 1. The size of the PAA100-MNP nano-
clusters ranged between 200 and 300nm in diameter, whereas
the PAA300-MNP nanoclusters were broader and slightly larger
(200-500nm in diameter). The slightly larger size of the
PAA300-MNP nanoclusters was attributed to the relatively
higher amounts of PAA in the PAA300-MNP nanoclusters
available to react with the reactive MNPs in the clustering
reaction.

The FTIR spectra of the samples from each step of the reactions
are shown in Figure 5. The spectrum of the amino-grafted
MNPs showed the signals of an amino-coated silica layer at
3369cm ! (N—H stretching), 1600 cm ' (N—H bending),
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1480cm™' (C—H bending), and 998 cm™ ! (Si—O stretching)
and that of the MNP core at 571 cm™ ' [Fe—O stretching; Figure
5(A)].>” After functionalization with acrylamide groups, the
FTIR spectrum exhibited characteristic signals of amide I and 1II
stretching bands at 1650 and 1560 cm™ ' and C=C stretching at
1680 cm ™" [Figure 5(B)].”® After the polymerization and nano-
clustering reactions, the spectrum of the PAA-MNP nanoclus-
ters showed characteristic signals of O=CO stretching
(1709 cm ™ ') and O—H stretching bands (3392 cm™ 1) of carbox-
ylic acid groups; this signified the presence of PAA units in their
structure [Figure 5(C)].

The {-potential values of the nanocluster as a function of the
dispersion pH are shown in Figure 6(A). The presence of the
ionizable carboxylic acid groups of PAA in the structure should
have made them a polyelectrolyte in aqueous dispersion. In
addition to functioning as a stabilizer that was both electrostatic
and steric, the polyelectrolyte PAA also provided advantageous
pH-responsive properties to the nanoclusters because of its large
electrostatic potentials (pK, of AA = 4.25).%° The results in Fig-
ure 6 suggest that this nanocluster was pH responsive. The (-
potential values of these nanoclusters in water continuously
decreased with increasing dispersion pH and became highly
negatively charged in basic pH. This was attributed to the for-
mation of protonated carboxylic acid groups (—COOH) and
deprotonated carboxylate groups (—COO™) and depended on
the solution pH. Figure 6(A) indicates that the isoelectric point
(PI) of these particles was at a pH of about 2.5. This number
was about two orders of magnitude lower than the pK, of AA
(pK, of AA =4.25).>” The polymeric nature of PAA could have
decreased the pK, by one or more units because of the potential
electrostatic repulsion of many adjacent carboxylate groups. At
pH 7, the surface charge of the nanoclusters was highly negative
(—35 mV); this was necessary for the magnetic separation of

-—— —
pH1 pH3 pHS
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800
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*PAA300-MNP nanocluster
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Figure 6.

A) { potentials of PAA100-MNP and PAA300-MNP nanoclusters, (B) Dj, values of PAA100-MNP and PAA300-MNP nanoclusters as a func-

tion of the dispersion pH, and (C) appearance of PAA100-MNP nanoclusters dispersed in water at various pHs. The arrows in panel C indicate the
aggregation of the nanoclusters in pH 1 and 3 dispersions after 1h of preparation. [Color figure can be viewed at wileyonlinelibrary.com]
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the antibodies via an electrostatic adsorption mechanism later
discussed in this article.

The hydrodynamic size (D) of the nanoclusters was studied as a
function of the solution pH [Figure 6(B)]. We found that D,
increased with increasing pH of the dispersion. At pHs below its
PI, the PAA chain in the nanoclusters was in a protonated form
(—COOH); this made it have no or less electrostatic repulsion
among the chains and eventually shrink. An increase in the pH of
the dispersion above its PI further increased the degree of negative
charge of the nanoclusters and resulted in an enhancement in
polymer swelling and thus an increase in its Dj. This explanation
agreed well with the -potential plots as a function of pH shown
in Figure 6(A). In addition, pH-responsive properties of the nano-
clusters were also evidenced by their dispersibility and stability as
a function of pH in water [Figure 6(C)]. The nanoclusters were
stable and very dispersible in pH 5-11 dispersions because of the
existence of additional electrostatic repulsion stabilization.

However, some aggregation of the nanoclusters was observed
when they were suspended in pH 1-3 dispersions. This might
have been the result of some detachment of PAA from the
nanoclusters under highly acidic conditions because of the
hydrolysis of the amide linkages on their surface. The FTIR
spectra of the nanoclusters showing the relatively lower intensity
of PAA signals after treatment under acidic conditions (pH 1)
are provided in the Supporting Information.
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Effect of PAA compositions on Dj, of the nanocluster was also
investigated [Figure 6(B)]. PAA300-MNP nanocluster showed
higher D), values than that of PAA100-MNP nanocluster at the
same dispersion pH. This was attributed to the higher amount
of PAA in the PAA300-MNP nanocluster; this resulted in a
higher degree of water swelling and a higher Dj. The results
also support the slightly larger size of the PAA300—-MNP nano-
clusters observed in the TEM images (Figure 4).

To determine the composition of PAA grafted in the MNP
nanocluster, TGA was performed to measure the weight loss at
600°C [Figure 7(A)]. The ungrafted species, including PAA
homopolymer and residue monomer, were removed from the
MNP nanoclusters via a repetitive washing—magnetic separation
process. We assumed that the residue weight was the weight of
iron oxide from the MNP core remaining at 600 °C; the weight
loss was attributed to the organic PAA content in the nanoclus-
ters. We found that the PAA content in the PAA100-MNP
nanoclusters was 10%, and that in the PAA300—-MNP nanoclus-
ters was about 16%. These results corresponded well with the
high Dy, and the high degree of water swelling of the PAA300—
MNP nanoclusters observed in the photon correlation spectros-
copy (PCS) experiment because of the high percentage of PAA
in the structure as compared to the PAA100—-MNP nanoclusters.
The derivative weight loss was also plotted to clearly show the
onset and maximum thermal degradation points of each sample
[Figure 7(B)]. Bare MNPs showed an insignificant loss in their
weight because of the lack of a polymer coating. Both PAA—
MNP nanoclusters exhibited onset points of weight loss at
200 °C and maximum points at 280-290 °C, which corresponded
to the degradation of organic PAA on the particle surface.

The magnetic properties of the bare MNPs, PAA100-MNP
nanoclusters, and PAA300-MNP nanoclusters were investigated
via a VSM technique (Figure 8). Saturation magnetization
decreased from 62 emu/g for bare MNPs to 22-40 emu/g for
the nanoclusters. This was again attributed to the presence of
nonmagnetic PAA in the structure, which resulted in a lowered
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Figure 8. Magnetization curves of (A) bare MNPs, (B) PAA100-MNP
nanoclusters, and (C) PAA300-MNP nanoclusters. The inset shows the
capture of PAA100-MNP nanoclusters with a magnet. [Color figure can
be viewed at wileyonlinelibrary.com]
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percentage of magnetite in the nanoclusters. The PAA300-MNP
nanoclusters showed a lower saturation magnetization value
than the others because of the higher PAA content in the struc-
ture. This result was in good agreement with that observed
from the TGA experiment; this indicated a higher PAA content
in the PAA300-MNP nanoclusters than in the other samples.
Even though there was some drop in the saturation magnetiza-
tion value because of the presence of PAA in the structure, it
was still very responsive to an applied magnetic field, as shown
in the inset in Figure 8. This figure shows that the PAA100—
MNP nanoclusters dispersed in deionized water and showed
magnetically assisted separation. Without an external magnetic
field, the colloidal dispersion was brown in color and homoge-
neous, without any sign of precipitation. When a magnetic field
was applied, the nanoclusters were enriched; this led to trans-
parent dispersion. The dispersing—magnetically separating pro-
cess of the nanoclusters was reversible for a number of cycles,
without any sign of precipitation when they were stored at
room temperature. This dispersing—magnetically separating
behavior was not observed in the very dispersible individual
MNPs.”° In addition, these nanoclusters still retained their
superparamagnetic properties, as evidenced by the lack of coer-
civity and remanence after the removal of the magnetic field.

For adsorption with antibodies, it was desirable to have nanoclus-
ters with carboxylated—enriched surfaces for ionic adsorption with
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Figure 10. Adsorption efficiencies of () PAA100-MNP nanoclusters and
(M) PAA300-MNP nanoclusters with an anti-HRP antibody as a function
of the antibody concentrations. [Color figure can be viewed at wileyonli-
nelibrary.com]

ADVANCED
SCIENCE NEWS

advancedsciencenews.com

46160 (8 of 10)

positively charged anti-HRP (Figure 9). To determine the antibody
adsorption ability of the nanoclusters, various concentrations of
anti-HRP antibody were loaded into the nanoclusters (10 mg) in
1 mL of 10 mM MES solutions at pH5. We found that the maxi-
mum concentration of antibodies that could bind on the nanoclus-
ter surface while retaining 100% adsorption efficiency was
400 ppm (Figure 10). An increase in the antibody concentration
from 400 to 500-1000 ppm resulted in remaining unadsorbed anti-
bodies in the dispersions. Hence, 400 ppm antibodies loaded in
10mg of PAA-MNP nanocluster were used for the following
experiments. However, the antibody adsorption efficiencies of both
samples (PAA100-MNP nanoclusters and PAA300-MNP nano-
clusters) were not significantly different. Therefore, in the next
experiments, the PAA100—MNP nanoclusters were chosen as repre-
sentative because they exhibited a higher magnetic responsiveness
than the PAA300-MNP nanoclusters, as evidenced via the VSM
technique. In addition, the PAA100-MNP nanoclusters also
showed better stability as they were very dispersible in water, with-
out any sign of precipitation, even after 24 h of preparation.

Figure 11 shows the reuse efficiency of the PAA100—MNP nano-
clusters for the adsorption with anti-HRP antibodies after eight
reuse processes. After each adsorption—separation process, the
concentrations of the adsorbed and desorbed antibodies from
each cycle were investigated with the Bradford assay. The results
indicate that the nanoclusters preserved a greater than 97%
adsorption ability for the antibodies for eight reuse cycles; this
signified the capability of these novel nanoclusters to serve as
reusable solid supports in magnetic separation applications of
bioentities. After the nanoclusters were reused for more than

§1OOI = Il_I I Il
§‘80__________:I:

[

'S

Eeco M W BN W N N N N W
[

iy IS EEEEEENI
g8

g = W W I I W W O M I
<

o

1 2 3 4 5 6 7 8 9 10
Recycling time (cycle)
Figure 11. Adsorption efficiency of the PAA100-MNP nanoclusters with
an anti-HRP antibody after 10 reuses.

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.46160


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/

ARTICLE

A B c D
(‘W h W - &
Lo
HRP
- .
- HRP
_—

PAA100-MNP nanocluster
with Anti-HPR

WILEYONLINELIBRARY.COM/APP

CIENCE

E G H
X
' i e
\\_ 4‘.1"\:_ @"
1
v |
ABTS E 1
— I
H202 |
1
1
1
1
- ABTS y
— > G
= H,O,

PAA100-MNP nanocluster
with Anti-HPR-HRP

Figure 12. Visualization of the antigen-recognition capability with an indirect method. The appearance of the samples after the addition of an ABTS oxi-
dizing agent is shown: (A) 10 mM MES buffer at pH7, (B) 1% BSA in a 10 mM MES buffer at pH 7, (C) anti-HRP, (D) nanocluster without anti-HRP
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ple), and (H) ABTS. [Color figure can be viewed at wileyonlinelibrary.com]

eight cycles, the adsorption efficiency tended to decrease, and
this was attributed to the detachment of PAA from the particles
because some macroscopic aggregation of the particles was
observed after repeated washing with 2 M NaCl solutions in the
antibody desorption step.

The capacity of the antigen recognition of the nanoclusters
adsorbed with antibodies was observed from the change to a
greenish product after oxidation with an ABTS oxidizing agent
once it was reacted with HRP-labeled conjugates. Hence, the
nanoclusters adsorbed with anti-HRP were conjugated with
HRP for color development once they were reacted with ABTS.
The PAA100-MNP nanoclusters adsorbed with anti-HRP and
HRP exhibited a color change from light green to blue once
they were oxidized with ABTS [Figure 12(G)]; this signified a
positive result because of the conjugation of HRP with anti-
HRP on the nanocluster surface. The nanoclusters without anti-
HRP and HRP [Figure 12(D)] and those solely adsorbed with
anti-HRP [without HRP; Figure 12(E)] were used as the con-
trols. These dispersions showed no changes in the color devel-
opment after they were oxidized with ABTS. Other control
dispersions, including the pH7 MES buffer solution [the dis-
persing media; Figure 12(A)] and those with 1% BSA [a block-
ing reagent; Figure 12(B)], anti-HRP [Figure 12(C)], and ABTS
[Figure 12(H)], were also investigated to confirm their negative
results. Moreover, the solution of HRP antigens (without MNP
nanoclusters) was also tested to confirm the color change (posi-
tive testing) because of the reaction of HRP with ABTS [Figure
12(F)]. More importantly, after eight reuse processes, the nano-
clusters adsorbed with anti-HRP and HRP showed the color
change (the positive result) after the addition of ABTS; this
indicated that the antigen recognition of the MNP nanoclusters
adsorbed with antibodies was still preserved, even after repeated
use. These results signify that the nanoclusters with good
adsorption efficiency could be used as reusable magnetic sup-
ports for immobilization with other conjugates, such as
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aptamers and their target molecules. Also, a comparison of
these nanoclusters with other related works focusing on the
adsorption with antibodies and their critical properties is pro-
vided in the Supporting Information.

CONCLUSIONS

Magnetic nanoclusters grafted with PAA were synthesized via a
free-radical polymerization in the presence of MNPs to obtain
particles with a highly negative charge for use as supports for
adsorption with anti-HRP. The degree of nanoclustering was opti-
mized such that a good dispersibility and stability in neutral water
were obtained with maintenance of a good magnetic sensitivity.
The nanoclusters showed pH-responsive behavior because of their
coating with anionic PAA. They were effectively used as reusable
supports for adsorption with anti-HRP for eight cycles without a
significant drop in their adsorbing efficiency; this indicated their
potential for use as nanosupports for efficient and facile separa-
tion of other positively charged bioentities.
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