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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 II), 2) thiolactone monomer (Chapter III) 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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บทคดัย่อ 

งานวจิยันี้ศกึษาการดดัแปรพืน้ผวิอนุภาคนาโนแมกนีไทท์ (MNP) ดว้ยพอลเิมอรท์ี่มสี่วนประกอบ
เป็นกรดอะมโินและ/หรอืพอลเิมอรท์ี่มสีมบตัิการตอบสนองต่อสิง่กระตุ้นภายนอกและการประยุกต์ใช้งาน 
โดยพอลเิมอรเ์หล่านี้จะสามารถใชใ้นการออกแบบการสงัเคราะห์เป็นพอลเิมอรร์่วม (copolymer) ไดห้ลาย
หลายแนวทางและท าใหไ้ดส้มบตัพิอลเิมอร์ที่มคีวามหลากหลายและจ าเพาะเจาะจงส าหรบัการประยุกต์ใช้
ทางการแพทยไ์ด ้เชน่ การควบคมุการปลดปล่อยยาหรอืสารชวีโมเลกุล การใชเ้ป็นวสัดชุวีภาพ เป็นตน้ การ
สงัเคราะห์ฟงัก์ชนันอลพอลเิมอร์ในงานวจิยัน้ีมหีลายแนวทาง ไดแ้ก่ การใชป้ฏกิริยิาพอลเิมอไรเซชนัแบบรี
เวอสซเิบลิแอดดชินัแฟรกเมนเตชนัเชนทรานสเฟอร ์(RAFT) และปฏกิริยิาพอลเิมอไรเซชนัแบบอนุมูลอสิระ
ดัง้เดมิ เป็นตน้ ตวัอย่างโมโนเมอรท์ีใ่ชใ้นงานวจิยัน้ี ไดแ้ก่ 1) แอซแลคโตนโมโนเมอร ์(รายละเอยีดในบทที ่
2), 2) ไธโอแลคโตนโมโนเมอร ์(รายละเอยีดในบทที ่3), 3) เอน็อะครโิลอลิไกลซนีโมโนเมอร ์(รายละเอยีดใน
บทที ่4) โดยโมโนเมอรเ์หล่าน้ีไดม้กีารออกแบบเพื่อใหม้หีมู่ทีส่ามารถเกดิปฏกิริยิาพอลเิมอไรเซชนัได ้ (หมู่
อะครโิลอลิ) และมหีมู่ทีว่อ่งไวต่อการเกดิปฏกิริยิากบัสารชวีโมเลกุลเพื่อเกดิพนัธะโควาเลนต์ได ้(หมู่เฮทเทอ
โรไซคลกิหรอืหมู่คารบ์อกซิเลท) นอกจากนี้ ในงานวจิยัยงัศกึษาการเคลอืบอนุภาคนาโนแมกนีไททด์ว้ยพอ
ลเิมอร์ที่มสีมบตัิการตอบสนองต่อสิง่กระตุ้นภายนอก เช่น พอลเิอน็ไอโซโพรพลิอะครลิาไมด์ (PNIPAAm) 
ซึ่งเป็นพอลเิมอรท์ีต่อบสนองต่อการเปลี่ยนแปลงอุณหภูม ิ(รายละเอยีดในบทที่ 5) และ พอลอิะครลิกิแอซิด 
(PAA) ซึ่งเป็นพอลเิมอรท์ีต่อบสนองต่อการเปลี่ยนสภาวะกรดเบส (รายละเอยีดในบทที่ 6) ดงันัน้ ความรูท้ี่
ไดร้บัจากงานวจิยัน้ีคาดวา่จะเป็นประโยชน์ในการศกึษาและการพฒันาการดดัแปรพืน้ผวิอนุภาคนาโนแมกนี
ไททเ์พือ่การประยุกต์ใชง้านขัน้สงูทางดา้นนาโนวทิยาศาสตรแ์ละนาโนเทคโนโลยต่ีอไป 

 

 

 

ค าส าคญั : แมกนีไทท,์ อนุภาคนาโน, พอลเิมอรท์ีม่ฟีงักช์นั, กรดอะมโิน, การควบคมุการปลดปล่อย 
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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 

mailto:methar@nu.ac.th
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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 



vii 
 

 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 II) 

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 III) 

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 IV) 

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 
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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 (Dh) 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 VI) 

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 
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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 II, III 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 II), thiolactone-
containing polymer and PNIPAAm (Chapter III) 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 III, 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 I 

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) 
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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) (PNIPAAm) 

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

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

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

with multi-functional thiolactone-containing copolymer 

Chapter IV: 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 
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Chapter II 

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 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. 

 

 

 

 

Keywords: magnetite; nanocluster; azlactone; RAFT; antibody; adsorption 
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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 
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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 IgG 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 (III) 

acetylacetonate (Fe(acac)3, 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), 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 (≥ 99.5%, Sigma-Aldrich), and dichloromethane (CH2Cl2, ≥ 99.5 %, Sigma-Aldrich) 

were used as received.  
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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 
1
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
o
C on a system equipped 

with a Spectra System AS1000 autosampler with a guard column (Polymer Laboratories, PL 

gel 5 µm guard, 50 × 7.5 mm) followed by two columns (Polymer Laboratories, two PL gel 5 

µm Mixed–D columns, 2 × 300 × 7.5 mm) and a refractive index detector (SpectraSystem RI-

150). Polystyrene standards (580-483 × 10
3
 g.mol

-1
) 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
o
C at a heating rate of 20

o
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 (Dh) 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
o
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 λ = 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-PVDM block copolymer using a molar ratio of 

[VDM]0:[PEO-CTA]0:[ACVA]0 equal to 100:1:0.2 molar ratio is herein explained. VDM 

(0.74 g, 5.34 x 10
-3

 mol), PEO-CTA (0.126 g, 5.34 x 10
-5

 mol), ACVA (3 mg, 1.07 x 10
-5

 

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
o
C for 4 h to allow 
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the polymerization to occur. Conversion of VDM was determined to be 41% by 
1
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 
1
H NMR spectroscopy. nM ,SEC = 8800 g.mol

-1
, PDI = 1.09. FTIR (ν, cm

-1
): ν(C-O-C; 

azlactone) = 1201, ν(C=N; azlactone) = 1699 and ν(C=O; azlactone) = 1817. 
1
H NMR (400 MHz, CDCl3, δ 

(ppm)): 0.86 (CH3-(CH2)10-CH2-S-), 1.40 (-OCO-(C(CH3)2-N=), 1.80-2.80 (-CH2-CH)n, 3.38 

(CH3O(CH2-CH2O)44-) and 3.65 (CH3O(CH2-CH2O)44-CH2CH2-OC(O)C(CH3)2-). 

 

 

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)3 (5 g, 14.05 mmol) in benzyl alcohol (90 

mL) was performed at 180
o
C for 48 h to obtain MNP core. The particle was magnetically 

separated from the dispersion and washed with ethanol and CH2Cl2 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
-3

 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 (ν, cm
-1
): ν(Fe-O) = 586, ν(Si-O stretching) = 1103-1079, ν(CH3 stretching) = 2974-2886 

and ν(N-H stretching) = 3363. 
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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. 

 

 

Scheme 3. Synthesis of PEO-b-PVDM 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 IgG antibody 

 Copolymer-MNP nanoclusters adsorbed with anti-rabbit IgG 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-IgG) 

 

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
o
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-H2O2 solution into 10 µl 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
o
C. The characteristics of the copolymers having three 

different PVDM block lengths are shown in Table 1. Theoretical number-average molecular 

weights ( nM ,th) 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
o
C in 1,4-dioxane: experimental conditions and characterizations 

 

Run 

 

Copolymer
a
 

[VDM]0: [PEO-

CTA]0: [ACVA]0 

Reaction 

time (h) 

VDM 

conv.
b
 (%) 

nM ,th
c
 

(g/mol) 

nM ,SEC
d
 

(g/mol) 

PDI
d 

1 PEO44-b-PVDM21 25:1:0.2 4 84 5277 7400 1.04 

2 PEO44-b-PVDM41 100:1:0.2 4 41 8060 8800 1.09 

3 PEO44-b-PVDM84 100:1:0.2 8 84 14083 14500 1.06 

a
The number of monomer units determined by 

1
H NMR spectroscopy. 

b
 VDM conversion 

determined by 
1
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. 
 c

nM , th = nM , NMR of PEO-CTA + (([VDM]0/[PEO-CTA]0) x VDMconv. x MVDM). 

d
Determined by SEC in THF using polystyrene standard. 
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Figure 1. Overlay SEC traces of (a) PEO44-CTA, (b) PEO44-b-PVDM21 copolymer (Run 1, 

Table 1), (c) PEO44-b-PVDM41 copolymer (Run 2, Table 1) and (d) PEO44-b-PVDM84 

copolymer (Run 3, Table 1). 

1
H NMR spectrum (Figure 2A) of the PEO44-b-PVDM41 copolymer (Run 2, Table 1) 

shows the presence of signals at 3.38 ppm (CH3O(CH2-CH2O)44-, labeled a) and at 3.65 ppm 

(CH3O(CH2-CH2O)44-CH2CH2-OC(O)C(CH3)2-, labeled b), which are characteristics of the 

PEO block and the presence of a signal at 1.40 ppm (-OCO-(C(CH3)2-N=, labeled c), which 

is characteristic of PVDM block. The other two block copolymers show similar 
1
H NMR 

patterns to that of PEO44-b-PVDM41 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-PVDM41 copolymer shows the characteristic 

bands of the azlactone rings at 1817 cm
-1

 (ν C=O), at 1699 cm
-1
(ν C=N) and at 1201 cm

-1
 (ν C-O-

C). 
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Figure 2. A) 
1
H NMR spectrum of the PEO44-b-PVDM41 block copolymer (Run 2, Table 1) 

in CDCl3 and B) FTIR spectrum of the PEO44-b-PVDM41 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). 
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Figure 3. TGA thermograms of A) bare MNPs, B) APS-grafted MNPs, C) PEO44-b-

PVDM21-MNP nanoclusters, D) PEO44-b-PVDM41-MNP nanoclusters and E) PEO44-b-

PVDM84-MNP nanoclusters. 

 

The FTIR spectrum of PEO44-b-PVDM41-MNP nanoclusters exhibits the left over 

C=O characteristic band of the azlactone ring at 1819 cm
-1

 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-PVDM41 block copolymers 

and C) PEO44-b-PVDM41-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-PVDM21, 

PEO44-b-PVDM41 and PEO44-b-PVDM84 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. 

 

Figure 5. TEM images of A) APS-grafted MNPs, B) PEO44-b-PVDM21-MNP nanoclusters, 

C) PEO44-b-PVDM41-MNP nanoclusters and D) PEO44-b-PVDM84-MNP nanoclusters. All 

TEM samples were prepared from aqueous dispersions. The expansion of some nanoclusters 

is shown in the inset. 

 

Hydrodynamic diameter (Dh) 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 PVDM block lengths in 

the copolymers led to the increase in Dh (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 (Dh), size distribution and zeta potential of the nanoclusters 

dispersed in 10 mM MES pH 6 solutions 

Run Samples Dh (nm) Zeta potential (mV) 

1 APS-coated MNP 984.1 -3.5 

2 PEO44-b-PVDM21-MNP nanoclusters 96.7 -27.2  

3 PEO44-b-PVDM41-MNP nanoclusters 117.5 -28.3  

4 PEO44-b-PVDM84- 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-PVDM21-MNP 

nanoclusters, D) PEO44-b-PVDM41-MNP nanoclusters and E) PEO44-b-PVDM84-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 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 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 PEO44-b-PVDM21 and PEO44-b-

PVDM41 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 PEO44-b-PVDM84 copolymer with Dh 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 PEO44-b-PVDM84 copolymer-coated MNP 

nanoclusters were then subjected to the adsorption experiments with anti-rabbit-IgG 

antibody. 

Adsorption percentage of the copolymer-MNP nanoclusters with anti-rabbit-IgG 

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 PEO44-b-PVDM84-MNP nanoclusters will be used for further experiments. In 

addition, the Ms 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. 

 

Figure 7. Adsorption percentages of PEO44-b-PVDM84-MNP nanoclusters for ionic 

adsorption with anti-rabbit IgG 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 quantitatively 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 IgG antibody from the nanocluster 

surface 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 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 pI 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 PEO44-b-PVDM84-MNP nanoclusters in the ionic 

adsorption of anti-rabbit IgG 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 IgG-adsorbed MNP nanoclusters were first immobilized with an IgG antigen, 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 (Figure 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 (Figure 9E), 

without IgG antigen (Figure 9F) and without anti-rabbit IgG (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. 

 

 

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 IgG-HRP, 

D) anti-rabbit IgG-adsorbed MNP nanoclusters immobilized with IgG and anti-rabbit IgG-

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.  

 

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 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 

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

A) B) C) D) E) F) G)
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facile separation of other positively charged molecules, especially antibody-antigen 

conjugates. 
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Supporting information 

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

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

 

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

 2-methylalanine (5.6966 g, 5.52 x 10
-2

 mol, 1 eq.) was added into a sodium hydroxide 

aqueous solution (4.416 g, 11.04 x 10
-2 

mol, 2 eq. in 15 mL water) in the presence of BHT 

(0.0552 g, 2.5051 x 10
-4

 mol) as polymerization inhibitor at 0-10
o
C, followed by an addition 

of acryloyl chloride (5 mL, 5.52 x 10
-2

 mol, 1 eq.). After 12 h stirring, conc. HCl (6.81 mL, 

6.90 x 10
-2

mol, 1.25 eq.) was added into the solution, which was kept at 10
o
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%. 
1
H NMR (400 MHz, DMSO-d6) δH: 1.37 (s, 6H, 

(C(CH3)2), 5.58 (dd, 1H, CH2=CH [trans]), 6.03 (dd, 1H CH2=CH [cis]), 6.25 (dd, 1H, 

CH2=CH), 8.26 (s, 1H, NH), 12.16 (s, 1H, COOH).
13

C NMR (400 MHz, DMSO-d6) δC: 25.1 

(C(CH3)2), 55.0 (-C(CH3)2-), 125.3 (CH2=CH), 131.8 (CH2=CH), 164.0 (COOH), 175.5 

(NH-C=O). FTIR (ATR): 3337 cm
-1

 (N-H stretching), 1707 cm
-1

 (C=O of carboxylic acid), 

1647 cm
-1

 (C=O stretching of amide), 1599 cm
-1

 (C=C stretching), 1551 cm
-1

 (N-H bending). 

HRMS: theoretical m/z = 157.1672 g.mol
-1

 [M+H]
+
, experimental m/z = 158.0817 g.mol

-1
 

[M+H]
+
. 



27 

 

 

Figure S2. 
1
H NMR spectrum of N-acryloyl-2-methylalanine in DMSO-d6 

 

 

Figure S3. 
13

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) 

 

 

 

Figure S5. Synthesis of VDM monomer 

 

 N-acryloyl-2-methylalanine (5.00 g, 3.18 x 10
-2 

mol) and BHT (0.0549 g, 2.4912 x  

10
-4

 mol) in CH2Cl2 (30 mL) was stirred at 0
o
C under argon atmosphere to form colloidal 

dispersion. DCC solution (7.21 g, 6.37 x 10
-3

 mol in 40 mL CH2Cl2) 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 CH2Cl2. The VDM product 
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was purified by distillation under reduced pressure to give a colorless mobile liquid. Yield: 

60%. 
1
H NMR (400 MHz, CDCl3) δH: 1.47 (s, 6H, (-C(CH3)2-), 5.93 (dd, 1H, CH2=CH 

[trans]), 6.25 (dd, 1H, CH2=CH [cis]), 6.27 (dd, 1H, CH2=CH). 
13

C NMR (400 MHz, 

DMSO-d6) δC: 25.5 (-(C(CH3)2-), 66.6 (-(C(CH3)2-), 124.7 (CH2=CH), 129.6 (CH2=CH), 

154.7 (-C=N-) and 181.3 (-C=O). FTIR: 1822 cm
-1

 (C=O stretching), 1668 cm
-1

 (C=N 

stretching), 1204 cm
-1

 (C-O-C stretching). HRMS: theoretical m/z = 139.1519 g.mol
-1

 

[M+H]
+
, experimental m/z = 140.0712 g.mol

-1
 [M+H]

+
. 

 

 

Figure S6. 
1
H NMR spectrum of the VDM in CDCl3 

 

 

Figure S7.
13

C NMR spectrum of the VDM in CDCl3 
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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
’
-(α,α

’
-dimethyl-α

’’
-acetic acid)trithiocarbonate (DMT) 

 

S C

S

S C

CH3

CH3

COOHCS2     +    C12H25SH    +    CHCl3    +    (CH3)2CO    +    NaOH
HCl

 

Figure S9. Synthesis of S-1-dodecyl-S
’
-(α,α

’
-dimethyl-α

’’
-acetic acid)trithiocarbonate. 

 1-Dodecanethiol (20.24 g, 0.1 mol), acetone (48.06 g, 8.26 x 10
-1 

mol) and Aliquot 

336 (tricaprylylmethylammonium chloride, 1.62 g, 4.00 x 10
-3 

mol) were mixed in a round 

bottomed flask cooled to 10
o
C under nitrogen flow. Sodium hydroxide solution (50%) (4.20 

g, 1.05 x 10
-1

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
-1

mol) dissolved in 
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acetone (10.02 g, 1.73 x 10
-1

mol). The reaction mixture was set at 40
o
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
-1

mol) was added to the mixture, followed by dropwise 

addition of 50% sodium hydroxide solution (40.00 g, 5.00 x 10
-1

mol) over 30 min. After 

stirring overnight, water (150 mL) was added to the frozen mixture, followed by addition of 

concentrated HCl (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%. 
1
H NMR (400 MHz, CDCl3) δH: 0.88 (t, 3H, CH3), 1.26 (m, 

20H, (CH2)10), 1.70 (s, 6H, C(CH3)2), 3.28 (t, 2H, CH2). FTIR (ATR): 1718 cm
-1

 (C=O), 

1070 cm
-1

 (C-S).  

 

Figure S10.
1
H NMR spectrum of S-1-dodecyl-S

’
-(α,α

’
-dimethyl-α

’’
-acetic acid) 

trithiocarbonate in CDCl3 
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Figure S11.FTIR spectrum of S-1-dodecyl-S
’
-(α,α

’
-dimethyl-α

’’
-acetic acid)trithiocarbonate 

 

(B) Coupling reaction between poly(ethylene oxide) (PEO) and S-1-dodecyl-S
’
-(α,α

’
-

dimethyl-α
’’
-acetic acid)trithiocarbonate (DMT) to obtain PEO-CTA 

 

H3C
O

OHn
+ S C

S

S C CC12H25

(COCl)2, CH2Cl2

argon, 25oC
H3C

O
O

S S
C12H25

O

S
n

CH3

CH3

O

OH

 

Figure S12. Synthesis of PEO-CTA 

 

Oxalyl chloride (0.68 mL, 7.86 x 10
-3

 mol) and S-1-dodecyl-S
’
-(α,α

’
-dimethyl-α

’’
-acetic 

acid)trithiocarbonate (0.54 g, 1.48 x 10
-3 

mol) were added in dried CH2Cl2 (5.0 mL). The 

reaction mixture was refluxed with stirring under argon atmosphere at 25
o
C until gas 

evolution ceased (3 h). After removal of the excess reagents in vacuo, dried CH2Cl2 (15 mL) 

and PEO (1.50 g, 7.5 x 10
-4

 mol) were added into the residue. The reaction was continuously 

stirred for 24 h under argon atmosphere at 25
o
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 %. 
1
H NMR (400 MHz, CDCl3) δH: 0.88 (t, 

3H,-CH2-CH3), 1.25 (20H, CH3-(CH2)10-CH2-S), 1.70 (s, 6H, -C(CH3)2-S-C(S)-S-), 3.26 (t, 

2H, -S-C(S)-CH2-CH2-), 3.39 (s, 3H, CH3O(CH2-CH2-O44-), 3.65 (m, CH3O(CH2-CH2O)44), 

4.25 (t, 2H,-CH2-OC(O)-C(CH3)2-S-C(S)-S-). The functionalization yield was 99.34 %, 

determined by 
1
H NMR from the relative intensity of the chemical shift at δ = 4.25 ppm (t, 

2H,-CH2-OC(O)-C(CH3)2-S-C(S)-S-) and δ = 0.88 ppm (t, 3H,-CH2-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% 

 

Figure S13.
1
H NMR spectrum of PEO-CTA in CDCl3 
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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-

IgG antibody 

 

Figure S15. FTIR spectra of A) PEO44-b-PVDM41 copolymers, B) PEO44-b-PVDM41-

MNP nanoclusters and C) the copolymer-MNP nanocluster adsorbed with antibody. 
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Figure S16. M-H curve of PEO44-b-PVDM41 copolymer-MNP nanocluster adsorbed 

with antibody. 

 

Figure S17. The TGA thermogram of PEO44-b-PVDM41 copolymer-MNP nanocluster 

adsorbed with antibody. 
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(B) Calibration curve of BGG 

 

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-PVDM21-MNP nanoclusters 

        

 

 

 

 

 

 

 



38 

 

TEM images of PEO44-b-PVDM41-MNP nanoclusters 
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TEM images of PEO44-b-PVDM84-MNP nanoclusters 
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TEM images of the particles before grafting with the copolymers  
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Chapter III 

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) (PNIPAAm) 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 PNIPAAm-st-PTlAm second block. PTlAm 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). 

 

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(III) acetylacetonate 

(Fe(acac)3, 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/ml, 

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 

H2O/1,4-dioxane solution (100 ml), NaHCO3 (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 (3×200 ml) to obtain 

TlaAm in an organic layer. Finally, TlaAm monomer was purified by recrystallization from 

CH2Cl2 and then dried in vacuo. 
 

Synthesis of acrylamide-coated MNP 

MNP was synthesized via a thermal decomposition method of Fe(acac)3 (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]0:[CTA]:[AIBN] molar 

ratio of 70:1:0.2, respectively) were dissolved in 1,4-dioxane (7 ml) under N2 atmosphere 

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

ca.50% monomer conversion with nM  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) ([NIPAAm]0:[TlaAm]0:[PDEAEMA macro CTA]:[AIBN] molar 

ratio of 70:30:1:0.2, respectively) was dissolved in 1,4-dioxane (8.5 ml) under N2 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 nM  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 N2 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 CH3I solution (1.76 mmol). The mixture was 

stirred for 20 h in dark at room temperature. The quaternized products (qMC3, qMC8 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 
o
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 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 concentrations of the released drug in the 

supernatant at a given time were determined via UV-visible spectrophotometry at λ= 480 nm 

and % drug release was calculated from the following equation;  

%                 
                                       

                                       
       

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 
o
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; 

                      (%  )   
                                        

                         
       

 

Characterization 

FTIR spectrophotometry was operated on a Perkin–Elmer Model 1600 Series FTIR 

spectrophotometer. 
1
H NMR spectroscopy was performed on a 400 MHz Bruker NMR 

spectrometer using DMSO-d6 or CDCl3 as solvents. The hydrodynamic diameter (Dh) 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  = 480 nm.  

Results and Discussion  

 This work focused on the surface modification of MNP with multi-functional 

PDEAEMA-b-P(NIPAAm-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). PTlaAm 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  

1
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 δ 1.1 and 3.6 ppm of the 

NIPAAm units and at δ 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 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 δ 

0.9- 1.4 ppm (Fig. 2C, 2D, and 2E). In good agreement with this result, the disappearance of 

TlaAm signals at δ 3.3-3.4 ppm (signal k in Fig. 2B) and δ 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 
1
H NMR 

(Supplementary material Fig. S4).  

 

Fig. 2 
1
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
-1

 corresponding to Fe-O bond in the MNP appeared in every sample (Fig. 4). Fig. 4B-4D 

show the characteristic adsorption signals of C=O stretching (1730 cm
-1

), C-O stretching 

(1260 cm
-1

) of carboxyl groups and C-C stretching (800 cm
-1

) of the copolymer, signifying 

the existence of the copolymer on the particle surface through the thiol-ene reaction. 

 

Fig. 3 The thiol-ene reaction mechanism between the acrylamide groups on the MNP surface 

and thiol groups of the copolymer
 

 

Fig. 4 FTIR spectra of (A) acrylamide-coated MNP, (B) MC3, (C) MC8, and (D) MC12 

To study the organic/inorganic composition of the copoymer-coated MNP, TGA was 

used to determine the weight loss at 800 
o
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 
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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 (Hc) and remanence (Mr) 

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. 

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, qMC8, 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 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. qMC12 (2 mg) as a representative was 

dispersed in 0.4 µM 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 µM to 0.05 µM (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 (Dh) of the copolymer-coated MNP 

Types of MNP 

Zeta potential [mV] Dh of quaternized particles [nm] 

Before 

quaternization 

After 

quaternization 
at 25 

°
C at 45

 °
C 

Acrylamide-

coated MNP 

-15.3  0.5 -15.3  0.5 564  63 506  52 

MC3 0 28.4  1.0 1068  197 396  58 

MC8 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 qMC3 dispersion 

exhibited some aggregation, while those of qMC8 and qMC12 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 qMC3, which might result in the higher degree of hydrophobicity as 

compared to qMC8 and qMC12. 

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 qMC8 and 

qMC12 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. 

 

Fig. 6 TEM images of (A) acrylamide-coated MNP, (B) qMC3, (C) qMC8 and (D) qMC12 

prepared from aqueous dispersions 
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Fig. 7 (A) Water dispersibility and (B) magnetic separation ability of qMC3, qMC8 and 

qMC12 

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 Dh was investigated. The experimental temperatures were set at 25 
o
C 

and 45 
o
C, which crosses their critical solution temperature (LCST of PNIPAAm = 30-34 

o
C 

and LCST of PDEAEMA = 31 
o
C) (Gandhi et al. 2015; Maeda et al. 2004). It was found that, 

in all cases, Dh of the particle coated with the copolymers at 45 
o
C was smaller than those at 

25 
o
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 Dh. It 

should be noted that the shrinkage of the copolymer when heated to 45 
o
C would be utilized 

as a triggering mechanism for drug controlled release discussed in the later section.  
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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 qMC8 and 

qMC12 ranged between 10.3% and 10.8%. The two-fold lower percentage of qMC3 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
 o

C with a step-wise increase in the 

temperature to 45 
o
C after the equilibrium (Fig. 8). In all cases, the release of DOX from the 

particle at 25 
o
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
 o

C 

(above LCST of PNIPAAm), all samples (qMC3, qMC8 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 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 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, qMC6 and qMC12) 

 

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. Dh, 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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Supplementary Material 

 

Figure S1 Monitoring the monomers conversions via 
1
H NMR spectroscopy during RAFT of 

DEAEMA using DMF as an internal standard 
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Figure S2 Monitoring the monomers conversions of PDEAEMA-b-P(NIPAAm-st-TlaAm) 

via 
1
H NMR spectroscopy during RAFT using DMF as an internal standard 
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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. 

 

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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Figure S5 (A) Fluorescence spectra of the DNA solutions before and after adsorption with 

qMC12 and (B) a standard calibration curve of the DNA solutions (TAMRA-5‟-

TACCACCATTC-3‟) 
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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 (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 [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.  

 

 

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.HCl) (GL Biochem Shanghai Ltd.), ethylenediamine 

(Carlo Erba), glycine (AR grade), iron(II) chloride tetrahydrate (FeCl2.4H2O) (99%, Acros 

organic), iron(III) chloride (FeCl3) (98%, Acros), oleic acid (Carlo Erba), ammonium 

persulfate (APS) (98%, Carlo Erba), (3-aminopropyl) triethoxysilane (APTES) (99%, Acros), 

triethylamine (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. 
1
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 (Dh) 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  = 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.HCl. The extraction 

with ethyl acetate was carried out and then organic layer was dried with anh.Na2SO4, filtered 



69 

 

and evaporated in vacuo. Finally, white solid as a product was obtained: 2.41 g, 30% yield; 
1
H 

NMR (400 MHz, D2O): δ 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%NH4OH solution (5.0 mL) was added into a solution mixture of FeCl2.4H2O (2.1 

mmol, 0.83 g) and FeCl3 (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 N2 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 H2O). 

 

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 N2 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.HCl 

(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 µL 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; 

 

Percent release (%)  
Weight of the release drug at a given time

Weight of the drug entrapped  in the MNP nanocomposite
  100  (1) 

 

 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 HCl 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

Weight of the loaded drug
 100               (2) 

 

DLE (%)  
Weight of the drug entrapped  in the MNP nanocomposite

Weight of the MNP nanocomposite
 100            (3) 
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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 Dh, 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=O stretching 

(1539 and 1625 cm
-1

), N-H stretching (3232 cm
-1

) and also those of MNP core at 551 cm
-1

 

(Fe-O stretching) (Fig. 2A). Once the nanocomposite was formed by coating MNP with 

PNAG, the peaks attributed to C-O stretching (1221 cm
-1

), NHC=O stretching (1550 and 

1633 cm
-1

), C=O stretching (1722 cm
-1

) and N-H stretching (3301 cm
-1

) 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 Dh of the nanocomposites were 

investigated using PCS technique (Fig. 3).  
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Fig. 3 Dh 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 Dh 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, Dh 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 Dh. 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). 

 

 

 

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-

coated MNP 

(no PNAG 

coating) 

PNAG 

coating 

(before 

crosslinking) 

After crosslinking with 

1 mol% of 

diamine* 

10 mol% of 

diamine* 

1 mol% of 

triamine** 

10 mol% of 

triamine** 

At initial time 

 
     

Dispersibility in water  

After 24 h  

      

Magnetic separation ability  

After 5 min 

      

* Diamine is ethylenediamine. 

** Triamine is tris(2-aminoethyl)amine 

Magnet Magnet Magnet Magnet Magnet Magnet 
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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 Ms 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 Dh 

was determined in pH 2.0, 7.4 and 11.0 buffer solutions. It was found that Dh 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 Dh 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 Dh as a function of dispersion pH corresponded to the pKa 

value of PNAG (pKa 3.2) in term of the protonated/deprotonated forms of the carboxyl 

groups
[40]

. Dh of the MNP nanocomposite was then investigated at 10 °C and 37 °C in pH 7.4 

buffer solutions. Dh 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 

 

 

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 pKa 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 Dh (Fig. 

9B). 
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Fig. 8 (A), (B) The effect of pH and (C) temperature on the theophylline release profiles from 

the MNP nanocomposite crosslinking with 10 mol% of tris(2-aminoethyl)amine  

 

 

 

Fig. 9 Proposed mechanisms of the theophylline release from the MNP nanocomposite 

triggered with (A) pH and (B) temperature changes 
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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 Dh 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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Supporting information 

 

Fig. S1 
1
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 HCl having a V-shape (Blank) shows (Fig. 1A). During the titration, the 

reaction that takes place in the titration vessel is following: 

 

 

 

In the region I, before the end point, OH
-
 is removed from the solution by reaction 

with H
+
, and Cl

-
 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 Cl

-
. 

In the case of the titration of HCl 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: 

 

 

 

In the region I 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 HCl was 

titrated. 

 

 

 

In the region II, 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 OH
-
 and Na

+
 (region III). The measurement of the amounts of -COOH 

groups on the surface of the polymer-coated MNP was estimated from the following 

equation: 

 

Carboxylic acid = 
M V

m
                                                          

                          = 
0.005 mol L   (1.6   10

 3 
L)  

2   10
 3 

g
              

                            = 4.0 mmol g                                               
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Fig. S2 Examples of the conductometric titration curves, (A) the titration curve of HCl with 

NaOH and (B) the titration curve of HCl with carboxyl groups on the PNAG-coated MNP 

surface 

 

 

 

 

Fig. S3 The calibration curve of theophylline standard with various concentration solution at 

pH 2.0 
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Fig. S4 The calibration curve of theophylline standard with various concentration solution at 

pH 7.4 

 

 

 

Fig. S5 The calibration curve of theophylline standard with various concentration solution at 

pH 11.0 
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Fig. S6 The calibration curve of theophylline standard with various concentration solution at 

0.1 M HCl 
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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) (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 (Dh) 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)(PNIPAAm) 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]. PNIPAAm 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, 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 (
1
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 (Dh) 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 Dh 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. 

 

 

 

Figure 1 Schematic representation for controlled nanoclustering of MNP with glycidyl-

functionalized PNIPAAm  

 

2. Experimental  

2.1 Materials 

Unless otherwise stated, all reagents were used without further purification: iron (III) 

acetylacetonate (Fe(acac)3) (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.  

 

 

 

 



95 

 

2.2 Synthesis  

2.2.1 Synthesis of PNIPAAm 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 N2 atmosphere with stirring for 30 min. RAFT 

polymerization of PNIPAAm was allowed for 48 h at 60
º
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 PNIPAAm (PNIPAAm-GMA) 

 A procedure similar to aforementioned polymerization was used for the synthesis of 

PNIPAAm-GMA with the use of PNIPAAm macro RAFT agent. An example described here 

is for the synthesis of PNIPAAm-GMA with 8 repeating units of GMA (PNIPAAm-GMA8). 

PNIPAAm-GMA with 18 repeating units of GMA (PNIPAAm-GMA18) 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 N2 purging for 30 min. The 

reaction was set under N2 atmosphere at 60
º
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)3 (5 g, 14.05 mmol) in 

benzyl alcohol (90 mL) at 180
º
C for 48 h under N2 atmosphere. After the reaction, the 

precipitant was removed from the mixture using an applied magnetic field and repetitively 

washed with ethanol and then CH2Cl2. 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 N2 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 N2 atmosphere. Amino-coated 
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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
º
C for 12 h under N2 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 

 1
H NMR spectra were performed on a 400 MHz Br.uker NMR spectrometer using 

CDCl3 as a solvent. FTIR was performed on a Perkin-Elmer Model 1600 Series FTIR 

Spectrophotometer in the wavenumber range of 4,000-400 cm
-1

. 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
º
C at a heating rate of 20

º
C/min under oxygen atmosphere. 

Hydrodynamic size (Dh) 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 max 

= 320 nm. EE and DLE were calculated from the following equations: 
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Entrapment efficiency (EE) = x100
drug loaded  theofWeight 

rnanocluste MNP in the drug entrapped  theofWeight 
         (1)  

Drug loading efficiency (DLE) = x100
rnanocluste MNP  theofWeight 

rnanocluste MNP in the drug entrapped  theofWeight 
  (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 µL aliquots of the dispersions were withdrawn from the 

release media and 200 µL 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 max = 320 nm. 

100x
given time aatdrugreleasedofweight

release Cumulative
rnanocluste MNP in the drug entrapped  theofWeight 

                   (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-GMA8 and PNIPAAm-GMA18 (Table 1) were used in MNP nanoclustering 

reactions to investigate the effect of numbers of GMA on Dh, dispersibility and stability of 

MNP nanocluster in aqueous dispersions. In addition, effect of the polymer concentrations 

used in the nanoclustering reaction on Dh was also determined.  

 

Synthesis of glycidyl-functionalized PNIPAAm (PNIPAAm-GMA) 

 PNIPAAm 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 

CH2=CH-) also signified the formation of the PNIPAAm macro RAFT agent. The molecular 

weight (  
̅̅ ̅̅ ) 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. 

 Figure 2B shows an example of 
1
H NMR spectrum of PNIPAAm-GMA18. 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 different numbers of GMA units (8 and 18 units) was obtained, and the polymer 

was thus designated as PNIPAAm-GMA8 and PNIPAAm-GMA18, respectively (Table 1). 
1
H 

NMR spectrum of PNIPAAm-GMA8 is similar to that of Figure 2B and shown in the 

supporting information. 

 

 

Figure 2 
1
H NMR spectra of A) PNIPAAm macro RAFT agent and B) PNIPAAm-GMA18 

(solvent : DMSO D6) 
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From the results in Table 1, both   
̅̅ ̅̅   GPC and   

̅̅ ̅̅   1H NMR of the polymers gradually 

increased when increasing the numbers of GMA units (8 and 18 repeating units) in 

PNIPAAm chains. In all cases, the   
̅̅ ̅̅   GPC values were slightly higher than   

̅̅ ̅̅    1H NMR and their 

PDIs were in the range of 1.24-1.41.  

 

Table 1 RAFT polymerizations of PNIPAAm and PNIPAAm-GMA 

 
1
 The monomers are NIPAAm or GMA 

2
   
̅̅ ̅̅   1H NMR   

         

            
  %                                         

 

 In good agreement with 
1
H NMR, FTIR spectrum of PNIPAM shows N-H stretching 

at 3437 cm
-1

 and the characteristic signals of amide groups at 1647 cm
-1

 and 1550 cm
-1

 

((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
-1

 and 909 cm
-1

 

(Figure 3B) [38, 39]. In addition, the signals at 1730 cm
-1

 ((C=O)-O) and 1173 cm
-1

 (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-GMA18 and C) MNP-PNIPAAm-

GMA18 nanocluster 

 

Synthesis of MNP-PNIPAAm-GMA nanocluster  

 FTIR spectrum of the amino-coated MNP shows the signals at 998 cm
-1

 (Si-O 

stretching), 1537 cm
-1

 (N-H bending), 3369 cm
-1

 (N-H stretching) and 583 cm
-1

 (Fe-O) 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
º
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
-1

 (Fe-O stretching) and PNIPAAm-GMA 

at 1719 cm
-1

 ((C=O)-O stretching of glycidyl groups), 3393 cm
-1

 (N-H stretching), 1623 cm
−1

 

and 1548 cm
−1

 ((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
-1

and 909 cm
-1

) disappeared after the MNP nanoclustering 

due to the ring-opening reactions of glycidyl units. 

Dh of the polymers including PNIPAAm, PNIPAAm-GMA8 and PNIPAAm-GMA18 

(without MNPs) and those of MNP-polymers nanoclusters were investigated as a function of 

the polymer concentrations via PCS (Figure 4A). Without MNP, Dh tended to consistently 

increase when increasing polymer concentrations from 0.001 to 10 mg/ml. Interestingly, 

PNIPAAm-GMA18 showed significantly larger Dh (up to 820 nm at 10 mg/ml polymer 

concentration) than those of the other two polymers (PNIPAAm and PNIPAAm-GMA8). This 

result suggested that PNIPAAm-GMA18 might have some polymer agglomeration in water 

due to the relatively long hydrophobic GMA segments in the structure.  

 

 

 

 

 

 



102 

 

 

Figure 4 (A) Dh of PNIPAAm and PNIPAAm-GMA (without MNP) and (B) Dh of MNP 

nanocluster grafted with PNIPAAm or PNIPAAm-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 Dh was investigated as a function of the polymer 

concentration (Figure 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 Dh 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. Dh 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 Dh 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 Dh 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.  

 

 

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

 

 TEM images of amino-coated MNP and the nanoclusters using 1:0.1 and 1:10 ratio 

of MNP to PNIPAAm-GMA18 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 PNIPAAm-GMA18 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 PNIPAAm-GMA8 exhibit the formation of the 
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nanoclusters similarly to those of PNIPAAm-GMA18 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-PNIPAAm-GMA18 nanocluster 

with MNP:polymer ratio of 1:0.1 and (C, c) MNP-PNIPAAm-GMA18 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-GMA8 or PNIPAAm-GMA18 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 (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-GMA8 and PNIPAAm-GMA18) on the particle stability, magnetic responsiveness 

and thermo-responsive properties. 

The MNP nanoclusters coated with PNIPAAm-GMA8 or PNIPAAm-GMA18 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 PNIPAAm 

(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.  

 

 

Figure 7 Water dispersibility of MNP nanoclusters coated with (a) PNIPAAm-GMA8, (b) 

PNIPAAm-GMA18 and (c) PNIPAAm, 

 

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 PNIPAAm  

(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-GMA8 

and PNIPAAm-GMA18 were not different from each other. 

 

 

Figure 8 Magnetic separation in water of MNP nanoclusters coated with (a) PNIPAAm-

GMA8, (b) PNIPAAm-GMA18 and (c) 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-GMA8 or PNIPAAm-GMA18) used in the nanoclustering reactions. The 

MNP nanoclusters coated with the polymers with higher number of GMA units (PNIPAAm-

GMA18) 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. 

 

  

Figure 9 A) TGA thermograms and B) M-H curves of (a) amino-coated MNP, (b) MNP-

PNIPAAm-GMA8 and (c) MNP-PNIPAAm-GMA18 , when 1:10 ratio of MNP to the polymer 

was used in the nanoclustering reactions. 

 

Figure 10 shows Dh of MNP nanoclusters coated with PNIPAAm-GMA8 and 

PNIPAAm-GMA18 as a function of dispersion temperature. Dh values did not significantly 

change at the temperature below 34
º
C and drastically increased at the temperature between 34

 

o
C and 40

º
C, indicating the LCST of the MNP nanoclusters of 34

º
C for both samples. The 

observed LCST was slightly higher than those of PNIPAAm homopolymer (32
º
)  [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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PNIPAAm due to the presence of hydrophilic components in the polymer structure has been 

previously reported [31].  

At the temperature above the LCST (34
º
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 Dh. 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 Dh 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 Dh at the temperature above the LCST.  

 

Figure 10 Dh of MNP nanoclusters coated with (a) PNIPAAm-GMA8 and (b) PNIPAAm-

GMA18 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-

GMA8 and PNIPAAm-GMA18 in PBS (pH 7.4) at the temperature below (20
 º
C) and above 

(45
 º
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-GMA8, 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 PNIPAAm 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-GMA18 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-GMA18 on the particles was formed and 

influenced the shrinkage of PNIPAAm and the release of the entrapped indomethacin. 

 

 

Figure 11 Indomethacin release profiles of MNP nanoclusters coated with (A) PNIPAAm-

GMA8 and (B) PNIPAAm-GMA18 at 20
 º
C and 45

 º
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 PNIPAAm 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 Dh 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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Supporting information 

 

Figure S1. 1H NMR spectrum of PNIPAAm-GMA8  

 

Figure S2 FTIR spectra of amino-coated MNP 

 

 

Figure S3 TEM images of MNP nanoclustering dispersed from water. (A, a) MNP-PNIPAAm-

GMA8 nanocluster with MNP:polymer ratio of 1:0.1 and (B, b) MNP-PNIPAAm-GMA8 

nanocluster with MNP:polymer ratio of 1:10 
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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 PNIPAAm 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 (III) chloride 

anhydrous (FeCl3, 98%, Acros), iron (II) chloride tetrahydrate (FeCl2.4H2O, 99 %, Acros 

organic), oleic acid (68%, Carlo Erba), (3-aminopropyl)trimethoxysilane (APTES,98%, 

Acros), ammonium persulfate (APS, 98%, Carlo Erba), ammonium hydroxide (NH4OH, 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 Tecnai12 

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 

-

--
-- -

- --- -- --
--

-
--

-

--
-- -

- --- -- --
--

-
--

-

--
-- -

- --- -- --
--

-
--

-

--
-- -

- --- -- --
--

-
--

PAA-MNP nanoclusters



119 

 

nylon syringe filters (0.2 µm 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
o
C/min heating rate under O2 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 (max) 

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 FeCl3 (0.83 g in 10 mL deionized water) and 

FeCl2.4H2O (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
-3

 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, 8.76×10
-5 

mole in 0.05 mL 

deionized water) was added into AA solutions (0.068 g, 8.76×10
-3

 mole of AA for PAA100 

and 0.210 g, 2.61×10
-2 

mole of AA for PAA300 in 5 mL deionized water). The 

polymerization was performed at 70°C under N2 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]  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. 

 

 

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)   100…………………………………………..…(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. 

 

Fig. 3 Illustration 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
o
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-H2O2 solution into 10 µL 

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. 

 

 

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
-

1
 (N-H stretching) and 998 cm

-1
 (Si-O stretching) and that of MNP core at 571 cm

-1
 (Fe-O 

stretching) (Fig. 5A). After functionalization with acrylamide groups, FTIR spectrum exhibits 

characteristic signals of amide stretching bands at 1650 cm
-1

 and 1560 cm
-1

 (Fig. 5B). After 

the polymerization and nanoclustering reactions, the spectrum of PAA-MNP nanocluster 

shows characteristic signals of O=CO stretching (1709 cm
-1

) and O-H stretching bands (3392 

cm
-1

) 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 (pKa 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 (–COO
-
) depending on the solution pH. Fig. 6A indicated that the isoelectric point 

(PI) of these particles was about pH of 2.5. This number was about two orders of magnitude 

lower than pKa of acrylic acid (pKa of acrylic acid was 4.25) [34]. The polymeric nature of 

PAA may decrease the pKa 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. 

 



125 

 

 

Fig. 6 (A) Zeta potential of PAA100-MNP and PAA300-MNP nanocluster, (B) Dh 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. 

 

        Dh of the nanocluster was studied as a function of solution pH (Fig. 6B). It was found 

that Dh 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 

PI further increased the degree of negative charge of the nanocluster, resulting in the 

enhancement in polymer swelling and thus increasing its Dh. 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 Dh of the nanocluster was also investigated (Fig. 6B). 

PAA300-MNP nanocluster showed higher Dh 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 Dh. 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
o
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 
o
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 Dh 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.  

 

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 Ms 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.   

 

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. 

 

 

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.       

 

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. 

 

 

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. Dh 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 

The calibration curve of BGG was investigated using UV–Visible 

spectrophotometer measurement at λmax = 595 nm.  

 

Figure S1 A calibration curve of BGG 

2) The conductometric titration curves 

 

 

Figure S2 The conductometric titration curves, A) the titration curve of HCl with NaOH, and 

the titration curves of HCl with carboxyl groups (COO
-
) on (B) the PAA100-MNP 

nanoclusters and (C) PAA300-MNP nanoclusters  
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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 HCl having a V-shape 

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

 

 

 

In the region I, before the end point, OH
-
 is removed from the solution by reaction 

with H
+
, and Cl

-
 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 Cl

-
.  

In the case of the titration of HCl 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:   

 

In the region I 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 HCl was 

titrated.  

 

In the region II, 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 III). 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 =
m

ΔV M
 

=
0.001g

)L10(1000 mol/L 0.005 -6
 

           = 5 mmol/g 

 

Where, V is the consumption volume of HCl solution in the second region (region II) 

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 =
m

ΔV M
 

=
0.001g

)L10(3000 mol/L 0.005 -6
 

           = 15 mmol/g 

3) The ability of antibody adsorption onto the pol(AA)-grafted MNP nanoclusters 

 

 

        

 

 

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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1.  5 International publications 
2.  13 International presentations 
3.  3 National presentations 
4.  2 Invited oral presentations 
5.  5 Awards  
6.  5 International/national collaborations 
7. การน าผลงานวจิยัไปใชป้ระโยชน์และการผลตินกัวจิยั  
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1)  5 International publications 
 

1.1) Y. Prai-In, C. Boonthip, B. Rutnakornpituk, U. Wichai, V. Montembault, S. 
Pascual, L. Fontaine* and M. Rutnakornpituk*, “Recyclable magnetic 
nanocluster crosslinked with poly(ethylene oxide)-block-poly(2-vinyl-4,4-
dimethylazlactone) copolymer for adsorption with antibody”, Materials Science 
& Engineering C (2016) 67, 285-293 (IF 5.085, year 2017)  

1.2) S. Paenkaew and M. Rutnakornpituk* Effect of alkyl chain lengths on the 
assemblies of magnetic nanoparticles coated with multi-functional thiolactone-
containing copolymer, Journal of Nanoparticle Research (2018) 20, 193-204 
(IF 2.127, year 2017) 

1.3) N. Deepuppha, S. Khadsai, B. Rutnakornpituk, U. Wichai and M. 
Rutnakornpituk*, Multi-responsive poly(N-acryloyl glycine)-based 
nanocomposite and its drug release characteristics, Journal of Nanomaterials 
(2019)  Volume 2019, Article ID 8252036, 12 pages (IF 2.207, year 2017) 

1.4) B. Thong-On, M. Rutnakornpituk*, Controlled magnetite nanoclustering in the 
presence of glycidyl-functionalized thermo-responsive poly(N-
isopropylacrylamide), European Polymer Journal (2016), 85, 519-531 (IF 
3.741, year 2017) 

1.5) S. Meerod, N. Deepuppha, B .Rutnakornpituk, M. Rutnakornpituk*, Reusable 
magnetic nanocluster coated with poly(acrylic acid) and its adsorption with 
antibody and antigen, .Journal of Applied Polymer Science, (2018) 135, 
46160  (10 pages)(IF 1.901, year 2017) 
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2) 13 International presentations 

2.1) Multi-functional copolymer for coating on magnetite nanoparticle for use in 
bioconjugation, Sujitra Paenkaew, Metha Rutnakornpituk, The 4th edition of Nanotech 
France 2018 International Conference and Exhibition, 27-29 June, 2018, Paris, France: 
Pôle Universitaire Léonard de Vinci 
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 
4th edition of Nanotech France 2018 International Conference and Exhibition, 27-29 
June, 2018, Paris, France: Pôle Universitaire Léonard de Vinci 
2.3) Multi-functional copolymer-coated nanocluster and its drug controlled release 
application, Sujitra Pankaew and Metha Rutnakornpituk, Universal Academic Cluster 
International Autumn Conference in Tokyo, Oral, 11-13 October 2017, Tokyo, Japan 
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 
Hotel, Chiang Mai, Thailand  
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  
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 
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Thailand International Conference (1st MRS Thailand International Conference), Poster, 
31 October-3 November 2017, Convention Center, The Empress Hotel, Chiang Mai, 
Thailand  
2.7) Magnetite nanocluster coated with thiolactone-containing copolymer: effect of 
alkyl substitution on magnetic separation ability and water dispersibility, Sujitra Pankaew 
and Metha Rutnakornpituk, The 7th International Polymer Conference of Thailand 
(PCT7), Oral, 1-2 June, 2017, Amari Water Gate Hotel, Bangkok, Thailand 
2.8) Multi-responsive nanocomposite and its controlled release application, Nunthiya 
Deepuppha, Sudarat Khadsai and Metha Rutnakornpituk, The 7th International Polymer 
Conference of Thailand (PCT7), Poster, 1-2 June, 2017, Amari Water Gate Hotel, 
Bangkok, Thailand 
2.9) Magnetic nanoparticle coated with multi-responsive copolymer containing 
thiolactone acrylamide, Sujittra Paenkaew and Metha Rutnakornpituk, Pure and Applied 
Chemistry International Conference (PACCON2017), 2-3 February 2017, Bangkok, 
Thailand 
2.10) PNA-conjugated magnetic nanocluster for real DNA pre-concentration, Metha 
Rutnakornpituk, Sudarat Khadsai, Boonjira Rutnakornpituk, Maliwan Nakkuntod, Tirayut 
Vilaivan, The 11th International Polymer Conference (IPC2016), 13-16 December 2016, 
Fukuoka, Japan 
2.11) Poly(acrylic acid)-grafted magnetite nanocluster conjugated with pyrollidinyl 
peptide nucleic acid for DNA base discrimination, Noppadol Seeja, Tirayut Vilaivan, 
Metha Rutnakornpituk, Boonjira Rutnakornpituk, The 6th International Polymer 
Conference of Thailand (PCT6), June 30th-July 1st, 2016, Patumwan Princess Hotel, 
Bangkok, Thailand 
2.12) Synthesis of magnetic nanoparticle grafted with thermo-responsive polymer 
containing thiolactone acrylamide moiety, Sujitra Pankeaw and Metha Rutnakornpituk, 
The 6th International Polymer Conference of Thailand (PCT6), June 30th-July 1st, 2016, 
Patumwan Princess Hotel, Bangkok, Thailand 
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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 
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2.1) Multi-functional copolymer for coating on magnetite nanoparticle for use in 
bioconjugation, Sujitra Paenkaew, Metha Rutnakornpituk, The 4th edition of Nanotech 
France 2018 International Conference and Exhibition, 27-29 June, 2018, Paris, France: 
Pôle Universitaire Léonard de Vinci 
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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 
4th edition of Nanotech France 2018 International Conference and Exhibition, 27-29 
June, 2018, Paris, France: Pôle Universitaire Léonard de Vinci 
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2.3) Multi-functional copolymer-coated nanocluster and its drug controlled release 
application, Sujitra Pankaew and Metha Rutnakornpituk, Universal Academic Cluster 
International Autumn Conference in Tokyo, Oral, 11-13 October 2017, Tokyo, Japan 
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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 
Hotel, Chiang Mai, Thailand  
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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  
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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  

 



155 
 

2.7) Magnetite nanocluster coated with thiolactone-containing copolymer: effect of 
alkyl substitution on magnetic separation ability and water dispersibility, Sujitra Pankaew 
and Metha Rutnakornpituk, The 7th International Polymer Conference of Thailand 
(PCT7), Oral, 1-2 June, 2017, Amari Water Gate Hotel, Bangkok, Thailand 
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2.8) Multi-responsive nanocomposite and its controlled release application, Nunthiya 
Deepuppha, Sudarat Khadsai and Metha Rutnakornpituk, The 7th International Polymer 
Conference of Thailand (PCT7), Poster, 1-2 June, 2017, Amari Water Gate Hotel, 
Bangkok, Thailand 
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2.9) Magnetic nanoparticle coated with multi-responsive copolymer containing 
thiolactone acrylamide, Sujittra Paenkaew and Metha Rutnakornpituk, Pure and Applied 
Chemistry International Conference (PACCON2017), 2-3 February 2017, Bangkok, 
Thailand 
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2.10) PNA-conjugated magnetic nanocluster for real DNA pre-concentration, Metha 
Rutnakornpituk, Sudarat Khadsai, Boonjira Rutnakornpituk, Maliwan Nakkuntod, Tirayut 
Vilaivan, The 11th International Polymer Conference (IPC2016), 13-16 December 2016, 
Fukuoka, Japan 
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2.11) Poly(acrylic acid)-grafted magnetite nanocluster conjugated with pyrollidinyl 
peptide nucleic acid for DNA base discrimination, Noppadol Seeja, Tirayut Vilaivan, 
Metha Rutnakornpituk, Boonjira Rutnakornpituk, The 6th International Polymer 
Conference of Thailand (PCT6), June 30th-July 1st, 2016, Patumwan Princess Hotel, 
Bangkok, Thailand 
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2.12) Synthesis of magnetic nanoparticle grafted with thermo-responsive polymer 
containing thiolactone acrylamide moiety, Sujitra Pankeaw and Metha Rutnakornpituk, 
The 6th International Polymer Conference of Thailand (PCT6), June 30th-July 1st, 2016, 
Patumwan Princess Hotel, Bangkok, Thailand 
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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 
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3)  3 National presentations 

3.1) Nunthiya Deepuppha, Sudarat Khadsai, Boonjira Rutnakornpituk and Metha 
Rutnakornpituk, Synthesis of multi-responsive crosslinked magnetic 
nanocomposite (Oral presentation and Proceeding), 9th Science Research 
Conference, 25-26 May 2017, Burapha University, Chonburi, Thailand 

3.2) Metha Rutnakornpituk and Bandit Thong-On, Controlled magnetite nanoclustering 
in the presence of glycidyl-functionalized thermo-responsive poly(N-
isopropylacrylamide), (Poster) การประชุมใหญ่โครงการสง่เสรมิการวจิยัในอุดมศกึษา 
ครัง้ที ่5 (The Fifth Higher Education Research Promotion Congress (HERP 
CONGRESS V) 2-4 มนีาคม 2560, ณ มหาวทิยาลยัราชภฏัอุดรธานี 

3.3) Noppadol Seeja, Tirayut Vilaivan, Metha Rutnakornpituk, Uthai Wichai, Boonjira 
Rutnakornpituk, Magnetite nanoparticles grafted poly (acrylic acid) conjugated 
with Peptide  Nucleic Acid (PNA) for biomedical applications (Oral presentation 
and Proceeding) The 8th National Science Research Conference (การประชุม
วชิาการระดบัชาต ิวทิยาศาสตรว์จิยั ครัง้ที ่8) 30-31 May 2016, มหาวทิยาลยัพะเยา 
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3.1) Nunthiya Deepuppha, Sudarat Khadsai, Boonjira Rutnakornpituk and Metha 
Rutnakornpituk, Synthesis of multi-responsive crosslinked magnetic 
nanocomposite (Oral presentation and Proceeding), 9th Science Research 
Conference, 25-26 May 2017, Burapha University, Chonburi, Thailand 
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3.2) Metha Rutnakornpituk and Bandit Thong-On, Controlled magnetite nanoclustering 
in the presence of glycidyl-functionalized thermo-responsive poly(N-
isopropylacrylamide), (Poster) การประชุมใหญ่โครงการสง่เสรมิการวจิยัในอุดมศกึษา 
ครัง้ที ่5 (The Fifth Higher Education Research Promotion Congress (HERP 
CONGRESS V) 2-4 มนีาคม 2560, ณ มหาวทิยาลยัราชภฏัอุดรธานี 
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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 (Dh) 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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3.3) Noppadol Seeja, Tirayut Vilaivan, Metha Rutnakornpituk, Uthai Wichai, Boonjira 
Rutnakornpituk, Magnetite nanoparticles grafted poly (acrylic acid) conjugated 
with Peptide  Nucleic Acid (PNA) for biomedical applications (Oral presentation 
and Proceeding) The 8th National Science Research Conference (การประชุม
วชิาการระดบัชาต ิวทิยาศาสตรว์จิยั ครัง้ที ่8) 30-31 May 2016, มหาวทิยาลยัพะเยา 
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4)  2 Invited oral presentations 
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  

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 
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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  
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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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5)  5 Awards 
5.1) รางวลัผลงานวจิยัเดน่ สกว. จาก ส านกังานกองทุนสนบัสนุนการวจิยั (สกว.) ประจ าปี 

2560 เรื่อง นวตักรรมสารเลยีนแบบสารพนัธุกรรมและการประยกุตใ์ช้ (เป็นผูร้ว่มวจิยัใน
งานวจิยัของ ศาสตราจารย ์ดร.ธรียทุธ วไิลวลัย)์ 

5.2) ผลงานระดบัดเียีย่มแบบโปสเตอร ์ จากงานประชุมประจ าปี สกอ ปี 2560 ณ 
มหาวทิยาลยัราชภฎัอุดรธานี 

5.3) รางวลันกัวจิยัดเีดน่ ดา้นการวจิยัเชงิวชิาการพืน้ฐาน ของมหาวทิยาลยันเรศวรประจ าปี 
2559 

5.4) นางสาวนนัทยิา ดบีุบผาและนายวสวตัติ ์ อนิทรานุสรณ์ ไดร้บัรางวลัการน าเสนอ
ผลงานวจิยัแบบบรรยายยอดเยีย่ม จากงานประชุมวชิาการ 9th Science Research 
Conference, 25-26 May 2017, Burapha University, Chonburi, Thailand 

5.5) นางสาวสุดารตัน์ ขดัสาย ไดร้างวลัการน าเสนอผลงานวจิยัแบบโปสเตอรย์อดเยีย่มจาก 
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  
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5.1) รางวลัผลงานวจิยัเดน่ สกว. จาก ส านกังานกองทุนสนบัสนุนการวจิยั (สกว.) ประจ าปี 
2560 เรื่อง นวตักรรมสารเลยีนแบบสารพนัธุกรรมและการประยกุตใ์ช ้ (เป็นผูร้ว่มวจิยัใน
งานวจิยัของ ศาสตราจารย ์ดร.ธรียทุธ วไิลวลัย)์ 
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5.2) ผลงานระดบัดเียีย่มแบบโปสเตอร ์ จากงานประชุมประจ าปี สกอ ปี 2560 ณ 
มหาวทิยาลยัราชภฎัอุดรธานี 
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5.3) รางวลันกัวจิยัดเีดน่ ดา้นการวจิยัเชงิวชิาการพืน้ฐาน ของมหาวทิยาลยันเรศวร ประจ าปี 
2559 
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5.4) นางสาวนนัทยิา ดบีุบผาและนายวสวตัติ ์ อนิทรานุสรณ์ ไดร้บัรางวลัการน าเสนอ
ผลงานวจิยัแบบบรรยายยอดเยีย่ม จากงานประชุมวชิาการ 9th Science Research 
Conference, 25-26 May 2017, Burapha University, Chonburi, Thailand 
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5.5) นางสาวสุดารตัน์ ขดัสาย ไดร้างวลัการน าเสนอผลงานวจิยัแบบโปสเตอรย์อดเยีย่มจาก 
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  
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6)  5 International/National Collaborations 
 

6.1) 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). 
 

6.2) 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. 
 

6.3) 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.   
 

6.4) 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”. 
 

6.5) Professor Dr. Tirayut Vilaivan from the Department of Chemistry, Chulalongkron 
University, is a well-known chemist in the PNA research area. I 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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7) การน าผลงานไปใชป้ระโยชน์และการผลตินกัวจิยั 
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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
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 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 hy-
brid nanocluster as recyclable support in cell separation applications.

© 2016 Elsevier B.V. All rights reserved.
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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 inmagnetic 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 unmodifiedMNPs 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 themost common useful methods for sur-
facemodification is grafting polymers onto the particle surface, not only
to protect theparticle 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-
Fontaine), methar@nu.ac.th
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 ofMNPs 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
http://dx.doi.org/10.1016/j.msec.2016.05.032
mailto:methar@nu.ac.th
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http://www.sciencedirect.com/science/journal/09284931
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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-conjugatedMNP 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 antibodieswas 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 onMNP 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)3, 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,
Scheme 1. Schematic illustration of PEO-b-PVDM diblock copolym
≥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
(≥ 99.5%, Sigma-Aldrich), and dichloromethane (CH2Cl2, ≥99.5%,
Sigma-Aldrich) were used as received.

2.2. Characterization

Fourier transform infrared (FTIR) spectroscopywas 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 1H 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 μm guard, 50 × 7.5 mm) followed
by two columns (Polymer Laboratories, two PL gel 5 μmMixed–D col-
umns, 2 × 300 × 7.5mm) and a refractive index detector (SpectraSystem
RI-150). Polystyrene standards (580–483 × 103 g·mol−1) 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 (Dh) 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 Elmer model Lamda 20 at λ = 595 nm.
er-MNP nanocluster for antibody adsorption and its recycling.



Scheme 2. Synthesis of PEO-b-PVDM diblock copolymers by RAFT polymerization.
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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]0:[PEO-CTA]0:[ACVA]0 equal to 100:1:0.2 M ratio
is herein explained. VDM (0.74 g, 5.34 × 10−3 mol), PEO-CTA (0.126 g,
5.34 × 10−5 mol), ACVA (3mg, 1.07 × 10−5 mol), 1,4-dioxane (3.0 mL)
andDMF (0.2mL) used as an internal referencewere 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 1H 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 1H
NMR spectroscopy. Mn ,SEC = 8800 g·mol−1, PDI = 1.09. FTIR (ν,
cm−1): ν(C\\O\\C; azlactone) = 1201, ν(C_N; azlactone) = 1699 and ν(C_O;

azlactone) = 1817. 1H NMR (400 MHz, CDCl3, δ (ppm)): 0.86
(CH3\\(CH2)10\\CH2\\S\\), 1.40 (\\OCO\\(C(CH3)2\\N_), 1.80–2.80 (\\CH2\\CH)n, 3.38
(CH3O(CH2\\CH2O)44\\) and 3.65
(CH3O(CH2\\CH2O)44\\CH2CH2\\OC(O)C(CH3)2\\).
2.3.2. Synthesis of (3-aminopropyl)triethoxysilane-grafted MNP (APS-
grafted MNP)

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)3 (5 g, 14.05 mmol) in benzyl alcohol (90 mL)
Scheme 3. Synthesis of PEO-b-PVDM
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 CH2Cl2 repetitively to remove benzyl alcohol and then dried in
vacuo. Oleic acid (4mL) was then dropped to aMNP-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 × 10−3 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 (ν, cm−1): ν(Fe\\O) = 586, ν(Si\\O stretching) =
1103–1079, ν(CH3 stretching) = 2974–2886 and ν(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 tem-
perature for 12 h.

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
copolymers-MNP nanocluster.



Scheme 4. Schematic illustration of an adsorption-separation-desorption cycle of the recyclable copolymer-MNP nanocluster in adsorption with antibody (anti-rabbit-IgG).
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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 ¼ A−Bð Þ=A½ � � 100 ð1Þ

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
Table 1
Diblock copolymers based on PEO and VDM synthesized by RAFT polymerization at 70 °C in 1,

Run Copolymera [VDM]0: [PEO-CTA]0: [ACVA]0 Reaction time (

1 PEO44-b-PVDM21 25:1:0.2 4
2 PEO44-b-PVDM41 100:1:0.2 4
3 PEO44-b-PVDM84 100:1:0.2 8

a The number of monomer units determined by 1H NMR spectroscopy.
b VDM conversion determined by 1H NMR spectroscopy by comparing the integration area

proton of DMF at 8.01 ppm.
c Mn , th = Mn , NMR of PEO-CTA + (([VDM]0 / [PEO-CTA]0) × VDMconv. × MVDM).
d Determined by SEC in THF using polystyrene standard.
assay and calculated from the following equation:

Desorption percentage ¼ C=Bð Þ � 100 ð2Þ

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
10mMMES pH 6 to remove an excess BSA. To detect the antigen recog-
nition capacity of antibody-adsorbedMNP 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-H2O2 solution into 10 μl of the
MNP nanocluster dispersion.
4-dioxane: experimental conditions and characterizations.

h) VDM conv.b (%) Mn ,th
c (g/mol) Mn ,SEC

d (g/mol) PDId

84 5277 7400 1.04
41 8060 8800 1.09
84 14,083 14,500 1.06

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



Fig. 3. TGA thermograms of A) bare MNPs, B) APS-grafted MNPs, C) PEO44-b-PVDM21-
MNP nanoclusters, D) PEO44-b-PVDM41-MNP nanoclusters and E) PEO44-b-PVDM84-
MNP nanoclusters.

Fig. 1. Overlay SEC traces of (a) PEO44-CTA, (b) PEO44-b-PVDM21 copolymer (Run 1,
Table 1), (c) PEO44-b-PVDM41 copolymer (Run 2, Table 1) and (d) PEO44-b-PVDM84

copolymer (Run 3, Table 1).
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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 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 (Mn ,th) 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.
Fig. 2. A) 1H NMR spectrum of the PEO44-b-PVDM41 block copolymer (Run 2, Tabl
1H NMR spectrum (Fig. 2A) of the PEO44-b-PVDM41 copolymer (Run
2, Table 1) shows the presence of signals at 3.38 ppm
(CH3O(CH2\\CH2O)44\\, labeled a) and at 3.65 ppm
(CH3O(CH2\\CH2O)44\\CH2CH2\\OC(O)C(CH3)2\\, labeled b), which are char-
acteristics of the PEO block and the presence of a signal at 1.40 ppm
(\\OCOv(C(CH3)2\\N_, labeled c), which is characteristic of PVDM block.
The other two block copolymers show similar 1H NMR patterns to that
of PEO44-b-PVDM41 block copolymer with different integration ratios
of signals labeled b and c, depending on the block lengths of each copol-
ymer. Moreover, the FTIR spectrum (Fig. 2B) of the PEO44-b-PVDM41 co-
polymer shows the characteristic bands of the azlactone rings at
1817 cm−1 (νC_O), at 1699 cm−1(νC_N) and at 1201 cm−1 (νC\\O\\C).

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

PEO-b-PVDMcopolymers-MNPnanoclusters 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
e 1) in CDCl3 and B) FTIR spectrum of the PEO44-b-PVDM41 block copolymer.



Fig. 5. TEM images of A) APS-graftedMNPs, B) PEO44-b-PVDM21-MNP nanoclusters, C) PEO44-b-PVDM41-MNP nanoclusters and D) PEO44-b-PVDM84-MNP nanoclusters. All TEM samples
were prepared from aqueous dispersions. The expansion of some nanoclusters is shown in the inset.

Fig. 4. FTIR spectra of A) APS-grafted MNPs, B) PEO44-b-PVDM41 block copolymers and C) PEO44-b-PVDM41-MNP nanoclusters.
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Fig. 6. M-H curves of A) bare MNPs, B) APS-grafted MNPs, C) PEO44-b-PVDM21-MNP
nanoclusters, D) PEO44-b-PVDM41-MNP nanoclusters and E) PEO44-b-PVDM84-MNP
nanoclusters.
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to calculate the percentage of organic layers bound onto MNPs. It was
assumed that the percentweight losswas attributed to theweight 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-PVDM41-MNP nanoclusters exhibits
the left over C_O characteristic band of the azlactone ring at
1819 cm−1 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-
PVDMblock copolymer coating, the particle dispersibilitywas 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-PVDM84 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 (Dh) 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 Dh (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. Saturationmagnetiza-
tions (Ms) 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 (Dh), size distribution and zeta potential of the nanoclusters dis-
persed in 10 mM MES pH 6 solutions.

Run Samples Dh (nm) Zeta potential (mV)

1 APS-coated MNP 984.1 −3.5
2 PEO44-b-PVDM21-MNP nanoclusters 96.7 −27.2
3 PEO44-b-PVDM41-MNP nanoclusters 117.5 −28.3
4 PEO44-b-PVDM84- MNP nanoclusters 166.1 −33.9
exhibited superparamagnetism evidenced by the absence of magnetic
remanence and coercivity in theM-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 theMNP 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 2were used as nano-solid supports in antibody adsorption exper-
iments. Itwas found that APS-coatedMNPwasnot dispersible in 10mM
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-PVDM21 and PEO44-b-PVDM41 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-
terferewith 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
Fig. 7.Adsorption percentages of PEO44-b-PVDM84-MNP nanoclusters for ionic adsorption
with anti-rabbit IgG antibody (Adsorption percentage = [(A − B) / A] × 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)).



Fig. 8. Recycling efficiency of PEO44-b-PVDM84-MNP nanoclusters in the ionic adsorption
of anti-rabbit IgG antibody after 8-recycling process.
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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-PVDM84 copolymer with Dh 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-PVDM84 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-PVDM84-MNP
nanoclusters will be used for further experiments. In addition, the Ms

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 nanoclusterswere separated
from dispersion using a permanentmagnet. 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 12were used for this purpose. These salt solutions at pH 7 were un-
able to desorb anti-rabbit IgG antibody from the nanocluster surface
Fig. 9. Scheme showing the indirectmethod used to visualize the antigen recognition capability
IgG-adsorbed MNP nanoclusters immobilized with IgG and anti-rabbit IgG-HRP, E) anti-rabbit
nanoclusters without IgG (blocked with BSA) and G) MNP nanoclusters.
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 NaCl 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 pI range of the antibody. Therefore, 1 M
NaCl pH 12 solutionwas used as thewashing 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-adsorbedMNP nanoclusters were first immobilizedwith 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
; A) 10mMMES pH6, B) 1%BSA in 10mMMESpH6, C) anti-rabbit IgG-HRP, D) anti-rabbit
IgG-adsorbed MNP nanoclusters immobilized with IgG, F) anti-rabbit IgG-adsorbed MNP
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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 nanoclusterswere 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
nanopart ic le (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.

Keywords Magnetic . Nanoparticle . Assembly .

Thiolactone . Thermo-responsive . Polimer coating .

Drug delivery

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
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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
Bgrafting from^ or Bgrafting 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

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; Pat i l 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-st-PTlAm second block. PTlAm 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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Experimental

Materials

Unless otherwise stated, the reagents were used without
purification: iron(III) acetylacetonate (Fe(acac)3, 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% , Ca r l o E r b a ) , 2 , 2 ′ - a z ob i s ( 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 (2.0M 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 H2O/1,4-dioxane
solution (100 ml), NaHCO3 (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 ×
200 ml) to obtain TlaAm in an organic layer. Finally,
TlaAm monomer was purified by recrystallization from
CH2Cl2 and then dried in vacuo.

Synthesis of acrylamide-coated MNP

MNP was synthesized via a thermal decomposition
method of Fe(acac)3 (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).

Fig. 1 Synthetic scheme of the copolymer-coated MNP (MC) and its quaternization (qMC)
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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)
([DEAEMA]0:[CTA]:[AIBN] molar ratio of 70:1:0.2,
respectively) were dissolved in 1,4-dioxane (7ml) under
N2 atmosphere with stirring for 30 min. The RAFT
polymerization was performed for 48 h at 70 °C to

obtain ca. 50% monomer conversion with Mn 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) ([NIPAAm]0:[TlaAm]0:[PDEAEMA mac-
ro CTA]:[AIBN] molar ratio of 70:30:1:0.2, respective-
ly) were dissolved in 1,4-dioxane (8.5 ml) under N2

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 Mn 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, 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 N2 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 2 M CH3I solution (1.76 mmol).
The mixture was stirred for 20 h in dark at room tem-
perature. The quaternized products (qMC3, qMC8, 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
80min. 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 λ = 480 nm and % drug release was calculated from
the following equation;

%drug released

¼ Weight of released drug at a given time

Weight of the entrapped drug in the MNP

� 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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Fig. 3 The thiol-ene reaction mechanism between the acrylamide groups on the MNP surface and thiol groups of the copolymer

Fig. 2 1H 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
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visible spectrophotometry. The drug entrapment effi-
ciency was calculated from the following equation:

Entrapment efficiency %EEð Þ

¼ weight of the entrapped drug in the MNP

weight of the loaded drug

� 100

Characterization

FTIR spectrophotometry was operated on a Perkin–
Elmer Model 1600 Series FTIR spectrophotometer. 1H
NMR spectroscopy was performed on a 400-MHz
Bruker NMR spectrometer using DMSO-d6 or CDCl3

as solvents. The hydrodynamic diameter (Dh) 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. TGAwas 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 λ = 480 nm.

Fig. 5 ATGA thermograms and B M-H curves of (a) acrylamide-coated MNP, (b) MC3, (c) MC8, and (d) MC12

Fig. 4 FTIR spectra of a acrylamide-coated MNP, b MC3, c MC8, and d MC12
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Results and discussion

This work focused on the surface modification of MNP
with multi-functional PDEAEMA-b-P(NIPAAm-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

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(NIPAAm-st-TlaAm) allowed for
a doublemodification 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

Fig. 6 TEM images of a acrylamide-coated MNP, b qMC3, c qMC8, and d qMC12 prepared from aqueous dispersions

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

Types of MNP Zeta potential [mV] Dh of quaternized particles [nm]

Before quaternization After quaternization at 25 °C at 45 °C

Acrylamide-coated MNP − 15.3 ± 0.5 − 15.3 ± 0.5 564 ± 63 506 ± 52

MC3 0 28.4 ± 1.0 1068 ± 197 396 ± 58

MC8 0 16.2 ± 0.6 836 ± 214 372 ± 103

MC12 0 26.3 ± 0.8 1426 ± 218 295 ± 0
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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

1H 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 CTAwas then used for the prop-
agation of NIPAAm and TlaAm monomers. The new
signals at δ 1.1 and 3.6 ppm of the NIPAAm units and at
δ 3.2 and 4.7 ppm of TlaAm units indicated the propa-
gation of both monomers from PDEAEMAmacro 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 δ
0.9–1.4 ppm (Fig. 2c–e). In good agreement with this
result, the disappearance of TlaAm signals at δ 3.3–
3.4 ppm (signal k in Fig. 2b) and δ 4.7 (signal i 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 1H 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−1 corresponding
to Fe–O bond in the MNP appeared in every sample
(Fig. 4). Figure 4b, d shows the characteristic adsorption
signals of C=O stretching (1730 cm−1), C–O stretching
(1260 cm−1) of carboxyl groups, and C–C stretching
(800 cm−1) of the copolymer, signifying the existence of
the copolymer on the particle surface through the thiol-
ene reaction.

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 (Hc) and remanence (Mr)

Fig. 7 aWater dispersibility and b magnetic separation ability of
qMC3, qMC8, and qMC12
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upon removal of an external magnetic field. The satura-
tion magnetization (Ms) decreased from 58 emu/g of
acrylamide-coatedMNP to 56 emu/g ofMC12, 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 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, MC8,
and MC12) and after quaternization (qMC3, qMC8,
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

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 μM DNA solution (2 ml) and then stirred
for 2 h, followed by magnetic separation. It was found

Fig. 9 The proposed mechanism of DOX release from the copolymer-coated MNP

Fig. 8 DOX release profiles of
the copolymer-coated MNP
(qMC3, qMC6, and qMC12)
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that the concentrations of DNA in the solutions signif-
icantly decreased from 0.42 to 0.05 μM (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
(qMC) prepared from aqueous dispersions are shown
in Fig. 6. Acrylamide-coatedMNP showedmacroscopic
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 qMC12 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 Dh 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, Dh 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 Dh. 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 qMC3
was ca. 5.4%, while those of qMC8 and qMC12 ranged
between 10.3 and 10.8%. The two-fold lower percentage
of qMC3 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 LCSTof PNIPAAm),
all samples (qMC3, qMC8, and qMC12) showed the
same trend of the drug release. The increment of DOX
release upon increasing the temperature was mainly at-
tributed to Ba diffusion mechanism^. Interestingly, qMC8
and qMC12 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 Ba 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-st-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., Dh, 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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ofN-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 (1mol% 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
pH11.0) and temperature (10°C and 37°C) on its drug release
rate were also herein investigated.

2. Experimental

2.1. Materials. Ammonium hydroxide (NH4OH) (28–30%,
J.T. Baker), N-(3-dimethylaminopropyl)-N′-ethylcarbodii-
mide hydrochloride (EDC·HCl) (GL Biochem Shanghai
Ltd.), ethylenediamine (Carlo Erba), glycine (AR grade),
iron(II) chloride tetrahydrate (FeCl2.4H2O) (99%, Acros
Organic), iron(III) chloride (FeCl3) (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. 1H NMR spectroscopy was charac-
terized via a 400MHz Bruker NMR spectrometer. Transmis-
sion 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 (Dh) of the particle were determined on
NanoZS4700 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 λ = 272 nm.
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Figure 1: Schematic preparation of PNAG-coated MNP nanocomposite for drug controlled release applications.
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2.3. Preparation of N-Acryloyl Glycine (NAG) Monomer. Gly-
cine (61.8mmol, 4.64g) was dissolved in a NaOH aqueous
solution (123.6mmol, 4.95 g). An acryloyl chloride solution
in tetrahydrofuran (61.8mmol, 5.0mL) 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 pH2 solution with conc. HCl. The extraction
with ethyl acetate was carried out, and then the organic layer
was dried with anh. Na2SO4, filtered, and evaporated in vacuo.
Finally, white solid as a product was obtained: 2.41 g, 30%
yield; 1H NMR (400MHz, D2O): δ 4.08ppm (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% NH4OH
solution (5.0mL) was added into a solution mixture of
FeCl2·4H2O (2.1mmol, 0.83 g) and FeCl3 (2.5mmol, 0.50 g)
with stirring at 25°C for 30min. After being separated and
washed with distilled water, an oleic acid solution (1.0mL)
in toluene (9.0mL) was added into the MNP dispersion
and then stirred at 25°C for 30min. Oleic acid-coated MNP
was precipitated in acetone, separated by a magnet, and then
redispersed in toluene (10.0mL). TEA (13.6mmol, 1.0mL)
and APTES (11.9mmol, 2.5mL) were then added to the dis-
persion with stirring at 25°C under N2 for 24 h to obtain
amino-coated MNP.

After magnetic separation, washing, and evaporation
until dryness, amino-coated MNP (0.05 g) was then dis-
persed in a NaOH solution (1.50 g) by ultrasonication. An
acryloyl chloride (49.5mmol, 5.0mL) 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 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 H2O).

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

water (20.0mL), followed by an addition of a dispersion of
acrylamide-coated MNP (0.05 g 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 2 h at 70°C under N2 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 (0.05 g
nanocomposite in 50.0mL distilled water) was added with
EDC·HCl (5% in distilled water) as a coupling agent and stir-
red at 25°C 1h. After magnetic separation, the nanocompos-
ite was redispersed in the crosslinker solutions (1 or 10mol%
of ethylenediamine or tris(2-aminoethyl)amine in a pH11
buffer solution) and then stirred for 1 h. 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 (5mg of the MNP nanocomposite in 1.0mL aqueous
dispersion) was dropwise added with a theophylline solution
(1.0mL, 10mg/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 nanocom-
posite (5mg of the MNP nanocomposite) was dispersed in
5.0mL buffer solutions (pH2.0, pH7.4, or pH11.0). The dis-
persion was placed into a water bath at 10°C or 37°C. At a
predetermined time interval, 100μL 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;

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 0.1M HCl solution to
dissolve the leftover drug and then analyzed via UV-visible
spectrophotometer. Therefore, EE and DLE were defined
from the following equations:

Percent release % = weight of the release drug at a given time
weight of the drug entrapped in theMNPnanocomposite × 100 1

EE % = weight of the drug entrapped in theMNPnanocomposite
weight of the loaded drug × 100, 2

DLE % = weight of the drug entrapped in theMNPnanocomposite
weight of theMNPnanocomposite × 100 3
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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 Dh, 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=O stretching
(1539 and 1625 cm−1), N-H stretching (3232 cm−1), and

also those of the MNP core at 551 cm−1 (Fe-O stretching)
(Figure 2(a)). Once the nanocomposite was formed by coat-
ing MNP with PNAG, the peaks attributed to C-O stretching
(1221 cm−1), NHC=O stretching (1550 and 1633 cm−1), C=O
stretching (1722 cm−1), and N-H stretching (3301 cm−1) 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 Dh 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 Dh 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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Figure 2: FTIR spectra of (a) acrylamide-coated MNP, (b) PNAG homopolymer, and (c) PNAG-coated MNP nanocomposite.

4 Journal of Nanomaterials



titration shown in supporting information. After the cross-
linking reactions, Dh 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 Dh
. 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. 50–150nm
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 5min, 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
(1mol% and 10mol%) 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 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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in an improved response to a magnet. Interestingly, as com-
pared to the others, those crosslinked with 10mol% tris(2-
aminoethyl)amine can be completely separated from the

dispersion and it would be used as a representative for other
studies, e.g., magnetic properties, drug entrapment, and con-
trolled release studies.
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3.3. Multiresponsive 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 10mol% of tris(2-aminoethyl)amine
were determined via the 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

Table 1: The effect of crosslinking agents and their concentrations on water dispersibility and magnetic separation ability.

Acrylamide-coated MNP
(no PNAG coating)

PNAG coating
(before crosslinking)

After crosslinking with
1mol% of
diamine∗

10mol% of
diamine∗

1mol% of
triamine∗∗

10mol% of
triamine∗∗

At initial time

Dispersibility in water

After 24 h

Magnetic separation ability

After 5 min

Magnet Magnet Magnet Magnet Magnet Magnet
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Figure 6: M-H curves of (a) acrylamide-coated MNP, (b) the MNP nanocomposite (before crosslinking), and (c) the MNP nanocomposites
after crosslinking with 10mol% of tris(2-aminoethyl)amine.
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the presence of nonmagnetic organic polymer in the nano-
composite (Figure 6). After the crosslinking reaction, its Ms
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 Dh was determined in pH2.0, 7.4,
and 11.0 buffer solutions. It was found that Dh in pH2.0 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 Dh
increased from 617 nm 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 Dh as a function of dispersion pH corresponded
to the pKa value of PNAG (pKa 3.2) in terms of the proton-
ated/deprotonated forms of the carboxyl groups [38]. Dh of
the MNP nanocomposite was then investigated at 10°C and
37°C in pH7.4 buffer solutions. Dh significantly dropped
from 685 nm to 260nm 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.

Basic condition Acidic condition

pH = 7.4 pH = 11.0pH = 2.0

Dh=N/A Dh= 617 ± 140 nm Dh= 1011 ± 222 nm

Macroaggregation

(a)

Heat

T = 37 °C T = 10 °C 

Dh= 685 ± 199 nm Dh= 260 ± 53 nm

(b)

Figure 7: (a) pH- and (b) thermo-responsive properties of the MNP nanocomposite after crosslinking with 10mol% of tris(2-
aminoethyl)amine.
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Figure 8: (a, b) The effect of pH and (c) temperature on the theophylline release profiles from the MNP nanocomposite crosslinking with
10mol% of tris(2-aminoethyl)amine.
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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 theMNP 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 pH7.4 to pH11.0 (Figures 8(a) and 8(b)).
It should be noted that pKa 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 Dh (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 Dh 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.
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Glycidyl-functionalized poly(N-isopropylacrylamide) (PNIPAAm), synthesized via a rever-
sible 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 (Dh) 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 parti-
cles/cluster. Thermogravimetric analysis (TGA) and vibrating sample magnetometry
(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.

� 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 (1H 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 (Dh) 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 Dh 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)3) (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%), 2,20-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 (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 N2 atmosphere with
stirring for 30 min. RAFT polymerization of PNIPAAmwas 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



Fig. 1. Schematic representation for controlled nanoclustering of MNP with glycidyl-functionalized PNIPAAm.
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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
(PNIPAAm-GMA8). PNIPAAm-GMA with 18 repeating units of GMA (PNIPAAm-GMA18) 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 N2 purging for 30 min.
The reaction was set under N2 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)3 (5 g, 14.05 mmol) in benzyl alcohol (90 mL) at 180 �C for

48 h under N2 atmosphere. After the reaction, the precipitant was removed from the mixture using an applied magnetic field
and repetitively washed with ethanol and then CH2Cl2. 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 N2 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 N2 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 N2 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
1H NMR spectra were performed on a 400 MHz Br.uker NMR spectrometer using CDCl3 as a solvent. FTIR was performed

on a Perkin-Elmer Model 1600 Series FTIR Spectrophotometer in the wavenumber range of 4000–400 cm�1. 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 (Dh) 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 kmax = 320 nm. EE and DLE were calculated from the following equations:
Table 1
RAFT p

Poly

PNIP
PNIP
PNIP

a The
b ðMn
Entrapment efficiency ðEEÞ ¼Weight of the entrapped drug in the MNP nanocluster
Weight of the loaded drug

� 100 ð1Þ

Drug loading efficiency ðDLEÞ ¼Weight of the entrapped drug in the MNP nanocluster
Weight of the MNP nanocluster

� 100 ð2Þ
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 lL aliquots of the dispersions were withdrawn from the release
media and 200 lL 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 kmax = 320 nm.
Cumulative release ¼ weight of released drug at a given time
Weight of the entrapped drug in the MNP nanocluster

� 100 ð3Þ
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-GMA8 and PNIPAAm-GMA18 (Table 1) were used in MNP nanoclustering reactions to investigate the
effect of numbers of GMA on Dh, dispersibility and stability of MNP nanocluster in aqueous dispersions. In addition, effect
of the polymer concentrations used in the nanoclustering reaction on Dh was also determined.

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

PNIPAAmmacro 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 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 NIPAAmmonomers
olymerizations of PNIPAAm and PNIPAAm-GMA.

mer name [Monomer]:[RAFT]: [AIBN]a Conversion (%) after 48 h ðMn 1H NMRb (g/mol) ðMn GPC (g/mol) PDI

AAm [200]:[1]:[0.25] 64 11,000 13,000 1.30
AAm-PGMA8 [15]:[1]:[0.25] 60 12,000 14,000 1.24
AAm-PGMA15 [30]:[1]:[0.25] 61 14,000 16,000 1.41

monomers are NIPAAm or GMA.
;1H NMR ¼ ½monomer�

½RAFT agent� �%conversion�molecular weight of monomer.



Fig. 2. 1H NMR spectra of (A) PNIPAAm macro RAFT agent and (B) PNIPAAm-GMA18 (solvent: DMSO D6).
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(5.6, 6.0 and 6.2 ppm of CH2@CHA) also signified the formation of the PNIPAAm macro RAFT agent. The molecular weight
(Mn) 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 1H NMR spectrum of PNIPAAm-GMA18. 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-GMA8 and
PNIPAAm-GMA18, respectively (Table 1). 1H NMR spectrum of PNIPAAm-GMA8 is similar to that of Fig. 2B and shown in
the supporting information.

From the results in Table 1, both Mn;GPC and Mn;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 Mn;GPC values were slightly higher than
Mn;1H NMR and their PDIs were in the range of 1.24–1.41.

In good agreement with 1H NMR, FTIR spectrum of PNIPAM shows N-H stretching at 3437 cm�1 and the characteristic
signals of amide groups at 1647 cm�1 and 1550 cm�1 ((O@C)ANAH) (Fig. 3A). After functionalization of PNIPAAm with gly-
cidyl groups, FTIR spectrum shows the characteristic signals of epoxy rings of GMA at 841 cm�1 and 909 cm�1 (Fig. 3B)
[38,39]. In addition, the signals at 1730 cm�1 ((C@O)AO) and 1173 cm�1 (CAO) 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�1 (SiAO stretching), 1537 cm�1 (NAH bending),
3369 cm�1 (NAH stretching) and 583 cm�1 (FeAO) 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�1 (FeAO stretching) and PNIPAAm-GMA at 1719 cm�1 ((C@O)A
O stretching of glycidyl groups), 3393 cm�1 (NAH stretching), 1623 cm�1 and 1548 cm�1 ((O@C)ANAH of the amide groups)
(Fig. 3C). In addition, the characteristic peaks of the epoxy groups (841 cm�1 and 909 cm�1) disappeared after the MNP nan-
oclustering due to the ring-opening reactions of glycidyl units.

Dh of the polymers including PNIPAAm, PNIPAAm-GMA8 and PNIPAAm-GMA18 (without MNPs) and those of MNP-
polymers nanoclusters were investigated as a function of the polymer concentrations via PCS (Fig. 4A). Without MNP, Dh

tended to consistently increase when increasing polymer concentrations from 0.001 to 10 mg/ml. Interestingly, PNIPAAm-



Fig. 3. FTIR spectra of (A) PNIPAAm, (B) PNIPAAm-GMA18 and (C) MNP-PNIPAAm-GMA18 nanocluster.
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GMA18 showed significantly larger Dh (up to 820 nm at 10 mg/ml polymer concentration) than those of the other two poly-
mers (PNIPAAm and PNIPAAm-GMA8). This result suggested that PNIPAAm-GMA18 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 Dh 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 Dh 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. Dh 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 Dh 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 Dh 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-GMA18 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-
GMA18 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-GMA8 exhi-
bit the formation of the nanoclusters similarly to those of PNIPAAm-GMA18 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-GMA8 or



Fig. 4. (A) Dh of PNIPAAm and PNIPAAm-GMA (without MNP) and (B) Dh of MNP nanocluster grafted with PNIPAAm or PNIPAAm-GMA in various polymer
concentrations. 1 mg MNP in 1 ml polymer solution was used in these reactions.

Fig. 5. Schematic mechanism of the formation of MNP-PNIPAAm nanoclusters.
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PNIPAAm-GMA18 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-GMA8 and PNIPAAm-GMA18) on the particle stability, magnetic responsiveness
and thermo-responsive properties.

The MNP nanoclusters coated with PNIPAAm-GMA8 or PNIPAAm-GMA18 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



Fig. 6. Representative TEM images of MNP before and after nanoclustering reactions dispersed from water. (A, a) amino-coated MNP, (B, b) MNP-PNIPAAm-
GMA18 nanocluster with MNP:polymer ratio of 1:0.1 and (C, c) MNP-PNIPAAm-GMA18 nanocluster with MNP:polymer ratio of 1:10.

Fig. 7. Water dispersibility of MNP nanoclusters coated with (a) PNIPAAm-GMA8, (b) PNIPAAm-GMA18 and (c) PNIPAAm.
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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



Fig. 8. Magnetic separation in water of MNP nanoclusters coated with (a) PNIPAAm-GMA8, (b) PNIPAAm-GMA18 and (c) PNIPAAm.
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(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-GMA8

and PNIPAAm-GMA18 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-GMA8 or
PNIPAAm-GMA18) used in the nanoclustering reactions. The MNP nanoclusters coated with the polymers with higher num-
ber of GMA units (PNIPAAm-GMA18) 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 (Ms) 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 Dh of MNP nanoclusters coated with PNIPAAm-GMA8 and PNIPAAm-GMA18 as a function of dispersion tem-
perature. Dh 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 Dh. 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 Dh 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 Dh 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-GMA8 and PNIPAAm-
GMA18 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-GMA8, 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



Fig. 9. (A) TGA thermograms and (B) M-H curves of (a) amino-coated MNP, (b) MNP-PNIPAAm-GMA8 and (c) MNP-PNIPAAm-GMA18, when 1:10 ratio of
MNP to the polymer was used in the nanoclustering reactions.

Fig. 10. Dh of MNP nanoclusters coated with (a) PNIPAAm-GMA8 and (b) PNIPAAm-GMA18 as a function of temperatures, when 1:10 ratio of MNP to the
polymers was used in the nanoclustering reactions.
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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-GMA18 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-GMA18 on the particles was formed and
influenced the shrinkage of PNIPAAm and the release of the entrapped indomethacin.



Fig. 11. Indomethacin release profiles of MNP nanoclusters coated with (A) PNIPAAm-GMA8 and (B) PNIPAAm-GMA18 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. 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 Dh 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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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 500 nm, 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. VC 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.1

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.2 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 media3–5 and also serve as a

platform for conjugation with functional bioentities.6,7

Previous researchers have presented the application of MNPs for

the magnetic separation of bioentities, including DNA,8–10

RNA,10,11 proteins,12 and enzymes.13 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

blood14 and for tumor targeting and hyperthermia.15 By taking

advantage of the ionic reversible interactions, researchers synthe-

sized highly active antibody-conjugated MNPs.16 MNPs conjugated

with dengue specific immunoglobulin M antibody were proven

to have better analytical responses than those of traditional

enzyme-linked immunosorbent assay.17 MNPs bound with ScFv

(fragment antibody) and anti-CD73 antibody magnetically sepa-

rated 50-nucleotidase enzyme used as a bioindicator for diagnosing

diseases.18 Anti–glypican 3 antibody-conjugated MNPs can be

used to detect glypican 3 liver cancer cells with enzyme-linked

immunosorbent assay.19 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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copolymers were used as a recyclable magnetic nanosupport for

adsorption with anti–rabbit immunoglobulin G antibody.20

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.21,22 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.23,24 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. 3–20 nm in diameter) and minor amounts of

organic components.25 The formation of MNP nanoclusters with

a proper size gave rise to those with good dispersibility and stabil-

ity in media26,27 and also good magnetic responsiveness.21 Also,

their superparamagnetic properties were also retained as long as

each MNP core could be distinguished from one another after a

nanoclustering reaction.28 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,29 the in situ

precipitation of MNPs in the presence of polymeric micro-

spheres,30,31 and the in situ polymerization of monomers in the

presence of functional MNPs.32–34

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.20 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

nanoclustering, for example, diacrylate-terminated polydime-

thylsiloxane–disiloxane35 and glycidyl-functionalized poly(N-iso-

propyl acrylamide),36 have also been demonstrated with

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.32

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 (FeCl3; 98%,

Acros), iron(II) chloride tetrahydrate (FeCl2�4H2O; 99%, Acros

organic), oleic acid (68%, Carlo Erba), (3-aminopropyl)trime-

thoxysilane (98%, Acros), ammonium persulfate (APS; 98%,

Carlo Erba), ammonium hydroxide (NH4OH; 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 8C to give a colorless liquid

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]
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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), 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)

peroxidase substrate (KPL), Bradford reagent (Sigma), bovine g

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 Tecnai12 TEM instrument operated at 120 kV 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 2010 200 kV

TEM–EDX instrument. Photocorrelation spectroscopy was per-

formed on a NanoZS4700 Nanoseries Malvern instrument. Dis-

persing media (water) was filtered through nylon syringe filters

(0.2mm 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 8C/min heating rate under an O2 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 k of 595 nm.

Synthesis of Acrylamide-Grafted MNPs as a Crosslinker

The synthesis of acrylamide-grafted MNPs was reported previ-

ously.32 Briefly, MNPs were synthesized via the coprecipitation

of FeCl3 (0.83 g in 10 mL of deionized water) and FeCl2�4H2O

(0.5 g in 10 mL of deionized water) in 25% NH4OH (10 mL)

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 15 mL of tol-

uene was added to the particles without dryness. An oleic acid

solution in hexane (2 mL in 20 mL of hexane) was then slowly

introduced into MNP–toluene dispersion (ca. 0.4 g of MNP in

15 mL 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 3 1023 mol) was

then added to the MNP dispersion (0.4 g of the MNPs in 15 mL

of toluene) containing 2 M triethylamine (2.5 mL) to form

amino-grafted MNP. After 24 h of stirring, the particles were

repeatedly precipitated in EtOH and washed with toluene. After

the particles were redispersed (0.05 g) in a 7.5 M NaOH solu-

tion (5 mL), acryloyl chloride (2.0 mL, 0.022 mol) was slowly

added to the dispersion at 0 8C 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 8C under an N2 atmosphere for 30 min. An

acrylamide-grafted MNP dispersion (0.01 g of MNP, 0.5 mL 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 (10 mg) were incubated in a 10 mM

MES solution at pH 5 (1 mL) containing 400 ppm anti-HRP

antibodies for 2 h. 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 g 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 595 nm 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 5 ½ðA2B=AÞ�3 100 (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 pH 5 (1 mL). The nano-

clusters adsorbed with anti-HRP were magnetically separated

Table I. Summary of the Preparation of the PAA–MNP Nanoclusters

Initiator (APS)a Monomer (AA)b

Nanocluster g mol g mol Molar ratio (initiator/monomer)

PAA100–MNP 0.002 8.76 3 1025 0.068 8.76 3 1023 1:100

PAA300–MNP 0.002 8.76 3 1025 0.21 2.61 3 1022 1:300

a Dissolved in 0.05 mL of deionized water
b Dissolved in 5.0 mL of deionized water.
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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 5ðC=BÞ3 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

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 10 mM MES at pH 7 and 25 8C for 16 h. The

nanocluster was then washed with 10 mM MES at pH 6 to

remove excess BSA. An indirect detection method was used to

Figure 2. Schematic representation of PAA–MNP nanoclusters for adsorption with an anti-HRP antibody. [Color figure can be viewed at wileyonlineli-

brary.com]

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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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 solution at pH 7 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 pH 7. The existence of antigens on the particle surface

was apparently observed through the addition of 1 mL of

ABTS–H2O2 solution to 10mL of the nanocluster dispersion.

The UV absorbance at a k of 414 nm 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.

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 (Fe3O4) were in the

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]
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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 300 nm in diameter, whereas

the PAA300–MNP nanoclusters were broader and slightly larger

(200–500 nm 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

3369 cm21 (NAH stretching), 1600 cm21 (NAH bending),

1480 cm21 (CAH bending), and 998 cm21 (SiAO stretching)

and that of the MNP core at 571 cm21 [FeAO stretching; Figure

5(A)].37 After functionalization with acrylamide groups, the

FTIR spectrum exhibited characteristic signals of amide I and II

stretching bands at 1650 and 1560 cm21 and C@C stretching at

1680 cm21 [Figure 5(B)].38 After the polymerization and nano-

clustering reactions, the spectrum of the PAA–MNP nanoclus-

ters showed characteristic signals of O@CO stretching

(1709 cm21) and OAH stretching bands (3392 cm21) of carbox-

ylic acid groups; this signified the presence of PAA units in their

structure [Figure 5(C)].

The f-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 (pKa of AA 5 4.25).39 The results in Fig-

ure 6 suggest that this nanocluster was pH responsive. The f-

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 (ACOOH) and

deprotonated carboxylate groups (ACOO2) 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 pKa of AA

(pKa of AA 5 4.25).39 The polymeric nature of PAA could have

decreased the pKa 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

(235 mV); this was necessary for the magnetic separation of

Figure 5. FTIR spectra of (A) amino-grafted MNPs, (B) acrylamide-

grafted MNPs, and (C) PAA100–MNP nanoclusters.

Figure 6. (A) f potentials of PAA100–MNP and PAA300–MNP nanoclusters, (B) Dh 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 1 h 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 (Dh) of the nanoclusters was studied as a

function of the solution pH [Figure 6(B)]. We found that Dh

increased with increasing pH of the dispersion. At pHs below its

PI, the PAA chain in the nanoclusters was in a protonated form

(ACOOH); 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 Dh. This explanation

agreed well with the f-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.

Effect of PAA compositions on Dh of the nanocluster was also

investigated [Figure 6(B)]. PAA300–MNP nanocluster showed

higher Dh 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 Dh. 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 8C [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 8C; 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 Dh 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 8C and maximum points at 280–290 8C, 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

Figure 7. (A) TGA thermograms and (B) plots of the derivative weight

loss of (a) bare MNPs, (b) PAA100–MNP nanoclusters, and (c) PAA300–

MNP nanoclusters. [Color figure can be viewed at wileyonlinelibrary.com]

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.40 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

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 pH 5. 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

10 mg 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

Figure 9. Schematic illustration of PAA–MNP nanoclusters adsorbed with an antibody and an antigen. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 10. Adsorption efficiencies of (�) PAA100–MNP nanoclusters and

(�) PAA300–MNP nanoclusters with an anti-HRP antibody as a function

of the antibody concentrations. [Color figure can be viewed at wileyonli-

nelibrary.com]

Figure 11. Adsorption efficiency of the PAA100–MNP nanoclusters with

an anti-HRP antibody after 10 reuses.
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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 pH 7 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

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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