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ABSTRACT (THAI) 
 สุทธาวัลย ์ใส้เพี้ย : อนุภาคนาโนแม่เหล็กซึ่งท าให้เสถียรด้วยพอลิเมอร์ที่มีฟอสโฟริล

โคลีนส าหรับการตรวจวัดซี-รีแอกทีฟโปรตีนแบบปราศจากแอนติบอดี. ( MAGNETIC 
NANOPARTICLES STABILIZED BY PHOSPHORYLCHOLINE-CONTAINING 
POLYMER FOR ANTIBODY FREE C-REACTIVE PROTEIN DETECTION) อ.ที่ปรึกษา
หลัก : รศ. ดร.วรวีร ์โฮเว่น 

  
งานวิจัยนี้มีเป้าหมายที่จะพัฒนาวิธีการทดสอบที่ง่ายและมีประสิทธิภาพส าหรับการ

ตรวจวัดปริมาณซี-รีแอกทีฟโปรตีน (CRP) ที่ได้จากการผสมผสานการแยกด้วยแม่เหล็กและการ
ตรวจวัดเชิงสีโดยปราศจากแอนติบอดี อนุภาคนาโนแม่เหล็กท่ีถูกท าให้เสถียรด้วยพอลิเมอร์ที่มีหมู่
ฟอสโฟริลโคลีน , พอลิ(เมทาคริลิกแอซิด )-แรน-(เมทาคริโลอิลออกซีเอทิลฟอสโฟริลโคลีน ) 
(PMAMPC) เตรียมโดยกระบวนการตกตะกอนร่วมกันของเกลือเฟอร์ริกและเฟอร์รัสในสภาวะที่มี 
PMAMPC หมู่คาร์บอกซิลของหน่วยซ้ าที่เป็นเมทาคริลิกแอซิดสามารถคีเลทกับอะตอมของเหล็ก 
ในขณะที่หน่วยซ้ าที่เป็นเมทาคริโลอิลออกซีเอทิลฟอสโฟริลโคลีนมีความจ าเพาะในการจับและ
สามารถคอนจูเกตกับ  CRP ในสภาวะที่มีแคลเซียมไอออน  สามารถพิสูจน์ เอกลักษณ์ของ 
PMAMPC-MNPs ด้วยเทคนิค ATR-FTIR, TEM, DLS, TGA และ XRD ในการศึกษาการจับกับ 
CRP ท าโดยผสม PMAMPC-MNPs กับ CRP ในระบบที่มี Ca2+ จากนั้นเหนี่ยวน าให้เกิดการ
ตกตะกอนของ PMAMPC-MNPs ที่คอนจูเกตกับ CRP โดยอาศัยแม่เหล็กภายนอก อาศัยประโยชน์
ของการมีแอกติวิตี้เหมือนกับเปอร์ออกซิเดสของอนุภาคนาโนแม่เหล็ก  การเติมสารละลาย TMB 
และ H2O2 ในอะซิเทตบัฟเฟอร์ที่มีค่าความเป็นกรดด่างเท่ากับ 3.8 ท าให้สามารถตรวจวัดเชิงสีได้
ในระยะเวลาอันสั้นของ PMAMPC-MNPs ที่ไม่ได้คอนจูเกตกับ CRP โดยความเข้มสีจะแปรผกผัน
กับปริมาณ CRP และตรวจวัดได้ในระบบที่ปราศจากแอนติบอดี จากการศึกษาได้เส้นตรงของความ
เข้มข้นในช่วง 0 – 5 µg/mL และมีขีดจ ากัดในการตรวจวัดเท่ากับ 1.39 µg/mL นอกจากนี้ยัง
สามารถตรวจวัด CRP ความเข้มข้น 3 µg/mL ในซีรัมของกระต่ายท่ีไม่เจือจางได้ อีกด้วย 
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ABSTRACT (ENGLISH) 
# # 6072185023 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE 
KEYWORD: C-reactive protein, poly[methacrylic acid)-ran-(methacryloyloxyethyl 

phosphorylcholine)], phosphorylcholine, MNPs 
 Suttawan Saipia : MAGNETIC NANOPARTICLES STABILIZED BY 

PHOSPHORYLCHOLINE-CONTAINING POLYMER FOR ANTIBODY FREE C-
REACTIVE PROTEIN DETECTION. Advisor: Assoc. Prof. VORAVEE HOVEN, 
Ph.D. 

  
This research aims to develop a simple, yet effective assay for C-reactive 

protein (CRP) detection based on a combination of magnetic separation and 
antibody-free colorimetric assay. Magnetic nanoparticles stabilized with 
phosphorylcholine-containing polymer, poly[methacrylic acid)-ran-
(methacryloyloxyethyl phosphorylcholine)] (PMAMPC-MNPs) were prepared by co-
precipitation of ferric and ferrous salts in the presence of PMAMPC. Carboxyl 
groups in the methacrylic acid (MA) repeat units chelate with Fe atoms during 
MNPs formation while the methacryloyloxyethyl phosphorylcholine (MPC) repeat 
units provide specifically binding sites and conjugate with CRP in presence of Ca2+. 
The PMAMPC-MNPs were characterized by ATR-FTIR, TEM, DLS, TGA and XRD. To 
determine the CRP binding, the PMAMPC-MNPs were mixed with CRP in presence 
of Ca2+ and then precipitation of PMAMPC-MNPs conjugated with CRP was induced 
by magnet. Taking advantage of peroxidase-like activity of MNPs, an addition of 
3,3′,5,5′-tetramethylbenzidine (TMB) and H2O2 in 0.1 M acetate buffer, pH 3.8 to the 
supernatant allows colorimetric determination for a short period of time of 
unbound PMAMPC-MNPs which is inversely proportional to the amount of CRP and 
detects in antibody-free system. A linear range of 0 – 5 µg/ml and detection limit 
of 1.39 µg/mL. Moreover, 3 µg/ml CRP in undiluted rabbit serum can be detected 
as well. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Introduction 

Cardiovascular disease is the top cause of death for Thai people. Especially in 

the elderly people who are at greater risk of developing the disease than other age 

groups. The risk of cardiovascular diseases can be assessed by measuring the number 

of biomarkers in the blood such as homocysteine, cholesterol and C-reactive protein 

(CRP).1 The native CRP (nCRP) is pentameric protein of which each subunit has a 

phosphocholine (PC) binding site and two calcium ions (Ca2+) per protomer as shown 

in Figure 1.1. Each subunit has a 23 kDa molecular mass and 206 amino acids.2 The 

calcium ions are important for the stability and binding of ligands.2-4 The CRP is 

generated by the liver in response to tissue injury and inflammation. Its level in 

blood can therefore be used to assess the severity of inflammation and to be a risk 

factor for certain diseases, especially cardiovascular disease. Inflammation caused by 

cardiovascular disease can occur within the arteries. After the epithelial cells of the 

arteries are destroyed and repaired, swelling and redness are a part of the 

inflammation. Then, there is an accumulation of cholesterol when there is chronic 

inflammation of the blood vessels that thickens the vascular wall. The American 

Heart Association recommends that a blood CRP test may be used as a means of 

assessing cardiovascular risk and people having high cardiovascular risk that have CRP 

in the blood is more than 3.0 mg/L.5, 6 Currently, CRP assays can be performed in a 

laboratory using a variety of methods, including nephelometry,7, 8 

immunoturbidimetry9, 10 and enzyme-linked immunosorbent assay (ELISA)11 etc. 

These methods are highly effective but there are limitations on analysis time, costly, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

inability to perform out-of-laboratory experiments and require the expertise for 

analysis. 

 

Figure 1.1 Stabilization of CRP with 1,6-bis PC abolished nCRP formation and 

deposition in vivo.4 

2-Methacryloyloxyethyl phosphorylcholine (MPC) based polymers have been 

widely employed in gene/drug delivery systems due to their excellent 

biocompatibility, and recognized as an artificial cell membrane.12-14 MPC with cell-

membrane mimic structure is utilized as a polymerizable specific ligand toward CRP. 

Poly(MPC) (PMPC) is one of well-known zwitterionic polymer that can effectively 

suppress nonspecific adsorption of other proteins in the presence with CRP. PMPC 

should thus be a potential and efficient artificial probe for selective CRP sensing.15-17 

A number of research work have been reported on detection of CRP using 

MPC-based polymers: 

In 2004, Park et al.18 prepared polymeric nanoparticles from poly[MPC-co-n-

butyl methacrylate (BMA)-co-p-nitrophenyloxycarbonyl poly(ethylene glycol) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

methacrylate (PMBN) as shown in Figure 1.2. By using solvent evaporation, the MPC-

polymeric nanoparticles (MPC-PNP) were prepared by using poly(L-lactic acid) as a 

core and PMBN as an surface modifier and emulsifier. The MPC-PNP having active 

ester groups were conjugated with monoclonal antibody CRP followed by blocking 

the remaining active ester groups by reacting with glycine, the resulting antibody CRP-

conjugated MPC-PNP were used to detect CRP by immunoagglutination assay in 

comparison with polystyrene nanoparticles A linear range of CRP detection was 

found to be 0.01-10 and 0.1-10 mg/dL for serum-free solution and serum, 

respectively.  

 

Figure 1.2 (a) Chemical structure of PMBN polymer and (b) FE-SEM micrograph of 

MPC-PNP prepared by solvent evaporation technique.18 

In 2014, Iwasaki et al.19 synthetized AuNPs modified with thiol-terminated 

block copolymer of poly(2-methacryloyloxyethyl phosphorylcholine)-b-poly(N-

methacryloyl-(L)-tyrosine methylester) (PMPC-b-PMAT) (Figure 1.3a). The AuNPs 

surface-modified with PMPC-b-PMAT exhibited good colloidal stability due to steric 

stabilization of hydration layer of the copolymer. Aggregation of the particles as a 

result of inter-particle crosslinking was induced in the presence of Ca2+ and CRP in a 

concentration range of about 0 – 100 nM. A detection limit was between 20 and 40 

nM. (Figure 1.3b). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

 

Figure 1.3 (a) Preparation of AuNPs surface-modified with thiol-terminated PMPC-b-

PMAT and (b) appearance of AuNPs solution in the presence of CRP having varied 

concentration.19 

In 2019, Pinyorospathum et al.20 developed a paper-based electrochemical 

sensor. AuNPs electrodeposited on screen-printed electrode (SPE) were modified by 

self-assembly of thiol-terminated PMPC. The SPE sensor can detect CRP in the 

presence of Ca2+ by differential pulse voltammetry (DPV) to give high sensitivity and 

low limit of detection. The current of DPV is low at high CRP concentration. 

Moreover, this assay as an antibody-free CRP sensor can detect CRP in a 

concentration range of 5-5,000 ng/mL and a detection limit of 1.55 ng/mL. 

Magnetic nanoparticles (MNPs) have been widely recognized as their potential 

for biomagnetic separation and detection. MNPs are usually in magnetite form (Fe3O4) 

and have size in range of 5-500 nm which can be attracted to magnet21. From 

aforementioned properties, Fe3O4 exhibit a great potential especially for the rapid 

magnetic separation of protein, bacteria and biomolecules due to their response to 

magnetic field and large surface to volume ratio that can induce an efficient 

interaction with the target analytes even in a dilute sample containing various 

background materials.22-24 

A number of research work has been reported on biomagnetic separation and 

detection: 
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In 2010, Zhu et al.23 developed magnetic-based sandwich hybridization assay 

for CRP detection. Micro magnetic beads immobilized with monoclonal anti-CRP 

were first used to capture CRP followed by incubation with biotinylated monoclonal 

anti-CRP and Streptavidin-coated quantum-dot (QDs). The sandwich-hybridized 

immunocomplexes were subjected to immunoaffinity separation and magnetic 

separation. The amount of CRP was then quantified from fluorescence signal of 

released QDs (Figure 1.4). A detection limit of 0.5 fM which corresponds to 10 pM 

CRP in 50 L of sample volume. 

 

Figure 1.4 Magnetic-based sandwich hybridization assay for CRP detection using 

quantum dot fluorescence labeling and immunoaffinity separation.23 

In 2014, Yang et al.24 developed magnetic immunoassay for CRP detection. 

Silica-modified magnetic nanoparticles were first prepared and conjugated with 

monoclonal anti-CRP to yield anti-CRP-labeled magnetic particles. The particles were 

used to capture CRP. The detection was done by using anti-CRP-labeled fluorescent 

nanoparticles (Figure 1.5). The fluorescence intensity of this assay was detected and 

relate with CRP concentration. A linear range of 1.18 - 11.8 µg/mL and a limit of 

detection of 1.0 ng/mL were reported. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 6 

 

Figure 1.5 Immunomagnetic sandwich hybridization assay using anti-CRP-labeled 

fluorescent nanoparticles for CRP detection.24 

A number of research work have been reported on stabilization of MNPs with 

copolymer having phosphorylcholine (PC) groups for CRP measurement. 

In 2013, Kim et al.25 developed PC-functionalized MNPs for rapid and efficient 

CRP isolation. Methacrylate-modified MNPs were first prepared by reacting oleic acid-

coated MNPs with 3-methacryloxypropyltrimethoxysilane (MPS). 3-(4)-vinylbenzyl-12-

phosphorylcholine dodecanoate (VPC) was then polymerized on the MPS-modified 

MNPs and yielded VPC-MNPs (Figure 1.6). CRP in human serum solution was 

captured by VPC-MNPs. CRP was released by using elution buffer. CRP-binding 

capacity of VPC-MNPs was higher than that of the as determined by ELISA. The CRP 

fraction was characterized by sodium dodecylsulfate-polyacrylamide gel and 

confirmed by peptide mass fingerprinting. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

 

Figure 1.6 Preparation of PC-functionalized MNPs for CRP isolation.25 

In 2019, Iwasaki et al.26 prepared Poly(MPC)-stabilized Fe3O4 nanoparticles 

(PMPC-MNPs) via hydrothermal method and surface-initiated atom transfer radical 

polymerization (SI-ATRP) of MPC as shown in Figure 1.7a. Aggregation of PMPC-MNPs 

was induced after incubation with CRP in the presence of Ca2+ (Figure 1.7c). The size 

of aggregates as evaluated by dynamic light scattering (DLS) technique was varied as 

a function of CRP concentration (Figure 1.7b). The size change of PMPC-MNPs before 

and after CRP-induced aggregation as a function of CRP concentration was greater 

upon the use a neodymium magnet (red circles vs blue circles). The same trend was 

also observed for the detection in 0.35 g/dL albumin (black triangles). This assay can 

detect CRP in a range of 0 - 100 nM and a limit of detection of 10 nM. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

 

Figure 1.7 (a) Preparation of poly(MPC)-stabilized Fe3O4 nanoparticles by 

hydrothermal treatment and SI-ATRP of MPC. (b) Change in the size of poly(MPC)-

stabilized Fe3O4 nanoparticles in contact with CRP aggregation of poly(MPC)-stabilized 

Fe3O4 nanoparticles with CRP without (blue circles) and with using a neodymium 

magnet in buffer (red circles) in 0.35 g/dL albumin (black triangles) and (c) TEM 

images of poly(MPC)-protected Fe3O4 nanoparticles before and after contacting with 

100 nM CRP for 60 min.26 

Poly[(methacrylic acid)-ran-(methacryloyloxyethyl phosphorylcholine)] 

(PMAMPC) has been introduced recently as an effective stabilizer for MNPs.27, 28 The 

methacrylic acid (MA) repeat units having carboxyl groups allow the copolymer to be 

easily functionalized29-31 while the MPC repeat units provide biocompatibility and 

antifouling characteristics.32-34 The ability of PMPC in preventing nonspecific 

adsorption in specific detection of antigen–antibody interactions has been 

continuously demonstrated.35-37 Moreover, the specific binding of the PMPC with CRP 

in the presence of calcium ions was evaluated. 

There are many researches that use MNPs nanocomposites to provide 

peroxidase-like activity in catalytic oxidation of 3,3,5,5' tetramethylbenzidine (TMB) in 

the presence of H2O2 to develop color reaction38, 39 as shown in Figure 1.8. MNPs 

possess an enzyme-mimic activity similar to that of horseradish peroxidase (HRP) and 
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natural peroxidase.40 MNPs offer several advantages over traditional natural enzymes, 

(a) MNPs exhibit more stable catalytic property than the peroxidases such as HRP, (b) 

the inherit magnetic separation property of MNPs accommodate magnetic separation 

and enrichment that are beneficial for biological applications. (c) MNPs can simply be 

produced at lower cost and less time consuming as opposed to the preparation and 

purification of natural enzymes. (d) The catalyzed color reaction by MNPs can be 

performed in a much broader pH range than the standard enzymes and (e) capturing 

and separating of pathogen from the sample by MNPs can be done with a 

permanent magnet so that sample preparation can be integrated with a variety of 

analysis process.41, 42 

 

Figure 1.8 Catalytic oxidation by MNPs of TMB which acts as a hydrogen donor for 

the reduction of H2O2 reduction. The resulting diimine leads to the blue solution.43 

Many research works have been reported on the use of MNPs 

nanocomposites to catalyze oxidation of TMB in the presence of H2O2: 

In 2013, Woo, et al.44 detects retroviruses and breast cancer cells by using 

MNPs nanocomposites. Magnetic nanoparticle (MNP) was immobilized with 
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monoclonal antibody (MAD), which is specific to retroviruses or breast cancer cells. 

After the MAb-functionalied MNPs were bound with the target microorganism, TMB 

and H2O2 were added to the sample to produce detection signals, which reflected 

the amount of retroviruses and breast cancer cells in the sample. The catalytic 

activity of HRP and MNPs-MAb were compared. It was found that the catalytic activity 

of MNPs is more stable than HRP. 

In 2014, Lui, et al.45 prepared 5,10,15,20-tetrakis(4-carboxyphenyl-porphyrin-

functionalized Fe3O4 nanocomposites (H2TCPP-Fe3O4). These nanocomposites 

exhibited superior peroxidase-like activity to the bare Fe3O4 nanoparticles due to 

their greater affinity toward (Figure 1.9). Colorimetric detection of H2O2 showed a 

dynamic range of 5 × 10−6 - 8 × 10−5 M and detection limit of 1.07 × 10−6 M. 

Moreover, the same method can be applied for glucose detection of which H2O2 was 

generated by glucose oxidase (GOx) with a dynamic range of 25 × 10−6 - 5 × 10−6 M 

and detection limit of 2.21 × 10−6 M. 

 

Figure 1.9 Colorimetric glucose detection by using GOx in combination with H2TCPP-

Fe3O4.45 

In 2015, Pan, et al.46 can isolate bacteria strain (designated Burkholderia sp. 

YN01) which was used for the preparation of biogenic Fe3O4 MNPs (BMNOs). 

Peroxidase-like activity of BMNOs was evaluated by using electrochemical analysis 

and electron spin resonance (ESR) assay. BMNOs were tested for their activity in 
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degradation of Congo red dye and phenol as well as glucose detection. The catalytic 

constants (Kcat) of H2O2 and TMB substrate were 6.5×104 s−1 and 0.78×104 s−1, 

respectively which was higher than that of horseradish. The assay can detect H2O2 in 

a range of 0.01 - 8 mM with a detection limit of 0.005 mM. Finally, the glucose was 

detected in a range of 0.01 - 5 mM and a detection limit of 0.005 mM. 

In 2015, Park et al.47 developed a colorimetric assay for Samonella 

typhimurium (S. typhimurium) detection by using DNA aptamers-modified MNPs 

(Figure 1.10). Upon an addition of S. typhimurium to the solution of DNA aptamers-

modified MNPs, specific aptamers on the MNPs would interact with the S. 

typhimurium. Bacteria-bound MNPs nanocomposites were concentrated by a magnet, 

followed by signal enhancement by the peroxidase activity of the MNPs in the 

presence of TMB and H2O2.  

 

Figure 1.10 MNP-based colorimetric detection of S. typhimurium using label-free DNA 

aptamers and TMB.47 
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In 2016, Zhang et al.48 detected Listeria monocytogenes (L. Monocytogenes) 

by using aptamer-modified on Fe3O4 nanoparticle cluster (NPC) (Figure 1.11A) that 

can be specifically bound to the cell wall of the bacteria. The vancomycin (Van) is a 

glycopeptide antibiotic for Gram-positive bacteria for capturing L. Monocytogenes at 

different sites. Taking advantage of Fe3O4NPC exhibiting ultra-high peroxidase-like 

activity to create the colored reaction of using TMB/ H2O2 as chromogenic substrate 

as compared with pure Fe3O4 nanoparticles (NP) as shown in Figure 1.11B and C, 

signal amplification of L. Monocytogenes can be achieved. The concentration of L. 

monocytogenes corresponds with the absorbance of the colored solution. The assay 

provided a linear range of of 5.4 x 103–108 cfu/mL and a limit of detection of 5.4 x 

103 cfu/mL. 

 

Figure 1.11 (A) Preparation of Fe3O4NPC, (B) detection of L. Monocytogenes using 

aptamer-modified Fe3O4NPC, and (C) Signal amplification using TMB/H2O2 as 

chromogenic substrate catalyzed by the Fe3O4NPC.48 
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Inspired by aforementioned research, the goal of this research is to develop a 

sample, rapid and effective method for CRP measurement based on magnetic 

separation of magnetic nanoparticles stabilized with phosphorylcholine-containing 

polymer, poly[methacrylic acid)-ran-(methacryloyloxyethyl phosphorylcholine)] 

(PMAMPC-MNPs) which were prepared by co-precipitation of ferric and ferrous salts in 

the presence of PMAMPC. Carboxyl groups in the methacrylic acid (MA) repeat units 

chelate with Fe atoms during MNPs formation while the methacryloyloxyethyl 

phosphorylcholine (MPC) repeat units provide biocompatibility, antifouling 

characteristic, and most importantly, binding sites for CRP in presence calcium ion 

(Ca2+). The CRP along with PMAMPC-MNPs from tested solution was separated and 

concentrated upon external magnetic field application. The CRP-unbound PMAMPC-

MNPs isolated by external magnet are detected by a label-free colorimetric assay. 

Taking advantage of peroxidase-like activity of MNPs, the signal was further amplified 

by introducing TMB as a substrate together with H2O2 in CRP-unbound PMAMPC-MNPs 

solution and was measured by UV-Vis spectroscopy. 

1.2 Objectives 

1. To prepare and characterize the PMAMPC-MNPs. 

2. To study the usage of the PMAMPC-MNPs for detection of CRP. 

1.3 Scope of investigation 

The stepwise investigation was carried out as follows: 

1. Literature survey for related research work. 

2. Synthesis and characterization of PMAMPC.  

3. Preparation and characterization of PMAMPC-MNPs.  

4. Conjugation of PMAMPC-MNPs with CRP. 

5. Colorimetric detection of CRP using PMAMPC-MNPs with TMB/H2O2. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

EXPERIMENTAL 

 

2.1 Materials 

The MPC was purchased from NOF Corp. (Japan), MA supplied by TCI (Japan) 

was distilled under reduced pressure with added p-methoxyphenol (59 °C/13.5 

mmHg). Ferrous chloride tetrahydrate (FeCl2·4H2O), ferric chloride hexahydrate 

(FeCl3·6H2O), calcium chloride (CaCl2), 3,3′,5,5′-tetramethylbenzidine (TMB), hydrogen 

peroxide (H2O2), sodium acetate, C-reactive protein (CRP), human plasma, 4,4′-

azobis(4-cyanovaleric acid) (ACVA), 4-cyanopentanoic acid dithiobenzoate (CPD), 

phosphate buffered saline pH 7.4 (PBS) and dialysis bag (cutoff molecular weight of 

3500 g/mol) were purchased from Sigma-Aldrich (USA). Ammonium hydroxide 

solution (NH4OH, 28% w/v), ethanol (EtOH) and acetic acid were purchased from 

Merck (Germany). All reagents and materials are analytical grade and used without 

further purification. Ultrapure distilled water was obtained after purification using a 

Millipore Milli-Q system (USA) that involves reverse osmosis, ion exchange and a 

filtration step. 

2.2 Equipments 

2.2.1. Attenuated Total Reflectance-Fourier Transform Infrared 

Spectroscopy (ATR-FTIR) 

IR beams are reflected within the ATR crystal and the ATR-FTIR spectra were 

recorded with a FT-IR spectrometer (Thermo Scientific, Nicolet 6700, USA), model 

Impact 410, with 32 scans at resolution 4 cm. A frequency of 400-4000 cm was 

collected by using TGS detector. 
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2.2.2. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out employing a Diamond 

TG/DTA (NETZSCH TG 209F3, Germany) and tests were operated under a dynamic 

nitrogen atmosphere flowing in a temperature range of 30-800°C and the heating rate 

was set at 10°C/min. 

2.2.3. Transmission Electron Microscopy (TEM) 

The morphology and actual size of particles were evaluated using 

transmission electron microscope (TEM, Philips TECNAI 20, UK) operated at 200 kV 

equipped with 3CCD camera. A sample solution (0.2 mg/ml) in Milli-Q water was 

directly cast onto carbon-coated copper grids and dried in a desiccator prior to 

analysis. The Semafore software was used measurement the average diameters from 

50 random particles for each sample. 

2.2.4. X-ray Diffraction (XRD) 

The phase structures of MNPs were characterized by powder X-ray diffraction 

(XRD, Rigaku, SmartLab 30kV) with Cuka radiation (a radiation = 0.15418 nm). The 

measurements were recorded by monitoring the diffraction pattern appearing in the 

2ϴ range from 20-70 degree. 

2.2.5. Dynamic Light Scattering (DLS) 

The particle size and zeta potential of the MNPs were measured by dynamic 

light scattering (DLS). The MNPs suspensions were diluted in Milli-Q water and placed 

into a cuvette. The measurements were taken at 25°C three times for each sample 

using Malvern Nano ZSP Instruments Ltd., UK to determine the average size 

distribution and z-average diameter. Zeta potential measurements of these MNPs 
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suspensions were also determined using the same instrument. The suspensions were 

diluted with Milli-Q water and added into zeta-cell and measurements were taken 

three times for each sample at 25°C. 

2.2.6. UV-Vis Spectroscopy (UV-Vis) 

UV-Vis absorbance measurements of the MNPs suspensions after oxidation 

with TMB/H2O2 solution after 20 min incubation in 96 microplates were done by UV-

Vis Spectrophotometer (SpectraMax M2e microplate Reader by Molecular Devices). 

The experiment was showed in absorbance spectra of a compound in solution. 

2.2.7. Nuclear Magnetic Resonance Spectroscopy (NMR) 

Crude and pure PMAMPC were characterized by Nuclear Magnetic Resonance 

Spectroscopy (NMR) in D2O using a JEOL JNM-ECZ500R/S1 (500 MHz). Percentage of 

conversion, composition of MA and MPC and degree of polymerization can be 

calculated from relative peak integration by Mnova version 8.0. 

2.3 Experimental Procedure 

2.3.1. Synthesis of PMAMPC by RAFT polymerization 

PMAMPC having a targeted degree of polymerization (DP) of 100 and the 

comonomer composition (MA: MPC) of 30:70 was synthesized by RAFT 

polymerization29 as shown in Figure 2.1. The MPC monomer (1.5486 g, 5.24 mmol) 

was dissolved in 1.87 mL of mixed solvent (1:1, EtOH: 0.1 M PBS in Milli-Q water). 

After the MPC monomer was completely dissolved, MA monomer (190 µL, 2.20 

mmol), ACVA (5.2 mg, 18.70 µmol), and CPD (21 mg, 78.82 µmol), were added to the 

solution. The RAFT polymerization was operated in a closed system under a nitrogen 

(N2) atmosphere by capping the reaction bottle with a septum and the solution was 
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bubbled with N2 gas for 30 min and then put in an oil bath at 70 °C for 6 h. The 

polymer solution was purified by dialysis in deionized water (DW) for 3 d, filtered by 

Whatman® qualitative filter paper (Grade 1) and then freeze dried before 

characterized by IR spectroscopy and 1H-NMR spectroscopy. 

 

Figure 2.1 Synthesis of PMAMPC by RAFT polymerization. 

 

2.3.2. Preparation of PMAMPC-functionalized MNPs by two-step  

co-precipitation 

PMAMPC was modified on MNPs by two-step co-precipitation27 as shown in 

Figure 2.2. First, FeCl2 (0.114 g, 0.275 mmol) and FeCl3 (0.298 g, 0.55 mmol) were 

dispersed ultrasonically in 10 mL DW for 10 min. Next, the solution was mechanically 

stirred at speed 750 rpm at 60°C for 30 min under nitrogen atmosphere. Upon an 

addition of 6 mL ammonia solution (28%w/v), the solution was changed from yellow 

to black instantly. After 60 min of stirring, the MNPs were formed. After that, a 

desired amount of PMAMPC (10, 40, 100 and 150 mg) was added in the solution 

mixture and stirred for 60 min to allow chelation between carboxylic groups of 

PMAMPC and hydroxy groups on the surface of MNPs. The resulting colloidal 

PMAMPC-MNPs were separated by external magnetic field and rinsed with DW until 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 18 

pH of the supernatant became neutral. The colloidal solution of PMAMPC-MNPs was 

freeze-dried and characterized by ATR-FTIR spectroscopy, TEM, DLS, TGA and XRD. 

 

Figure 2.2 Preparation of PMAMPC-functionalized MNPs by two-step co-precipitation. 

 

2.3.3. Colloidal stability of PMAMPC-MNPs 

A suspension of PMAMPC-MNPs (0.6 mL, 1.0 mg/mL) prepared using different 

amount of PMAMPC (10, 40, 100 and 150 mg) was diluted with DW total volume 3 

ml. Colloidal stability of the PMAMPC-MNPs suspension was monitored by naked eye 

observation for 15 min and more than 60 min. The tests were also perfomed in the 

presence of calcium choline (CaCl2) at a time interval of 30 and 60 min. Varied 

amount of 10 mM CaCl2 (10, 20 and 30 µL) of were added into PMAMPC-MNPs (40 

µL, 1 mg/mL) and the total volume of the solution was adjusted to 100 µL with DW. 

2.3.4. Conjugation of PMAMPC-MNPs with CRP 

An appropriate amount of PMAMPC-MNPs that can conjugate with CRP and 

induce the particle precipitation in a timely fashion was first identified. A varied 

volume (10, 20, 30, 40 µl) of 1 mg/ml PMAMPC-MNPs in aqueous suspension was 

added with DW to adjust the total volume to 90 µl and followed by an addition of 

10 mM CaCl2 (10 µl).  The particle precipitation was observed by naked eyes at 0, 20, 

40 and 60 min. A predetermined volume (1.25, 2.5, 5, 10, 15 and 20 µL) of 100 

µg/mL CRP in 0.01 M PBS buffer were added into 1.0 mg/mL PMAMPC-MNPs aqueous 

suspension of which its optimal quantity was identified above. A 10 µL of 10 mM 
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CaCl2 was then introduced and the total volume of the solution was adjusted to 100 

µL. Precipitation of PMAMPC-MNPs in the presence of varied amount of CRP was 

monitored as a function of time both with and without external magnetic field. To 

determine specificity of the PMAMPC-MNPs for CRP detection, the same protocol was 

applied for human serum albumin (HSA) and γ-globulin. 

2.3.5. Colorimetric detection of CRP using PMAMPC-MNPs with 

TMB/H2O2 

PMAMPC-MNPs (40 µL, 1mg/mL), a varied volume (1, 2, 3, 4 and 5 µL) of 100 

µg/mL CRP in 0.01 M PBS buffer (pH 7.4) and CaCl2 (10 µl, 10 mM) were added to a 

1.5 mL Eppendorf.  The total volume was adjusted to 100 µL with DW and vortex 

mixed then incubated for 5 min to allow conjugation between PMAMPC-MNPs and 

CRP. A magnet was then applied under the Eppendorf for 30 sec to induce 

precipitation. A 50 µL of supernatant containing unbound PMAMPC-MNPs was taken 

from the Eppendorf and added into each well of a 96-well microplate containing 197 

µL of 0.1 M acetate buffer (pH 3.8). H2O2 (1.53 µL, 9.8 M) was then added followed 

by TMB (0.5 µL, 100 mM) solution in DMSO to obtain a final volume of 250 µL with 

DW. The 96-well microplate was shaken on the shaker and incubated at room 

temperature for 20 min. The absorbance of the solution in the 96-well microplate 

was measured at 650 nm using UV-vis spectrophotometer (SpectraMax M2/M2e 

microplate reader). The amount of unbound PMAMPC-MNPs can be calculated from 

a calibration curve generated from PMAMPC-MNPs of known concentration in a range 

of 0-5 µg/mL CRP. The amount of unbound PMAMPC-MNPs is inversely proportional 

to the amount of CRP. 
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Figure 2.3 Detection of CRP using PMAMPC-MNPs with TMB/H2O2. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

RESULTS AND DISCUSSION 

 

3.1 Preparation and Characterization of PMAMPC-MNPs 

PMAMPC was synthesized using RAFT polymerization in the presence of CPD 

and ACVA as the chain transfer agent (CTA) and radical initiator, respectively that 

have a targeted degree of polymerization (DP) of 100 and the comonomer 

composition (MA: MPC) of 30:70. It is anticipated that such DP provides the PMAMPC 

with high enough molecular size that can provide steric stabilization to the MNPs. 

The comonomer composition (MA: MPC) of 30:70 should offer enough MA and MPC 

composition to chelate with Fe atom during MNPs synthesis and binding side with 

CRP, respectively. The ratio of CTA/initiator or [CTA]/[I] was fixed at 4/1, as previously 

reported27, 29. From the 1H-NMR spectrum of PMAMPC (Figure 3.1), the characteristic 

peaks of the MPC unit (-CH2 (a') = 1.8 ppm, -CH3 (b') = 0.6-1.4 ppm, -N(CH3)3 (c) = 3.15 

ppm, -CH2N (d) = 3.5 ppm, and –POCH2CH2N (e) –COOCH2 (e) -CH2CH2OP (e) = 3.8-4.3 

ppm) and peaks of MA unit (-CH2 (a) = 1.8 ppm, -CH3 (b) = 0.6-1.4 ppm) were clearly 

observed. Moreover, both spectra of the crude and purified PMAMPC showed signals 

of dithiobenzoate group at the chain end of PMAMPC (-C6H11 (f) = 7.4- 7.9 ppm). Only 

the crude PMAMPC before purification showed vinyl protons of MPC and MA 

monomers (5.5-6.2 ppm) (Figure 3.1i). The fact that such peaks disappeared in the 

spectrum of purified PMAMPC suggested that unreacted monomers (both MPC and 

MA) were completely removed after purification. Peak integrations of the proton (H) 

at 0.6-2.0 ppm and 5.5-6.2 ppm in the spectrum of crude PMAMPC (i) can be used to 

calculate % conversion using the following equation. 
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(3.1) 

According to the calculation, % conversion was found to be 94%. The degree 

of polymerization (DP) which is equivalent to total repeating unit and the 

composition of MPC and MA in the PMAMPC can be calculated using equation 3.2-

3.6. 

(3.2) 
 

(3.3) 
 

(3.4) 
 

(3.5) 

 
(3.6) 

The copolymer composition (MA: MPC) determined from the 1H-NMR 

spectrum was 25:75 with a DP of 102. The calculated molecular weight of PMAMPC 

was found to be 25 kDa. The copolymer composition and molecular weight 

determined by 1H-NMR closely resembled the expected theoretical values, 

suggesting that the copolymerization was relatively well-controlled. 
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Figure 3.1 1H-NMR spectra of (i) crude and (ii) purified PMAMPC. 

PMAMPC-MNPs were prepared by the two-step co-precipitation following the 

published procedure27, 29. The surface modification of MNPs with PMAMPC was 

verified by ATR-FTIR. As shown in Figure 3.2, a characteristic Fe-O vibration of the 

unmodified MNPs was observed at 550 cm-1 in both unmodified MNPs (a) and 

PMAMPC-MNPs (b-f). Bands at 953, 1053 and 1715 cm-1, assignable to N+(CH3)3, P-O 

and C=O stretching, respectively apparently emerged in the spectra of PMAMPC-

MNPs prepared by using 100 and 150 mg of PMAMPC (d and e) which coincided with 

PMAMPC (f). Such peaks were absent in the spectra of PMAMPC-MNPs prepared by 

using 10 and 40 mg of PMAMPC (b and c). This may be explained as a result of the 

PMAMPC of 40 mg and below is too low to be detectable by ATR-FTIR. 
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Figure 3.2 ATR-IR spectra of (a) bare MNPs, PMAPMC-MNPs prepared by using 

PMAMPC of (b) 10, (c) 40, (d) 100, and (e) 150 mg and (f) PMAMPC. 

The colloidal stability of the PMAMPC-MNPs as a function of time as shown in 

Figure 3.3 agrees quite well with the ATR-FTIR analysis in that 10 and 40 mg of 

PMAMPC were certainly not enough to yield stable PMAMPC-MNPs. Similar to the 

uncoated MNPs, the PMAMPC-MNPs prepared from those PMAMPC quantity 

precipitated after 15 min. In contrast, the PMAMPC-MNPs prepared from 100 mg 

PMAMPC remained stable more than 60 min (for up to 1 month) implying that such 

quantity was enough to provide steric stabilization to the MNPs and preventing them 

from precipitation. Elevating the amount of PMAMPC to 150 mg, however, yielded 

PMAMPC-MNPs with inferior dispersibility. Precipitation took place at 60 min. For this 

reason, PMAMPC-MNPs prepared using 100 mg PMAMPC was chosen for further 

investigation. 
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Figure 3.3 Appearance of aqueous dispersion of bared MNPs and PMAMPC-MNPs 

prepared using varied PMAMPC quantity as a function of time. 

The crystallographic structure and composition of the PMAMPC-MNPs were 

identified by XRD of which patterns are shown in Figure 3.4. The diffraction peaks of 

bare MNPs appeared at 30.04° (2 2 0), 35.33° (3 1 1), 43.06° (4 0 0), 53.51° (4 2 2), 

57.09° (5 1 1) and 62.71° (4 4 0), which were consistent with the literature values of 

standard Fe3O4 crystals with inverse spinel structure.49, 50 Apparently, the PMAMPC 

coating did not have noticeable impact on the MNPs crystallographic structure51. 
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Figure 3.4 XRD spectra of (a) bare MNPs, PMAPMC-MNPs prepared by using PMAMPC 

of (b) 10, (c) 40, (d) 100, and (e) 150 mg. 

Figure 3.5 shows the TGA curves of the PMAMPC-MNPs in comparison with 

bared MNPs. The first weight loss of all MNPs took place about 100°C as a result of 

dehydration. PMAMPC-MNPs prepared by using PMAMPC of 40 mg showed the 

highest weight loss of about 3.21%, implying that they contained the greatest of 

bound water content. The second weight loss occurring in a temperatures range of 

300 - 400°C could be ascribed to the decomposition of PMAMPC bonded to MNPs.27, 

52, 53 The greater weight loss of 6.62 and 7.16% of PMAPMC-MNPs prepared by using 

100 and 150 mg, respectively than that of bare MNPs (5.59%), PMAPMC-MNPs 

prepared by using 10 (5.50%) and 40 (6.17%) mg confirmed the presence of varied 

amount PMAMPC on MNPs. The third weight loss appearing at the highest 

temperature (>730°C) for the PMAMPC-MNPs prepared by using 100 and 150 mg. This 

should be a contribution of char of macromolecular organic content (PMAMPC) on 

the PMAMPC-MNPs because such weight loss was absent in the curves of bared 
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MNPs and PMAMPC-MNPs prepared by using low quantity of PMAMPC (10 and 40 

mg). 

 

Figure 3.5 TGA (under N2) curves of (a) bare MNPs, PMAPMC-MNPs prepared by using 

PMAMPC of (b) 10, (c) 40, (d) 100, and (e) 150 mg with a heating rate of 20°C/min. 

3.2 Conjugation of PMAMPC-MNPs with CRP 

Various concentration of CaCl2 in a range of 1 – 3 mM was added into 0.4 

mg/ml PMAMPC-MNPs aqueous suspension. As shown in Figure 3.6, the PMAMPC-

MNPs solution had good colloidal stability in the presence of Ca2+ of 1 and 2 mM for 

up to 60 min. Precipitation of PMAMPC-MNPs (0.4 mg/mL) prepared using 100 mg 

PMAMPC was observed when the CaCl2 concentration reached 3 mM at 60 min. To 

minimize the risk of Ca2+-induced precipitation of the PMAMPC-MNPs even without 

CRP, CaCl2 of 1 mM was chosen for CRP detection. 
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Figure 3.6 Appearance of colloidal PMAMPC-MNPs (0.4 mg/mL) in the presence of 

varied CaCl2 concentration as a function of incubation time. 

Specific binding of CRP (20 µg/mL) was tested with PMAMPC-MNPs of varied 

concentration (0.1, 0.2, 0.3 and 0.4 mg/mL) in the presence of 1 mM Ca2+. As shown 

in Figure 3.7, no sedimentation of 0.1 mg/mL PMAMPC-MNPs was observed even in 

the presence of CRP implying that the PMAMPC-MNPs concentration was too low. 

The addition of CRP that can bind with PMAMPC-MNPs induced precipitation of 0.2 

and 0.3 mg/mL PMAMPC-MNPs after 40 min of incubation. The CRP-induced 

precipitation of 0.4 mg/mL PMAMPC-MNPs happened in a shorter period of 

incubation (20 min). The concentration of 0.4 mg/mL was therefore chosen as an 

optimal PMAMPC-MNPs concentration to be used for CRP detection. 
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Figure 3.7 Appearance of colloidal PMAMPC-MNPs of varied concentation before and 

after the addition of CRP (20 µg/mL) in the presence of 1 mM Ca2+ as a function of 

incubation time. 

Upon using 1 mM of Ca2+ and 0.40 mg/mL PMAMPC-MNPs, the conjugation of 

PMAMPC-MNPs with CRP of varied concentration that can induce precipitation 

without external magnetic field application as a function of time was investigated. 

The results shown in Figure 3.8a demonstrate that the precipitation occurred more 

rapidly in the presence of 10 µg/mL CRP or higher than those of lower CRP 

concentration.  A minimum concentration of CRP that can induce precipitation within 

a reasonable period of time (40 min) was 5 µg/mL. The conjugation was also 

performed with human serum albumin (HSA) and γ-globulin for comparison.  As 

illustrated in Figure 3.8b, precipitation was not observed upon the addition of HSA 

and γ-globulin as opposed to CRP, suggesting the specificity of PMAMPC-MNPs 

towards CRP and verifying antifouling characteristic of the PMAMPC against other non-

specific proteins. Effect of external magnetic field on the CRP conjugation on 

PMAMPC-MNPs was also investigated. The results shown in Figure 3.8c indicated that 

the precipitation of PMAMPC-MNPs in the presence of Ca2+ and CRP was accelerated 
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under the external magnetic field which happened within 30 sec. Only small amount 

of PMAMPC-MNPs was found precipitated in the absence of CRP.  

 

Figure 3.8 Appearance of colloidal PMAMPC-MNPs upon an addition of (a) varied CRP 

concentration as a function of time, (B) CRP in comparison with HSA and γ-globulin, 
(C) Ca2+ and Ca2+ together with CRP under the external magnetic field. 

The hydrodynamic diameter and zeta potential (ζ) PMAMPC- MNPs were 

determined by DLS. As shown in Figure 3.9a, the hydrodynamic radius of bare MNPs 

was 796 ± 182 nm with broad polydispersity index or PDI (0.837). These data strongly 

indicate that aqueous dispersibity of the bared MNPs was poor so that extensive 

agglomeration was observed. The diameter of PMAMPC-MNPs decreased to 140.5 ± 

3.6 nm (PDI = 0.208). This much smaller hydrodynamic dimension with much 

narrower dispersity suggested that PMAMPC was an effective stabilizing agent that 

can provide both steric stabilization and charge repulsion from the negatively 

charged carboxyl groups of MA units in the copolymer. The latter effect can be 

verified from the more negative zeta potential value of the PMAMPC-MNPs (-21.6 ± 
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2.21 mV) as opposed to the bared MNPs (3.99 ± 0.34 mV). Upon conjugation with 

CRP, the hydrodynamic size of PMAMPC-MNPs became larger to 934.4 ± 82.1 nm (PDI 

= 0.260) as a consequence of agglomeration. The isoelectric point of CRP is 

approximately 6.354 which should result in CRP being positively charged in DW (pH 

5.5-6.5). As a result, the zeta potential of the PMAMPC-MNPs became less negative (-

8.96 ± 1.52 mV). 

 

Figure 3.9 (a) DLS profiles and (b) zeta potential values of bare MNPs and PMAMPC-
MNPs both before and after the addition of CRP (5 µg/mL) in the presence of 1 mM 
Ca2+. 

Figure 3.10 shows the morphology of bare MNPs, PMAPMC-MNPs both before 

and conjugation with CRP as determined by TEM. The bare MNPs (Figure 3.10a) 

showed a certain degree of agglomeration due to its poor aqueous dispersity. An 

average diameter of individual particle of 9.56 ± 1.63 nm was calculated. Less 

aggregation was observed for PMAPMC-MNPs, of which diameter became slightly 

larger to 12.81 ± 2.71 nm as a result of PMAPMC coating (Figure 3.10b). After 

conjugating with CRP, extensive agglomeration was also realized. This may be 

ascribable to the conjugation with relatively large molecule of CRP (115 kDa).12, 55 The 

average diameter of individual PMAPMC-MNPs was unaffected by CRP conjugation 
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(Figure 3.10c). Results from TEM analysis apparently agree very well with the data 

obtained from DLS analysis. 

 

Figure 3.10 TEM micrographs of (a) bare MNPs, PMAPMC-MNPs both (b) before and 

(c) after conjugation with CRP (5 µg/mL) in the presence of 1 mM Ca2+. (Scale bar = 

100 nm (left) and 50 nm (right)). 
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3.3 Colorimetric detection of CRP using PMAMPC-MNPs with TMB/H2O2 

The peroxidase catalytic activity behavior was examined by the oxidation 

reaction of TMB in the presence of H2O2 catalyzed by PMAMPC-MNPs. The 

peroxidase-like activity was measured by monitoring a blue color of oxidized TMB of 

which the color intensity was directly proportional to catalytic activity which should 

be varied as a function the PMAMPC-MNPs quantity. As shown in Figure 3.11, 

PMAMPC-MNPs could catalyze the oxidation of TMB substrate producing a blue color 

solution detectable by UV-Vis spectroscopy at 650 nm only in the presence of both 

TMB and H2O2. With either TMB or H2O2 alone, blue color was not developed 

implying the catalytic oxidation did not take place. There was also no background 

color from a combination of TMB and H2O2 suggesting that the blue color 

development happened as a result of the peroxidase-like activity of PMAMPC-MNPs 

in the presence of TMB and H2O2. After CRP conjugation, part of PMAMPC-MNPs were 

precipitated, only unbound PMAMPC-MNPs that remained in the supernatant 

provided peroxidase-like activity so that the developed blue color was less in 

intensity as compared with the PMAMPC-MNPs before CRP conjugation. 
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Figure 3.11 UV-Vis absorption (a) spectra and (b) bar graphs of UV-Vis absorbance at 

650 nm of PMAMPC-MNPs + TMB + H2O2 (black solid line and black filled strip), 

PMAMPC-MNPs + TMB (black dashed line and black pattern), PMAMPC-MNPs + H2O2 

(red dashed line and red pattern), TMB + H2O2 (blue dashed line and blue pattern), 

and PMAMPC-MNPs + CRP + TMB + H2O2 (red solid line and red filled strip). The 

insets in (b) show appearance of solution in the well plates. 

Conjugation of PMAMPC-MNPs with CRP of varied concentration in a range of 

0 – 5 µg/mL was determined. Figure 3.12a shows the intensity of the blue color 

solution produced by unbound PMAMPC-MNPs in the supernatant after the PMAMPC-

MNPs conjugated with CRP being separated by the external magnetic field. The 

intensity of colored solution was found to decrease linearly with CRP concentration 

that has a linear range of 0 - 5 µg/ml (y = -0.1658x + 1.7995, R2 = 0.9842). Limit of 

detection (LOD) of the method which is the lowest detectable CRP concentration 

can be estimated from color intensity at least three times higher than the standard 

deviation of the background (0 µg/mL) using equation 3.7. At 0 µg/mL, intensity was 

found to be 1.7612 ± 0.0766. LOD which is three times SD dividing slope (m) can be 

calculated as 1.39 µg/ml.  
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𝑥 =
3𝑆𝐷0

𝑚
                                              (3.7) 

ILOD represents the intensity at LOD whereas I0 reflects the intensity of the 

background and SD0 is standard deviation of the background. After that, LOD was 

calculated from ILOD using linear equation of the calibration curve. 

Moreover, the detection of 3 µg/mL CRP in rabbit serum solution was also 

performed. Figure 3.12b showed the intensity of the blue color solution produced 

by the unbound PMAMPC-MNPs before and after CRP conjugation. The intensity of 

blue color solution of the unbound PMAMPC-MNPs before CRP conjugation in 50% 

diluted and undiluted rabbit serum solutions were found to be lower than that in 

aqueous solution.  This may be explained as a result of proteins in the undiluted 

rabbit serum deteriorated the catalytic activity of the PMAMPC-MNPs to some extent.  

After CRP conjugation, the intensity of the blue color solution was proportionally 

decreased as anticipated. It was found that ratio of the intensity of the blue color 

solution produced by the unbound PMAMPC-MNPs before and after CRP conjugation 

was approximately 1.3-1.4 in all solutions (aqueous solution, in 50% diluted and 

undiluted rabbit serum solutions). This similar ratio suggests that this assay is 

applicable for CRP detection in both serum-free and undiluted plasma. 
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Figure 3.12 (a) A calibration plot of UV-Vis absorbance as a function of CRP 

concentration and solution of unbound PMAMPC-MNPs after oxidation with TMB and 

H2O2. (b) UV-Vis absorbance of solution produced by the unbound PMAMPC-MNPs 

before and after CRP conjugation. 

 The comparison of the analytical performance between this sensor and other 

sensors is presented in Table 3.1. In general, antibody-based sensors (entry 3-6) offer 

high specificity as well as sensitivity. LODs are in a range of ng/mL. However, using 

antibody is quite costly and has limited stability. PC group have been introduced as 

an alternative non-antibody probe that is quite efficient. By employing PC-BSA-

conjugated carboxylated microspheres, the detection via turbidimetric and ELISA 

assay (entry 1-2) provided a linear range of 0.5 – 10 and 0 – 10 g/mL, respectively 

which cover a concentration of 3 µg/mL, the risk value for cardiovascular disease. 

PMPC having multiple PC groups along the chain was also applied as probes for CRP 

detection (entry 7-9). As anticipated, electrochemical detection using differential 

pulse voltammetry (DPV) offers the lowest LOD (1.55 x 10-3 µg/mL) in comparison 

with localized surface plasmon resonance (LSPR) and dynamic light scattering (DLS). 
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However, the risk value for cardiovascular disease falls in the linear ranges obtained 

for all techniques (DPV, LSPR, and DLS). 

From this study, it can be seen that the use of colorimetric assay based on 

PMAMPC-MNPs exhibits equivalent performance in terms of LOD (1.39 µg/mL) to 

ELISA assay based on PC-BSA-conjugated carboxylated microspheres and a similar 

linear range of detection as those based on PC-BSA-conjugated carboxylated 

microspheres via turbidimetric and ELISA assay (entry 1-2). In comparison with other 

assays employing MNPs, the PMAMPC-MNPs are superior to polyclonal goat anti-CRP 

(covalently) bound MNPs (entry 5) since they are antibody-free and also provide a 

broader linear range of CRP detection. The colorimetric assay based on PMAMPC-

MNPs showed a similar LOD to that of PMPC-Fe3O4-based DLS analysis (1.15 µg/mL) 

(entry 8). Nevertheless, the preparation for PMAMPC-MNPs by the two-step 

coprecipitation is much simpler and less sophisticated than the method used for 

PMPC-Fe3O4 preparation which is based on co-precipitation followed by surface-

initiated polymerization. Besides, the colorimetric method can be easily 

implemented for an on-site detection as opposed to DLS analysis since no specific 

instrument is required. 
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CHAPTER IV 

CONCLUSION AND SUGGESTIONS 

 

The present study has demonstrated that PMAMPC can be synthesized by 

RAFT polymerization. The copolymer composition (MA: MPC) determined from the 
1H-NMR spectra was 25:75 with the DP of 102. The calculated molecular weight of 

PMAMPC was found to be 25 kDa. The PMAMPC-MNPs can be prepared by the two-

step co-precipitation. Characteristic peaks of PMAMPC on the PMAMPC-MNPs were 

verified by ATR-IR spectroscopy. According to XRD analysis, the coating of PMAMPC 

did not affect the crystal structure of MNPs which appeared to match the standard 

Fe3O4 crystals as anticipated. TGA data suggested that the amount of organic content 

on the PMAMPC-MNPs is proportional to the PMAMPC used in the step of co-

precipitation. Colloidal stability test suggested that PMAMPC-MNPs prepared using 

100 mg PMAMPC were the most suitable particles used for further studies as they 

remained stable for up to 1 month. 

The 1 mM of Ca2+ and 0.40 mg/mL PMAMPC-MNPs were found to be the 

appropriate amount for testing specific conjugation with CRP. Without the external 

magnetic application, a minimum concentration of CRP that can induce precipitation 

of PMAMPC-MNPs within a reasonable period of time (40 min) was 5 µg/mL. The 

precipitation was accelerated under the external magnetic field which happened 

within 30 sec. The precipitation was not observed upon the addition of HSA and γ-

globulin as opposed to CRP, suggesting the specificity of PMAMPC-MNPs towards CRP 

and verifying antifouling characteristic of the PMAMPC against other non-specific 

proteins. PMAMPC-MNPs both before and after specific conjugation with CRP in the 

presence of Ca2+ was microscopically confirmed by both DLS and TEM analysis. As 

evaluated by TEM, an average diameter of 12.81 ± 2.71 nm was found for PMAPMC-
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MNPs which were slightly larger than that of bared MNPs (9.56 ± 1.63 nm) implying 

the presence of PMAMPC coating. The diameter of individual PMAMPC-MNPs was 

unaffected by CRP conjugation. Apparently, PMAMPC-MNPs were much more 

dispersed with lower hydrodynamic radius (140.5 ± 3.6 nm, PDI = 0.208) than the 

bared MNPs (796 ± 182 nm, PDI = 0.837) as verified by DLS. Upon conjugation with 

CRP, the hydrodynamic size of PMAMPC-MNPs became larger to 934.4 ± 82.1 nm (PDI 

= 0.260). The more negative zeta potential value of the PMAMPC-MNPs (-21.6 ± 2.21 

mV) became less negative (-8.96 ± 1.52 mV) once conjugated with positively charged 

CRP. 

The PMAMPC-MNPs can be used for the detection of CRP using magnetic 

separation. The external magnetic field was applied to induce precipitation of 

PMAMPC-MNPs along with CRP from the tested solution. The unbound PMAMPC-

MNPs in the supernatant was then detected by the label-free colorimetric assay. 

Taking advantage of peroxidase-like activity of PMAMPC-MNPs, the signal was further 

amplified by introducing TMB as a substrate together with H2O2 and was measured 

by UV-Vis spectroscopy. Optimized condition for the colorimetric detection via TMB 

oxidation was using acetate buffer at pH 3.8, TMB concentration of 200 µM, H2O2 

concentration of 80 mM and incubation time of 20 min. The intensity of the blue-

colored solution decreased linearly as a function of CRP in a concentration range of 

0-5 µg/mL and detection limit of 1.39 µg/ml. Finally, we can detect 3 µg/mL (risk 

value of cardiovascular disease) in undiluted rabbit serum. 
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