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Abstract  

 The surface of magnetite nanoparticle (MNP) was modified with poly(acrylic acid)(PAA)-

poly(ethylene glycol) methyl methacrylate (PEGMA) (co)polymer to obtain water dispersible MNP with 

pH sensitive surfaces via atom transfer radical polymerization (ATRP) of tert-butyl acrylate (t-BA), 

followed by the t-BA group deprotection. Molar compositions of the (co)polymer were systematically 

varied, namely 100:0, 75:25, 50:50 and 25:75 of P(t-BA)/PEGMA, respectively, such that the grafting 

density of carboxylate groups on the MNP surface after the deprotection can be fine-tuned. Transmission 

electron microscopy (TEM) indicated that the MNP were spherical (ca.5-12 nm in diameter) with some 

nanoclustering observed. The roles of PAA and PEGMA affecting the hydrodynamic size and zeta potential 

of the nanocomposites observed via photocorrelation spectroscopy (PCS) were discussed. The percentages 

of the polymeric composition in the nanocomposites in each step of the reaction were determined via 

thermogravimetric analysis (TGA) and their magnetic properties were studied via vibrating sample 

magnetometry (VSM). These novel nanocomposites with pH sensitive surface and magnetically guidable 

properties might be advantageous for further conjugations either by covalent or ionic bonding with 

bioentities. 
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Introduction 

 The study in magnetite nanoparticle (MNP, Fe3O4) has gained a great attention in last few decades 

owing to its potential uses in various applications, e.g. protein and enzyme immobilization, separation and 

purification of bioentities (DNA, RNA, cells), enhancing agents in magnetic resonance imaging (MRI) and 

controlled drug release and delivery [1]. However, the undesirable aggregation of these particles owing to 

attractive interactions, including van der Waals, magnetic and gravitational forces, can limit its potential 

uses. Surface modification of MNP with long chain polymers has been markedly studied over the past 

decade to overcome this limitation [2,3]. The polymers coating on the MNP also provided the surface 

functionality, which was a key for controlling the particle’s interaction with bioentities and improving its 

stability and dispersibility in its media [4]. Many approaches have been proposed in the preparation of 

polymer-coated MNP, e.g. physical and chemical adsorption [5], in-situ particle coprecipitation in the 

presence of polymers [6] and covalent bonding via silane chemistry [7,8]. 

 The MNP coated with ionizable polymers, the so-called polyelectrolytes, has attracted great attentions 

recently [9,10]. In polar solvents such as water, their ionizable groups can dissociate, resulting in the 

formation of charges on the polymer chains and the release of counterions in solution. Examples of 

polyelectrolytes include polystyrene sulfonate [2], polyacrylic acid (PAA) [11], and polymethacrylic acids 

[12], and their salts, DNA and other polyacids and polybases [13]. In particular, the study in MNP surface 

modification with PAA has been much reported recently [14-16]. The carboxyl groups in PAA chains 

provided many advantages for the MNP, including 1) covalent coupling sites with other biomolecules, 2) 

providing steric and electrostatic repulsions, which essentially enhanced the particle stability and 

dispersibility, and 3) pH-responsive properties. Previous works reported the coating of MNP with PAA 

either via either “grafting-to” [17,18] or “grafting-from” approaches [19]. Atom transfer radical 

polymerization (ATRP), a kind of controlled radical polymerization, has markedly been of great interest 

for MNP surface modification because it does not require stringent experiment condition. In addition, it can 

be effectively used for synthesis of block and random copolymers with a wide range of monomers in a 

controllable fashion with narrow molecular weight distribution [19]. Many precedents have reported the 
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synthesis of well-defined PAA via ATRP by using acrylic acid monomer [20] or tert-butylacrylate 

monomer, followed by hydrolysis of the tert-butyl ester protective groups to essentially obtain PAA 

[21,22]. Interestingly, the copolymers of PAA and poly(ethylene glycol) (PEG) coated on MNP surface has 

also been reported [23,24]. Coating PEG on MNP can create a comb-type protecting layer to the particle to 

provide biocompatibility, dispersibility and diminish protein adsorption [18]. Hence, MNP coated with 

PAA-PEG copolymer showed many promising applications including anticancer drug delivery [22], and 

MRI diagnosis [24]. However, the study in fine-tuning the degree of negatively charged polymer by 

systematically varying the ratio of PAA to PEG components on MNP surface has never been reported.  

 In this work, surface modification of MNP with PAA/poly(ethylene glycol) methyl ether methacrylate 

(PEGMA) (co)polymer (100/0, 75/25, 50/50 and 25/75, respectively) via ATRP using a “grafting from” 

technique was studied. Due to the neutral nature of PEGMA and negative charge of PAA, the surface charge 

of the particles should be adjusted by varying the molar ratio of P(t-BA) to PEGMA in the surface 

modification via ATRP, followed by hydrolysis to gain PAA/PEGMA-coated MNP. MNP with tunable 

degrees of negative charge can be greatly advantageous in many applications. For example, it can be used 

to separate specific proteins via ion exchange and to covalently bind a variety of biomolecules [22,24,25]. 

In this work, the surface-initiated ATRP of P(t-BA)/PEGMA (co)polymer mediated by a copper complex 

was first carried out and the detail of this part has been previously reported [26]. The t-butyl groups on the 

particle surface were then deprotected to obtain the carboxylate groups on its surface [27,28]. The particle 

size of the (co)polymer-MNP nanocomposites were evidenced via transmission electron microscopy (TEM) 

and their magnetic property was elucidated via vibrating sample magnetometry (VSM). The hydrodynamic 

diameter and zeta potential values of the nanocomposite were measured via photocorrelation spectroscopy 

(PCS). In addition, quantitative analysis of the carboxylate groups presenting in the nanocomposites were 

also acquired from conductometric titration. 

 

 

Figure 1 Synthesis scheme for PAA/PEGMA-coated MNP.  

 

Materials and methods 

 Materials 

 The following reagents were used as received; iron (III) acetylacetonate (Fe(acac)3), 99 %, (Acros), 

oleic acid (Fluka), 2-bromoisobutylryl bromide (BIBB), 98 %, (Acros), ethyl-2-bromoisobutyrate (EBIB), 

98 %, (Aldrich), 3-aminopropyl triethoxysilane (APS), 99 %, (Acros), benzyl alcohol 98 %, (Unilab), 

triethylamine (TEA), 97 %, (Carto Erba), N,N,N',N'',N''-pentamethylene triamine (PMDETA), 99 + %, 

(Acros), cupper(I) bromide (CuBr), 99.99 %, (Aldrich) and trifluoroacetic acid (TFA), 99 %, (Acros). Tert-

butyl acrylate (t-BA, 99 % stabilized) (Acros) was dried in CaH2 and distilled before use. Poly(ethylene 

glycol)methyl methacrylate (PEGMA, nM  = 300 g/mol) (Aldrich) was stored at −4 °C. 2-Bromo-2-

methyl-N-(3-(triethoxysilyl)propyl)propanamide (BTPAm) were prepared as detailed in the previous report 

[19]. Toluene, dichloromethane (CH2Cl2), N,N-dimethyl formamide (DMF) (Unilab) and 1,4- dioxane 

(Unilab) were used after distillation over CaH2.  
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 Characterization 

 FTIR was performed on a Nicolet Avatar 370 DTGS spectrometer in the attenuated total reflection 

(ATR) mode. TEM were performed on a Philips Tecnai 12 operated at 120 kV equipped with Gatan model 

782 CCD camera. Magnetic properties of the particles were performed on a Standard 7,403 Series, 

Lakeshore VSM and measured over a range of ± 10,000 G of applied magnetic fields. Thermogravimetric 

analysis (TGA) was measured on SDTA 851 Mettler-Toledo at the temperature range of 25 - 600 °C under 

O2 atmosphere. PCS was carried out using NanoZS4700 nanoseries Malvern instrument. The sample 

dispersions were sonicated before each measurement without filtration. Determination of the number of 

carboxylate groups grafted on MNP was performed on Seveneasy conductometer (Metter Toledo Bmblt 

8603 Swchwerzenbach). 1.50 mg of the (co)polymer-coated MNP was dispersed in 5 mL of a 0.005 M 

NaOH solution with stirring. The aqueous dispersion was then titrated with 0.005 M HCl solution. 

 

Syntheses  

Synthesis of BTPAm-immobilized MNP 

Fe(acac)3 (0.5 g, 1.41 mmol) was dissolved in benzyl alcohol (90 mL) and magnetically stirred at 180 

°C for 48 h with nitrogen flow [26]. The particle was magnetically separated, washed with ethanol and 

CH2Cl2 and then dried in vacuo. After ultrasonication of the MNP dispersion (0.08 g of the MNP in 3 mL 

of toluene) for 1 h, oleic acid (0.4 mL) was added into the dispersion and then stirred for 3 h under N2 

atmosphere to obtain the oleic acid-immobilized MNP. BTPAm-immobilized MNP was synthesized via 

the reaction of the oleic acid-immobilized MNP (0.01 g), BTPAm (0.09 mL, 0.29 mmol) and 2 M TEA 

(0.05 mL) in toluene (1 mL). The mixture was magnetically stirred for 24 h under N2 atmosphere, and the 

product was precipitated in methanol, washed with toluene, and dried in vacuo.  

 

Synthesis of P(t-BA)/PEGMA-coated MNP 

The MNP coated with P(t-BA)/PEGMA (co)polymers with various molar ratios of each composition 

(100/0, 75/25, 50/50, 25/75 molar ratios of t-BA/PEGMA, respectively) were prepared via ATRP using 

EBiB as a radical initiator. The reaction of 50/50 molar ratio of t-BA/PEGMA was herein described. 

BTPAm-immobilized MNP (0.2 g), t-BA (2.9 mL, 0.02 mol), PEGMA (5.7 mL, 0.02 mol) and EBiB (0.06 

mL, 0.0004 mol) and 1,4-dioxane (5.0 mL, 60 %w/v) were mixed with ultrasonication for 15 min and then 

was degassed by 3 freeze-pump-thaw cycles. PMDETA (0.08 mL, 0.0004 mol), CuBr (0.06 g, 0.02 mol) 

and DMF (0.45 mL, 5 %v/v) were introduced to the solution under nitrogen atmosphere. The solution was 

heated to 90 °C with stirring. The (co)polymer-MNP nanocomposites were precipitated in diethyl ether. 

The nanocomposites were then magnetically separated and dried in vacuo. 

 

Deprotection of t-butyl groups of P(t-BA) to obtain PAA/PEGMA-coated MNP  

P(t-BA)/PEGMA-coated MNP (0.10 g) was resuspended in CH2Cl2 (20 mL) containing 0.5 M TFA 

(1.40 mL) and the mixture was continuously stirred for 24 h. The resulting PAA/PEGMA-coated MNP 

were gradually precipitated in CH2Cl2. The particles were washed with CH2Cl2, magnetically separated and 

dried in vacuo. 

 

Determination of the number of carboxylate groups on the MNP surface 
The number of carboxylate groups grafted on the surface of the (co)polymer-coated MNP was 

determined by conductometric titration and estimated from the following equation [29]:  

 

[𝐶𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒] =
𝑉×𝑀×𝑁𝐴

𝑆𝐶
                                                     (1) 

 

where [carboxylate] = the number of carboxylate groups (molecules/g of the nanocomposite) 

V = the used volume of HCl solution in region II (L) 

M = the concentration of HCl used (mol/L) 

NA = the Avogadro’s number 

SC = the weight of the nanocomposite used (g) 

 In these experiments, the concentration of HCl solution was 0.005 mol/L and the weight of the 

nanocomposite was 1.50 mg. 

 

 

 

 



Trends Sci. 2023; 20(3): 6384   4 of 11 

Results and discussion 

Deprotection of t-butyl groups of PAA/PEGMA (co)polymer coated on MNP surface  

P(t-BA)/PEGMA-coated MNP (100/0, 75/25, 50/50 and 25/75 molar ratio) were then used for further 

studies in deprotection of t-butyl groups of P(t-BA) on the particle surface. After the deprotection, it was 

anticipated that PAA/PEGMA-coated MNP was gained. FTIR spectra in Figure 2 show the functional 

groups of 50/50 P(t-BA)/PEGMA-coated MNP before the deprotection and PAA/PEGMA-coated MNP 

after the deprotection of all 4 (co)polymer compositions. It evidences the transformation from a sharp and 

strong peak of carbonyl groups of esters (1,728 cm−1) to a broad and strong peak (1,690 cm−1) of carboxylic 

acid functional groups. The shift of C-O bond stretching signals of esters (1,143 cm−1) to those of carboxylic 

acid (1,203 cm−1) was another evidence of the occurrence of the deprotection reaction. In addition, the 

depletion of the doublet signals (1,389 - 1,367 cm−1) of C-H bending of t-butyl groups in combination with 

the presence of a broad and strong signal of N-H, O-H stretching (3,416 cm−1) was another supportive result 

indicating the formation of PAA on the particle surface. 

 

 

Figure 2 FTIR spectra of (a) 50/50 P(t-BA)/PEGMA-coated MNPs (before deprotection) and 

PAA/PEGMA-coated MNP (after deprotection) having molar ratio of PAA/PEGMA of (b) 100/0, (c) 75/25, 

(d) 50/50, and (e) 25/75, respectively. 

 

 TEM images and the particle size distribution of P(t-BA)-, PAA-, and PAA/PEGMA-coated MNP 

were exhibited in Figure 3. The particle size ranged between 5 to 12 nm with the average of ca.8 nm. It 

should be noted that P(t-BA)-coated MNP were well dispersed in toluene due to the presence of 

hydrophobic P(t-BA) coating on the particle surface (Figure 3(a)), while PAA-coated MNPs were well 

dispersed in water because of the presence of hydrophilic and charge surfactants of PAA (Figure 3(b)). 

Interestingly, the introduction of PEGMA on the particle surface seemed to induce the formation of 

nanoclustering as shown in Figure 3(c) and this was attributed to the decrease of negatively charged PAA 

in the copolymer. The degree of nanoclustering of the particles seemed to increase when decreasing the 

percentage of PAA in the copolymer (Figure 3(d)). The polymer layers can be apparently observed when 

there were some nanoclusters formed as labeled in Figures 3(c) - 3(d). 
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Figure 3 TEM images of (a) P(t-BA)-coated MNP (prepared from toluene dispersion), (b) PAA-coated 

MNP, (c) 75/25 PAA/PEGMA-coated MNP, and (d) 50/50 PAA/PEGMA-coated MNP (prepared from 

aqueous dispersions). 

 

 Zeta potential and hydrodynamic diameter of PAA-coated MNP and PAA/PEGMA-coated MNP 

were determined as a function of pH of aqueous solutions via photocorrelation spectroscopy (PCS). It is 

known that carboxylic acid functional groups of PAA can be ionized and essentially form carboxylate 

anions in alkaline solutions. The effect of the pH change on hydrodynamic size and degree of the surface 

charges of the polymer-coated MNP attracted our attention.  

In PAA-coated MNP (Figure 4(a)), their hydrodynamic diameter gradually decreased in the range of 

acidic pH (pH 1 - 5) and rapidly decreased as the dispersion pH was continuously increased up to 11. It was 

rationalized that ionization of carboxylate groups on the particle surface took place in basic pH (Figure 

5(a)). These carboxylate anions gave rise to additional electrostatic repulsion and essentially inhibited the 

formation of large aggregates [30-33].  

In the case of PAA/PEGMA copolymer-coated MNP (Figures 4(b) - 4(d)), the pH dependence of the 

dispersions on zeta potential showed similar behavior to the case of PAA-coated MNP; their surface charges 

became more negative as increasing pH of the dispersions. Their surface charges ranged between +40 and 

−50 mV. Electrostatic stabilization of the nanocomposites was apparently enhanced in the range of high 

acidic or basic pH due to the repulsion of the same charges of the polymers coating on the particle surface, 

resulting in the promotion of the particle dispersibility in water and essentially formed the particles with 

relatively small hydrodynamic size (Figure 5(b)). Interestingly, the hydrodynamic diameter of the 

copolymer-coated MNP drastically increased up to about 1 m (~1,100 - 1,400 nm) at pH between 5 and 7 

(Figures 4(b) - 4(d)). This was probably due to the presence of PEGMA on their surface, resulting in the 

formation of entanglement of the dangling brush of PEGMA which might overcome the electrostatic 

repulsion at the pH close to the point of zero charge (PZC) of the nanocomposites. It should be noted that 

this phenomenon was not observed in the PAA-coated MNP (Figure 4(a)). TEM experiments also showed 

a supportive result to this proposed mechanism as indicated by the presence of some nanoclustering of 

multiple nanoparticles (Figure 3(d)). This nanoclustering was not observed in the TEM image of PAA-

coated MNP (Figure 3(b)).  
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Figure 4 Effect of the pH change on zeta potential and hydrodynamic diameter of the particles. 

PAA/PEGMA molar ratios in PAA/PEGMA-coated MNP were (a) 100/0, (b) 75/25, (c) 50/50, and (d) 

25/75, respectively. 

 

 

Figure 5 The proposed mechanisms of the electrostatic repulsion of (a) PAA-coated MNP in basic pH and 

(b) PAA/PEGMA-coated MNPs in acidic and basic pH. 

 

 Percentages of the polymer in the composites in each step of the reactions (bare MNP, BTPAm-coated 

MNP, P(t-BA)/PEGMA-coated MNP and PAA/PEGMA MNP) were determined via TGA technique. 

Examples of the TGA thermograms in the case of 50/50 PAA/PEGMA MNP are shown in Figure 6.  It 

was assumed that the remaining weight (% char yield) was the weight of Fe and Si completely oxidized, 

and the loss weight was those of organic components including the polymer. The TGA thermogram of bare 

MNP (Figure 6(a)) shows the weight loss of 12 % upon heating to 600 °C and this was most likely due to 
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the residual benzyl alcohol remaining in the particle. When taking the loss weight of bare MNP into account, 

the organic component of BTPAm-coated was 7 wt% (Figure 6(b)) and those of P(t-BA)/PEGMA-coated 

MNP was 36 wt% (Figure 6(d)). After the deprotection step, the percentage of the organic components in 

PAA/PEGMA-coated MNP (Figure 6(c)) was 21 wt% and this number was significantly lower as 

compared to those of P(t-BA)/PEGMA-coated MNP (36 wt%) due to the removal of t-butyl groups from 

the polymeric layer of the particle [19,34]. Percentages of each component in the nanocomposites and their 

precursors are shown in Supporting information. 

 

 

Figure 6 TGA thermograms of (a) bare MNP, (b) BTPAm-coated MNP and (c) 50/50 PAA/PEGMA-

coated MNP, and (d) 50/50 P(t-BA)/PEGMA-coated MNP. 

 

 Hysteresis curves of bare MNP, BTPAm-coated MNP and PAA/PEGMA-coated MNP having 

various PAA/PEGMA ratios were exhibited in Figure 7. The particles showed superparamagnetic behavior 

at room temperature as indicated by the absence of magnetic remanence (Mr) and coercitivity (Hc). Bare 

MNP showed high saturation magnetization (Ms) (56 emu/g) (Figure 7(a)), while BTPAm-coated MNP 

showed a slight decrease in the Ms value (52 emu/g) due to the presence of a thin layer of BTPAm on MNP 

surface (Figure 7(b)). Similarly, the Ms values of PAA/PEGMA-coated MNP were significantly lower than 

that of the bare MNP, which was again probably due to the presence of non-magnetic polymer coated in 

the nanocomposites [19]. The Ms values of PAA/PEGMA-coated MNPs having various PAA/PEGMA 

ratios and their precursors are shown in Supporting information. 
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Figure 7 Magnetization curves of (a) bare MNP, (b) BTPAm-coated MNP, PAA/PEGMA-coated MNP 

having (c) 100/0, d) 75/25, (e) 50/50, and (f) 25/75, respectively. 

 

 Determination of the numbers of carboxylate groups on the MNP surface 

Figure 8(a) illustrates the titration curve of the reaction between HCl and NaOH in the presence of 

50/50 PAA/PEGMA-coated MNP. In this experiment, the carboxylate groups on the MNP surface were 

first exposed in excess NaOH solution. The reaction taking place was following [35]: 

 

                                (2) 

 

 In region I, because of the strong basicity of excess OH- in the solution as compared to that of –COO−, 

the OH− anion in the mixture was predominantly neutralized once HCl was titrated.  

 

                                                          (3) 

 

 In region II, when the OH− ions in the solution were completely neutralized, the titrated H+ ions then 

reacted with the –COO− groups on the surface of MNP. Once these –COO− groups were completely reacted, 

the solution conductivity abruptly increased owing to the excess of H+ and Na+ ions remaining.  

 Figure 8(b) exhibits the grafting density of carboxylate groups on (co) polymer-coated MNP surface. 

The grafting density of carboxylate groups consistently increased from 6.8×1021 to 8.8×1021 carboxylates/g 

of the nanocomposite as the molar ratio of PAA in the (co) polymers increased from 25 to 100. The example 

of the calculation is shown in Supporting information. 
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Figure 8 (a) The titration curve of the reaction between NaOH and HCl in the presence of 50/50 

PAA/PEGMA-coated MNP and (b) the grafting density of the carboxylate groups on the MNP surface 

coated with PAA/PEGMA copolymers having various PAA/PEGMA ratios. 

 

Conclusions 

 The degree of negatively charged polymer on MNP surface was fine-tuned by varying the ratio of t-

BA to PEGMA used in the copolymerization via a “grating-from” surface-initiated ATRP, followed by the 

deprotection reaction. In PAA-coated MNP, increasing the solution pH resulted in the increase in negative 

charge of the particles and the decrease in its hydrodynamic size. In PAA/PEGMA-coated MNP, the 

presence of PEGMA increased the hydrodynamic size of the nanocomposites probably due to the 

interparticle entanglement. The presence of hydrophilic PAA and PEGMA on MNP surface not only 

promoted the particle dispersibility in water, but the presence of the carboxylate groups in the polymer 

structure also provided a platform for further functionalization with biomolecules of interest. These 

magnetically guidable nanocomposites with tunable density of carboxylate groups might be applicable for 

use as capturing supports with positively charged bioentities or as an intermediate for covalent coupling 

with biomolecules containing affinity functional groups. 
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