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Abstract In this article, we described click chemistry

methodology for the incorporation of biocompatible poly-

mer chains to Magnetite nanoparticles (NPs). We used a

reduction co-precipitation method to obtain Fe3O4 particles

in aqueous solution. As a next step, magnetic NPs surface

were modified by a silanization reaction with (3-bromo-

propyl)trimethoxysilane in order to introduce bromine

groups on the particles surface which were converted to

azide groups by the reaction with sodium azide. Acetylene

functionalized poly(ethylene glycol) (a-PEG) and poly-

(e-caprolactone) (a-PCL) were synthesized and grafted

onto the surface of azide functionalized NPs via ‘‘click’’

reaction to obtain magnetic NPs. Success of the different

functionalization processes at different stages was studied

using Fourier Transform infrared spectroscopy (FTIR). The

morphologies of magnetic NPs were further investigated by

transmission electron microscopy (TEM). The magnetiza-

tion and superparamagnetic behavior of naked Fe3O4 NPs

and coated NPs at room temperature was investigated by

the measurement of hysteresis curves using a Vibrating

Sample Magnetometer (VSM).

Introduction

It is widely reported in literature that targeted hyperthermia

is a highly suitable technique for cancer therapy [1–3], since

tumor cells are highly susceptible to elevated temperatures.

If tumor cells are heated up to 41–45 �C, the tissue damage

for normal tissue is reversible while the tumor cells are

irreversibly damaged [4]. Superparamagnetic particles

exposed to an alternating magnetic field can be used for heat

induction and are therefore a good candidate for hyperther-

mia. Superparamagnetic iron oxide nanoparticles (SPION)

are small synthetic Fe2O3 or Fe3O4 particles with a core size

of 10 nm and an organic or inorganic shell. After eliminating

the magnetic field, superparamagnetic particles no longer

show magnetic interaction; a feature that is important for

their usability. SPION have a much higher rate of specific

absorption compared with larger magnetic particles with

several magnetic domains and therefore, are predestinated

for use in hyperthermia [5–7]. The possibilities of SPION

applications have drastically increased in recent years

[8–10]. In the clinical area of human medicine, these parti-

cles are being used as delivery systems for drugs [11–13],

genes [14], and radionuclides [15]. Furthermore, ferrofluids,

as contrast agents in magnetic resonance imaging (MRI), are

routinely applied in the field of diagnostic imaging [16–18].

SPION are also attractive for in vitro applications in medical

diagnostics, such as research in genetics and technologies

based on immune magnetic separation (IMS) of cells, pro-

teins, DNA/RNA, bacteria, virus, and other biomolecules

[19].These particles are typically coated with a biocompat-

ible polymer-shell to prevent their aggregation and biodeg-

radation for in vivo applications [20–23]. Furthermore, in the

case of intravenous administration the coating as well as the

dimension of nanoparticles are essential to avoid the recog-

nition and uptake by the mononuclear phagocyte system
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(MPS) followed by clearance to the liver, spleen, and bone

marrow by the reticuloendothelial system (RES).Taking all

these aspects in mind, it is clear the great challenge in the

synthesis of magnetic-polymer core–shell nanoparticles

(NPs) for bio-medical applications. To face this challenge,

we thought to use click-reaction for magnetite surface

functionalization. ‘‘Click chemistry’’ focuses on the extraor-

dinary power of a very few reactions which form desired

bonds under diverse reaction conditions, with highly diverse

building blocks, in high yields and with no byproducts

[24, 25]. Recent studies demonstrated that ‘‘click’’ chemistry

meets the criteria of being applicable under aqueous condi-

tions, efficient, orthogonal to thiol- and amine-containing

targeting motifs, and stable in the complex in vivo environ-

ments of the blood and tumor milieu [26]. Click reaction has

been already proposed for the surface functionalization of

gold NPs [27] and silica NPs [28].

In this study, we report the use of ‘‘click’’ reactions for

preparing magnetic NPs with Fe3O4 core and different bio-

compatible polymeric shells. We used a reduction co-pre-

cipitation method to obtain Fe3O4 particles in aqueous

solution. As a next step, magnetic NPs surface has been

modified by a silanization reaction with (3-bromopro-

pyl)trimethoxysilane in order to introduce bromine groups

on the particles surface. Afterward the bromine groups were

converted to azide groups by the reaction with sodium azide

in order to obtain azide groups to take part to click reaction

with alkyne functionalized polymers. For this reason, acet-

ylene functionalized poly(ethylene glycol) (a-PEG) and

poly(e-caprolactone) (a-PCL) were synthesized and grafted

onto the surface of azide functionalized NPs via ‘‘click’’

reaction to obtain polymer-coated magnetic NPs. These

polymers were deliberately selected so as to introduce bio-

compatible macromolecular chains, and the peculiar char-

acteristics of this method make it ideal for biomedical

applications.

Success of the different functionalization processes at

different stages was studied using Fourier Transform

infrared spectroscopy (FTIR). The morphologies of mag-

netic NPs were further investigated by transmission electron

microscopy (TEM). The magnetization and superpara-

magnetic behavior of naked Fe3O4 NPs and coated NPs at

room temperature was investigated by the measurement of

hysteresis curves using a Vibrating Sample Magnetometer

(VSM).

Experimental part

Materials

Ethanol (99.9%, Labochem), acetic acid (C99.7%, Sigma-

Aldrich), (3-bromopropyl)trimethoxysilane (C97.0%, Aldrich),

tin(II) 2-ethylhexanoate (95%, Aldrich), propargyl alcohol

(99%, Aldrich), 4-pentynoic acid (98%, Alfa Aesar), N,N0-
dicyclohexylcarbodiimide (DCC, 99%, Aldrich), 4-dimeth-

ylaminopyridine (DMAP, 99%, Aldrich), sodium azide

(NaN3, 99%, Acros), CuBr (98%, Acros), N,N,N0,N00,N00-
pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich),

poly(ethylene glycol)monomethylether (PEG, Mn: 2000,

Fluka), FeCl3�6H2O (97%, Sigma-Aldrich) were used as

received. e-Caprolatone (e-CL) was distilled under vacuum

over CaH2. N,N-Dimethyl formamide (DMF) and dichloro-

methane (99%, CH2Cl2, J. T. Baker) were previously dried

and distilled over phosphorus pentoxide.

Synthesis of acetylene end-functionalized PCL

Poly(e-caprolactone) with alkyne end-functionality (a-PCL)

was prepared by Ring Opening Polymerization of e-CL

(5.0 mL; 0.047 mol) in bulk using tin(II) 2-ethylhexanoate

as a catalyst (catalytic amount) and propargyl alcohol

(0.102 mL; 1.175 mmol) as an initiator. The monomer,

catalyst, and initiator were added to a previously flamed

Schlenk tube equipped with a magnetic stirring bar in the

order mentioned. The tube was degassed with three freeze–

pump–thaw cycles, left under nitrogen, and placed in a

thermostated oil bath at 110 �C for 18 h. After the poly-

merization, the mixture was diluted with THF and precipi-

tated into an excess amount of methanol. Then, it was

filtrated (filter pore n̊4) and dried overnight at room tem-

perature under vacuum. [M]0/[I]0 = 40; conversion = 67%;

Mn,theo = 3100; Mn,NMR = 1613; Mn,GPC = 6000 (relative

to linear polystyrene); Mw/Mn = 1.11. 1H NMR (CDCl3,d):

4.66 (2H, CH:C–CH2O), 4.03 (2H, CH2OC=O of PCL),

3.62 (2H, CH2OH, end group of PCL), 2.28 (2H, C=OCH2 of

PCL), 1.20–1.80 (6H, CH2 of PCL). The schematic synthesis

is depicted in Fig. 1.

Synthesis of acetylene end-functionalized PEG

Mono hydroxyl functional PEG (Mn: 2000 g/mol, 3.0 g,

1.5 mmol) was dissolved in 25 mL of dry CH2Cl2, and

4-pentynoic acid (0.22 g, 2.25 mmol) and DMAP (0.18 g,

1.5 mmol) were successively added to the reaction mixture.

After stirring for 5 min at room temperature, a solution of

DCC (0.46 g, 2.25 mmol) in 15 mL of CH2Cl2 was added to

the reaction mixture and stirred overnight at room temper-

ature. After filtration of the salt, the solution was

Fig. 1 Synthesis of a-PCL by Ring Opening Polymerization
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concentrated and the product was purified by column chro-

matography over silica gel eluting with CH2Cl2/ethyl acetate

mixture (1:10) and then with CH2Cl2/MeOH (10:1). Finally,

concentrated solution of acetylene end-functionalized PEG

(a-PEG) was precipitated in diethyl ether and filtered.

Mn,theo = 2100; Mn,NMR = 1483; Mn,GPC = 2400 (relative

to linear polystyrene); Mw/Mn = 1.08. 1H NMR (CDCl3,d):

4.21 (t, 2H, PEG-OCH2CH2–OC=O), 3.70–3.50 (m, 8H,

PEG-OCH2CH2OC=O, –OCH2CH2– of PEG, and CH2CH2–

O–CH3), 3.32 (s, 3H, CH3–OCH2CH2). 2.53–2.45 (m, 4H,

CH:CCH2CH2C=O), 1.94 (t, 1H, CH:CCH2–CH2C=O).

The schematic synthesis is depicted in Fig. 2.

Synthesis of magnetite NPs

Magnetite nanoparticles (NPs) were synthesized by a

chemical co-precipitation of Fe2? and Fe3? ions under

alkaline conditions, as already reported in literature [3]. As a

typical procedure, 3.25 g of FeCl3�6H2O was dissolved into

100 mL of distilled water. The solution was added into a

three-necked flask together with 5 mL of Na2SO3 solution at

5 wt%. Subsequently, 20 mL of concentrated ammonia were

diluted into 40 mL of distilled water, and then added into the

flask under nitrogen inlet; the solution quickly turned black.

The solution was stirred for 30 min at 70 �C. Following the

temperature solution was raised up to 95 �C and 1 g of citric

acid was added dissolved into 2 mL of water. After 90 min,

the solution was cooled down to room temperature. The

black precipitate was separated with a magnet and washed

several times with distilled water. The Fe3O4 NPs were

redispersed in distilled water. The water dispersion of Fe3O4

NPs showed superparamagnetic property, as measurements

from a previous study [29]. The magnetite concentration was

14 mg/mL, as determined by TGA analyses.

Functionalization of magnetite NPs

with (3-bromopropyl)trimethoxysilane

Acetic acid (3 mL), 3-(bromopropyl)trimethoxysilane

(0.239 mL), and magnetic NPs (74 mg) were added to a

solution of water and ethanol (1:10 vol/vol). The solution

was left under magnetic stirring for 24 h at room temper-

ature. The black precipitate was separated with a magnet

and washed several times with distilled water. The Fe3O4

NPs were redispersed in distilled water. The concentration

of bromo functional magnetite NPs (Fe3O4–AC–Br NPs)

aqueous dispersion was determined by means of TGA to be

6.0 mg/mL.

Azidation of bromine-functionalized magnetite NPs

Fe3O4–AC–Br NPs in aqueous solution (10 mL) were

added to a flask containing a large excess of sodium azide

(100 mg, *13 equiv. Br). The solution was left under

stirring at room temperature for 48 h. The azidation pro-

cess was stopped by centrifugation of the solution. The

sample was centrifuged three times at 5000 rpm for 20 min

and washed with water. Successively, the pellet containing

azido functional magnetite (Fe3O4–AC–N3) nanoparticles

was dried at room temperature for 48 h.

Grafting of PCL onto magnetite NPs

a-PCL (55.8 mg, 1 equiv.), CuBr (3.9 mg, 1.5 equiv.), and

2 mL of DMF were added in a Schlenk tube. 10 mg of the

magnetic NPs (0.9 equiv. N3) were dispersed in 3 mL of

DMF and added to the tube. Finally, PMDETA (5.8 lL, 1.5

equiv.) was added to the solution. The tube was degassed

with three freeze–pump–thaw cycles, left under vacuum and

put in a thermostated bath at 50 �C for 48 h. In order to stop

the reaction, the solution was centrifuged at 5000 rpm for

30 min, then the supernatant was removed and the NPs were

washed with toluene. The solution was centrifuged again at

5000 rpm for 30 min. This process was repeated two times

with toluene and one time with water in order to remove

unreacted polymer and copper catalyst. Successively, the

NPs (Fe3O4–AC–N3 NPs) were dried for 48 h at room

temperature.

Grafting of PEG onto magnetite NPs

Alkyne-PEG (22.5 mg, 1 equiv.) and CuBr (2.6 mg, 1.5

equiv.) were dissolved in 2 mL of DMF in a Schlenck tube.

8.2 mg of Fe3O4–AC–N3 NPs (1.2 equiv. N3) and PMD-

ETA (3.7 lL, 1.5 equiv.) were added to the solution. The

tube was degassed with three freeze–pump–thaw cycles,

left under vacuum and put in a thermostated bath at 50 �C

for 48 h. In order to stop the reaction, the solution was

centrifuged at 5000 rpm for 30 min. The pellet dispersed in

0.5 mL of THF and precipitated in 5 mL of cold distilled

water, then two drops of hydrochloric acid were added to

the solution and the solution was put at 4 �C for 4 h. The

supernatant solution was removed and the NPs were dried

under vacuum at room temperature overnight.

Characterization techniques

1H NMR spectra of 5–10% (w/w) solutions in CDCl3 with

Si(CH3)4 as an internal standard were recorded at room

Fig. 2 Synthesis of a-PEG
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temperature at 250 MHz on a Bruker DPX 250 spectrom-

eter. Gel permeation chromatography (GPC) measurements

were obtained from a Viscotek GPC max Autosampler

system consisting of a pump, a Viscotek UV detector, and a

differential refractive index detector. Tetrahydrofuran

(THF) was used as an eluent at flow rate of 1.0 mL min-1

at 30 �C. Molecular weights of the a-PCL and a-PEG were

determined with the aid of polystyrene standards. Fourier

transform infrared (FTIR) spectra were recorded on a

Perkin-Elmer FTIR Spectrum One B spectrometer. Ther-

mogravimetric analysis (TGA) was performed on a Perkin-

Elmer Diamond TA/TGA instrument at a heating rate of

10 �C min-1 under nitrogen flow.

Magnetic hysteresis loops were measured at room tem-

peratures on coated magnetite water dispersion using a

vibrating sample magnetometer (VSM) operating in the

magnetic field range -10 kOe \ H \ ?10 kOe. The dia-

magnetic contribution of sample holder and solvent were

significant. A reference measurement was preliminarily

done by measuring the magnetic response of the sample

holder filled with the same amount of pure solvent (i.e.,

without the magnetic NPs). The magnetic contribution

ascribed to magnetite NPs (before and after functionaliza-

tion) was obtained from the measured curves by subtract-

ing the reference curve.

Samples were observed using TEM by examining in a

300 keV Philips CM30 instrument. TEM micrographs were

processed with a slow scan CCD camera and analyzed with

the Digital Micrograph program. The TEM observations

were always performed using a very low electron flux in

order to avoid any structural modification of the sample

induced by the electron beam.

Results and discussion

In this article, we aim to show the use of ‘‘click chemistry’’

for the preparation of magnetite-core/polymer-shell NPs.

The overall strategy, as presented in Scheme 1, is based

firstly on the preparation of bromine-functionalized

magnetite NPs, and then after azidation, the NPs are

functionalized via click-reaction either with PCL or PEG

polymeric shells.

Magnetite NPs were synthesized by a chemical co-pre-

cipitation of Fe2? and Fe3? ions under alkaline conditions,

following previous method reported in literature [30–35].

Citric acid was added during the synthesis in order to

protect the NPs avoiding macroscopic aggregations. The

magnetite NPs, prepared with the co-precipitation method,

were functionalized with bromine groups using 3-(bromo-

propyl)trimethoxysilane (see Scheme 1). Modified mag-

netite NPs were characterized by FTIR spectroscopy. In

Fig. 3, the FTIR spectra are reported for bare Fe3O4 NPs

(spectrum A) and bromine functionalized Fe3O4 NPs

(spectrum B), respectively. In the spectrum B, it can be

seen that the strong and broad peak centered at around

3100 cm-1 disappeared, while a peak centered at around

1112 cm-1 appeared after reactive functionalization of the

NPs. The disappearance of the peak centered at 3100 cm-1

Scheme 1 Overall strategy of

magnetite functionalization via

‘‘click’’ reaction

Fig. 3 FTIR spectra of bare magnetite nanoparticles (curve A) and

bromine functionalized nanoparticles (curve B)
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can be attributed to the consumption of the hydroxyl

groups present on the surface of Fe3O4 NPs, during the

silanization reaction, while the appearance of the peak

centered at 1112 cm-1 can be attributed to the C–O–Si

stretching band.

The bromine-functionalized magnetite NPs were used as

the precursor materials for the ‘‘click’’ modification by

conversion to an azide-functional surface through nucleo-

philic substitution. Actually, the nanoparticules were azi-

dated by the substitution of the bromine groups with

sodium azide. The successful azidation was confirmed by

ATR analysis. In Fig. 4, the IR spectra of both the bromine

functionalized NPs and azide functionalized NPs are

reported with a zoom on the azide peak region. The azi-

dation of the NPs was confirmed by the appearance of the

peak centered at 2100 cm-1 characteristic of the azide

group.

For the subsequent click modification, alkyne-PCL and

alkyne-PEG were synthesized as described in the experi-

mental part. In particular, as presented in Fig. 1, the

alkyne-PCL (a-PCL) was prepared by Ring Opening

Polymerization (ROP) of e-CL in bulk using tin(II) 2-eth-

ylhexanoate as a catalyst and propargyl alcohol as an ini-

tiator. The alkyne PCL was further characterized by ATR

spectroscopy. As can be seen in Fig. 5, the successful

synthesis of alkyne-PCL was confirmed by the alkyne

stretching band around 2150 cm-1 and the typical bands of

PCL, such as C=O stretching at 1730 cm-1, asymmetric

C–O–C stretching at 1241 cm-1 or C–C stretching at

1047 cm-1.

Regarding the alkyne-PEG (a-PEG), it was synthesized

by the esterification reaction between 4-pentynoic acid and

monohydroxyl functional PEG in CH2Cl2 (reaction scheme

illustrated in Fig. 2). The a-PEG was further characterized

by ATR spectroscopy. As can be seen in Fig. 6, the

successful synthesis of a-PEG was confirmed by the alkyne

stretching band around 2150 cm-1 and the typical bands of

PEG, such as C–O–C vibration around 1100 cm-1 and out-

of-plane bending of the –CH of the chain at 960 cm-1.

The polymer functionalized NPs were characterized by

ATR spectroscopy. Figure 7 shows the spectra of azide

functional NPs (NP-N3), a-PCL, and a-PCL functionalized

magnetic NPs (NP-PCL). As can be seen from the first and

second spectra, the azide peak around 2100 cm-1 and the

alkyne peak around 2150 cm-1, respectively, disappeared

confirming the reaction between the azide group and the

alkyne group. The functionalization is further confirmed by

the presence on the third spectrum (NP-PCL) of the typical

peaks of PCL, such as C=O stretching at 1730 cm-1,

asymmetric C–O–C stretching at 1241 cm-1 or C–C

stretching at 1047 cm-1 and the disappearance of the

alkyne stretching band at 2150 cm-1. The degree of

functionalization of the magnetite particles was evaluated

Fig. 4 FTIR spectra of the magnetic nanoparticles before (NP-Br)

and after (NP-N3) azidation, zoom on the azide peak region Fig. 5 FTIR spectrum of a-PCL

Fig. 6 FTIR spectrum of a-PEG
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through TGA analysis. The TGA curves for the PCL-

coated Fe3O4 particles are reported in Fig. 8, depicting the

variation of residual masses of the samples with tempera-

ture. The main weight loss stage occurred at around 200 �C

can be attributed to the PCL decomposition. TGA analysis

also indicated about 40% of the magnetite content.

Figure 9 depicted the ATR spectra of azide functional

NPs (NP-N3), a-PEG, and a-PEG functionalized NPs. The

click reaction between the azide group and the alkyne

group was confirmed by the disappearance of the alkyne

peak around 2150 cm-1. The functionalization is further

confirmed by the presence of the typical peaks of PEG,

such as C–O–C vibration around 1100 cm-1 and out-of-

plane bending of the –CH of the chain at 960 cm-1. The

degree of functionalization of the magnetite particles was

evaluated through TGA analysis. The TGA curves for the

PEG-coated Fe3O4 particles is reported in Fig. 10,

illustrating the variation of residual masses of the samples

with temperature. The main weight loss stage occurred at

around 225 �C and can be attributed to the PEG decom-

position. This curve indicated that the magnetite content

was about 20%, corresponding to an 80% PEG-shell con-

tent of the total weight. The higher shell content observed

in the case of PEG may be due to the flexibility polyether

chains which facilitate the click reaction more favorably.

Magnetization curves of PCL and PEG functionalized

NPs are reported in Figs. 11 and 12, respectively. In both

the cases, the hysteresis loop shows neither remanence nor

coercivity, confirming that the polymer coated NPs have a

superparamagnetic behavior suitable for biomedical

applications.

The morphology of the coated NPs in aqueous solution

has been investigated with TEM after transferring the

aqueous solution to carbon coated copper grids. Figures 13

Fig. 7 FTIR spectrum of azide functionalized nanoparticles (NP-N3),

a-PCL, and PCL functionalized nanoparticles (NP-PCL)

Fig. 8 Thermogravimetric analyses of PCL functionalized nano-

particles

Fig. 9 FTIR spectra of azide functionalized nanoparticles (NP-N3),

a-PEG, and PEG functionalized nanoparticles (NP-PEG)

Fig. 10 Thermogravimetric analyses of PEG functionalized

nanoparticles
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and 14 show TEM micrographs of PCL coated NPs and

PEG coated NPs, respectively. The presence of aggregates

was probably due to the water droplet evaporation during

TEM analysis. However, it should be noted that for both

the samples the single particles are nanometric size range

with an average size between 20 and 50 nm.

Conclusions

In this study, we described click chemistry methodology

for the incorporation of biocompatible polymer chains to

Magnetite nanoparticles (NPs). Thus, Magnetite nano-

particles were functionalized with bromine groups using

(3-bromopropyl)trimethoxysilane, bromine groups were

then substituted with azide groups using sodium azide.

The NPs were coated independently with PEG and PCL

shell via click reaction by reacting alkyne groups of the

polymers with azide groups available on the surface. ATR

analysis confirmed the presence of a polymeric shell in

both the cases. The shell content of the resulting compos-

ites was found to be 60 and 80% for PCL and PEG,

respectively as determined by TGA analysis. The analysis

of the magnetization curves show that the NPs have a su-

perparamagnetic behavior which is crucial for endovenous

administration in bio-medical application. TEM analysis

confirmed the nanometric size with narrow size distribution

of the coated NPs. Moreover, coating the Fe3O4 particles

with PEG and PCL endowed the particles with excellent

biocompatibility which is a mandatory request for medical

Fig. 11 Magnetization curve of PCL functionalized nanoparticles

Fig. 12 Magnetization curve of PEG functionalized nanoparticles

Fig. 13 TEM micrograph for aqueous dispersion of the PCL

functionalized nanoparticles

Fig. 14 TEM micrograph for aqueous dispersion of the PEG

functionalized nanoparticles
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applications. Obviously, PEG chains impart additional

hydrophilic character.
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