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Abstract  

Magnetic biopolymer hybrid nanoparticles have gained a lot of attention in the field of 

biomedical applications. Here we present the synthesis of hyaluronic acid (HA)-coated 

magnetic clusters of superparamagnetic nanoparticles. Firstly, the superparamagnetic 

magnetite nanoparticles coated with oleic acid were synthesized and characterized in terms of 

size, composition and magnetic properties. Secondly, magnetic nanoclusters were prepared 

and wrapped with HA grafted with an ethylene glycol-based copolymer. The resulting 

nanostructures and nanobeads were characterized using electron microscopy, dynamic light 

scattering, thermogravimetric analysis and magnetic measurements. The clustering of 

magnetite nanoparticles facilitates magnetic purification, separation, rapid attraction and 

controlled positioning by high field gradient micro-magnet arrays. In addition, clusters could 

be formed in the presence of a fluorescent drug model, which demonstrates the possibility of 

dual functionalization of our hybrid nanosystems: magnetic responsiveness and drug 

encapsulation. 
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1. Introduction 

A lot of effort has been devoted to the design of multifunctional nanosystems combining 

different properties. Among these, the magnetic properties offered by iron oxide nanoparticles 

are particularly interesting and studied for biomedical applications. Magnetic nanoparticles 

(MNPs) may guide drugs to a site of interest in the body with the aid of a magnetic field, they 

can be used as contrast agents for magnetic resonance imaging (MRI) or they can be heated 

upon application of an alternating magnetic field to destroy cancer cells in hyperthermia 

treatment. They can also be used for separation of proteins, cells and bacteria, and in magnetic 

biosensors.1  

Among a number of multifunctional magnetic nano- and microstructures, like magneto-

liposomes,2 magnetic micelles,3 polymerosomes,4 nanogels5 and magnetic capsules,6,7 

polymeric systems are gaining a lot of interest as they provide numerous advantages. The 

coating of MNPs by a polymer layer leads to the development of hybrid systems where the 

polymer not only offers protection against uncontrolled aggregation of uncoated MNPs, 

thereby ensuring stability in a biofluid, but it also allows entrapment of therapeutic agents. 

Individual small (< 20 nm) superparamagnetic iron oxide nanoparticles (SPIONs) are not 

significantly responsive to a magnetic field. However, when concentrated in a polymer 

matrix, the increased magnetic moment of the overall object leads to an increase in 

responsiveness to a magnetic field, elevated diagnostic signal and heating efficiency.  

Different synthetic or natural polymers have been tested to prepare magnetic hybrid 

nanostructures either by coating of individual MNPs or by aggregation of MNPs in a polymer 

matrix.3,8–15 For biomedical applications, biocompatible natural polysaccharides like chitosan, 

dextran, alginate, cellulose and hyaluronic acid are highly attractive. Hyaluronic acid (HA), a 

linear polysaccharide naturally present in vertebrate tissues and body fluids, is particularly 

interesting due to its non-toxicity, biodegradability and biocompatibility.16 In drug delivery 
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systems, HA is also sometimes used as a targeting molecule because it is recognized by 

cancer cells overexpressing the CD44 receptor.17,18 Native HA does not interact with 

individual iron oxide nanocrystals, but its modification with dopamine allows it to complex 

and coat SPIONs. This approach ensures colloidal stability, better uptake and improved 

magnetic relaxivity in MRI.19–21 Manju et al. formed a layer-by-layer film of HA and poly(N-

vinyl-2-pyrrolidone) (PVP) on individual MNPs previously modified with aminosilane to 

create positive charges for electrostatic complexation with the first HA layer.22 El-Dakdouki 

et al. used covalent conjugation of low molecular weight  (Mw) HA to amine containing 

SPIONs for MRI and doxorubicin (DOX) delivery.23 In another approach the hydrophilic iron 

oxide nanostructures were incorporated into HA-based nanospheres fabricated via the water-

in-oil emulsion technique. Firstly, HA was grafted with furan and maleimide groups, 

separately, to be later cross-linked via Diels-Alder chemistry in aqueous droplets dispersed in 

a mineral oil. Then hydrophilic magnetic nanostructures were added to an aqueous phase 

together with HA derivatives to be concentrated in a HA matrix and to allow quick heat 

generation under magnetic field.24 The purification process, including centrifugation, 

precipitation and filtration with a wide range of organic solvents, seems to be technically 

challenging.  

High-quality superparamagnetic iron oxide nanoparticles with uniform particle size 

distribution have been synthesized by thermal decomposition, a reaction which occurs in the 

presence of non-polar solvents and organic stabilizers (oleic acid/oleylamine).25 However, 

such particles are insoluble in aqueous solutions and cannot be incorporated into a hydrophilic 

polymer matrix. Several approaches have been described to transfer hydrophobic 

nanoparticles from an organic to an aqueous solution. In the emulsion technique (oil-in-

water), hydrophobic MNPs are enclosed in nanodroplets of organic solvent dispersed in an 

aqueous phase containing an amphiphilic polymer.26–28 This technique has already been 
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applied to the incorporation of SPIONs in oleyl- or pyrenyl-modified hyaluronic acid to study 

selective recognition of CD44 receptor and tumor diagnosis using MRI.27,28 However, the 

sonication used for homogenization of emulsions should be used with precaution especially 

for natural polymers such as HA, which is very sensitive and undergoes depolymerization 

under ultrasound treatment.29 Another interesting method concerns the use of 

thermoresponsive polymers which self-assemble into micelles when heated and 

simultaneously enclose magnetic nanoparticles.3,30 Pellegrino et al. reported the formation of 

hydrophobic magnetic nanoclusters in the presence of a synthetic amphiphilic polymer. 

Colloidal nanoclusters were formed via the solvent destabilization method which exploits a 

change of solvent polarity. In this case, the hydrophobic MNPs dissolved in tetrahydrofuran 

(THF) tended to self-assemble after the addition of acetonitrile (ACN) while the presence of 

poly(maleic anhydride-alt-1-octadecene), which undergoes partial hydrolysis, stabilized 

nanoclusters in aqueous conditions.15,31 It should be noted that neither of the last two 

mentioned methods have ever been tested for the fabrication of magnetic-composites with 

HA. 

In the past five years, our research group developed various HA derivatives modified with 

thermoresponsive ethylene glycol-based copolymers for the formation of well-defined 

nanogels via temperature-induced self-assembly.32–35 These HA-copolymer conjugates are 

soluble in aqueous solutions below the cloud point temperature (Tcp) of the grafted copolymer 

and form nanogels above this temperature. They showed great potential for the encapsulation 

of hydrophobic drugs in  hydrophobic nanodomains made of the grafted copolymer chains, 

good stability in dilute conditions and prolonged blood circulation after hydrophobic core or 

hydrophilic shell cross-linking.  

The aim of this study was to investigate the ability of HA modified with poly(di(ethylene 

glycol) methacrylate-co-butyl methacrylate) (HA-g-poly(DEGMA-co-BMA) to encapsulate 
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hydrophobic MNPs to obtain magnetic composites that can be efficiently manipulated with 

magnetic fields. We have tested the solvent destabilization technique for the formation of 

nanoclusters highly loaded with MNPs and coated with the HA-copolymer conjugate. We 

hypothesized that this HA derivative could act as an efficient stabilizing agent of magnetic 

nanoclusters via hydrophobic interactions. The strategy for the synthesis of the HA-based 

magnetic nanohybrids includes (i) synthesis of hydrophobic superparamagnetic NPs, (ii) 

formation of nanoclusters and (iii) assembly of HA-copolymer conjugate on the nanocluster, 

as presented in Scheme 1.  

 

 

Scheme 1. Schematic representation of the formation of core-shell magnetic nanobeads. 

 

To this end, the hydrophobic superparamagnetic NPs were synthesized and characterized 

in terms of size, composition and magnetic properties. The obtained superparamagnetic 

nanoparticles were employed for cluster formation using the solvent destabilization technique. 

Finally, the stabilization of clusters with HA-g-poly(DEGMA-co-BMA), allowing the 

formation of nanobeads, is described. The nanobeads were characterized by scanning and 

transmission electron microscopy (SEM and TEM), dynamic light scattering (DLS), 
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thermogravimetric analysis (TGA) and magnetometry. Finally, magnetic trapping and 

alignment of the nanobeads was demonstrated using an array of micro-magnets.  

 

2. Materials and methods 

2.1. Materials  

Hyaluronic acid HA20 (Mw = 20 kg mol-1) was purchased from Lifecore (USA). Phosphate 

buffer saline (PBS, pH 7.4), 1,4-dithiothreitol (DTT), tris-(2-carboxyethyl) phosphine 

hydrochloride (TCEP) were purchased from Sigma (France). 2-Hydroxy-1-[4-(2-hydroxy-

ethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959) was kindly provided by Ciba Specialty 

Chemicals (Basel, Switzerland). The dye di-strylbenzene derivative (DSB) was kindly 

provided by Olivier Stephan (Université Grenoble Alpes, Grenoble, France). The positively 

charged resin, diethylaminoethyl cellulose (DEAE Sepharose CL-6B) was purchased from 

GE Healthcare Life Science. The Spectra/Por 1 (MWCO 6-8000 g mol-1) membrane used for 

dialysis was obtained from Fisher Scientific (Rancho Domingez, CA). The water used in all 

experiments was purified by an Elga Purelab purification system, with a resistivity of 18.2 

MΩ•cm. The pentenoate-modified hyaluronic acid (HAp)  with a degree of substitution (DS 

or average number of substituents per repeating unit) of 0.4 and copolymer poly(DEGMA-co-

BMA) were synthesized as previously described35. Oleic acid (90%) was from Fischer 

Scientific. Iron(III) acetylacetonate, 1,2-hexadecanediol (97%), oleylamine (>70%), were 

purchased from Aldrich Chemical Co. A bulk NdFeB cylindrical magnet of diameter 8 mm 

and height 20 mm with magnetic remanence 1.2 T was purchased from Chen Yang 

Technologies GhbH&Co.KG.  

 

2.2. Synthesis of HA-g-poly(DEGMA-co-BMA) 
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HA-g-poly(DEGMA-co-BMA) was synthesized according to the procedure described 

before.35 In short, the poly(DEGMA-co-BMA) copolymer was subjected firstly to aminolysis 

using n-butylamine, to convert the reversible addition–fragmentation chain transfer (RAFT) 

end-group to a thiol. Next, the thiol-end-functionalized copolymer was solubilized in pure 

water and TCEP was added. After 30 min of stirring at 4 °C under nitrogen atmosphere, the 

copolymer solution was added to a solution of HA-pentenoate in pure water, followed by 

addition of Irgacure 2959. The reaction mixture was cooled in an ice bath and exposed to UV 

light (λ = 365 nm) with an intensity of 20 mW cm-2 for 5 min under stirring and nitrogen 

atmosphere. The resulting HA-g-poly(DEGMA-co-BMA) was purified via a batch ion 

exchange process using DEAE Sepharose CL-6B as a weak-anion exchanger. Finally, the 

solution was dialyzed against deionized water (membrane with cut-off 6-8 Da MW, 72 h). 

The product was recovered as a white powder by freeze-drying. The DS was indirectly 

determined by reaction of D-glucuronic acid units of HA with carbazole.35,36  

 

2.3. Synthesis of iron oxide nanoparticles  

The monodisperse magnetic nanoparticles (MNPs) were prepared according to a slightly 

modified procedure.37–39 In short, iron III acetylacetonate (Fe(acac)3), 1,2-tetradecanediol, 

oleic acid, oleylamine and benzyl ether were mixed and degassed at room temperature for 30 

min under a constant flow of N2 and vigorous stirring. Next, the solution was heated up at 3 

°C min-1 and kept at 200 °C for 2 h followed by a second heating at 4.5 °C min-1 up to 300 °C. 

After 1 h, the resultant black-colored mixture was cooled to RT, nanoparticles precipitated 

and washed using EtOH.  

 

2.4. Synthesis of core/shell nanobeads  
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Oleic acid coated iron oxide magnetic nanoparticles (MNPs) were dissolved in 200 µL of 

tetrahydrofuran (1 mg mL-1) under sonication. 200µL of destabilizing solvent (ACN) was 

added to the suspension of MNPs at a rate of 250 µL min-1 and sonicated for 20 min at 70 °C 

to evaporate THF. Then the nanocluster suspension was placed in an ice bath at 4 °C. One mL 

(0.5 g) of cold aqueous solution of HA-g-poly(DEGMA-co-BMA) with DS of 0.02 was 

slowly added to the nanoclusters and agitated for 15 min at RT. The vial containing the 

magnetic nanobeads was brought into contact with the bulk permanent magnet for 4 h, the 

supernatant was removed and fresh milli-Q water added (repeated twice). Separation of 

agglomerates was performed by contact between the vial and the bulk magnet for 15 min.  

 

2.5. Cross-linking of core-shell nanobeads 

25 µL of DTT in water (2.5 g L-1) was added to the sample of nanobeads obtained after 

addition of 1 mL (0.5 g L-1) HA-g-poly(DEGMA-co-BMA) to the magnetic nanoclusters. 

Finally, an aqueous solution of Irgacure 2959 (10 mg mL-1) was added to the suspensions to 

obtain a final photoinitiator concentration of 10% (w/v). The mixture was exposed to UV 

light (λ = 365 nm) with an intensity of 20 mW cm-2  for 15 min under stirring and nitrogen 

atmosphere. The sample was further purified using the bulk magnet.  

 

2.6. In situ encapsulation of MNPs 

The MNPs suspended in chloroform (16 mg mL-1) were added drop-by-drop (30 µL, 0.5 

mg) into a solution of HA-g-poly(DEGMA-co-BMA) in 1 mL of PBS at 4 °C under vortex 

followed by a temperature increase up to 40 °C. After 30 min of stirring, the cross-linking 

procedure similar to that for core-shell nanobeads was applied at 40 °C. The magnetic 

nanogel suspension was transferred into a dialysis bag (MWCO = 6–8000 g mol−1) and 
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dialyzed against deionized water for 72 h. The nanogels were recovered by freeze-drying and 

analyzed by TGA. 

 

2.7. Loading of DSB into magnetic nanobeads  

50 µL of DSB dissolved in THF (0.5 mg mL-1) were added to a 200 µL of MNPs in THF 

(1 mg mL-1). The mixture was sonicated for 20 min followed by addition of 250 µL of ACN 

(THF/ACN, 1/1). After 20 min of further sonication, at 70 °C to evaporate THF, the sample 

was cooled in ice before adding 1 mL (0.5 mg) of HA-g-poly(DEGMA-co-BMA) in H2O. 

After 30 min of agitation, the sample was placed close to the bulk magnet for 4h to remove 

supernatant and to collect the nanobeads loaded with magnetic nanoparticles and DSB. The 

supernatant containing a mixture of solvents and unloaded DSB was removed and replaced 

with 1 mL of water (repeated twice). Finally, the fluorescent nanobeads were re-dispersed in 

water or PBS. 

 

2.8. Micro-patterned hard magnetic films  

5 µm-thick hard-magnetic neodymium iron boron (NdFeB) films deposited on Si wafers 

were firstly magnetized out of plane in 8 T and then irradiated with a KrF (248 nm) pulsed 

excimer laser during 20 ns.40 During irradiation, a chessboard mask consisting of a pattern 

with individual features of size 100 × 100 µm2 or a stripe mask consisting of patterns with 

individual feature sizes of 3 mm × 100 µm was placed in front of the film and a magnetic 

field was applied in the direction opposite to the initial magnetization direction. As a result, 

the exposed magnetic regions were heated by the laser and the magnetization direction was 

reversed. The resultant structures consist of either a chessboard type or a stripe type array of 

oppositely magnetized micro-magnets. Magnetic field gradients as high as 106 T m-1 are 

produced by these thermomagnetically patterned films.41 A 20 µL drop of the nanobead 
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solution was dropped onto a glass coverslip and flattened with the micro-patterned magnetic 

surface. The precise patterns formed by the distribution of the nanobeads due to their 

attraction to the micro-magnet array were imaged using an inverted fluorescence optical 

microscopy (Olympus CKX41).  

 

2.9. Characterization methods 

Scanning electron microscopy (SEM) 

Drops of nanobead suspensions in ultrapure water were deposited onto carbon adhesive 

tabs and allowed to dry in air overnight at RT. The samples were then coated by 

approximately 2 nm of sputtered Au-Pd and observed with a ZEISS Ultra 55 microscope 

equipped with a field-emission gun (FEG). Images were acquired at a low voltage of 3 kV 

using an in-lens secondary electron imaging detector. 

 

Transmission electron microscopy (TEM) and cryo-TEM  

200-mesh TEM grids coated with a thin film of amorphous carbon were submitted to a 

glow discharge treatment (Pelco easiGlow) to make the surface of the carbon film 

hydrophilic. Droplets (4 µL) of dilute particle suspensions were deposited on the grid and, 

after a few minutes, the liquid in excess was blotted with filter paper. Prior to complete 

drying, droplets of Uranyless™ (neutral contrast agent, Delta Microscopies) were deposited. 

After a few minutes, the stain in excess was blotted out and the remaining liquid film allowed 

to dry. Images of the specimens were recorded with a TVIPS TemCam F216 digital camera, 

using a Philips CM200 'Cryo' (FEI) microscope operating at 200 kV. The particle size was 

measured from the TEM images using the ImageJ software. The statistical size distribution 

was evaluated from approximately 200 particles. For cryo-TEM imaging, thin liquid films of 

the suspensions were formed on NetMesh lacey carbon films (Pelco) and quench-frozen in 
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liquid ethane using a Leica EM-GP workstation. The specimens were mounted on a precooled 

Gatan 626 specimen holder, transferred to the Philips CM200 'Cryo' microscope and observed 

at low temperature (-176 °C).  

 

Fourier transform infrared (FTIR) spectroscopy 

FTIR measurements were made on a RX1 spectrometer (Perkin Elmer, UK) with 

horizontal ATR accessory. For each sample, 32 scans were recorded between 4000 and 400 

cm-1 with a resolution of 2 cm-1 using the Spectrum Software V 5.0.0.  

 

Dynamic light scattering (DLS) 

Particle size measurements were carried out by dynamic light scattering (DLS) using a 

Malvern Instruments Zetasizer Nano series instrument. Measurements were conducted at 18 

°C on 1 mL volume sample in PBS (pH 7.4).  

 

Thermogravimetric analysis (TGA)  

The amount of MNPs encapsulated inside HA-g-poly(DEGMA-co-BMA) structures was 

determined by thermogravimetric analysis using a TGA 92, Setaram Instruments. The 

samples were analyzed under N2 (1 bar) and at a heating rate of 5 °C min-1 from 25 to 700 

°C.  

 

SQUID-VSM analysis 

The magnetic properties of the MNP and the nanobeads were evaluated using a 

superconducting quantum interference device (SQUID) - VSM (Vibrating Sample 

Magnetometer) from Quantum Design. The MNPs were dispersed in polydimethylsiloxane 

(PDMS), while the magnetic nanobeads were freeze-dried. Magnetization loops were 
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measured at 5 and/or 300 K and the results were corrected by subtracting the diamagnetic 

contribution of the sample holder. Temperature dependent zero-field cooled and field cooled 

magnetization measurements were performed by cooling the sample to 5 K under a zero or a 

100 Oe magnetic field, respectively. Magnetization was then measured while the samples 

were heated to 300 K under a 100 Oe field.  

 

Fluorescence imaging  

The trapping of magnetic nanobeads was observed using an Olympus inverted research 

microscope iX71 equipped with a mercury burner U-RFL-T as light source and a digital 

camera Olympus DP70 for image acquisition. Blue excitation light (450 ≤ λ ≤ 480 nm) and 

green emission light (λ ≤ 515 nm) was filtered using a U-MWB Olympus filter cube. Green 

excitation (510 ≤ λ ≤ 550 nm) and red emission light (λ ≥ 590 nm) were filtered using a U-

MWG Olympus filter cube.  

 

3. Results and Discussion 

3.1. Synthesis and characterization of iron oxide magnetic nanoparticles  

Monodisperse magnetic nanoparticles were synthesized using thermal decomposition, as 

previously reported.37–39 The size of individual MNPs was investigated using TEM analysis 

(Fig. 1A) showing nanocrystals with a size of 7.8 ± 0.8 nm. The selected area powder electron 

diffraction pattern recorded from a group of particles indicated that the MNPs were 

crystalline, corresponding to Fe3O4 magnetite (Supporting Information Fig. S1).42 
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Figure 1. A) TEM image of synthesized MNPs and size distribution histogram determined 

from the TEM image; B) Temperature dependence of magnetization of MNPs under ZFC-FC 

conditions measured at 100 Oe; C) Normalized magnetization (M/Ms) vs applied magnetic 

field (H) loops measured at 5 and 300 K. Insets: The expanded views of hysteresis loops at 5 

and 300 K.   
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Thermogravimetric analysis (TGA) and FT-IR spectra were recorded to confirm the 

presence of hydrophobic ligands on the surface of the MNPs. TGA showed a significant 

weight loss between 200 – 450 °C due to the decomposition of organic coating ligands (oleic 

acid and oleylamine) present on the surface of inorganic NPs (Fig. S2A). FT-IR of MNPs in 

comparison with oleylamine and oleic acid spectra, respectively, are presented in Fig. S2B. 

Three distinct regions stand out with coated MNPs: alkyl chains (3000 - 2800 cm-1), COO- 

groups of oleic acid (1800 - 900 cm-1) and Fe-O links of iron oxide (800 - 400 cm-1). 

Compared to the spectra of oleic acid and oleylamine, two bands at 2922 and 2849 cm-1, 

characteristic for asymmetric and symmetric CH2 stretches, respectively, are present on 

MNPs spectra. The intense C=O stretch band of the carboxyl group of oleic acid at 1730 cm-1 

could also be observed on MNPs and two new bands at 1564 and 1400 cm-1 appeared, which 

are characteristic of asymmetric and symmetric COO- stretches, respectively, due to the 

bonding of carboxylic groups to the surface of  iron oxide nanoparticles.40 Due to the presence 

of hydrophobic chains, our NPs were highly colloidally stable in organic solvents such as 

hexane, toluene, tetrahydrofuran or chloroform, but unstable in water.  

The magnetization measurements confirmed superparamagnetic behavior of the 

synthesized MNPs. The zero field-cooled (ZFC) curve exhibited a peak at 20 K, indicating a 

transition from a magnetically blocked state (at T < 20 K) to a superparamagnetic state (Fig. 

1B). Figure 1C shows VSM magnetization curves of MNPs measured at 5 and 300 K, with 

low-field zooms shown as insets. The 5 K hysteresis loop indicates ferromagnetic behavior 

with a coercivity of 200 Oe. In contrast, the M/Ms vs H curve of the MNPs at 300 K shows no 

hysteresis or remanence, thus confirming their superparamagnetic behavior at this 

temperature.  

We also tested the magnetic attraction of individual MNPs (~8 nm) dispersed in THF. 

Overnight contact of the sample vial with the bulk NdFeB magnet was not sufficient to attract 
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all ultra-small MNPs (Fig. S2C). Such ultra-small MNPs exhibit low magnetic moment, 

reducing their responsiveness to the bulk magnet.  

 

3.2. Characterization of  HA-g-poly(DEGMA-co-BMA) 
 

Hyaluronic acid (Mw= 20 kg mol-1) was partially grafted with di(ethylene glycol) 

methacrylate–co-butylmethacrylate (poly(DEGMA-co-BMA)) as described previously.35 The 

polysaccharide was first esterified with pentenoic anhydride to produce ene-functional chain 

that can react with poly(DEGMA-co-BMA) bearing the RAFT group converted to thiol 

before reaction under UV irradiation.  

Before grafting, the composition of the copolymer was analyzed. 1H NMR and size 

exclusion chromatography (SEC) analysis of the poly(DEGMA-co-BMA) revealed a 

copolymer composition DEGMA/BMA of 95:5, a low dispersity (Đ = 1.12), and a number 

average molar mass Mn of ~ 16 kg/mol (Mn,NMR = 15500 g mol-1, Mn,SEC = 15740 g mol-1, 

(Fig. S3).  

Successful grafting of copolymer on HA was confirmed by 1H NMR analysis.  The proton 

signals at 4.29, 3.89, 3.48 and in the region of 0.99-1.2 ppm  belonging to copolymer (Fig. 

S4A) could be observed. The degree of substitution (DS; defined as the number of 

poly(DEGMA-co-BMA) chains per 100 disaccharides repeating units), determined by the 

carbazole assay,35,36  was found to be 0.02 ± 0.01, corresponding to copolymer content in HA-

conjugate of 43 % (in weight).   The FT-IR of HA-conjugate in comparison with native HA, 

HA- pentanoate (HAp) and poly(DEGMA-co-BMA) spectra, respectively, are presented in 

Figure S4B. The HA-g-poly(DEGMA-co-BMA) shows characteristic signals of HA such as 

the bands at about 1620 cm-1 corresponding to the amide carbonyl, 1410 cm-1 attributed to the 

stretching of COO- and at 1042 cm-1 attributed to the stretching of C-OH. The signal at 1725 
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cm-1 related to the carbonyl stretching of the methacrylate comonomer increased after grafting 

on HAp chains. 

3.3. Synthesis and characterization of HA-g-poly(DEGMA-co-BMA) magnetic nanobeads 

The formation of magnetic nanoclusters followed by HA-g-poly(DEGMA-co-BMA) 

coating is presented in Scheme 1. Firstly, the hydrophobic MNPs were dissolved in THF 

(1 g L-1) followed by a slow addition of ACN (250 µL min-1), under sonication. The MNPs 

are not stable in polar solvents, thus the presence of ACN induces the formation of 

hydrophobic nanoclusters. As reported previously, under such conditions, the MNPs tend to 

densely pack in the THF nanodroplets. However, clustering was performed in the presence of 

P18 (poly(maleic anhydride-alt-1-octadecene)) which allowed direct enwrapping of 

hydrophobic nanoparticles. After partial hydrolysis of P18, the nanoclusters were shown to be 

stable in aqueous solvent.31 In our case, we performed clustering without the addition of a 

stabilizing agent. After 20 min of sonication of MNPs in THF/ACN (1/1 v/v) at 70 °C to 

evaporate THF, the nanocluster suspension was cooled and mixed with 1 mL of a cold 

solution of HA-g-poly(DEGMA-co-BMA) (0.5 g L-1, 4 °C))  using an orbital shaker.  

Magnetic stirring was excluded due to the attraction of nanobeads by the magnetic bar. Note 

that sonication was used only for cluster formation, while the deposition of HA-copolymer 

conjugate on cluster surfaces was performed under gentle mixing to avoid possible HA 

depolymerization. 

We have recently shown that thermoresponsive HA-g-poly(DEGMA-co-BMA) is able to 

self-associate and form nanogels by increasing the temperature above its Tcp.35 However, Tcp 

can be changed by the addition of salts, surfactants or solvents to a thermoresponsive 

polymer/water system. In this particular case, HA-g-poly(DEGMA-co-BMA) is well 

dissolved in water at 4 °C, but once added to hydrophobic nanoclusters dispersed in 

THF/ACN, the final suspension became cloudy. Possibly, under these conditions, the 
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copolymer grafted on HA chains becomes hydrophobic, with a high affinity for the 

nanoclusters, and tends to adsorb on their surfaces with the hydrophilic HA oriented towards 

the surrounding water.  

The formed beads were temporarily attracted by the bulk NdFeB magnet, allowing 

removal of the mixture of solvents in which they were suspended (Fig. 2). After removal of 

the supernatant, the magnetic nanobeads were re-dispersed perfectly in water and easily 

collected again using the bulk magnet. The zeta potential measurements (–29 ± 5 mV) 

confirmed the presence of a negative HA shell. 

 

 
 

Figure 2. A) Nanobead suspensions: directly after HA-g-poly(DEGMA-co-BMA) assembly; 

B) after 4 h of separation from solvents with the bulk magnet; C) re-dispersed in water; D) re-

attracted by the bulk magnet. 

 

SEM images show nanosized objects with bright cores and surrounding shells (Figs. 3A). 

The bright contrast of the core is likely due to the presence of a constituent with a higher 

atomic number. The morphology is confirmed by TEM images that show spheroidal 

nanobeads with a diameter ranging from 100 to 250 nm and containing a dark MNP core 

(Fig. 3B). Higher magnification images show that the magnetic cluster is constituted of close-

packed MNPs and encased in an outer polymer shell (Fig. 3C). A similar core-shell 

organization was observed by cryo-TEM of ice-embedded nanoparticles (Fig. 3D). Individual 

MNPs can be observed in the macromolecular shell, possibly corresponding to NPs that 
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detached from the core surface and diffused into the HA shell which contains hydrophobic 

domains of grafted copolymer.  

 

 

Figure 3. SEM (A), TEM with negative staining (B,C), and cryo-TEM (D) images of HA-g-

poly(DEGMA-co-BMA)-coated magnetic nanoclusters. Scale bar: 200 nm. 

 

In order to collect such small nanobeads from the suspension presented in Figure 2C, 

which contains also bigger nanostructures of a few hundred nanometers 

(agglomerates/interconnected clusters), magnetic separation was applied. When the bulk 

magnet was brought in contact with the vial, after just 15 min the biggest structures had been 

attracted to the magnet while the smaller ones (< 250 nm) remained in the supernatant. Figure 

S5 shows TEM and SEM images of nanobeads before separation (A,B) and nanobeads 

remaining in the supernatant after 15 min of contact with the magnet (C,D).  

To confirm the role of HA-g-poly(DEGMA-co-BMA) in the formation of well-dispersed 

magnetic nanobeads, control experiments were performed. The formation of different 
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structures was observed when clusters were: i) without polysaccharide coating, ii) mixed with 

HA without grafted copolymer, and iii) mixed with pure poly(DEGMA-co-BMA). In all three 

cases, we observed the precipitation or uncontrolled dispersion of MNPs in the polymer 

matrix (Fig. S6). Thus, employing the HA grafted with the ethylene glycol-based copolymer 

was necessary to stabilize the magnetic nanoclusters. The HA protects the magnetic 

nanoclusters from uncontrolled aggregation, ensures stability and easy dispersion in aqueous 

conditions. 

 

Figure 4. Hydrodynamic diameter and polydispersity index (PDI - blue) of un-crosslinked 

and crosslinked nanobeads, with and without DSB, in PBS (pH 7.4) at 18 °C measured by 

DLS. 

 

The DLS analysis carried out in PBS buffer (pH 7.4) showed the hydrodynamic diameter 

of un-cross-linked nanobeads to be 244 ± 1 nm (Fig. 4). Cross-linking of the shell, using bis-

thiol agent 1,4-dithiothreitol (DTT), which forms thio-ether bonds with the remaining 

pentenoate groups of HA chains through radical thiol-ene chemistry,35 resulted in a nanobead 

size of ~ 200 nm. Although we could observe a slight effect of cross-linking on the size of the 

nanobeads (indicating a reinforcement of the HA shell structure), nanobeads without cross-

linking were stable for a long time, showing a size of 238 ± 7 nm (DLS measurements after 3 
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months). It can be assumed that strong hydrophobic interactions between the hydrophobic 

magnetic core and the copolymer present on HA chains make the structure intact.   

For comparison, in situ encapsulation of MNPs during self-assembly of thermoresponsive 

HA-g-poly(DEGMA-co-BMA) was tested (Figs. S7 and S8). It has been shown earlier that 

this HA derivative modified with ethylene-based copolymers was able to form soft 

nanoparticles called "nanogels".35 Here,  the MNPs in chloroform were injected to a cold 

aqueous solution of HA-g-poly(DEGMA-co-BMA) followed by an increase of temperature 

up to 40 °C and cross-linking (self-associated nanogels were not stable without cross-linking). 

Although we observed the formation of polymeric nanostructures due to the self-association 

of thermoresponsive HA chains (Tcp = 20 °C), the distribution of MNPs was non-homogenous 

(Fig. S8) and the content of inorganic particles was lower than in the case of core-shell 

nanobeads (Fig. 5). TGA measurements were performed on core-shell nanobeads and 

thermoresponsive nanogels with enclosed MNPs (Figure 5).  

 

Figure 5. Thermogravimetric analysis (TGA) curves of pure HA-g-poly(DEGMA-co-

BMA) (black), HA-g-poly(DEGMA-co-BMA) coated nanoclusters (green) and nanogels with 

in situ encapsulated MNPs (red), analyses were performed under N2 atmosphere, all samples 

were freeze dried before analysis. 
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Firstly, to understand the decomposition of the polymer residue of hybrid nanostructures, 

pure HA-g-poly(DEGMA-co-BMA) polymer was analyzed. The curve of the HA derivative 

exhibits three zones of weight loss from 40 to 700 °C, reaching a total weight loss of 90 %. 

The first occurs in the 40-120 °C temperature range, corresponding to the evaporation of 

residually bound water. Two further zones of weight loss begin at around 220 and 400 °C, 

corresponding to the decomposition of HA and DEGMA-co-BMA copolymer grafted on HA 

chains, respectively. Heating to 700 °C resulted in a final weight of 10 % residual weight. 

Similar steps of decomposition were previously observed for membranes composed of HA 

and polyethylene oxide (PEO), with decomposition of PEO starting at 411 °C and final 

resistance of HA for complete decomposition.45 Finally, TGA curves of magnetic 

nanohybrids were measured. The formulation, 0.4 and 1 mg of MNPs per mg of HA-g-

poly(DEGMA-co-BMA) for core/shell and in situ encapsulation, respectively, was used.  For 

both studied systems, decomposition of HA-g-(DEGMA-co-BMA) begins at 200 °C. At 450 

°C the sample weight begins to stabilize. From the weight residues at 700 °C, the quantity of 

magnetic nanoparticles in these two different nanocomposites could be estimated. As the 

quantity of residual water in pure HA-copolymer, core-shell nanobeads and thermoresponsive 

nanogels is different, the percentage of magnetic nanoparticles in hybrid samples was 

estimated after normalization of sample weight at 200 °C (after evaporation of residually 

bound water) and subtraction of the residue of non-decomposed polysaccharide at 700 °C 

(Fig. S9).  

Finally, we could estimate that the percentage of magnetic material, i.e. the MNP content 

of the core-shell nanobeads, was close to 44%. This is 2.5 times higher than in the case of 

in situ entrapment of MNPs, even though a higher amount of MNPs per amount of HA-

derivative was used in the in situ method. Taking into account the initial amount of MNPs 
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used for encapsulation, we found encapsulation efficiency (EE) of 110 % (EE = amount of 

encapsulated MNPs /amount of initial MNPs x 100%) in the case of core-shell nanobeads, 

indicating total encapsulation of the used MNPs. We assume that the overrated value of EE is 

due to the fact that not all polymer chains  initially added to the solution were deposited on 

the clusters. This is coherent with our observation of the solution after attraction of nanobeads 

towards the bulk magnet (Fig. 2B), where the supernatant stayed slightly cloudy, most 

probably due to the presence of free polymer which was not implicated in coating. By 

contrast, incorporation of MNPs by an increase of temperature of thermoresponsive HA 

resulted in an EE equal to 18%. This indicates that only a small amount of MNPs present 

initially in solution was used in nanogel formation. Indeed, we observed the formation of 

hydrophobic MNPs precipitates which accumulated on the vial walls, and only well dispersed 

nanogels were collected for further analysis.  

We could conclude that the formation of MNP nanoclusters followed by deposition of HA-

g-poly(DEGMA-co-BMA) was more efficient to increase the concentration of MNPs in the 

nanobeads, which in turn increased the magnetic moment and responsiveness to the bulk 

magnet.  

Figure 6A shows ZFC-FC curves for core-shell nanobeads. ZFC magnetization reaches a 

maximum at 50 K. The increase of the blocking temperature TB, when  compared to 

measurements made on a collection of dispersed MNPs presented in Fig. 1B, is attributed to 

interparticle dipolar interactions resulting from MNP aggregation during cluster formation. 

Indeed an increase of blocking temperature was previously reported for g-Fe2O3 NPs 

concentrated in liposomes.46 A room temperature M(H) measurement confirmed that the 

MNPs preserved their superparamagnetic behavior after clustering and HA-g-poly(DEGMA-

co-BMA) coating since no hysteresis is observed (Fig. 6B). Accordingly, the HA-coated 

nanobeads could be attracted to the bulk magnet and then easily re-dispersed in its absence.   
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Figure 6. A) Temperature dependence of magnetization of HA-g-poly(DEGMA-co-BMA) 

coated magnetic nanoclusters under ZFC-FC conditions, measured at 100 Oe. B) M/Ms vs H 

loop of HA-g-poly(DEGMA-co-BMA) coated magnetic nanoclusters at 300 K. 

 

To demonstrate the possibility to magnetically manipulate the nanobeads, we used 

thermomagnetically micropatterned hard magnetic films characterized by a high remanence 

(1.2 T) and very high magnetic field gradients (<106 T m-1), to trap the nanobeads in a 

controlled fashion. The magnetic nanobeads were first loaded with the di-strylbenzene 

derivative (DSB). DSB is a hydrophobic fluorescent dye used as a drug model, as described 

earlier.32  The fluorescent dye was mixed with MNPs in THF before cluster formation, 

sonication in THF/ACN and coating by HA-copolymer chains. The unloaded dye could be 
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easily removed using the attraction of the magnetic nanobeads to the bulk magnet followed by 

removal of the supernatant. Figure 7A presents a fluorescence microscopy image of DSB-

loaded nanobeads homogeneously dispersed in water. The stability of DSB-loaded magnetic 

nanobeads was confirmed by DLS analysis (Fig. 4).  

To observe the response of nanobeads to the magnetic field pattern produced by micro-

magnet arrays, a suspension of fluorescent magnetic nanobeads was dropped onto a glass 

coverslip and flattened with the thermomagnetically patterned films. The particles dispersed 

in the solution moved towards the regions of highest magnetic field gradient, which are 

located at the interfaces between neighboring magnetic zones of opposite magnetization. 
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Figure 7. Fluorescence microscopy images of DSB-loaded magnetic nanobeads suspended in 

water (A), and trapped by micro-magnet arrays after 1 min (B,C). 

 

Figure 7B,C presents the images after 1 min of interaction with magnetic arrays with line 

and square patterns. Nanobeads initially dispersed in the solution (Fig. 7A) are positioned on 

the top of the micromagnets, creating patterns that reflect the geometry of the underlying 

magnetic structure. In the case of magnetic stripes, fluorescent lines were observed (Fig. 7B) 

while in the case of magnetic chessboards, the particles formed fluorescent chessboard 

patterns (Fig. 7C). After just 1 min, the fluorescence intensity of the magnetic pattern is 
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essentially stable, indicating that practically all magnetic nanobeads have been trapped. This 

is in agreement with our previous report on the highly efficient capture of magnetic 

nanoparticles by these high field gradient micro-magnet arrays.47 The trapping of some 

nanobeads away from the interfaces between micro-magnets reflects local inhomogeneities in 

the stray field pattern produced by thermomagnetically patterned films.48 The controlled 

trapping of fluorescent nanobeads using micro-magnet arrays allows for a simple optical 

verification of the magnetic nature of the nanobeads. The high concentration of 

superparamagnetic iron oxide nanoparticles in the core of the nanobeads leads to a rapid 

response to magnetic fields.  

 

4. Conclusions 

We have described the synthesis of HA-based nanobeads loaded with a high content of 

MNPs. The MNP nanoclusters were first formed and then later coated with HA-g-

poly(DEGMA-co-BMA). The HA derivative perfectly stabilized the magnetic nanoclusters in 

aqueous solution. Additionally, we showed the possibility of cluster formation in the presence 

of a model fluorescent drug, which demonstrates the possibility of simultaneous introduction 

of two functions: magnetic properties and drug encapsulation. Thanks to the relatively high 

concentration of MNPs within the bead core, a bulk magnet could be used for sample 

purification and nanobead separation. Micro-magnet arrays characterized by high-field 

gradients were shown to trap the nanobeads in a very short time. The study of magnetic 

attraction and controlled positioning could be extended to the guiding of drug-loaded 

magnetic nanobeads towards specific organs within the body.  
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