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ABSTRACT: Ultrasmall superparamagnetic iron oxide (Fe3O4) nanoparticles coated by biocompatible pullulan (Pu-USPIO) with sizes

below 10 nm and having a magnetite core and a hydrophilic outer shell of pullulan were prepared. The formed Pu-USPIOs were

thoroughly characterized by Fourier transform infrared spectroscopy, transmission electron microscopy, atomic force microscopy, and

small-angle X-ray scattering experiments. The content of magnetic nanoparticles embedded into the pullulan matrix was determined

by thermogravimetric analysis. Vibrating sample magnetometry analysis was used to evaluate the magnetic properties of the Pu-

USPIO samples. Because of the presence of pullulan, these nanoparticles could be conditioned in many versatile forms, from a clear

solution to magnetic films, for potential applications, including magnetic hyperthermia mediators. VC 2015 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2016, 133, 42926.
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INTRODUCTION

Pullulan is a water-soluble polysaccharide produced by the

yeastlike fungus Aureobasidium pullulans. It has been well estab-

lished that regularly repeating structural unit of pullulan is a

maltotriose trimer [a-(1!4)Glucopyranosyl-a-(1!4)Glup-a-

(1!6)GlupA (Figure 1).1 Pullulan has numerous applications,

including ones in the food industry, health care, pharmaceuti-

cals, and medicine. In the last decade, pullulan has received a

lot of attention as useful candidate for use in various medicine

applications because of its biocompatibility, nontoxicity, and

water solubility. We very recently reported the use of pullulan

and its C-6 oxidized analogue for silver nanoparticle prepara-

tion under environmentally friendly conditions with excellent

antibacterial activities against both Gram-positive and Gram-

negative bacterial strains.2

Nowadays, iron oxide (Fe3O4) superparamagnetic nanoparticles

represent a hot topic in research, and they have found various

utilizations in high-tech applications in chemistry and biomedi-

cal fields; these include applications in catalysts, hyperthermia,

magnetic resonance imaging, bioseparation, diagnostic agents,

biomolecule immobilization, and drug delivery.3,4 For the medi-

cal application of magnetic nanoparticles, properties such as

biocompatibility, biodegradability, and long-term stability are

highly required. Because of their hydrophobic surface and large

surface-area-to-volume ratio, the use of iron oxide nanoparticles

in vivo is limited because of their rapid clearance from the cir-

culation by the reticuloendothelial system.5 To circumvent this

obstacle, one approach is to use highly hydrophilic coating

materials to considerably prolong the nanoparticle half-life in

the circulation.6 Iron oxide nanoparticles usually have a high

affinity for gathering together. However, polysaccharide matrices

can prevent this phenomenon because they act as stabilizers.7

Therefore, the main objectives of our research were to prepare

and characterize surface-modified ultrasmall superparamagnetic

iron oxide nanoparticles coated by pullulan (Pu-USPIO) as a

coating agent. Pullulan has several advantages for this purpose:

a high water solubility and hydrophilicity, a lack of toxicity,
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safety for human use (it is already used as a food additive),

nonimmunogenicity, and nonantigenicity.8 Moreover, there is

evidence for the receptor-mediated hepatic uptake of pullulan.9

Ultrasmall superparamagnetic iron oxide nanoparticles refer to

magnetic iron oxide nanoparticles that are smaller than

50 nm.10 These particles, because of their properties and size,

can be used for tracing cells and tumors in vivo.10,11 Chitosan

and carboxymethyl chitosan are other two polysaccharides that

are used to prepare magnetic nanoparticle dispersions.12,13

Recently, other polysaccharides, such as soluble starch, carboxy-

methylcellulose sodium, and agar, have found applications as

stabilizers in the synthesis of magnetic Fe3O4 nanoparticles.14 It

is well known that magnetic nanoparticles are often stabilized

with oleic acid. In this way, these nanoparticles can be used in

various applications; this prevents their agglomeration. In this

study, pullulan was used to replace the oleic acid and to take

over its stabilizing properties. The scope of this exchange

between stabilizers could be beneficial for application of mag-

netic nanoparticles in the areas of biology and biomedicine

because of the exceptional properties of pullulan in these fields.

EXPERIMENTAL

Materials

Pullulan (weight-average molecular weight 5 150 kDa) pur-

chased from TCI Europe was dried in vacuo at 1008C overnight

before use. Ethanol (EtOH) was analytical grade and was used

without any further treatment. Distilled water (chromatographic

purity) was used for the preparation of the pullulan solutions

and magnetite–pullulan mixtures.

Synthesis of Oleic Acid Coated Magnetic Nanoparticles

The preparation of the oleic acid coated magnetic nanoparticles

was accomplished by the Center for Fundamental and Advanced

Technical Research, Romanian Academy, Timisoara Branch,

Romania. The procedure followed a recipe that was previously

published.15–17 Namely, FeSO4�7H2O and FeCl3�4H2O salts were

used for the coprecipitation of Fe21 and Fe31 ions in the pres-

ence of an NH4OH aqueous solution at 80–828C. Once the

coprecipitation had started, oleic acid was added in significant

excess (ca. 30 vol %) to the system; this resulted in the chemi-

sorption of the oleic acid on the magnetite surface. The thus-

formed nanoparticles were washed several times with distilled

water with magnetic decantation and filtration to remove the

aggregated (nondispersed) particles. Flocculation (acetone) was

used to extract the magnetite particles coated with a single surfac-

tant layer from the solution of residual salts and free surfactant.

Pu-USPIO Preparation

The oleic acid coated magnetic nanoparticles previously fabri-

cated were used to prepare Pu-USPIOs. A certain amount of

magnetite nanoparticles, corresponding to 0.05, 0.1, 0.5, and

5% (wt) concentrations, were dispersed in 20 mL of EtOH and

vigorously stirred. After 2 h, EtOH was carefully removed and

replaced by another portion of fresh EtOH; we continued the

stirring for another 6 h. EtOH was replaced by distilled water,

and the resulting dispersion was sonicated at 9000 rpm (at 50

W for 30 min). To this solution, 50 mL of a 1% w/v pullulan

aqueous solution was added dropwise. The resulting mixture

was again sonicated for another 15 min at 12,000 rpm (at 50

W), and this was followed by centrifugation. The supernatant

was collected and used to obtain the Pu-USPIO films by evapo-

ration of the solvent in vacuo at 608C for 48 h.

Characterization

Fourier Transform Infrared (FTIR) Spectroscopy. The FTIR

spectra of the pullulan and superparamagnetic iron oxide nano-

particle samples were recorded with a Bruker Vertex 70 spec-

trometer in a scan range from 4000 to 650 cm21 at a resolution

of 2 cm21 for 32 scans. The dried samples was powdered by

grinding with KBr pellets and pressed into a mold.

Morphological Observations. Transmission electron microscopy

(TEM) images were acquired with a Hitachi High-Tech HT7700

electron microscope (Hitachi High-Technologies Corp., Tokyo,

Japan) with a drop of Pu-USPIO aqueous solution placed directly

onto a carbon-coated copper grid. We allowed this to dry before

TEM analysis. The particle size distribution was evaluated with

the UTHSCSA Image Tool Version 3.00 program (UTHSCSA

Dental Diagnostic Science, San Antonio, TX). The energy-

dispersive X-ray (EDX) analysis was performed on a Quanta 200

(FEI) electron microscope equipped with an EDX system. The

operated voltage was 30 kV, and the current was 36 mA.

Topographical features of the surfaces were characterized with

atomic force microscopy (AFM) in tapping mode with an Agi-

lent 5500 AFM multimode scanning probe microscope (Digital

Instruments, Santa Barbara, CA). The images were scanned

with silicon cantilevers (ATEC-NC, Nanosensors, Germany)

with a resonance frequency of 210–490 kHz and a force con-

stant of 12–110 N/m. All of the measurements were performed

at ambient temperature in air.

The Quanta 200 microscope, operating at 20 kV and equipped

with an EDX system was used for qualitative and quantitative

analysis and elemental mapping.

Small-angle X-ray scattering (SAXS) experiments were per-

formed on a Nanostar U-Bruker system equipped with a Vantec

3000 detector (diameter 5 200 mm) and an X-ray I lS micro-

source. The wavelength of the incident X-ray beam was 1.54 Å

(Cu Ka), and the beam was collimated by three pinholes. The

sample-to-detector distance was 107 cm; this allowed measure-

ments with scattering vector (q) values between 0.01 and 0.15

Å21. The angular scale was calibrated by the scattering peaks of

a silver behenate standard. The samples under study were

deposited on Scotch tape and measured in vacuo with a dedi-

cated holder at a constant temperature of 258C. The Scotch tape

Figure 1. Chemical structure of pullulan.
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and empty beam background was subtracted from the original

intensity profiles. The data analysis was done with SAXS-NT

(Bruker Integrated) and ATSAS 2.5.1 software.

Dynamic Light Scattering (DLS) Analysis. The f potential was

measured with a DLS technique (Zetasizer model Nano ZS,

Malvern Instruments, United Kingdom) with red laser at

633 nm (He–Ne). The average particle size was also measured

on the basis of the DLS analysis.

The f potential was calculated from the electrophoretic mobility

(l) determined at 258C. For ka � 1 (where k is the Debye–

Huckel parameter and a is the particle radius), the Smoluchow-

ski relationship was used:

n5gl=e (1)

where g is the viscosity and e is the dielectric constant.

Thermogravimetric Analysis (TGA)

A thermal analyzer (STA 449 F1 Jupiter device, Netzsch, Ger-

many) was used to determine the weight loss percentage of the

coated and uncoated magnetite nanoparticles. Samples (ca.

10 mg) were placed in Al2O3 crucibles and heated under nitro-

gen from 30 to 7008C at a 108C/min heating rate. Thermog-

ravimetry and derivative thermogravimetry (DTG) curves

recorded with a 60.58C precision were analyzed with Netzsch

Proteus analysis software.

Magnetic Properties

The magnetization of the samples was measured by means of

vibrating sample magnetometry (VSM) with an ADE Technolo-

gies VSM 880 instrument. The magnetization curves of the sam-

ples were measured at room temperature in the field range 0–

1000 kA/m.

RESULTS AND DISCUSSION

Preparation and Characterization of the Pu-USPIO Samples

Several samples of pullulan-coated superparamagnetic nanopar-

ticles were prepared with magnetic Fe3O4 nanoparticles coated

with oleic acid. To remove the stabilizer (oleic acid), these

nanoparticles were washed several times with EtOH and dis-

tilled water. Four concentrations of Fe3O4 nanoparticles were

used: 0.05, 0.1, 0.5, and 5% w/v (see the Experimental section).

After sonication, these dispersions were independently mixed

with 1% w/v aqueous pullulan. The obtained samples were

denoted as PuFx, where x is the initial concentration of the

Fe3O4 nanoparticles used. However, the final (actual) concentra-

tion of the Fe3O4 nanoparticles encapsulated by pullulan was

rigorously determined with magnetization experiments and

TGA (see later). Figure 2 shows photographs of the pullulan–

magnetite mixture before and after centrifugation and the

obtained pullulan–magnetite films.

As shown in Figure 2, after centrifugation and the separation of

the sediment, the resulting supernatant, which contained a pul-

lulan solution with magnetite nanoparticles, appeared as a clear,

homogeneous, transparent solution. The residual (solid) fraction

resulting from centrifugation was put aside and used for differ-

ent kinds of applications. For the medical application that we

envisaged, the homogeneous and transparency solution was

reclaimed; this solution still contained quite a high number of

nanoparticles. Because of its physical properties, this solution

could be used for applications when injection protocols were

needed. Furthermore, the clear solution was used for the prepa-

ration of the pullulan–magnetite nanoparticles films through

the addition of 5 mL of this solution to a Petri dish followed by

the evaporation of the solvent (water) for 24 h at 608C in a vac-

uum oven. In this way, we obtained another conditioning form

of the magnetite nanoparticles.

FTIR Spectroscopy

The pullulan–magnetite nanoparticles were first analyzed by

FTIR spectroscopy. The characteristic band located at around

585 cm21 of FeAO vibrations18,19 in magnetite was present in

all of the pullulan–magnetite samples but shifted to higher wave

numbers; this indicated that surface complexation occurred. All

of the FTIR spectra are shown in Figure 3. The main absorption

band of the pullulan as a coating material were observed at

Figure 2. Photographs of the pullulan–magnetite mixture before centrifu-

gation (left), after centrifugation (center), and after film formation (right).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. FTIR spectra of the magnetite, pullulan, and resulting PuFx

nanoparticles. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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3421 cm21; this arose from the stretching vibrations of the

hydroxyl groups. Also, the signals observed at 1025 and

1647 cm21 were due to the CACO and C@O stretching modes.

The bands from 2930 and 980 cm21 originated from ACH2

stretching vibrations and ACH out-of-plane bending vibrations,

respectively. After the incorporation of the iron nanoparticles

into the pullulan matrix (samples PuFx), these adsorption bands

were slightly shifted toward lower wavelengths; this indicated

that pullulan was coated on the surface of the magnetic nano-

particles. Moreover, the peaks at 710, 756, 850, and 932 cm21

may also have originated from iron oxide lattice deformation

and OH groups bound on the surface of the Fe3O4

nanoparticles.20

Morphological Observations

The shape, size, and degree of uniformity of the iron nanopar-

ticles were studied by means of TEM, AFM, and SAXS. The

TEM technique provided information about the shapes and

sizes of the nanoparticles. As shown in Figure 4, the pullulan-

coated magnetic nanoparticles were nearly spherical in shape

and were well separated in all cases. The average sizes of the

particles as determined by TEM through the measurement of

the size of about 200 particles were situated for all of the sam-

ples below 10 nm and were as follows: 3.4 6 0.2 nm (sample

PuF0.05), 4.5 6 0.3 nm (sample PuF0.1), 6.7 6 0.3 nm (sample

PuF0.5), and 8.4 6 0.4 nm (sample PuF5); this suggested that the

nanoparticles size increased with increasing starting concentra-

tion of the magnetite.

Additionally, the particles were analyzed by AFM. The AFM

images are presented in Figure 5. As shown by the AFM images,

the magnetite nanoparticles had a strong tendency to agglomer-

ate in the dry state; this depended on the initial concentration

of the magnetite.

Figure 4. TEM images of the (a) PuF0.05, (b) PuF0.1, (c) PuF0.5, and (d) PuF5 samples. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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The distribution of the magnetite nanoparticles was quite uniform

in all of the samples; however, the cluster tended to become bigger

and bigger once the magnetite concentration used for the film

preparation increased. These clusters had sizes ranging from 20 nm

for PuF0.05 to 50 nm for PuF5. It was clear that the sizes found with

AFM experiments differed from those determined with the TEM

technique. The differences could be explained by the sample prepa-

ration technique, which affected the obtained results; more pre-

cisely, the thermic treatment required for the pullulan–magnetite

film preparation acted as a catalyst for cluster formation.

The scattering profiles for all of the studied samples were com-

pared in log–log plots and Kratky plots. These representations

suggest the characteristics of each sample (Figure 6).

Thus, it was clear that sample PuF0.05 was a biphasic system

with a low content in phase 1 (nanoparticles) and that this

phase was highly dispersed within the matrix. The system was

highly polydispersed (Kratky plot), and most of the nanopar-

ticles were aggregated in clusters with a fractal geometry. A sim-

ilar picture was observed for sample PuF0.1 except its higher

scattering intensity suggested a higher content in the nanopar-

ticles (NP) clusters. This sample was highly polydisperse (Kratky

plot), but the shape of the fractal clusters changed. On the

other hand, the samples PuF0.5 and PuF5 presented a high

Figure 5. AFM images of the (a) PuF0.05, (b) PuF0.1, (c) PuF0.5, and (d) PuF5 samples. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 6. Kratky plots for the pullulan–magnetite samples. Scattering inten-

sity (I), Structure factor (s). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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similitude. These samples had a lower polydispersity (Kratky

plot); this indicated that the NP clusters had almost the same

dimensions (50 nm) and shape. These findings could be

explained by the fact when lower concentrations of magnetite

were used for the Pu-USPIO preparation, there was no tendency

by the resulting nanoparticles to aggregate. Therefore, the size

of the nanoparticles was much smaller than in the case when a

higher concentration of magnetite was used, where the resulting

nanoparticles were much more likely to aggregate and form

clusters, which were seen as entities during SAXS analysis.

Moreover, the differences occurred in the sample preparation

for these techniques; that is, in TEM, we used a liquid sample

for analysis, whereas in the SAXS and AFM analyses, we used

films of pullulan–magnetite nanoparticles obtained by solvent

evaporation at 608C, when supplemental aggregation phenom-

ena were expected.

Further considerations were concerned with the reconstruction

of the phase morphology (Figure 7) with SAXSmorph software.

The morphology of the investigated samples showed particular-

ities that were related mainly to the extent of the phase 1 (NP)

continuity within the matrix. Therefore, sample PuF0.5 showed

a wide area (white) as a continuous phase built inside small

domains of the scattered polymer matrix. Sample PuF5, which

showed similarities to sample PuF0.5, had quite equal dispersed

areas with a well-balanced distribution of particles inside the

polymer matrix. The samples PuF0.05 and PuF0.1 contained scat-

tered areas of NPs dispersed within the polymer matrix. The

clusters were more like fractal geometry and was more compact

for sample PuF5. The dispersion of the clusters was different in

each sample, with particularities that made possible the estima-

tion of the NP phase dispersion within the polymer matrix.

The elemental composition of the pullulan–magnetite nanopar-

ticles was determined by EDX. The incorporation of magnetite

into the pullulan matrix was confirmed by the presence of the

Fe signal, whereas other atomic signals (C, O) were derived

from the polysaccharide matrix. The spatial distribution of the

iron atoms from the mapping images of all of the analyzed

samples revealed the uniform distribution of Fe atoms in the

organic polymer (Figure 8).

The rather low content of Fe found in the EDX spectra was an

indication that most of the magnetite nanoparticles were encap-

sulated in pullulan.

Figure 7. Phase morphology for the (a) PuF0.05, (b) PuF0.1, (c) PuF0.5, and (d) PuF5 samples. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Typical EDX spectra of the pullulan–magnetite sample and iron

elemental mapping (insert), X-ray intensity in kilocounts (KCnt), X-ray

emitted by the Fe electrons in K shell (FeK). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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DLS Measurements

DLS measurements of the pullulan–magnetite samples were per-

formed at room temperature and pH 6.5. The results are pre-

sented in Table I.

The sizes determined by DLS for the PuFx samples differed

from those determined with TEM or even the SAXS and AFM

techniques. Also, the quality of the correlation functions was

poor, as shown by the larger polydispersity indices in Table I.

Therefore, these sizes seemed to be too large relative to data col-

lected with other techniques.21 The DLS measurements should

be interpreted cautiously and could be useful for relative com-

parisons of the whole set of values. In fact, DLS measures the

hydrodynamic size, and the calculated size cannot be considered

as a real value because there is always a tendency to overesti-

mate the real size because of the strong interactions between

solvent and nanoparticles constituents, especially for hydrophilic

biopolymers such as pullulan.22 Moreover, the hydrodynamic

diameter of magnetic nanoparticles coated by a series of carbox-

ymethylated polysaccharides, such as dextran, cellulose, and pul-

lulan, were found to be 229, 719, and 330 nm, respectively.23

The f potential in all of these cases had slightly negative values,

which increased with increasing magnetite content (see Table I).

TGA

TGA was performed to further confirm the inclusion of the

magnetite nanoparticles and to assess the content of the Fe3O4

incorporated into pullulan and remaining after centrifugation

(see the Experimental section). Figure 9 shows the DTG curves

for the native pullulan and PuFx samples.

As the DTG curves revealed, all of the samples had maximum

rates of mass loss at 280–2878C for the PuFx samples and 2928C

for the native pullulan sample. Before these temperatures, there

was another small peak around 908C, which indicated the mass

loss by volatilization of the contained water in all of the sam-

ples.24 Figure 10 shows the TGA curve of the naked Fe3O4 par-

ticles along with those of the pullulan and pullulan-coated

magnetic nanoparticles. For the naked Fe3O4 particles, the ini-

tial weight loss (up to 1308C) was due to the evaporation of the

adsorbed water, and the weight loss from 130 to 4068C was

caused by the removal of the residual oleic acid.25 The weight

loss for the Fe3O4 particles in the range 25–7008C was about

15.4 wt %. In contrast, pullulan exhibited two overall weight

loss steps of about 10 and 68%, respectively; these could be

ascribed to the evaporation of adsorbed water (up to about

1908C) and the decomposition of the organic backbone (up to

4508C). The weight loss for pullulan was 73.45 wt %.

For the pullulan–magnetite samples, the thermogravimetric

curves were very similar and made only minor differences to

the weight loss. The samples PuF5 and PuF0.5 showed a weight

loss around 72.90% because the other two samples had weight

losses of 73.27%. With these data, the pullulan content in the

PuFx samples was assessed; we divided the weight loss of each

sample by the weight loss of pullulan (73.45%). Therefore, the

magnetite content (expressed as a percentage) was the difference

between 100% and the found percentage of pullulan. The mag-

netite content in the PuFx samples were in the range of 0.25%

for the samples PuF0.01 and PuF0.05 to 0.75% for the samples

PuF0.1 and PuF5.

The use of magnetic nanoparticles in biomedical or bioengineering

applications is strongly related to their superparamagnetic charac-

ter. Therefore, the magnetic properties of the as-prepared Pu-

Table I. Average Size Values (Determined by DLS at 25 6 0.18C), Polydis-

persity Indices, and f Potential Values of the PuFx Samples at pH 6.5

Sample Size (nm) Polydispersity index f potential (mV)

PuF0.05 206 0.579 20.75

PuF0.1 209 0.620 21.06

PuF0.5 269 0.293 21.21

PuF5 273 0.254 21.44

Figure 9. DTG curves of the native pullulan and PuFx samples. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 10. TGA of the naked Fe3O4 and PuFx nanoparticles. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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USPIO samples were investigated in a VSM system at room tem-

perature. Figure 11 presents the magnetization curves of the Fe3O4

nanoparticles and Pu-USPIO samples. All of the samples showed

superparamagnetism because the diameters of these samples were

much lower than the critical particles size of the ferromagnetic

Fe3O4 nanoparticles, which was 25 nm.26 The lack of hysteresis was

one of the criteria for the identification of a product with superpar-

amagnetic properties.12 As shown in Figure 11, the magnetization

curves for all of the samples presented no hysteresis and were com-

pletely reversible at room temperature. Moreover, the superpara-

magnetic properties of the pullulan–magnetite samples were

confirmed by the absence of coercivity and remanence.

According to the insert in Figure 11, the naked magnetite nano-

particles had a magnetization of 48 emu/g. With this value and

the magnetization values of the pullulan–magnetite samples, the

mass percentage of the magnetite in the pullulan-coated magne-

tite samples was found to be around 0.2% in samples PuF0.05

and PuF0.1. The magnetite percentage was three times higher for

samples PuF0.5 and PuF5 (0.6%).

The lower values of magnetization of the PuFx samples as com-

pared with that of bulk magnetite were due to the high pullulan–

magnetite mass ratio. However, these values were close to those

reported for magnetite-decorated attapulgite (0.29 emu/g).27

CONCLUSIONS

Pu-USPIOs with sizes varying from 3.4 to 8.4 nm and having a

core–shell structure with a magnetic core and a polymeric shell

were prepared in this study. These sizes were unequivocally

determined with a readily obtained pullulan–magnetite homo-

geneous liquid solution as a supernatant of centrifugation.

When this clear, homogeneous solution was subject to solvent

evaporation, transparent, light yellowish magnetic films were

obtained. These films were consequently analyzed by means of

AFM and SAXS when we observed that the iron nanoparticles

exhibited a higher tendency to form aggregates and clusters

with a mean size of 20 nm and a maximum size of 50 nm.
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