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Abstract The paper presents preparation and char-
acterization of starch-modified Fe;O,4 nanoparticles
(NPs) in aqueous dispersion after impregnation into
healthy and damaged types of cartilage. We show that
starch-modified dispersion has a narrower size distri-
bution than a non-stabilized one. The average hydro-
dynamic radius of magnetite NPs in a dispersion used
for impregnation into cartilage is (48 £ 1) nm with the
width of the distribution from 5 to 200 nm. We
investigate stability of aqueous magnetite NPs disper-
sions during storage and with increase in temperature
(up to 70 °C). We find that polydisperse magnetite
NPs can penetrate into cartilage and the size and
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concentration of impregnated particles depend on the
organization of the tissue structure. The results
confirm the possibility of application of magnetite
NPs in diagnostics and laser treatment of degenerative
cartilage deceases.
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Introduction

There has recently been a significant growth of interest
in the use of nanoparticles (NPs) in diagnostics and
medicine (Hazer et al. 2012a, b). For example, metal
oxide NPs are currently used as contrast agents in
magnetic resonance imaging (Chen et al. 2012). In
optical tomography metal oxide NPs, due to their
contrast and stability, are replacing organic fluorescent
labels (Xu et al. 2009). New methods for drug delivery
(De Jong and Borm 2008) and cancer hyperthermia
(Khandhar et al. 2011) based on biocompatible metal
oxide NPs are also being developed. The use of NP
additives as adsorbers of laser irradiation is another
possible application of NPs in laser medicine (Popov
et al. 2007). Such application allows to reduce the laser
power requirements and to concentrate energy in the
damaged areas where the NPs are distributed, thus
lowering the exposure of healthy areas of tissue to
laser damage.

@ Springer


http://dx.doi.org/10.1007/s11051-013-2092-5

Page 2 of 10

J Nanopart Res (2013) 15:2092

Biocompatible iron oxide NPs are of great interest
due to their ability of magnetically controlled trans-
portation and surface modification by polymers and
surfactants (Mornet et al. 2004; Estevanato et al.
2012). The most common magnetic agents are mag-
netite Fe3;O, (Majewski and Thierry 2008) and
maghemite Fe,O; (Mornet et al. 2002). Other mag-
netic agents are also utilized—e.g., alloys of iron with
cobalt (Chaubey et al. 2007), nickel (Chen et al. 2010),
and platinum (Lai et al. 2012).

Other applications for magnetic NPs include laser
reshaping and treatment of cartilage. Cartilage degra-
dations arise in small localized areas and are difficult
to identify in their early stages. They can be medically
diagnosed only when the size of the damaged area is
relatively large (~1 mm in diameter) (Shyu et al.
2009; Stolz et al. 2004, 2009; Crocketta et al. 2005).
Consequently, it would be useful to develop a method
for the diagnosis of the extent of cartilage degradation
in the early stages when the defects are small, i.e., of
micron size. Unfortunately, a well known tendency of
magnetic NPs to form aggregates or agglomerates
impedes their medical application (Lim and Feng
2012). However, the surface modification of magnetic
NPs by different organic substances can significantly
improve the stability of their dispersions. In the case of
magnetite NPs, these modifications can also help to
prevent oxidation reactions (Kim et al. 2001; Lin et al.
2010; Sun et al. 2009). Polysaccharides derived from
natural raw materials are particularly promising sta-
bilizers (Daniel-da-Silva and Trindade 2011). These
substances improve the biocompatibility of magnetic
NPs by providing a surrounding polymer matrix. They
also result in additional biofunctionality due to
bonding of their functional groups to macromolecular
tissue.

In the present study we use the potato starch as a
known stabilizer for the modification of magnetite
NPs. Our complex of research methods provides
information about the agglomeration properties and
especially about the thermal and storage stability—
something that is not fully described in the literature
but is essential for medical application of the NPs.
Appropriate preparation conditions for creation of
non-volatile and thermally stable aqueous dispersions
of magnetite NPs are established. We show that
synthesized magnetite NPs penetrate into damaged
and healthy cartilage and that the size of impregnated
particles indicates the degree of cartilage degradation.
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Experimental
Synthesis of magnetite NPs

All chemicals were of analytical grade. In all exper-
iments water was deionized with an Easy-Pure II RF
system (Barnstead). The following reagents were
used: ferrous chloride tetrahydrate FeCl,-4H,O
(Sigma), ferric chloride hexahydrate FeCl;-6H,O
(Sigma), ammonia aqueous solution NH; 25 %
(ChemReagent), and potato starch (ChemReagent).

The reaction was carried out according to the
following scheme:

2Fe*t 4+ Fe?t + 8OH™ = Fe;04 | + 4H,0

Firstly, 0.05 M FeCl; and 0.025 M FeCl, were
dissolved in deionized and deoxygenized water in an
argon atmosphere. The solution was separated in 4
portions: 1 was left invariable, in 2; 3; and 4 starch was
added to a % mass concentration 0.1, 0.5, and 1.0. The
mixtures were heated to 90 °C and ammonia was
added under vigorous stirring until the formation of a
stable black precipitate. The final pH was 12. Solu-
tions were stirred for 15 min and left for 1 h in an inert
atmosphere. Then the magnetite precipitate was
separated and washed with water several times. After
drying in an inert atmosphere at room temperature
magnetite was dispersed in water and large particles
were removed by centrifugation.

Secondly, four dispersions of magnetite were syn-
thesized according to the previous technique with one
difference: starch was added in portions two, three, and
four immediately after formation of the precipitate.

Dynamic light scattering (DLS)

DLS measurements were performed on a Photocor
(Photocor Instruments Inc., USA) laser light scattering
photometer with a He-Ne laser (power 10 mW,
/A = 632.8 nm) (Coherent, CIIIA, model 31-2082)
and a Zetasizer Nano ZS (Malvern, Great Britain).
DynalS software (Alango, Israel) was used to analyze
the DLS data in terms of hydrodynamic radii (R},) and
polydispersity indexes (PIs) of the particles.

Analytical ultracentrifugation (AUC)

AUC was performed on a Beckman (Palo Alto, USA)
Model E ultracentrifuge Spinco (Beckman) equipped
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with absorbance optics, a photoelectric scanner, a
monochromator, and an online computer. The rotor
speed was 24,000 rpm. Sedimentation velocity exper-
iments were carried out at 20 °C. The sedimentation
coefficients were estimated from the differential sedi-
mentation coefficient distribution [c(s) vs. s] using the
SEDFIT program (Lebowitz et al. 2002). The average
sedimentation coefficients of particular species were
obtained by integrating distributions c(s).

Asymmetrical flow field flow fractionation (A4F)

AA4F experiments were performed on an Eclipse 3
separation system (Wyatt Technology Corporation,
USA) based on an Agilent HPLC pump (Agilent
Technologies, USA) at room temperature (27 °C). A
21.4-cm channel with a 350-mm channel spacer and
ultrafiltration membrane made of regenerated cellu-
lose with a 5-kDa molecular weight cutoff (Wyatt
Technology Corporation, USA) was used. The
ASTRA software, version 5.3.4 (Wyatt Technology
Corporation, USA) was used to yield the final profiles.

Transmission electron microscopy (TEM)

For TEM analysis magnetite NPs samples were
applied to copper grids 3 mm in diameter covered
with ultrathin polymer layer. The experiment was
performed on JEOL JEM-2000 FXII microscope
(JEOL Ltd., Japan) operating at 200 kV. For tissue
TEM analysis specimens of cartilage were fixed and
dried in epoxy resin, cut on microtome to 100 nm
slices, and analyzed at 200 kV.

Experiments on biological tissue

Porcine costal cartilage was separated from the
perichondrium and cut with a surgical scalpel to slices
of 3.0 mm thickness. Three series of biological
samples were prepared. For the first series the cartilage
slices were irradiated by an erbium fiber laser (Arcuo
Medical, Inc., Los Altos, CA, USA) according to the
previously developed technique described in Baum
et al. (2011) to simulate the damaged cartilage. The
samples from the second cartilage series were left
intact. Half of the specimens of both series was
incubated in magnetite NP dispersion containing
0.5 % mass of starch for 24 h. Then the specimens
were extracted and washed with sterile saline solution.

Another half was left without incubation. For TEM
analysis specimens of cartilage that had been previ-
ously incubated with NPs were fixed and dried in
epoxy resin, cut on microtome to 200 nm slices,
applied to a copper grid, and then analyzed at 200 kV.
Atomic force microscopy (AFM) experiments on non-
incubated cartilage were carried out using a scanning
tunnel microscope Nanoscope IIla (Digital Instru-
ments, Santa Barbara, USA). The tissue specimens
were cut on a microtome to 20 pm slices and applied
to glass substrates for AFM analysis. Height profiles
were obtained on air in tapping mode, scanning rate
1.5 Hz, and resonant frequency 2.0 V. The collected
data were analyzed using Gwyddion 2.03 software
(courtesy of David Necas and Petr Klapetek).

Results and discussion

DLS allows to evaluate the sizes of synthesized
magnetite NPs via measurements of the (z-average)
translational diffusion coefficient (D) distribution. The
hydrodynamic radii, R, of equivalent spherically
shaped particles were calculated from the diffusion
coefficients by the Stokes—Einstein equation: D = kgT/
6mHRy,, where kg is the Boltzmann constant, T is the
absolute temperature, and # is the viscosity of the
dispersing medium. While such calculation is correct
for spherical and homogeneous particles, in other cases
it gives only an estimate of hydrodynamic radii.
Therefore, we use the term “apparent” for referring
the Stokes—Einstein radii determined by DLS.

Figure 1 presents size distribution of aqueous
dispersions of non-stabilized magnetite NPs. Conspic-
uously the system is very polydisperse with hydrody-
namic radii values in the range of (150-850) nm and
an apparent average <R;> value of 330 + 10 nm
(mean + SD, n = 60).

Estimates for the size distributions (as estimated by
DLS) of magnetite NPs dispersions synthesized in the
presence of increasing amounts of starch are presented
in Fig. 2. Average values of hydrodynamic radii and
PIs for dispersions of NPS synthesized in the presence
of 0.1, 0.5, and 1.0 % of starch are 85 & 6 nm
(PI = 0.44 £ 0.04), 48 £ 1 nm (PI = 0.52 £ 0.04),
and 33 £ 1 nm (PI = 0.45 %+ 0.03), respectively.
Thus, increasing the amount of starch from 0.1 to 1
mass% results in the decrease in the average size of the
NPs.
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We also verified whether the moment of the starch
addition during the synthetic procedure of magnetite
NPs influences the size of obtained NPs. Figure 3
shows the size distribution of magnetite NPs disper-
sion modified with starch after formation of the
magnetite. The apparent R, and PI values are
110 = 1 nm and 0.72 £ 0.07, respectively.

Comparative DLS data for all magnetite disper-
sions are presented in Table 1.

The observed data show that the addition of starch
to the magnetite dispersions leads to a shift of the
distribution toward the smaller particles (<100 nm)
although the “tail” of the distribution still shows large

Relative intensity (arb.u.)
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Fig. 1 Size distribution for the aqueous dispersion of non-
stabilized Fe;O4 NPs dispersion determined by DLS at 25 °C
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Fig. 2 Size distributions for the aqueous dispersions of Fe;O,

NPs synthesized in presence of 0.1, 0.5, and 1 % of starch
determined by DLS at 25 °C
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particles of up to 1,000 nm (Figs. 1, 3). The presence
of starch at the moment of precipitation dramatically
changes the final distribution of magnetite NPs
(Fig. 2). The average hydrodynamic radius in such
system is at least two times less than that for post-
stabilized system (Table 1). Thus, the presence of
starch at the moment of synthesis influences the
process of particles growth and reduces the rate of
formation of agglomerates. The increase of starch
concentration in the system results in a corresponding
decrease of the average radius value and makes the
distribution narrower.

We should note that DLS is a more sensitive probe
for larger particles (>10 nm), whereas the analytical
ultracentrifuge provides a more sensitive probe for
smaller particles (see, for example, Philo 2006).
Therefore, the dispersions of Fe;O4 NPs synthesized

Relative Intensity (arb.u.)
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Fig. 3 Size distribution for the aqueous dispersion of Fe;O,
NPs modified with 0.5 % of starch after precipitation of
magnetite determined by DLS at 25 °C

Table 1 Average hydrodynamic radii of Fe;O4 NPs in aque-
ous dispersions

Starch concentration used in the — <Rp> PI

synthesis of Fe3;04 NPs (%) (nm)

0.0 274 + 7 Not available,
highly
polydisperse
system

0.1 85+ 6 044 +0.04

0.5 48+ 1 0.52+0.04

0.5 (starch was added
after the formation
of the precipitate)

1.0 33+£1 045+0.03

110 £ 1 0.72 £ 0.07
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Fig. 4 Differential distributions of sedimentation coefficients
c(s) versus s for Fe;04 NPs synthesized in the presence of a 0.1,
b 0.5, and ¢ 1.0 % of starch correspondingly (20 °C, rotor speed
was 24,000 rpm)

in the presence of varying concentrations of starch
were also carried out by means of AUC to analyze very
small fractions. Fe3;0, NPs aqueous solutions were
preliminarily centrifuged in the AUC for 15 min at
5,000 rpm/min (=1,800 g) to remove very large

particles—the remaining solutions that contained
about 88-90 % of initial Fe;04 mass (determined by
optical density analysis at A = 307 nm after separa-
tion of large particles) were then studied. The distri-
butions of sedimentation coefficient of the starch-
modified magnetite NPs dispersions are presented in
Fig. 4. The average sedimentation coefficients values
(sav) in dispersions of NPs synthesized in the presence
of 0.1, 0.5, and 1.0 % of starch are 15.0, 12.4, and 10.0
S, respectively, and the average Stokes radii were
estimated to be 4.9, 4.8, and 3.7 nm, respectively.
Though the average Stokes radii values are close, one
can see that as starch concentration increases, the
distribution c¢(s) narrows. Comparison of Fig. 4a, ¢
demonstrates that the c(s) distribution for NPs disper-
sion modified with 1 % of starch does not include
particles with sedimentation coefficients in the range
of 20-50 S whereas the c(s) distribution for NPs
dispersion modified with 0.1 % of starch does.
Therefore, we can reasonably infer that the sedimen-
tation velocity data confirm the stability of small and
uniform particles with the increase of starch concen-
tration up until 1 %.

For impregnation into cartilage we selected the
Fe;0,4 NP dispersion modified with 0.5 % of starch.
The data that follow refer to this preparation.

A4F represents a powerful method for the deter-
mination of particle size and molar mass distributions,
detection and characterization of aggregates in solu-
tion, and characterization of polymer branching
(Podzimek 2011). However, because of the uncer-
tainty about Fe;O,4 concentration and specific refrac-
tive index increment value of Fe;O, NPs modified
with 0.5 % starch solution, we used only the DLS
signal for subsequent analysis in the present investi-
gation. A4F separated synthesized magnetite particles
by hydrodynamic size while DLS allowed direct
measurement of Ry, of the particles. Figure 5 shows the
elution profile of Fe;O, NPs aqueous dispersion
modified with 0.5 % of starch registered as a time-
dependence of DLS detector signal. As one can see,
the sample profile runs a broad range of elution times
indicating the polydispersity of the sizes of synthe-
sized magnetite particles. However, the major fraction
of particles has the Ry, values in the range of 40-50 nm
as evidenced by the values of the R}, calculated from
the DLS data. The mean R, value for the peak equals to
46.5 £ 0.3 nm (see inset in Fig. 5). Particles with Ry,
values higher than 50 nm are also detected in the
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Fig. 5 AA4F data for Fe;04 NPs dispersion synthesized in the
presence of 0.5 % of starch

solution but their contribution to the overall signal
decreases markedly with size. Thus, these data are in
good agreement with the DLS data above.

The magnetite NPs and the agglomerates were
visualized using TEM combined with electron dif-
fraction measurements. The TEM data provide an
evaluation of the form and size of the particles and an
assessment of their crystalline structure. Figure 6a, b
presents the TEM images for both the non-stabilized
and the starch (0.5 %) stabilized magnetite dispersions
respectively.

Figure 6a shows large agglomerates (more than
100 nm) constructed from domains about 20 nm.
Figure 6b presents NPs of 5-20 nm in diameter and
also agglomerates of up to 100-200 nm. These
findings correspond with sedimentation velocity and
DLS data. The observed differences in average
particle sizes provided by DLS and TEM can be
explained as follows. DLS is very sensitive for the
large particles. The intensity of the DLS signal

depends on the size of a scattering center as T ~ 1°,

Fig. 6 TEM images of Fe;0, dispersions a non-stabilized, b synthesized in presence of 0.5 % starch. The inserts show the diffraction

patterns of the samples
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Fig. 7 Temperature-dependent size dynamics of Fe;0, disper-
sion synthesized in presence of 0.5 % starch

and the total intensity of large particles is higher even
if their cumulative contribution to the whole number
of particles is not so high. Thus, the average value of
DLS distribution is always shifted to large sizes. TEM
images demonstrate that there are a lot of small
particles with diameters far smaller than 50 nm and
also their agglomerates with diameters of about
100 nm. The total amount of agglomerates is not high
as it is shown by TEM and AFM analysis but it can be
enough to impact the DLS result and shift the apparent
hydrodynamic radius to larger values. However, both
methods confirm the tendency that the degree of
agglomeration of the NPs can be decreased by starch
stabilization. In comparison to the non-stabilized
magnetite the particles in the starch dispersions are
more uniformly distributed and the contribution of
small particles appears to be higher.

The diffraction pattern inserts to Fig. 6a, b confirm
the highly crystalline structure of synthesized particles
of both types.

Figure 7 shows stability results derived from DLS
measurements under changing temperature from 20 to
70 °C. This temperature range is determined accord-
ing to the conditions of therapeutic laser cartilage
treatment (Baum et al. 2011). As one can see from
Fig. 7, the average hydrodynamic radius of the
particles has negligible changes as temperature
increases. This result approves the ability of such
systems of NPs to be used in the laser therapy of
biological tissues when the temperature of operating
tissue surface does not exceed 70 °C.

The time-dependent stability of Fe;04 NPs was also
studied by DLS (Fig. 8). In 7 days after synthesis and
storage at room temperature in inert atmosphere the
average hydrodynamic radius of Fe;04 NPs changes

Relative intensity (arb.u.)

0 50 100 150 200

Fig. 8 Time-dependent size dynamics of Fe;O, dispersion
synthesized in the presence of 0.5 % of starch

insignificantly and is 52 4+ 1 nm in comparison to
48 =+ 1 nm for the just prepared dispersion. This
increase does not affect the whole distribution and the
properties of magnetite dispersion do not change
within this time interval. It is worth noting that the
time stability is important for NPs storage and
subsequent medical application.

Both healthy and damaged types of cartilage were
tested in NPs impregnation experiment. The tissue
defects that simulate the early degradation stage of
cartilage were created by fine laser impact according
to the previously developed technique (Baum et al.
2011). For impregnation testing we used the 0.5 %
starch-modified Fe;O,4 dispersion. Figure 9a, b present
the AFM images of damaged and healthy cartilage,
respectively. One can see that in Fig. 9a the collagen
network is mostly broken and disorganized. Such
disorganization is postulated to be the initial stage of
cartilage degradation that causes arthritis (Stolz et al.
2009). It can be characterized as the structure that
contains nano- and micro-pores and defects depending
on the stage of degradation. Healthy cartilage
(Fig. 9b) demonstrates that the well-organized colla-
gen network and the fibrils are clearly intact. The
results of polydisperse NPs impregnation into dam-
aged and healthy cartilage are shown in Fig. 9c, d,
respectively. The concentration of NPs impregnated
into damaged cartilage turns out to be comparatively
high and the range of examined diameters is
5-100 nm. The large NPs and their agglomerates
from 50 to 100 nm are mostly found in the surface
layer of damaged cartilage (no more than 200 nm in
depth). It demonstrates that the cartilage is at an early
stage of degradation and contains pores and channels
of structure of about 100-200 nm in diameter. The
presence of large particles deeper than 200 nm in
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500 nm

Fig. 9 Surface imaging of different types of cartilage and
magnetite NPs impregnation testing. a AFM image of cartilage
surface with laser-simulated early stage defects. The collagen
network appears to be disorganized. b AFM image of healthy
cartilage surface. Collagen fibrils are intact. Their periodic
structure is observed. ¢ TEM image of damaged cartilage

structure can be explained by the concentration of
small NPs in growing defects of the damaged tissue.
The healthy cartilage (Fig. 9d) contains only small
particles of about 5-15 nm in diameter and their
concentration compared to the ones impregnated in
damaged cartilage is lower. The obtained data corre-
spond to the previously examined types of damaged
and healthy cartilage in (Sobol et al. 2000) where the
porous structure of damaged cartilage was evaluated.
The analysis of Fig. 9c and d shows that the use of the
polydisperse NPs system provides the visualization of
cartilage pores and channels structure. The size and
concentration of impregnated NPs depend on the
degree of tissue degradation. Based on the obtained
results we can suggest that utilization of polydisperse
NPs system (up to 100 nm) will allow to investigate
structure channels distribution of cartilage and its
dependence on tissue type (healthy or damaged)
and on the conditions of preliminary processing

@ Springer

(b)

d)

cartilage surface line

impregnated with magnetite NPs. The concentration is compar-
atively high; the range of visible diameters is 5-100 nm. d TEM
image of healthy cartilage impregnated with magnetite NPs. The
concentration is comparatively low; the range of visible
diameters is 5-15 nm

(irradiation in different modes). Thus, impregnation
of NPs into cartilage creates new condition-dependent
possibilities for research of tissue structure.

Conclusions

Polydisperse magnetite aqueous dispersions have been
synthesized. An analytical study of their distribution
revealed the simultaneous presence of small particles
(up to 10 nm in diameter) and large agglomerates of
about 1 pum and more. It has been shown that starch-
modified dispersions are more stable with a narrower
distribution; the contribution of small particles (up to
100 nm) prevails. Increase of the amount of starch
from 0.1 to 1 mass% results in the decrease in average
size of the particles. Presence of starch at the moment
of chemical synthesis of magnetite prevents the
forming particles from instant agglomeration.
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Starch-modified magnetite dispersions are stable
during a temperature increase from 20 to 70 °C. This
appears to vindicate the ability of such systems to be
used in the laser therapy of biological tissues when the
temperature of operating tissue surface does not exceed
70 °C. We also have studied time-dependent stability of
the systems. An insignificant increase of the average
size is indicated in 7 days after the preparation. This
increase does not affect the whole distribution and the
properties of the magnetite dispersion do not appear to
change. This type of stability is important for the storage
of NPs and subsequent medical application, a topic
worthy of further consideration. Cartilage structural
features are responsible for the ability of NPs applica-
tion in the control of tissue irradiation. It has been
recently shown that cartilage has porous structure with
the size of the channels depending on the tissue type, its
age, damage degree, and also preliminary operations
(including laser irradiation). Structure pores and chan-
nels provide liquid transfer and cell nutrition throughout
the tissue, as cartilage does not have blood vessels.
Thus, the structure of cartilage allows impregnation of
NPs through its pores and channels. As we have shown
in the present study, magnetite NPs about 10 nm in
diameter penetrate into healthy cartilage, and this NP
size corresponds to the same pores distribution. Carti-
lage degradation appears in more than 1 pum cracks, and
this allows penetration of large particles. Therefore,
polydisperse magnetite dispersion can be used to
determine micro defects of tissue. Medical laser impact
of the damaged cartilage structure impregnated with
absorbing NPs will allow to perform local and dedicated
treatment with lower laser power. Magnetite NPs appear
to be a promising proposition for use in the diagnostics
and optimization of medical laser treatment of cartilage.
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