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Poly(lactic acid) (PLA)-coated magnetic nanoparticles were made using uncapped PLA with free
carboxylate groups. The physical properties of these particles were compared to those of oleate-coated

ﬁ:;:ggfé or oleate/sulphonate bilayer (W40) coated magnetic particles. Magnetic microspheres (MMS) with the
Coating matrix material poly(lactide-co-glycolide) (PLGA) or PLA were then formed by the emulsion solvent
Stabilization extraction method with encapsulation efficiencies of 40%, 83% and 96% for oleate, PLA and
PLA oleate/sulfonate-coated magnetic particles, respectively. MMS made from PLA-coated magnetite were
PLGA hemocompatible and produced no hemolysis, whereas the other MMS were hemolytic above 0.3 mg/mL
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0. Introduction

Functionalized biodegradable magnetic nanospheres and mi-
crospheres (MMS) are finding growing interest in a broad range of
applications including targeted drug delivery, diagnostic magnetic
resonance imaging (MRI), magnetic cell separation, tissue repair,
hyperthermia and magnetofection [1-7]. Most of these medical
applications depend on the successful synthesis of MMS
made from poly(pi-lactide-co-glycolide) (PLGA) and poly(L- or
pL-lactide) (PLA). These polyesters are not only biocompatible,
non-toxic and biodegradable [8,9], but also FDA approved
excipients and widely used in commercial sustained release
products such as Lupron Depot®, Nutropin Depot®, Zoladex®™
and Sandostatin LAR Depot®.

The magnetic component of the MMS in general is magnetite,
Fes04, a proven biocompatible iron oxide [10] which is FDA-
approved and used clinically as MRI contrast agent in products
such as Endorem™, Feridex®™, and Resovist® [11,12]. Various
procedures have been used to prepare magnetite particles, where
the synthesis conditions are crucial in determining the final
physicochemical properties in terms of particle size, shape,
composition, and magnetic properties [13,14]. The most common
synthesis of magnetite nanoparticles is based on Elmore’s co-
precipitation of ferrous (Fe?*) and ferric (Fe**) ions under basic
conditions [15] and has been perfected by Massart [16]. The
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overall reaction is written as follows:
Fe?t+ 4 2Fe3+ 4+ 80OH~ — Fe;04 + 4H,0 (1)

Thus, typically prepared 5-15nm sized nanoparticles have a
large surface-to-volume ratio and therefore high surface energies.
To minimize this energy the particles tend to aggregate and form
large clusters. To counteract these unwanted behaviors, different
coating materials such as polyethylene glycole/polyacrylic acid
(PEG/PAA) [17], starch [18], citric acid [19], oleic acid [20],
decanoic acid and nonanoic acid [21] have been applied to
magnetite nanoparticles to make a stable colloidal dispersion.

Magnetite-containing biodegradable PLGA or PLA micro-
spheres have been made since the beginning of the 1990s;
[22-24] however, the distribution of magnetite within the
particles was rather inhomogeneous [25]. Only once coated
magnetite particles were used, well-dispersed and homogeneous
magnetic microspheres could be made, such as for example by Lee
et al. who prepared magnetic PLGA nanoparticles with the
ferrofluid W-40 [26,27]. The surface of the magnetite nanoparti-
cles in the W-40 ferrofluid is first coated with a monolayer of
sodium oleate by strong chemisorption of the carboxylic acid
groups and then with a monolayer of sodium dodecylbenzene-
sulfonate (DBS) by weak physisorption. As an end result W-40
contains coated magnetite particles in an aqueous phase stabi-
lized with large amounts of DBS. Although DBS by itself is not
toxic, some mutagenic effects have been described in combination
with ultraviolet light or other agents [28]. We were thus searching
for more biocompatible coatings and thought that the polymeric
matrix material themselves might be useful coatings. PLA or PLGA
with carboxylate end groups are potential stabilizing coating
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materials for magnetite that mix very well with the matrix
material PLGA or PLA during the microsphere preparation, and are
not toxic whereas sodium oleate, the currently most often used
magnetite coating [29,30], should only be used in lower
concentrations [21,31]. What makes the homogeneity of magne-
tite throughout the particle matrix very important is the planned
application of these MMS for intravascular administration [1].
In this case, the MMS must be significantly smaller than red blood
cells and delivered through blood vessels without clogging the
smallest capillaries of 7-8 um in diameter [32]. Also they should
be as homogeneous in size as possible and contain the uniformly
distributed magnetite, to achieve reliable magnetic targeting.
Optimal magnetite coatings and highly compatible matrix
materials are thus crucial. The aim of this study was, therefore,
to prepare appropriate lipophilic magnetite particles that can be
made into biodegradable MMS.

1. Methods and materials

Ferric chloride hexahydrate (FeCl;-6H,0 >99%), ferrous
chloride tetrahydrate (FeCl, - 4H,0 >99%), ammonium hydroxide
(25wt%), oleic acid (99%), methylene chloride and polyvinyl
alcohol (PVA; 87-89% hydrolyzed; MW 13-23 kDa) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The ferrofluid W-40 with
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a magnetite content of 40% was received from Taiho Industries Co.
Ltd., Japan. i-Lactide was purchased from Polysciences and used
without recrystallization. PLA (Resomer® L104, poly(i-lactic acid),
MW 2kDa) was purchased from Boehringer Ingelheim GmbH
(Ingelheim, Germany) and PLGA (PLGA 85/15, intrinsic viscosity
0.61, MW 24 kDa) from Durect Corp. (Pelham, AL, USA). Activated
partial thromboplastin time (APTT) and prothrombin time (PT)
reagent kits, as well as control reagents Ci-Trol® 1 and Ci-Trol® 2
were from Dade Behring (Mississauga, ON, Canada).
Transmission electron microscopy (TEM) images were taken
(Hitachi H7600, Japan) after placing a drop of MMS on a formvar-
coated TEM grid (150 mesh, Ted Pella Inc. Redding, CA) and
air-drying it. Scanning electron microscopy (SEM) (Hitachi S-4500,
Tokyo, Japan) images were taken after sputter-coating samples
with a 5nm layer of gold-palladium. The size of magnetite
nanoparticles was analyzed by a Zetasizer (Malvern Instruments,
Malvern, UK). The microsphere size distribution was determined
from at least 500 particles per batch from SEM images using the
software Image] [33]. The magnetic properties of air-dried
samples were determined on a vibrating sample magnetometer
(VSM) (Model 155, Princeton Applied Research). Thermogravi-
metric analyses (TGA) were measured by heating from 20 to 550°
at 20°C/min in natural air flow (Q50, TA instrument, USA).
TH NMR spectra were recorded on a Bruker AV-300 at 300.13.
A Bruker D8 Advance X-ray diffractometer in Bragg-Brentano
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Fig. 1. TEM pictures of (A) magnetite without coating; (B) magnetite coated by oleic acid; (C) magnetite coated by PLA; and (D) ferrofluid W-40 as received.
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configuration and equipped with Nal scintillation detector using
Cu Ky, radiation (1 = 1.5406 A) was used. The sample holder was
rotated to improve particle statistics. The generator was set at
40kV and 40mA. Slit sizes were set at 1.0mm (divergence),
1.0 mm (anti-scatter), and 0.2 mm (receiving). Literature data was
collected by searching PDF (Powder Diffraction Files), the
intellectual property of the ICDD (International Centre for
Diffraction Data).

1.1. PLA synthesis

Uncapped PLA was synthesized by ring opening polymeriza-
tion of L-lactide using hydrolyzed lactide as the initiator and
tin(2-ethylhexanoate) as the catalyst as reported in our previous
publication [34]. 'TH NMR (CDCls, 300 MHz): 1.5 (d, CH3), 5.15 (q, CH).

1.2. Preparation of PLA-coated magnetite nanoparticles

FeCl, - 4H,0 (0.6 g, 0.30 mmol) and FeCls - 6H,0 (1.4 g, 0.52 mmol)
were dissolved in 10 mL of degassed distilled H,O and NH,OH
(2.4mL, 29%) added with fast stirring. The flask was heated to
75°C for 30min and then cooled to room temperature.
The particles were magnetically filtered and washed with H,0
(2-3 times). The pH of the solution was basic (9-10) before and
neutral after the wash. The suspension of the particles in 5mL
water was heated to <50°C in a closed vial for 5min. PLA (1.4 g)
dissolved in 5mL of CH,Cl, was added to this mixture with
stirring. All particles moved from the aqueous to the organic
phase. Water was decanted and the ferrofluid transferred to
a dry vial.

1.3. Preparation of oleic-coated magnetite nanoparticles

Oleic acid-coated magnetite nanoparticles were prepared as
described in the literature [29].

1.4. Preparation of PLGA and PLA microspheres

Microspheres were prepared similar to our procedure reported
earlier [17]. To prepare oleic acid and PLA-coated MMS, up to a
total of 250 mg of polymer and magnetite were combined into the
methylene chloride phase. For the preparation of PLA-coated
magnetite, the exact amount of PLA needed for further MMS
preparation was used to coat the particles (i.e., the ferrofluid made
was used directly to make MMS and no additional polymer was
added based on 30% w/w magnetite loading). Higher loading up to
60% was attempted, however, it seemed that beyond 40% of
magnetite, there was not enough PLA present to completely coat
the magnetite and the particles would agglomerate. To prepare
MMS containing W-40, the aqueous ferrofluid was directly added
as the inner water phase to make the first w/o emulsion. The same
protocol described above was then followed.

1.5. APTT and PT hemocompatibility tests

The hemocompatibility of different coating materials and MMS
was tested by in vitro hemolysis using the activated partial
thromboplastin time and prothrombin time tests with a coagula-
tion analyzer using mechanical end point determination (ST4,
Diagnostica Stago). Plasma from healthy volunteers was separated
by centrifugation of whole blood at 117 g for 12 min and used
within 12h. All test samples were used at a concentration of
7.5 mg/mL in phosphate-buffered saline (PBS) pH 7.4. For the APTT
determination the intrinsic and common coagulation pathways
were activated by adding actin (a partial thromboplastin reagent)

and calcium chloride to plasma and measuring the clotting time.
First, plasma (100 pL), sample solution (100 puL) and actin (200 puL)
were mixed, then 100 pL of the above mixture pipetted to a
cuvette, incubated at 37 °C for 3 min, and then 50 puL of 0.025M
CaCl, was added. The time for initiation of clot formation was
measured and recorded. For the PT determination, the extrinsic
and common coagulation pathways were activated by incubating
plasma with the innovin reagent and measuring the clotting time.
Generally, 50 uL of a mixture of plasma (100 uL) and sample
solution (100 pL) were pipetted into cuvette wells and incubated
at 37 °C for 60s. To each well, 100 pL of innovin was added and
time to coagulation determined as above. Control experiments
were done adding identical volumes of PBS and Ci-Trol® 2
(abnormal plasma control). Each experiment was repeated four
times.

1.6. Hemolysis assay

Fresh blood was collected from healthy volunteers into heparin
containing vacutainer tubes (VWR Scientific, Mississauga, ON).
Erythrocytes were then separated by centrifugation (12 min at
117 g), washed with PBS (3 x ), diluted and resuspended to give
a final concentration of around 2 x 108 erythrocytes per ml in
PBS, as counted by hemocytometer. A 0.5mL sample solution
(15mg/mL) in PBS was then added to 0.5mL of erythrocyte
solution and incubated at 37°C for 1.5, 3 and 5h, at that time
blood cells and sample precipitates were sedimented in a
centrifuge (10 min at 11,752 g). The release of hemoglobin from
the erythrocyte cells was measured spectrophotometrically at
540nm in the supernatant (8452A diode array spectrophot-
ometer, Hewlett Packard, Kirkland, PQ). All trials were run three
times. Results were expressed as a percentage of the total efflux of
hemoglobin obtained by adding 0.5mL of 2% Triton X-100
to 0.5mL of erythrocyte solution. A spontaneous hemolysis
control group was determined by incubating erythrocytes at
1 x 108 cells/mL in PBS alone.
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Fig. 2. Size and stability of magnetite without coating, oleic acid coated, PLA
coated and of W-40 ferrofluid.
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2. Results and discussion

Uncapped PLA was successfully used to coat magnetite
particles, which made them lipophilic and readily dispersable
in organic solvents such as CH,Cl,. Using of commercial PLA
(e.g., Resomer L104) did not provide a suitable coating for the

magnetic particles as PLA is usually capped (esterified with short
carbon chains) to increase the shelf life of the polymer. TEM
images of magnetite nanoparticles (Fig. 1) showed that all the
tested coating materials were able to separate the single-
magnetite crystals from each other (Fig. 1B-D). Uncoated
magnetite, however, agglomerated due to their high surface
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Fig. 3. SEM pictures of microspheres (on the left) and their corresponding size distribution (on the right). (A) PLGA microspheres; (B) PLA-coated MMS, 28.81% magnetite
loading; (C) W-40-formulated PLGA MMS, 51.20% magnetite loading; and (D) oleic acid-coated PLGA MMS, 20.84% magnetite loading.
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energy of the nanoparticles (Fig. 1A). The measurement of the
particles’ size distribution (Fig. 2) confirmed these observations.
Without a coating agent, magnetite nanoparticles clumped
together, and grew within 4h to agglomerates of more than
1 pm in size. Such agglomerates cannot be dispersed anymore, not
even by ultrasound treatment. For all 3 types of the coated
nanoparticles, however, even drying and redispersion several
weeks later resulted in unaltered size distributions and thus good
size stability (Fig. 2).

As shown experimentally, uncoated magnetite nanoparticles
have a large surface area-to-volume ratio, which gives them the
tendency to increase in particle size due to agglomeration and
large cluster formation, which in turn can show strong magnetic
dipole-dipole attraction and ferromagnetic behavior [35].
For effective stabilization of iron oxide nanoparticles, a high
coating density is thus desirable. Potential stabilizing agents
include polymers (e.g., PEG/PAA [17]), various long-chain
carboxylic acids, phosphonates and phosphates [36]. Alkyl
phosphonates and phosphates yield more thermodynamically
stable dispersions of magnetite nanoparticles than oleic acid at
physiological pH and might thus be preferred [36].

The preparation of MMS with native and coated magnetite by
double emulsion-solvent extraction yielded MMS of around 1 pm
in size, as shown by SEM pictures and corresponding size
distributions (Fig. 3). All MMS were spherical, and with the
exception of the W-40 formulated ones (Fig. 3C), they all showed
smooth surfaces.

2.1. Characteristics of iron oxide nanoparticles and MMS

While the organic substances, oleic acid and PLA showed a
complete weight loss in TGA in a single step when being heated
from 25 to 550°C (Fig. 4A and C), native magnetite showed an
overall weight gain of 2.576% (Fig. 4B). In addition, the color of the
material changed from black to red that was due to complete
oxidation of magnetite according to the overall scheme of

2Fe;04 + 0.50, — 3Fe,03 (2)

Theoretically, the molecular weight should have increased by
3.455%. The difference between the observed and theoretical
weight increment was likely due to the original starting sample
consisting not only of magnetite, but also some maghemite
(v-Fe;03). A mixture of 74.56% magnetite and 25.44% of
maghemite in the original sample would lead to a calculated
2.576% of weight increment. An analysis of the original sample by
X-ray diffraction before and after TGA (Fig. 5) revealed this
hypothesis to be very likely. The major diffraction peaks
could be assigned to related reflection lines and were in good
agreement with the literature values for magnetite [37]
(PDF#01-089-0691), maghemite [38] (PDF#01-089-5892) and
hematite [39] (PDF#01-089-0596). Initially, the diffraction pattern
of the particles showed the characteristics of magnetite or
maghemite—it is impossible to separate the two based only on
their diffraction pattern. After TGA in air, however, there was a

100 — 1
\\ 102.5
N\
\
80 \ 102.0 //m
\ ) /
\ 101.5
S 60 ! g ] /
g \ \\ 3;:» 101.0
(3 [
: £ /
40 v 100.5
\ 4
' 100.0 - /
20 o--- Oleic acid \ : \\/
— — -PLA \
99.5
\
0 T T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Temperature (°C) Temperature (°C)
100 s
N ~
. ~
N
80 b
\ \
\ \ o
R XL
X 60
=
S :
\
= 40 N
X 28.81%
\.
~. 0,
20 -/ ——MMS, PLA coated ~2084%
— — MMS, W-40
— - — MMS, oleic acid coated
0 T T T T T T T
0 100 300 400 500

Temperature (°C)

Fig. 4. TGA results. (A) Oleic acid and PLA; (B) magnetite; and (C) PLA-coated MMS (28.81% magnetite loading); oleic acid-coated MMS (20.84% magnetite loading); W-40-

formulated MMS (63.07% magnetite loading).



H. Zhao et al. / Journal of Magnetism and Magnetic Materials 321 (2009) 1356-1363 1361

clear transformation of magnetite to hematite (a-Fe;03), as has
been reported before [40].

Based on TGA, the final iron oxide content of the MMS was
20.84% for oleic acid-coated MMS, 28.81% for PLA-coated MMS
and 63.07% for the W-40 ferrofluid encapsulated MMS batches,
respectively. The calculated encapsulation efficiencies were thus
40%, 83% and 96%, respectively. Encapsulating magnetite from the
inner water phase yielded the highest loading efficiencies.

All MMS exhibited the typical superparamagnetic behavior of
zero coercivity and no remanence in their magnetization curves
measured at room temperature (Fig. 6). This was even true for
the native, uncoated magnetite, whose aggregate size was above
1000nm (Fig. 1B). The aggregates, thus, still consist of single
particles with a saturation magnetization of 58.5emu/g. MMS
loaded with 63.07% iron oxide from W-40 exhibited a saturation
magnetization of 37.8 emu/g. MMS loaded with 28.81% iron oxide
coated by PLA showed a magnetization of 19.2 emu/g, while MMS
loaded with 20.84% magnetite coated by oleic acid showed one of
12.9emu/g. The measured saturation magnetizations are within
5.5% of the theoretical values expected from the TGA measure-
ments.

2.2. APTT and PT determination

For in vivo clinical applications the MMS will be in contact with
blood; therefore, their effect on the induction of (unwanted) blood
clotting had to be investigated. The blood coagulation cascade
includes intrinsic and extrinsic pathways that were evaluated by
APTT and PT studies, respectively. As shown by the white bars in
Fig. 7, none of the MMS or control substances prolonged the time
until normal fibrin clot formation with the PT assay. The extrinsic
pathway of coagulation is thus not affected at all by MMS and
coating materials. The evaluation of the intrinsic pathway by
APTT, however, showed that some samples prolonged bleeding
times (grey bars in Fig. 7). Compared to the PBS control,
PLA-coated magnetite microspheres, oleic acid-coated magnetite
microspheres and W-40 prolonged APTT significantly (P<0.001),
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although none of the values reached the intermediate elevated
(abnormal) range of the Dade Ci-Trol® coagulation control (Fig. 7).
Many foreign materials show such a change of plasma coagulation
properties, as for example different polymers [41], hydrogels [42]
and Nitinol devices [43]. Changes in coagulation properties might
lead to thrombosis, although at least one paper describes that
using APTT results should only be used as an indication of
biomaterial induced coagulation activity, not as absolute results
[41]. Some studies have concluded that activation of contact
system started by interaction of negative-charged surfaces with
plasma [44]. The possible presence of carboxylate groups at the
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PLA MMS surface, which at physiological pH would be negatively
charged, might be the reason behind prolonged APTT times.
If necessary, this could be prevented by optimizing the amount of
carboxylated PLA during magnetite coating and adding capped
PLA as matrix material during the MMS preparation.

2.3. In vitro hemolysis analysis

Any substances to be used in parenteral formulations must be
tested for potential incompatibility with red blood cells [45].

o] —O— PBS
—@— 7.5 mg/ml
N 1.5 mg/ml
—w— 0.3 mg/ml
:\6 0.06 mg/ml
.Z 60
[
2
g
o 40 4
I
20
o
N — &5
T e e
0 1 2 . ' 5
Hemolysis time (hr)
100 - —F
—eo
9
B y—
: Vv
2
[<]
£
[}
I
— < ?
T T I :
2 3 4 °
Hemolysis time (h)
100 +
° *— 0
/ o
80
o 60 - /
2 /
8
2 /
:
g 40 - /’/
204 /
A /’/ - g—————F
0 / , b= T T ! Qr)
0 L § ; ‘ 5

Hemolysis time (h)

Fig. 8. Hemolysis caused by different materials. (A) PLGA MS; (B) PLA-coated MMS;
MMS. @7.5mg/mL; A1.5mg/mL; ¥0.3 mg/mL; 0.06 mg/mL; OPBS.

H. Zhao et al. / Journal of Magnetism and Magnetic Materials 321 (2009) 1356-1363

The most often used method to investigate the erythrocyte
membrane-damaging properties of polymers is the in vitro
hemolysis assay [46], where the release of hemoglobin is
quantified. In the current study, empty PLGA microspheres and
PLA-coated MMS produced less than 10% hemolysis at all tested
concentrations up to 7.5mg/mL (Fig. 8A and B). PLA-coated
magnetite MMS are thus compatible with erythrocytes. Further-
more, it seems that the PLA coating adds a protective effect from
hemolysis, since hemolysis of magnetite nanoparticles at an iron
concentration of 0.1 M, which is similar to the highest tested
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concentration here, has been reported to be significant [47]. The
other test samples, W-40 ferrofluid and oleic acid-coated
magnetic particles induced hemolysis of erythrocytes at concen-
trations as low as 0.3 and 0.06 mg/mL, whereas hemolysis was
complete (100%) at 1.5 mg/mL for W-40 and 0.3 mg/mL for oleic
acid (Fig. 8C and D).

Hemolysis is both concentration and time dependent, as
shown in Fig. 8E and F. W-40 MMS used in concentrations of
0.3 mg/mL or oleic acid-coated MMS in concentrations of less than
0.06 mg/mL are hemocompatible (less than 5% hemolysis), while
higher concentrations lead to hemolysis, very likely due to the
nature of coating and the stabilizer’s surfactant activity. It is
therefore appropriate for in vivo applications to early add-on
hemocompatibility studies to other toxicity studies such as the
MTT assay.

Despite these findings, oleic acid is widely used as a stabilizer
or coating material for magnetite nanoparticles [20,29,48],
designed for in vivo targeted delivery applications after vascular
injection [49]. In general, oleic acid has been considered a
relatively non-toxic coating material. Magnetite nanoparticles
coated by oleic acid at total blood volume concentrations of 4% in
rats, however, showed significant side effects, such as diarrhea,
tachycardia, tachypnea, seizure, crowing position, clonic convul-
sion and immediate shock [21].

W-40 ferrofluids with low loading concentrations of about 5%
have been encapsulated in nanoparticles [26,27] and successfully
used as an MRI contrast agent in the kidney of rabbits [27]. Oleic
acid and sodium dodecylbenzenesulfonate used as magnetite
stabilizers can thus induce significant hemolysis even at rather
low concentrations. MMS made from magnetite nanoparticles
coated with these materials can produce hemolytic effects, which
might be a serious barrier for further in vivo applications.
Hemocompatibility tests of MMS should thus be a part of the
biocompatibility testing of microspheres early on. Although APTT,
PT and hemolysis tests may give a good indication of potential
toxicity, only the actual clinical evaluation will be able to pinpoint
the relevance and importance of these findings.

Therefore, use of uncapped PLA as a coating material for
magnetite in order to make biodegradable MMS serves a dual
purpose. It can not only be used as the matrix material for the
preparation of MMS; but also as a lipophilic stabilizer. Its known
biocompatibility has been confirmed, and its hemocompatibility
is excellent at all tested concentrations. The highest concentration
of 7.5mg/mL was chosen to be appropriate for clinical drug
delivery applications. From our results, both PLA and PLGA
showed excellent hemocompatibility with red blood cells. There-
fore, similarly-uncapped PLGA can be used to coat the magnetic
particles. Important for the use of both polymers is the fact that
they have free carboxylate groups. Most commercially available
polymers are capped at both ends to increase shelf life of the
material, and are not useful for magnetite coating as there is no
anchoring possible to the surface of the magnetite.
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