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of Doxorubicin for Targeted Drug Delivery

Y. Ma, S. Manolache, F. Denes, D. Vail, D. Thamm, and I. Kurzman

(Submitted December 9, 2005; in revised form April 24, 2006)

A novel dense-medium plasma technology (submerged arc discharge) was used to synthesize carbon/iron-
based magnetic nanoparticles (CMNP) from benzene or acetonitrile at room temperature and atmospheric
pressure. Scanning electron microscopy shows that the nanoparticles are spherical and 40-50 nm in
diameter. Results from x-ray photoelectron spectroscopy and other analytical techniques demonstrated
that the CMNP consist of iron/iron oxide clusters that are evenly dispersed in a carbon-based host-
structure. After synthesis, CMNP samples were activated in three steps: argon plasma treatment, in-situ
reactions with ethylene diamine, and substrate activation by glutaric dialdehyde. Free doxorubicin (DOX)
molecules were then immobilized onto the activated CMNP surfaces to form CMNP-DOX conjugates. The
loading efficiency of doxorubicin was determined. In vitro anti-proliferative activity of CMNP-DOX
conjugates was confirmed in tumor-cell cytotoxicity assays. It is therefore suggested that CMNP may be
used as a magnetic carrier for targeted drug-delivery applications.
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ticles, plasma, targeted drug delivery

1. Introduction

In cancer treatment, chemotherapy can be very effective
against the deadly illness but often carries with it severe side
effects due to the high levels of toxins used to destroy malig-
nant or virulent cells but which also kill healthy cells. There-
fore, people have been trying for many years to find better
ways to fight cancers. One potential solutions is targeted drug
delivery, i.e., using a certain vehicle to deliver a selected
amount of anticancer agent directly to the tumor for localized
cancer treatment. This on-target delivery should dramatically
decrease side effects, improve drug efficiency, and reduce re-
quired dosages.

In the world of nanotechnology, as many as 250 billion
nanoparticles could fit snugly in the period at the end of this
sentence. Being so small, these particles have many very
unique chemical and physical properties, such as lower melting
points, increased light absorption, and different electromag-
netic properties, which make them important players in a host
of applications. Some researchers believe that nanosized par-
ticles even constitute another state of matter.

Among the various new properties of nanomaterials, mag-
netism is of special interest in solving the aforementioned prob-
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lem of nonspecific cancer-chemotherapy toxicity. Magnetic
nanoparticles embedded in nonmagnetic host materials, includ-
ing carbon structures, polymers, and dielectric oxides, provide
encapsulation and prevent both grain growth and agglomera-
tion. Combination of magnetic and dielectric characteristics
can result in multifunctionalities with potential applications in
advanced technologies, such as development of miniature and
efficient data-storage devices, novel and efficient targeted can-
cer drug delivery systems, replacement of radioactive tracer
materials by high-quality noninvasive medical imaging, and
adsorption followed by removal of radioactive metals from
toxic waste materials by strongly magnetic nanoparticle sys-
tems (Ref 1-7).

More importantly, by application of an external magnetic
field, cancer drugs that have been attached to nanoparticles
may be directed to the local tumor site, thus maximizing drug
exposure to tumor tissues and minimizing exposure to normal
tissues. Due to their high intrinsic magnetic moment, the iron-
based paramagnetic nanoparticles are particularly important
and promising for this type of targeted drug delivery. This
allows good magnetic guidance inside biological systems while
retaining no magnetic remanence (residual magnetism). Com-
pared with other delivery methods, such as liposomes and an-
tibodies, tiny magnetic nanoparticle carriers can offer several
advantages: liposomes are particles large enough to be captured
by macrophages, and antibodies are inefficient to distinguish
normal cells from tumor cells, whereas nanoparticles may
avoid the liver and spleen and reach the target tissues because
of their small size. In addition, the linkages between the nano-
particle carriers and cancer drugs can be designed in such a
way that the drug-release profile may be controlled for when
and where to release the drug (Ref 8-10).

Currently, several different iron-based paramagnetic nano-
particle drug-delivery systems have been reported (Ref 11-14).
Although the particular procedures to produce the magnetic
nanoparticles are different, they usually do have something in

Journal of Materials Engineering and Performance



common: iron oxide nanoparticles (Fe;O, and/or Fe,O3) were
either prepared in the laboratory or purchased from other
sources, and then a variety of molecules (e.g., alcohol, dextran,
albumin, organosilanes, and methacrylates) were coated onto
the iron nanoparticles through polymerization. Nanoparticles
formed in this way are essentially a metal core that is incor-
porated in a polymer matrix, and the iron oxides are not evenly
distributed throughout the matrix. Resulting nanoparticle diam-
eters range from 10 to 100 nm.

In this paper, a patented dense-medium plasma (DMP) tech-
nology will be used that allows initiation and sustainment of
discharges in a co-existing liquid/vapor medium at atmospheric
pressure and offers a significantly higher efficiency for the
processing of liquid-phase materials in comparison to other
existing plasma technologies. Carbon-based magnetic nanopar-
ticles (CMNP) were synthesized from an arc sustained in either
benzene or acetonitrile between iron electrodes. The DMP-
synthesized nanoparticle system is composed predominantly of
a carbon-based host structure in which the iron and iron oxide
particles are evenly dispersed. The CMNP were then plasma-
functionalized and activated, and doxorubicin was subse-
quently immobilized onto their surfaces. Reactivity of the im-
mobilized drug was evaluated.

2. Materials and Methods

2.1 Materials and Characterization Techniques

Benzene and acetonitrile (99%) used as precursors of the
CMNP was purchased from Aldrich Co. (St. Louis, MO) Ar-
gon was purchased from Liquid Carbonic Industries Corp.
(Danbury, CT), and was used as cavitation-generating inert gas
during the synthesis and as plasma gas during the surface func-
tionalizations. Ethylene diamine (ED, 99%, bp 118 °C) and
glutaric dialdehyde (GD, 25 wt.% solution in water, bp 101 °C)
used for immobilization were also purchased from Aldrich Co.
Fluorescamine used for the identification of primary amine
functionalities was purchased from Molecular Probes, Inc. (Eu-
gene, OR). Doxorubicin hydrochloride (DOX, =95%) was
purchased from Fisher Scientific (Hampton, NH).

Electron spectroscopy for chemical analysis (ESCA), also
known as x-ray photoelectron spectroscopy (XPS), was used
for evaluation of relative surface atomic concentration and Cls
surface functionalities of the CMNP and the CMNP-DOX con-
jugates. The instrument and the corresponding parameters that
were used are a Perkin-Elmer Physical Electronics Phi5400
small-area ESCA system; Mg source, 15 kV, 300 W; pass
energy, 89.45 eV; take-off angle, 45°. Samples were mounted
onto the holder with double-sided copper tapes to reduce
sample charging, and they were usually pumped for 2 h in the
prechamber for degassing before being introduced into the
main chamber.

Scanning electron microscope (SEM) images were collected
using a LEO 1530 field-emission SEM (LEO Electron Micros-
copy, Inc., Thornwood, NY). Samples were mounted using a
piece of double-sided copper tape and were coated with gold by
sputter deposition. The sputtering device was a Denton
Vacuum Inc. (Moorestown, NJ) Desk II system; the pressure of
sputtering gas (argon) was 50 mtorr, the sputtering current was
45 mA, and the sputtering time was 10 s.

An Ultima ICP-AES inductively coupled plasma mass spec-
trometry (ICP-MS) instrument (Jobin-Yvon, Edison, NJ) was
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Fig. 1 Redesigned DMP reactor: (1) DC power supply; (2) gas
evacuation point; (3, 26) coolant exit and inlet; (4, 7) glass cylinders;
(5) electrical contact; (6) coolant; (8) ceramic-pin array; (9, 17) caps;
(10) non-rotating electrode; (11) ground; (12) gas inlet; (13) motor;
(14) digital controller; (15, 18) magnetic coupling system; (16) liquid
inlet; (19) rotating electrode; (20) sealed volume; (21) quartz isolator;
(22) recirculating pump; (23) pins; (24) electrical discharges;
(25) recirculated flux; (27) valve

used. Samples were wet-ashed and extracted with nitric acid
and hydrogen peroxide at 140 °C and 100 psi for 25 min. They
were then filtered into volumetric flasks, and elemental analy-
ses were carried out.

2.2 Plasma Synthesis of CMNP

The plasma synthesis of CMNP from benzene was per-
formed using an original DMP reactor, which was designed
and developed at the Center for Plasma-Aided Manufacturing,
University of Wisconsin-Madison (Ref 15-17). The DMP re-
actor allows the initiation and sustainment of discharges at
atmospheric pressure environments, in co-existing liquid/vapor
medium and may offer a significantly higher efficiency for the
processing of liquid-phase materials in comparison to existent
plasma technologies.

Figure 1 shows the design of this DMP reactor. It is basi-
cally composed of a vacuum-tight cylindrical glass chamber
where liquid medium to be treated is contained. A set of elec-
trodes is immersed within the liquid medium. The upper elec-
trode has a ceramic disc cap, on top of which is located an array
of metal pins. The lower electrode is a metal disc with three
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Fig. 2 Schematic diagram of the radio frequency rotating plasma
reactor system used for surface functionalization of CMNP (Ref 19)

holes for the purpose of facilitating liquid circulation. Both
electrodes can be made from certain metals as required for the
particular treatment. The distance between the electrodes can
also be adjusted as desired.

For plasma treatment, the upper electrode can be rotated at
high speed (up to 5,000 rpm) whereas the lower electrode is
stationary. Inert or reactive plasma gas is bubbled through the
liquid medium from the bottom of the glass chamber. A com-
bination of these two motions generates many microcavities
between the electrodes. At this time, the direct current (dc)
power supply is turned on and plasma is initiated within the
many microcavities. Active species (e.g., free radicals) diffuse
toward the interface and react with liquid medium. Rotating the
electrode also helps homogenize the microdischarges, activate
a larger effective volume of fluid, pump fresh liquid medium
into the discharge zone, and decrease the boundary layers be-
tween the emission tips and the bulk liquid. More detailed
descriptions of the DMP reactor can be found in previous pub-
lications (Ref 15-18).

During a typical process to synthesize the CMNP nanopar-
ticles, 200 mL of benzene or acetonitrile is introduced into the
DMP reactor and argon is injected through the hollow, lower
electrode at the selected flow rate. The cooling of the reaction
medium is started by tap water flowing through the cooling
jacket, and the rotation of the upper electrode is started at the
desired angular speed. The discharge is initiated, and the
plasma state is sustained for the selected treatment time. The
following experimental conditions were used during the syn-
thesis: type of electrode, iron; dc voltage, 200 V; current, 1 A;
angular speed of the rotating electrode, 1,000 rpm; plasma gas,
argon; flow rate of argon, 3 sccm; temperature of the reaction
media, 18 °C; treatment time, 3 min.

The resulting CMNP suspension was separated by using 30
mL Teflon centrifuge tubes and a Fischer Scientific Marathon
22K centrifuge at 3,000 rpm and for 15 min. The supernatant
was then removed with the help of a pipette, and the remaining
carbon particles were mixed with 25 mL of fresh benzene/
acetonitrile, stirred, and then centrifuged again, to wash away
soluble byproducts that resulted from the DMP treatment. This
washing process was repeated 4-6 times until the supernatant
turned from brown-yellow to colorless. The resulting carbon
nanoparticles were dried in a vacuum oven at 50 °C for at least
24 h.

2.3 Surface Functionalization of CMNP

Figure 2 shows the reactor that was used to surface func-
tionalize the CMNP for the subsequent immobilization reac-
tions. It is a capacitively coupled, 13.56 MHz RF rotating
plasma installation. Compared with other typical plasma sys-
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tems, such as parallel-plate reactors, this rotating reactor is
capable of surface treatment of powdery substrates. Due to the
rotation of the glass reactor chamber, fresh surfaces of the
powdery samples can be constantly brought out for plasma
exposure, leading to uniform surface functionalization (Ref
19).

In a typical experiment, the untreated, vacuum-oven-dried
CMNP were loaded into the reactor chamber, which had been
cleaned previously using oxygen plasma at 100 W for 10 min
to remove any contamination from previous runs. By operating
the flow controllers and the corresponding needle valves, the
required argon pressure and flow rate were achieved in the
reactor. The rotation of the reactor was then started, and the
plasma was ignited and sustained for the selected reaction time.
At the end of the plasma exposure, the gas-feed valves were
closed and the system was evacuated to the base pressure. With
the vacuum line closed, ED vapor was then introduced in situ
and the pressure inside the chamber was kept at 1 torr for 30
min, after which the vacuum line was opened and the system
was pumped down for 30-40 min to remove adsorbed ED
and/or other byproducts resulting from the treatment. The ex-
perimental parameters used during the plasma treatment are as
follows: substrate, CMNP, 400 mg; plasma gas, argon; base
pressure, 60-70 mtorr; Ar pressure in the absence of plasma,
200 mtorr; RF power dissipated into the chamber, 200 W (con-
tinuous); treatment time, 10 min.

2.4 Immobilization of Doxorubicin

In a slightly alkaline environment, aldehydes and ketones
can react with primary and secondary amino groups to form
Schiff bases. This reaction has been used by many researchers
for coupling ligands, spacers, or proteins to certain supports
(Ref 20, 21). Thus the following immobilization procedure was
developed to bind free doxorubicin molecules onto the surfaces
of functionalized CMNP particles.

Prior to immobilization, the CMNP substrate was washed
with 50 mL of deionized water (twice) and 50 mL of 0.1 M pH
7 phosphate buffer. A 2% (weight) solution of GD was
prepared by diluting 4 mL of 25% GD solution to 25 mL by
using 0.1 M pH 7 phosphate buffer. Approximately 100 mg
of CMNP substrate and 50 mL of the 2% GD solution were
added together into a 50 mL beaker, which was then placed
into a water bath (controlled by a Fisher Scientific Model
3210 Refrigerated Circulator) and incubated for 2 h at 40 °C.
During the incubation, the CMNP/GD mixture was constantly
mixed with a magnetic stirrer. The GD-coated CMNP sub-
strates were then washed with 50 mL of 0.1 M pH 7 phosphate
buffer, filtered, dried, and weighed with a Sartorius BA110S
Basic series analytical balance (0.1 mg readability) to deter-
mine the amount of CMNP substrate left for subsequent
immobilization.

Free doxorubicin hydrochloride (10 mg) was dissolved into
8 mL of 0.1 M pH 8 phosphate buffer to form a 1.25 mg/mL
solution. The GD-coated CMNP samples were added into this
solution and incubated in a 37 °C water bath for 3-4 h. The
combination was then mixed with a magnetic stirrer during
incubation. After this immobilization reaction, the CMNP-
DOX conjugates were washed as follows to remove unreacted
free doxorubicin molecules: (1) 0.1 M phosphate buffer (pH =
8), 50 mL; (2) deionized water, 25 mL; (3) 0.15 M NaCl
solution, 25 mL; and (4) deionized water, 50 mL. At the end,
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Fig. 3 Complete reactions to immobilize free doxorubicin onto the
surfaces of carbon-based magnetic nanoparticles

the conjugates were filtered, dried in a vacuum oven at 50 °C,
and stored for future analyses.

To determine how much doxorubicin was immobilized onto
the CMNP substrate, the liquid left over from washing the
CMNP-DOX conjugates in the previous step was collected,
and it contained all of the unreacted drug molecules. Spectro-
photometry (S1000 fiber optic spectrometer by Ocean Optics,
Inc.) was used to measure this very low concentration of doxo-
rubicin, so that it could be used to calculate the amount of
drugs within the conjugates. A series of doxorubicin solutions
were prepared, ranging from 7.8 x 107 to 5 x 107 mg/mL.
The absorption was measured by the spectrophotometer over
the range from 150 to 750 nm. The peak values at 460 nm were
plotted against the doxorubicin concentration to obtain a cali-
bration curve. After the absorption of the liquid left over after
sample washing was measured, its corresponding doxorubicin
concentration was determined with the help of this calibration
curve.

Figure 3 shows all of the reactions that were mentioned
above, including plasma surface functionalization of CMNP,
generation of ketone groups on the nanoparticle substrate, and
reaction between doxorubicin and CMNP particles.

Journal of Materials Engineering and Performance

Fig. 4 SEM image of the carbon-based magnetic nanoparticles
(original magnification 100,000x)

2.5 Activity Analysis

D17 canine osteosarcoma cells were obtained from ATCC
(Manassas, VA) and were serially passaged by trypsinization in
plastic tissue culture flasks in complete minimal essential me-
dium (Gibco Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum (C/10).

The in vitro anti-proliferative effect of CMNP-DOX on D17
cells was assessed utilizing a tetrazolium-based assay (MTS
tetrazolium salt, CellTiter Aqeous One, Promega, Madison,
WI). 3000 D17 cells per well were plated in 96-well plates in
C/10 and incubated under standard conditions (37 °C, 5% CO,,
humidified); 24 h later, the plates were washed twice with
Hanks’ balanced salt solution, and the medium replaced with
C/10 containing various concentrations of DOX (Bedford
Laboratories, Bedford, OH) or equivalent concentrations of
DOX conjugated to CMNP. A concentration of unconjugated
CMNP equivalent to the highest concentration of CMNP-DOX
used was included as a control. Each condition was assayed in
quintuplicate. The plates were incubated for a further 72 h.
Relative viable cell number was then assessed by adding 40 pL
of MTS reagent to each well, incubating an additional 1-4 h,
and then determining the absorbance of each well at 490 nm
using a microplate absorbance spectrophotometer. Growth in-
hibition was expressed as a percentage, compared with cells
incubated in C/10 alone (Ref 22, 23).

3. Results and Discussion

3.1 Characterizations of CMNP

Figure 4 is the SEM image of the carbon-based magnetic
nanoparticles. The image shows that CMNP particles are com-
posed of very uniform, spherical particles with diameters of
40-50 nm, which are small enough to escape detection by the
body’s immune system and easily pass through cell membranes
but which are large enough to survive travel through the blood-
stream to deliver the payload. Because magnetic properties of
nanoparticles vary by size, the CMNP uniform size distribu-
tion ensures consistent properties of the carbon nanoparticles.
It is also suggested that the liquid medium, where the solid-
phase nanoparticles were generated due to the heterogeneous
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Fig. 5 (a) Survey of an ESCA spectrum and the surface atomic concentrations of the carbon-based C/Fe magnetic nanoparticles; (b) Cls

high-resolution ESCA spectrum of the nanoparticles

interphase reactions, led to the formation of CMNP nanopar-
ticles uniform in size and shape. We believe this heterogeneous
medium synthesis route will open up additional efficient ways
in the future for the generation of large quantities of pure and
hybrid nanoparticle systems.

Survey ESCA data of the nanoparticles synthesized from
benzene (Fig. 5a) indicate that the major component of the
nanoparticles is carbon (91.0%). Oxygen and iron relative sur-
face atomic concentrations are only 8.5% and 0.5%, respec-
tively. The oxygen content of nanoparticles can be related to ex
situ oxidation of the plasma-generated nanoparticles promoted
by the discharge-created free radical sites and to the oxidation
of iron particles caged into the carbon structure under open
laboratory environments. The high-resolution (HR) ESCA dia-
gram of nanoparticles (Fig. 5b) shows that C—C bonds with low
binding energy (285.0 eV) account for 89.7% of the existing
carbon atoms, suggesting that saturated C—C bonds are the
dominant linkages of the nanoparticle structures. The rest of
carbon atoms are connected to oxygen, forming C—O linkages
(286.6 eV) that account for 10.3% of the entire Cls peak area.
It can be calculated that the 10.3% C-O linkages correspond to
an oxygen surface atomic concentration of 9.3%, which is al-
most same as what is obtained from ESCA survey results
(8.5%). Therefore, it is safe to say that most of the oxygen
atoms are connected to carbon atoms.

ESCA data of the acetonitrile-synthesized C/Fe/N nanopar-
ticles are virtually identical to the data of benzene-originating
C/Fe nanoparticles. The only difference is that C/Fe/N CMNPs
contain a trace concentration of nitrogen (~1%) due to the
acetonitrile used as the starting material.

Because of the low resolution of ESCA system, it is not
suitable for measuring trace elements. Therefore, the iron con-
centration in the CMNP system was more precisely evaluated
by ICP-MS, which shows Fe concentrations ranging from 0.8
to 1.2%.

These carbon-based C/Fe or C/Fe/N nanoparticles are mag-
netic. This was visually verified with the help of a neodymium
supermagnet. It was observed that the magnet could easily
move the carbon particles that were either contained in a glass
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vial or suspended in distilled water. Further analyses of the
CMNP magnetic properties have been done through ferromag-
netic resonance spectroscopy (FMR) and extended x-ray ab-
sorption fine structure spectroscopy (EXAFS) techniques. De-
tailed analyses have been presented in an earlier publication by
Denes et al. (Ref 18) and are not included in this article due to
space limitations. According to those published data, however,
the C/Fe and C/Fe/N nanoparticles exhibit magnetic properties,
and this behavior has been related to the presence of iron and
oxidized iron with a sixfold oxygen coordination shell similar
to that of y-Fe,0;.

Dynamic light scattering (DLS) techniques were used
herein to evaluate the size of the water-suspended nanopar-
ticles. It is important to know this measure because the CMNP
will most likely be used in liquid medium during the drug-
delivery process. Before DLS analysis, the nanoparticles were
dispersed in water without addition of surfactant. The suspen-
sion was then sonicated overnight. DLS results are presented in
Fig. 6, which shows that the diameter of most of the carbon
nanoparticles stays in the range of 40-200 nm, with medians at
88 and 160 nm for the benzene- and acetonitrile-synthesized
CMNPs, respectively. This is in comparison to the diameter of
40-50 nm that is shown in previous SEM images (Fig. 4),
indicating that some small clusters of nanoparticles are formed
when CMNP are suspended in water. However, as no surfac-
tant was added to prevent agglomeration, the DLS data are
nonetheless very encouraging.

Even though, according to Fig. 6, the average diameter of
C/Fe/N CMNPs (acetonitrile-originated) is slightly larger than
that of C/Fe CMNP, our subsequent visual inspections showed
that the C/Fe/N nanoparticles can actually stay in the non-
agglomerated state for several days, whereas the benzene-
originated C/Fe nanoparticles quickly settle at the bottom of the
suspension within half a day or so. Moreover, when the
samples are added into water without sonication, the benzene-
originated C/Fe CMNPs simply float on the surface and can
hardly be dispersed; on the other hand, acetonitrile-originated
C/Fe/N nanoparticles almost “dissolve” in water and can be
very easily dispersed. This fact indicates that C/Fe/N CMNP
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are much more hydrophilic than the C/Fe nanoparticles. These
observations will determine in our future studies how the car-
bon-based nanoparticles could be used to deliver anticancer
agents in the environment of human bodies.

3.2 Formation of CMNP-DOX Conjugates

During immobilization reactions between free doxorubicin
and CMNP substrate, the bright orange color of doxorubicin
solution was lost within seconds upon being mixed with the
CMNP suspension. After the CMNP-DOX conjugate final
products were removed, the liquid that remained from the fil-
tration process was almost colorless. These observations sug-
gest that the immobilization reaction was efficient and that the
majority of free doxorubicin was consumed during the reac-
tion.

After immobilization reactions, the conjugates were care-
fully washed many times with three different solvents (i.e., pH
8 buffer, deionized water, and NaCl, as described in Materials
and Methods) to remove unreacted doxorubicin. Any unstable
Schiff bases should have been hydrolyzed and removed at the
same time, and it may not be necessary to use cyanoborohy-
dride at all. In fact, by not reducing the Schiff bases, the
equilibrium between them and the free doxorubicin may be
exploited to improve the payload-release profile once the
CMNP-DOX conjugate is administered and localized in human
bodies.
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Fig. 7 Spectrophotometer calibration curve for doxorubicin/water
solutions, and absorption reading of the water solution left over from
washing CMNP-DOX conjugates

As described in Materials and Methods, a spectrophotom-
eter calibration curve (shown in Fig. 7) was established by
measuring the absorption of various doxorubicin solutions with
known concentrations. After the absorption value of the solu-
tion left over from filtration of CMNP-DOX conjugates was
obtained with spectrophotometry, the concentration of this so-
Iution was determined from the calibration curve. Thus it was
calculated that the percentage of untreated doxorubicin is
~4.8%, which is to say that the loading efficiency (the percent-
age of the drug molecules that have been reacted) is ~95.1%.
The percentage of doxorubicin in the CMNP-DOX conjugates
was also determined, which is ~10.2%.

3.3 Activity Analysis of CMNP-DOX Conjugates

The addition of DOX or CMNP-DOX to D17 osteosarcoma
cells resulted in a dose-dependent inhibition of cell prolifera-
tion (Fig. 8). Free CMNP at a concentration that was equivalent
to the highest dose of CMNP-DOX had no significant anti-
proliferative effect. It is theorized that the difference in anti-
proliferative effect between the free DOX and CMNP-DOX
may be as a result of the three-dimensional structure of the
magnetic nanoparticle conjugates causing some steric hin-
drance, limiting the accessibility of some of the DOX mol-
ecules to interact with target molecules inside the tumor cells.

4. Conclusions

Carbon-based C/Fe and C/Fe/N magnetic nanoparticles
(CMNP) were synthesized in a dense-medium plasma environ-
ment. It is shown that the nanoparticles are uniform in size with
diameters of 40-50 nm and are magnetic and thermally stable,
with iron and iron oxide particles dispersed in a carbon-based
host-structure. In particular, the C/Fe/N nanoparticles are fairly
hydrophilic and can be easily dispersed in water without ap-
parent agglomeration.

The CMNP were Ar-plasma treated, aminated, and subse-
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Fig. 8 Anti-proliferative activity of CMNP-DOX against D17 osteo-
sarcoma cells as assessed by MTS assay

quently activated by generating aldehyde groups on the sub-
strate. Free doxorubicin molecules were immobilized onto the
surfaces of activated CMNP particles, and the loading effi-
ciency was also determined. The formation of CMNP-DOX
conjugates was confirmed by in vitro cytotoxicity assays,
which also verified the remaining reactivity of doxorubicin in
the CMNP-DOX conjugates. The fact that this CMNP-DOX
system is magnetic and retains reactivity of the immobilized
drug makes it a potential candidate for targeted drug-delivery
applications.

In future work, the immobilization process will be further
optimized; the drug conjugates will be tested in vivo on animal
subjects (e.g., mice), and these conjugates may one day be used
as targeted drug-delivery vehicles and become a viable solution
to the usually highly toxic chemotherapies.
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