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Research Article

Fullerene as a transporter for doxorubicin
investigated by analytical methods and
in vivo imaging

Carbon nanomaterials, including fullerenes, exhibit not only unique structure and elec-
tronic properties but also a significant potential to serve as radical scavengers and/or
anti-oxidants. Their conjugation with anticancer drugs such as doxorubicin (DOX) may
help to balance severe negative side effects of these cytostatics and also improve the de-
livery of the drug taking advantage of the enhanced cellular uptake, selectivity to cancer
cells, and pH regulated release. In this study, the fullerene (C60) surface was oxidized
by concentrated nitric acid, which enabled simple DOX–fullerene conjugation based on
�–� stacking and hydrophilic interactions with carboxylic groups. The strength of this
noncovalent binding is pH dependent. At a low pH, the amino group of DOX is proto-
nated, however at a higher pH, the amino group is deprotonated, resulting in stronger
hydrophobic interactions with the fullerene walls. CE and HPLC were employed for char-
acterization of resulting complexes. The cell toxicity of the conjugates was evaluated using
Staphylococcus aureus and finally they were administered into the chicken embryo to assess
the applicability for in vivo imaging.
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1 Introduction

Nanomaterials are nowadays attracting enormous attention
in almost all research areas. Hence there is no wonder that
their application in medicine is so widely explored. Both, di-
agnostic as well as therapeutic utilization of various types of
nanoparticles have been investigated [1–4]. Metal or semicon-
ductor nanoparticles are employed for imaging applications
and visualization, and magnetic particles are utilized for hy-
perthermia therapy, and variety of other types of nanomateri-
als are used for drug delivering. Prominent position among
nanomaterials used in medicine belongs to carbon nanoma-
terials such as nanotubes, fullerenes, and/or graphene due to
their unique physical and chemical properties [1–3,5–7]. The
�–� stacking effect can be utilized for conjugation of aromatic
molecules onto the polyaromatic surface of all carbon nano-
materials. Moreover, fullerenes and their derivatives were
studied for their efficient quenching of various free radicals
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and reactive oxygen species, thus potentially serving as radical
scavengers and/or anti-oxidants in biological systems protect-
ing from the oxidative stress and toxicity caused by cytostatic
drugs [8–11]. The combination of the protective properties of
fullerenes and their ability of drug delivery make them very at-
tractive for anticancer therapy [12,13]. For the clinically highly
effective anticancer drug paclitaxel, it was shown that cova-
lent conjugate with C60 for a lipophilic slow-release system
enhanced the therapeutic efficacy [14]. Doxorubicin (DOX),
another highly effective cytostatic drug in antitumor therapy
[15], was also conjugated with fullerenes and carbon nan-
otubes aiming at mitigating DOX-induced toxic side effects
[8, 16, 17] and/or improving the drug delivery [18–21]. More-
over, the optical properties of DOX provide opportunities to
track the molecules and conjugates by using fluorescence-
based techniques, such as assessing nanocarrier of DOX in
cells without any other fluorescence labels [22]. Generally, the
coupling between DOX and fullerene surface can be assured
by covalent linkage [13,23], or by nonspecific interaction after
activation of the surface by acidic oxidation [18].

In this study, the simple method of DOX–fullerene (C60)
conjugation is utilized and the characterization of conjugates
by spectral methods, electrochemical analysis, CE, and LC is
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demonstrated. Finally, the monitoring of the effect of pre-
pared conjugates on the bacterial cells as well as in vivo imag-
ing on the chicken embryo is presented.

2 Materials and methods

2.1 Chemicals and pH measurement

HPLC-grade ACN (>99.9%; v/v) from Merck (Darmstadt,
Germany) was used. Chemicals used in this study were pur-
chased from Sigma-Aldrich R© (St. Louis, MO, USA) in ACS
purity unless noted otherwise. Washing solutions were pre-
pared in MilliQ water obtained using reverse osmosis equip-
ment Aqual 25 (Aqual, Brno, Czech Republic). The DI water
was further purified by using apparatus Direct-Q 3 UV Water
Purification System equipped with the UV lamp from Milli-
pore (Billerica, MA, USA). The resistance was established to
18 M�/cm. The pH was measured using pH meter WTW
inoLab (Weilheim, Germany).

2.2 Synthesis of the fullerenes with DOX

2.2.1 Conjugates with constant concentration of

fullerenes and varying concentration of DOX

The Buckminster Fullerenes C60 (5 mg; Sigma-Aldrich R©)
were purified with concentrated HNO3 (70% in ACS wa-
ter, 1 mL) for 15 min in ultrasonic bath and shaken
(1400 rpm, 90�C, 15 min, Thermomixer R© comfort, Eppen-
dorf, Germany). The solution was centrifuged (25 000 × g,
20�C, 15 min; Centrifuge 5417R, Eppendorf) and the acid was
removed. The fullerenes were washed with 1 mL of ACS wa-
ter (seven times) until the neutral pH was reached and finally
resuspended in 1 mL of ACS water. Fifty microliters of the
fullerene solution was mixed with 500 �L of the DOX (1000,
500, 250, 125, and 63 �g/ml in ACS water). The solution was
sonicated in the ultrasonic bath for 15 min, after 5 min of
sonication, 1 mL of the sodium phosphate buffer (pH 7.5)
was added. The solution was vortexed for 24 h and subse-
quently centrifuged using Amicon 3 K (4500 × g, 20�C, 15
min; centrifugal filters for sample purification and concentra-
tion; EMD Millipore). The solution was subsequently washed
with sodium phosphate buffer (pH 7.5) and centrifugation
was repeated. Finally the solution of fullerenes and DOX was
filled up to 1 mL by ACS water.

2.2.2 Conjugates with constant concentration of DOX

and varying concentration of fullerenes

The different concentrations of fullerenes with DOX were
prepared in the same way as previous method (Section
2.2.1). There were different fullerenes weight (2.5, 5, 7.5,
10, 12.5 mg) prepared and the one concentration of DOX as
500 �g/mL was used.

2.3 Antimicrobial effect

The procedure for the evaluation of the antimicrobial ef-
fect of the fullerenes, DOX, and DOX–fullerene conjugates
was based on measuring the absorbance using the apparatus
Multiskan EX (Thermo Fisher Scientific, Germany) and sub-
sequent analysis in the form of growth curves. The bacte-
rial culture of Staphylococcus aureus cultivated in LB medium
(meat peptone 5 g/L, NaCl 5 g/L, bovine extract 1.5 g/L,
yeast extract 1.5 g/L HIMEDIA, Mumbai, India; sterilized
MilliQ water with 18 M�) was diluted with LB medium to
absorbance 0.1 at a wavelength of 600 nm, measured using
Specord spectrophotometer 210 (Analytik, Jena, Germany).
The culture (250 �L) was mixed with different concentra-
tions (1, 2, 4, 8, 16, 31, 63, 125, 250, or 500 �g/mL) of DOX in
ACS water, fullerene, or fullerene with DOX. Measurements
were carried out at time 0, then every 30 min for 24 h at 37�C
and the wavelength of 600 nm.

2.4 Spectrometric characterization of DOX–fullerene

conjugates

The absorbance and fluorescence scans of all solutions were
acquired using a microtitration plate reader Tecan infinite
M200 PRO (Grödig, Austria). A volume of 50 �L of the so-
lution was analyzed in the Costar R© microtitration plate (UV
plate, 96 well; Corning, NY, USA). The absorbance scan was
measured within the range from 230 to 800 nm. The fluores-
cence spectrum was measured using excitation wavelength
480 nm and emission range of 520–850 nm (emission wave-
length step size: 5 nm; gain: 100; number of flashes: 5).

2.5 Electrochemical analysis

Determination of DOX and fullerene interaction by square
wave voltammetry (SWV) was performed using a 663 VA
Stand (Metrohm, Herisau, Switzerland), equipped with stan-
dard electrochemical cell and three electrodes. The three-
electrode system consisted of a hanging mercury drop elec-
trode (HMDE) with a drop area of 0.4 mm2 as the work-
ing electrode, an Ag/AgCl/3M KCl reference electrode and
a platinum electrode acting as the auxiliary electrode. GPES
4.9 software was employed for data processing. The analyzed
samples were deoxygenated prior to measurements by purg-
ing with argon (99.999%). Acetate buffer (0.2 M CH3COONa
and CH3COOH, pH 5.0) was used as a supporting electrolyte.
The supporting electrolyte was replaced prior to each analy-
sis. The parameters of the measurement were as follows:
purging time 120 s; deposition potential 0.0 V; time of ac-
cumulation 120 s; equilibration time 2 s; initial potential
0.0 V; end potential −1.7 V; step potential 0.005 V; modu-
lation amplitude 0.0250 V; volume of measurement cell 1 mL
(5 �L of sample; 995 �L acetate buffer).
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2.6 Ex vivo imaging

The DOX and the DOX with fullerenes were applied by in-
jection into the chicken embryo breast muscle tissue. The
fluorescence was detected by Carestream In-Vivo Xtreme
Imaging System (Carestream Health, Rochester, USA). This
instrument is equipped with a 400 W xenon light source.
Emitted light was captured by a 4MP CCD camera. The ex-
citation wavelength was set at 480 nm and the emission was
measured at 600 nm. Other parameters were set as follows:
exposure time 2 s; binning 2×2; f-stop 1.1; field of view 11.5
× 11.5 cm. The images were processed by Carestream molec-
ular imaging software.

2.7 In vivo experiment

The in vivo distribution of the DOX with fullerene within
a body was studied in the chicken embryos. The eggs (ISA
Brown) were incubated in RCom 50 MAX incubator (Gyeong-
nam, Korea) at temperature (37.5�C) and humidity (45% rH)
control and automatic egg rolling (every 2 h). There was
250 �L of the fullerene (5 mg/mL) with DOX (31, 63, 125, 250,
500 �g/mL) injected into egg yolk of five eggs with chicken
embryo (17 days old). The eggs were incubated for 4 h at
37.5�C. After the incubation the eggshell was removed and
the organs were sampled, homogenized, and analyzed by
HPLC with electrochemical detection (HPLC-ED) according
to the protocol described in the following sections.

2.8 HPLC analyses

2.8.1 Sample preparation

A tissue samples were ground in a mortar using liquid ni-
trogen with PBS. Samples were further disrupted using an
ultrasonic needle. Subsequently, the samples were vortexed (5
min) and centrifuged (25 000 × g, 4�C, 20 min). TFA (5%, v/v)
was added and the centrifugation was repeated at the same
condition. The supernatant was used for the analysis of DOX
using HPLC-ED.

2.8.2 HPLC analyses

The samples were analyzed using HPLC with electrochem-
ical and UV-VIS detection (HPLC-ED or HPLC-UV). HPLC
system consisted of two solvent delivery pumps operating
in the range of 0.001–9.999 mL/min (Model 582 ESA and
Model 584 ESA; ESA, Chelmsford, MA), with RP chromato-
graphic colony Zorbax eclipse AAA C18 (150 × 4.6; 3.5 nm
particles, Agilent Technologies, USA) and a Coulochem elec-
trochemical detector. The electrochemical detector includes
one low volume flow-through analytical cell (Model 5040,
ESA, USA), which is consisted of glassy carbon working elec-
trode, hydrogen–palladium electrode as reference electrode

and auxiliary electrode, and Coulochem III as a control mod-
ule. Both the detector and the reaction coil/column were ther-
mostated. The absorbance detector LaChrom Elite L – 2420
with a single wavelength (485 nm) by Hitachi (Berkshire,
United Kingdom) was employed.

The sample (20 �L) was injected using autosampler
(Model 542 HPLC, ESA, USA). Samples were kept in the
carousel at 8�C during the analysis. The column was ther-
mostated at 30�C. The flow rate was 1 mL/min. Mobile phase
consisted of: (i) aqueous solution of 0.05 M Na2HPO4 with
0.05% triethylamine (pH 4.6 was adjusted by citric acid) and
(ii) ACN. The detection of the separated compounds was car-
ried out at 400 mV. Analysis time was 20 min. Samples were
diluted ten times prior to the analysis.

2.9 CE-LIF

Measurements were done by Beckman P/ACE MDQ CE
(USA) with LIF detection (�ex = 488 nm, �em = 600 nm).
Uncoated fused silica capillary (ltot = 63.5 cm, leff = 54.5 cm,
and id = 75 �m) was used. BGE was 100 mM phosphate
buffer of pH 5.0 with 60 �M spermine and 70% of ACN v/v.
Separation was carried out at 25 kV with hydrodynamic injec-
tion 15 s by 34 mbar. Samples were diluted 100 times prior
to the analysis.

3 Results and discussion

Fullerenes and fullerenols have recently proved their suitabil-
ity for transport of selected compound with therapeutic prop-
erties. The size of fullerenes improves the retention of the
conjugated pharmaceutical drug in the organism and there-
fore prolongs the therapeutic activity of the drug. Previous
studies have presented conjugation of fullerene and DOX
via covalent bond to the specific linker, however nonspecific
interactions between DOX and carbon nanotubes were de-
scribed in the work by Heister et al. [18] taking advantage from
the oxidation of the carbon material by nitric acid. Based on
these results we subjected fullerenes to the same procedure
(Fig. 1) and obtained product was characterized.

A set of solutions of (i) pure DOX in various concentra-
tions, (ii) fullerenes in different concentrations, (iii) DOX–
fullerene conjugates prepared using constant concentration
of fullerenes and varying concentration of DOX, and (iv)
DOX–fullerene conjugates using constant concentration of
DOX and varying concentration of fullerenes was prepared.

3.1 The antimicrobial activity of DOX–fullerene

conjugates

At first, the influence of all compounds on bacterial cells of
S. aureus was observed to establish their suitability for
biological application. The results expressed as growth curves
can be seen in Fig. 2. One of the methods: how to demon-
strate the antimicrobial activity of the studied compound is a
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Figure 1. Scheme of preparation of DOX–fullerene conjugates. (A) Mixture of fullerenes and nitric acid, (B) heating for 15 min at 90�C, (C)
centrifugation at 25 000 × g for 15 min, (D) replacing of nitric acid by water, (E) addition of DOX, (F) sonication for 15 min, (G) vortexing
for 24 h, and (H) filtration using centrifugation filters (size 3 K, 4500 × g 15 min).

method of growth curves [24–26]. Using these curves and sta-
tistical methods it is possible to determine the IC50 value (half
maximal inhibitory concentration) expressing the concentra-
tion required for 50% growth inhibition [27]. The growth of
the culture exposed to the eleven concentrations of DOX (0,
1, 2, 4, 8, 16, 31, 63, 125, 250, and 500 �g/mL) is shown in
Fig. 2A. Partial and total growth inhibition was observed when
the concentrations of 4 and 31 �g/mL, respectively, were
used. Application of the fullerene solutions to the S. aureus
culture did not influence the cell growth as shown in Fig. 2B.
In the case of exposure of the cell culture to the solutions of
DOX–fullerene conjugates prepared by constant concentra-
tion of fullerenes and varying concentration of DOX, the total
growth inhibition was not observed under any tested con-
centration (Fig. 2C). Even though the decrease of the growth
curves was obvious it can be concluded that the antimicro-
bial effect of DOX is slightly suppressed by the presence of
fullerenes. The largest influence of all tested solutions on
the S. aureus culture was observed when solutions of DOX–
fullerene conjugates prepared by constant concentration of
DOX and varying concentration of fullerenes were applied
(Fig. 2D). In this case, even the lowest fullerene concentra-
tion (2.5 mg/mL) caused the growth inhibition; however, the
impact was not as lethal as in case of exposure to the pure
DOX at the same concentration. The obtained results were
verified by statistical calculations of IC50 values when the
lowest value—2500 �g/mL (fullerene concentration) was de-
termined for the last tested variant (Fig. 2D). Based on these
results it can be concluded that fullerenes have a significant
protective effect against DOX toxicity because for pure DOX
solution the IC50 is only 15.1 �g/mL.

3.2 Spectroscopic properties of DOX–fullerene

conjugates

The promising results obtained using S. aureus cultures were
encouraging for further investigation of the properties of
the DOX–fullerene conjugates. Spectroscopic characteriza-
tion is shown in Fig. 3. The absorption spectra of conjugates

prepared using constant concentration of fullerenes and in-
creasing concentration of DOX exhibit strong signal in the
ultraviolet range, and a band with the maximum at 480 nm
was observed (Fig. 3A). These signals belong to the DOX
molecules adsorbed on the fullerene molecules. Due to the
fluorescence properties of DOX, also DOX–fullerene conju-
gates can be analyzed by fluorescence spectrometry. The in-
tensive maximum of fluorescence emission of the conjugates
was detected at 600 nm (Fig. 3B), which is the same wave-
length as the emission maximum of DOX solution. Signifi-
cant quenching of fluorescence was observed depending on
the increasing concentration of DOX utilized for preparation
of DOX–fullerene conjugates. The fluorescence intensities at
600 nm depending on DOX concentration are plotted in the
inset in Fig. 3B. The comparison of the fluorescence intensity
of DOX solution and solutions of DOX–fullerene conjugates
in the linear range revealed that 47.8% of DOX employed for
conjugate preparation was retained and adsorbed to surface
of the fullerene molecules.

3.3 Electrochemical properties of DOX–fullerene

conjugates

Besides optical, also electrochemical characterization of pre-
pared conjugates was performed (Fig. 3C and D). Using
square wave voltammetry, it was observed that DOX solu-
tion provided one peak at the potential of −0.47 V (data not
shown but correspond to the literature [28–32]), however,
when DOX–fullerene conjugates were prepared, the signal
changed significantly. Two peaks were observed with maxima
at potentials of −0.47 V and −0.51 V. The voltammograms
for DOX–fullerenes prepared using constant concentration
of fullerenes and varying concentration of DOX (8, 16, 31,
63, 125, 250, and 500 �g/mL) are shown in Fig. 3C. In three
lowest concentrations of DOX (8, 16, and 31 �g/mL) the sig-
nal was below LOD of the method. For the remaining DOX
concentrations (63, 125, 250, and 500 �g/mL), the sum peak
area was plotted versus DOX concentration applied for the
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Figure 2. Growth curves of S. aureus cultivated in the presence of (A) DOX (0, 1, 2, 4, 8, 16, 31, 63, 125, 250, and 500 �g/mL),
(B) fullerenes (0, 2.5, 5, 7.5, 10, and 12.5 mg/mL), (C) conjugates prepared using constant concentration of fullerenes (5 mg/mL) and
varying concentration of DOX (0, 8, 16, 31, 63, 125, 250, and 500 �g/mL), and (D) solution prepared using constant concentration of DOX
(500 �g/mL) and varying concentration of fullerenes (0, 2.5, 5, 7.5, 10, 12.5 mg/mL). The IC50 values were determined for 24 h of influence.

preparation process and a linear trend was observed as shown
in the inset in Fig. 3C. The sum peak area was evaluated be-
cause it is the most general and suitable method for quantifi-
cation of such record. The peak height of individual peaks is
changing with the changing DOX concentration. The peak 1
height grows with increasing DOX concentration unlike the
decreasing peak 2 height.

In the case of the DOX–fullerene conjugates prepared
using the constant concentration of DOX and varying
concentration of fullerenes the opposite trend was observed,
even though the pure fullerene solution is electrochemically
inactive and does not provide any peak at the observed
potential range. In this place it is necessary to note that
electrochemical inactivation of fullerene is connected with
the detection method presented here. On the contrary,
application of fullerene in the electrochemical research
is very widespread [33–36]. The conjugation of DOX with
fullerenes caused of the significant decrease of both peaks
depending on the increasing amount of fullerene used for the
DOX–fullerene conjugation process. The voltammograms
are shown in Fig. 3D and as shown in the inset of this figure,

the sum peak area is linearly dependent on the concentration
of employed fullerenes. This behavior can be explained by the
fact that the increasing amount of fullerenes in the solution
act as the electronic insulator and prevent the transport of
electrons between electrode and DOX molecules.

3.4 HPLC and CE characterization of DOX–fullerene

conjugates

The adsorption of DOX molecules on the fullerene molecules
leads to the formation of numerous complexes with various
stechiometries, which cannot be revealed by stationary analy-
ses and therefore separation techniques including HPLC and
CE were employed.

To gain more information about properties of prepared
conjugates three different detection techniques were uti-
lized: HPLC-UV, HPLC-ED, and CE-LIF. The results for the
set of conjugates prepared using constant concentration of
fullerenes and increasing concentration of DOX are shown
in Fig. 4. It was found that the retention time of DOX was
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Figure 3. Optical characterization of the prepared conjugates. (A) Absorption spectra of conjugates prepared using constant concentration
of fullerenes (5 mg/mL) and varying concentration of DOX (8, 16, 31, 63, 125, 250, and 500 �g/mL), inset: dependence of absorbance
on DOX concentration measured at 480 nm. (B) Fluorescence emission spectra of conjugates prepared using constant concentration
of fullerenes (5 mg/mL) and varying concentration of DOX (8, 16, 31, 63, 125, 250, and 500 �g/mL), inset: dependence of fluorescence
intensity on DOX concentration measured at 600 nm. Electrochemical characterization of the prepared conjugates. (C) Voltammograms
of conjugates prepared using constant concentration of fullerenes (5 mg/mL) and varying concentration of DOX (8-a, 16-b, 31-c, 63-d,
125-e, 250-f, and 500-g �g/mL), inset: dependence of the peak area (potential −0.5 V) on DOX concentration. (D) Voltammograms of pure
solution of fullerenes (5 mg/mL, a) and conjugates prepared using constant concentration of DOX (500 �g/mL) and varying concentration
of fullerenes (2.5-f, 5-e, 7.5-d, 10-c, and 12.5-b mg/mL), inset: dependence of the peak area (potential −0.5 V) on fullerene concentration.
All measurements were carried out by square wave voltammetry, parameters were as follows: purging time 120 s; initial potential 0 V;
end potential –1.7 V; deposition potential 0.0 V; equilibration time 2 s; time of accumulation 120 s; frequency 150 Hz; step potential 0.005
V; modulation amplitude 0.025 V.

5.9 min under the used HPLC conditions (data not shown).
The fact that the signal of pure fullerene solution was not
observed under used HPLC conditions using reverse phase
and also in the literature the fullerenes are analyzed using
different types of separation interactions [37] suggests that
the fullerene is retained in the column. Moreover the re-
tention time of DOX and DOX–fullerene conjugates are the
same, which supports the hypothesis that the presence of or-
ganics in the mobile phase is causing the decomposition of
the conjugate and the observed signal belonged to the DOX
released from the conjugate. It can be concluded from the
results showed in Fig. 4A that the increasing amount of ap-
plied DOX led to the increase of the peak height with the

retention time of 5.9 min. In the inset of Fig. 5A the depen-
dence of the peak height on the concentration of applied DOX
is shown for both electrochemical as well as absorbance de-
tection of HPLC. Both dependences exhibit linear trend with
coefficient of determination R2 of 0.9927 and 0.995, respec-
tively.

On the other hand, analysis by CE-LIF revealed the for-
mation of various complexes of fullerene and DOX (Fig. 4B).
Because the fact that the fullerenes do not exhibit fluores-
cence after the excitation by 488 nm, only conjugates are
visualized by this method. The major peak present in the
electropherograms is the most abundant complex; however,
the formation of other complexes is proved by the presence

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 4. Characterization of DOX–fullerene conjugates by separation techniques. (A) HPLC-ED chromatograms of conjugates prepared
using constant concentration of fullerenes (5 mg/mL) and varying concentration of DOX (8, 16, 31, 63, 125, 250, and 500 �g/mL), inset:
dependence of the peak height on DOX concentration measured by ED and/or UV detection. (B) Electropherograms measured by CE-LIF
of conjugates prepared using constant concentration of fullerenes (5 mg/mL) and varying concentration of DOX (8, 16, 31, 63, 125, 250,
and 500 �g/mL); inset: dependence of the peak height on the applied DOX concentration.

Figure 5. Characterization of DOX–fullerene conjugates by separation techniques. (A) HPLC-ED chromatograms of conjugates prepared
using constant concentration of DOX (500 �g/mL) and varying concentration of fullerenes (2.5, 5, 7.5, 10, and 12.5 mg/mL), inset:
dependence of the peak height on fullerene concentration measured by ED and UV detection. (B) CE-LIF electropherograms of conjugates
prepared using constant concentration of DOX (500 �g/mL) and varying concentration of fullerenes (2.5, 5, 7.5, 10, and 12.5 mg/mL).

of other peaks in the range of 15–17 min with the increasing
intensities depending on applied DOX concentration. The
dependence of the peak height (major peak) on the concen-
tration of applied DOX is shown in the inset in Fig. 4B. The
obtained dependence can be expressed by polynomial equa-

tion characterizing the increasing trend of the signal accord-
ing to concentration of DOX.

Results obtained for the set of solutions prepared using
constant concentration of DOX and varying concentration
of fullerenes are shown in Fig. 5. Using HPLC an increasing

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 6. The detection of the DOX in the chicken embryo. Fluorescence monitoring was performed using an In vivo Xtreme system by
Carestream. The excitation wavelength was set at 480 nm and the emission was measured at 600 nm. The exposure time 2 s; Binning
2×2 pixels; fStop 1.1; field of view 11.5 × 11.5 cm. (A) Image of chicken embryo (20 days old) administered by DOX–fullerene conjugate
(100 �L), overlay of X-ray and fluorescence image, autofluorescence subtracted. (B) Image of chicken embryo administered by DOX–
fullerene conjugate, fluorescence image without the subtraction of the autofluorescence. (C) Image of chicken embryo (19 days old)
administered by DOX (100 �L), overlay of X-ray and fluorescence image, autofluorescence subtracted. (D) Image of chicken embryo
administered by DOX, fluorescence image without the subtraction of the autofluorescence.

trend depending on the increasing the amount of fullerenes is
observed (Fig. 5A). As noted previously, the DOX molecules
are adsorbed on the fullerene molecules and in the HPLC
the DOX is released. This is in agreement with the idea that
the increasing amount of fullerenes adsorbs an increasing
amount of DOX, which is subsequently released and detected
in HPLC. Therefore, the signal of DOX enhanced with the
increased concentration of fullerenes as it is shown in the
inset in Fig. 5A. The peaks present in chromatograms besides
the main peak with migration time of 5.9 min are caused due
to the impurities in DOX.

The results for the set of samples prepared using the con-
stant DOX concentration and varying fullerene concentration
analyzed by CE-LIF are shown in Fig. 5B. The major peak
with migration time of 8.5 min exhibits an increasing sig-
nal depending on the increasing concentration of fullerenes.
Similarly, the minor peaks with migration time 13–15 min
exhibit higher signal in the case of 12.5 mg/mL of fullerenes
than in the case of lower concentrations as shown in the inset
of the Fig. 5B.

3.5 In vivo sensing of DOX–fullerene conjugates

Finally, behavior of the DOX–fullerene conjugates in the liv-
ing organism was investigated to verify their great potential
for transport and targeted delivery of the cytostatic drugs.
Due to the excellent fluorescent properties of DOX, in vivo
imaging observation is possible [22]. Moreover, as mentioned,

fullerenes exhibit protective properties against the toxic effect
of the DOX. The chicken embryo was taken out of the eggshell
and the DOX or DOX–fullerene conjugate was applied into
the breast muscle tissue, the feather was removed and the
autofluorescence of muscle tissue was eliminated by soft-
ware. Due to the good fluorescence properties of the DOX, it
was possible to observe the distribution of DOX–fullerenes in
muscle tissues. Fluorescence detected in the chicken using
pure DOX solution (100 �L, 500 �g/mL) injected into the
5 mm under the skin is shown in Fig. 6A. The mean fluores-
cence intensity of DOX was 6549 a.u. The fluorescence image
is shown in Fig. 6B—showing besides the signal of DOX also
the autofluorescence of the muscle tissue. In Fig. 6C, the
chicken embryo administered by the DOX–fullerene conju-
gates (100 �L, 500 �g/mL DOX, and 5 mg/mL fullerenes)
is shown to demonstrate the possibility of the conjugates to
be detected by the in vivo system. The mean fluorescence
intensity of the conjugates was 5849 a.u. The fluorescence
intensity of conjugates was lower compared to pure DOX due
to the incomplete conjugation onto the fullerene surface.

Furthermore, the DOX–fullerenes conjugates (250 �L)
prepared by the constant concentration of fullerenes
(5 mg/mL) and varying concentration of DOX (31, 63, 125,
250, and 500 �g/mL) were administered into the egg yolk of
the five specimens of 17 day-old chicken embryos and incu-
bated for 4 h to enable the distribution of the DOX–fullerene
conjugates into the embryo. After the desired time the em-
bryos were extracted and the discrete organs (heart, brain,
liver, and intestine) were analyzed using HPLC to determine

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Table 1. Quantification of DOX supplied in the form of
DOX–fullerene conjugates (with varying DOX
concentration) accumulated in particular organ of the
chicken embryo

DOX–fullerene

Concentration
(�g/g)

Sum
(�g/g)

Average
(�g/g)

500 �g/mL Brain 1.1 32.2 8.05
Heart 5.5
Liver 3.6
Intestine 22.0

250 �g/mL Brain 0.5 7.3 1.8
Heart 3.5
Liver 1.1
Intestine 2.2

125 �g/mL Brain 0.5 2.7 0.7
Heart 0.8
Liver 0.6
Intestine 0.8

63 �g/mL Brain 0.3 2.7 0.7
Heart 0.7
Liver 1.1
Intestine 0.6

31 �g/mL Brain 0.4 1.3 0.3
Heart 0.9
Liver ND
Intestine ND

the DOX amount. The DOX amount in the organs, the av-
erage and total (sum) amount determined per each chicken
is summarized in Table 1. As expected the total (sum) and
average DOX amount is decreasing depending on the concen-
tration of DOX applied to the preparation process of conju-
gates. However, within one chicken the DOX amount varied
depending on the analyzed organ. Generally, in all studied
chicken embryos the highest DOX concentration was deter-
mined in the intestine followed by heart and liver.

4 Concluding remarks

The DOX is effective cytostatics, however, exhibiting severe
side effect, which can be eliminated by number of approaches
[38]. One of them is the conjugation with fullerenes, which
have proven to have protective properties against the DOX tox-
icity. Concurrently, fullerenes increase the size of the DOX
molecule and therefore the time before the drug is eliminated
from the organism is prolonged. In this study, we demon-
strated the conjugation procedure for formation of the DOX–
fullerene complexes and their characterization by optical and
electrochemical method. Finally, in vivo monitoring of the
conjugates in the chicken embryos was performed investigat-
ing their distribution in the particular organs of the chicken
embryo.
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