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’ INTRODUCTION

The greatest goal in modern nanoscience might be to render
matter molecule-like not only by reducing its dimensions but
especially by installing multiple functionalities that break ground
for complex chemistry as well as biochemistry. The surfaces of
graphene-based entities such as fullerenes,1 carbon nanotubes
(CNTs),2 or carbon-coated metal nanoparticles3 are arguably
most attractive for functionalized nanoscale materials because
they enable the formation of covalent C�C bonds. Hence,
surface chemistry on such nanomaterials is rich, comprising
oxidative strategies, various cycloaddition reactions, and diazo-
nium chemistry among others.1�3 Multifunctional entities and
assemblies could be achieved through mixtures of compounds4

by installing complex multifunctional molecules5 or by means of
two consecutive functionalization strategies.6 However, all these
strategies rely on the combination of covalent binding modes,
thus taking exclusively the chemical character of the nanomater-
ial into account.

Recently, it was reported that nanosized carbon scaffolds
can be noncovalently modified with aromatic compounds (e.g.,
pyrene) via π�π stacking interactions.7 The latter strategy is
described as a physical rather than chemical interaction with the
material, which therefore allows the release of the immobilized
molecules under elevated temperatures or by switching the

solvent.8 It is surprising that the combination of such a poten-
tially reversible patterning and an irreversible chemical bonding
for multifunctional nanomaterials has yet to be reported because
it reflects perfectly the interplay of macroscopic properties and
molecule-character in the threshold of both. Hence, such a
combined covalent and noncovalent approach could significantly
broaden the scope of nanomaterials, e.g., for the controlled and
monitored release of drugs.

Even more versatile materials might arise if highly magnetic
core materials coated by graphene-layers are used. Such
systems exist as “metal-filled” nanotubes9 or more stable core/
shell nanoparticles.3,10 Promising medical applications for mag-
netic nanomaterials are, among others, magnetic drug targeting,11

magnetic resonance imaging (MRI),12 and magnetic fluid hyper-
thermia (MFH).13 However, all these applications would
benefit from nanomaterials with higher magnetization than the
commonly used superparamagnetic iron oxide nanoparticles
(SPION, Ms, bulk e 92 emu/g).14 The magnetization of these
SPIONs is typically further diminished upon surface
modification.
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ABSTRACT: A general method for the synthesis of multi-
functional carbon nanomaterials following an unprecedented
combined covalent and noncovalent immobilization strategy is
reported. Highly magnetic (158 emu/g) carbon-coated cobalt
nanoparticles (Co/C) served as scaffold for noncovalent func-
tionalization of pyrene-tagged boradiazaindacene (BODIPY)
fluorescent dye through π�π stacking interactions. Next to the
reversibly immobilized pyrene-tagged dye, fully covalent func-
tionalization of the magnetic core/shell nanoparticles was
accomplished by grafting dendrimers via diazonium/“click”-
chemistry. Alternatively, the nanoparticle surface could be covalently functionalized with BODIPY dye following same procedure.
The Co/C nanomagnets labeled with fluorescent dye were further examined by confocal laser scanning microscopy (CLSM).
Because of the strong fluorescence and magnetic remanence, this material might be interesting for imaging applications and as a
nanosized carrier for reversibly attached drugs.
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Recently, Stark et al.3a reported a new continuous process for
the production of ferromagnetic Co/C nanoparticles on multi-
gram scale (30 g/h) via reducing flame spray pyrolysis. The
relatively thin (1�3 nm), yet effective, coating of the metal core
with graphene-like layers leads to an impressive thermal as well as
chemical stability of the nanoparticles.15 Furthermore, the carbon
shell has no detrimental effect on the magnetization (158 emu/g).
Herein, we report the first combination of covalent and non-
covalent functionalization of these carbon encapsulated, highly
magnetic nanoparticles. As the covalent part, 2,2-bis(hydroxy-
methyl) propionic acid (bis-MPA)-based dendrimers were cho-
sen because they render one functional group at the surface of the
particles into an array of moieties.16 This feature is highly desired
for the attachment of sufficient quantities of bioactive molecules,
e.g., folate, sugars, peptides, or antibodies, to target specific
receptors on cell surfaces.17 Additionally, the attachment of
anticancer drugs at the dendrimer periphery through pH-sensi-
tive linkers has been realized.18 For the noncovalent coating, a
fluorescent probe connected to a pyrenemolecule was chosen for
possible applications of the labeled magnetic nanoparticles in
bioimaging, e.g., as dual imaging probes,19 in which fluorescence
microscopy is combined with MRI.

It has been reported that fluorescent dyes such as fluorescein
and rhodamine,20 as well as pyrenes21 are effectively quenched by
graphene-like carbon surfaces, e.g., carbon nanotubes. While this
quenching effect can be useful in the field of biosensing,22 it is
highly undesired when it comes to bioimaging. Therefore, within
this study a boradiazaindacene (BODIPY) dye 23 was chosen,
which features a considerably smaller π-system compared to
fluorescein or pyrene dyes. Consequently, interactions with the
graphene-like surface should be diminished and thus reduce the
quenching effect. Further attractive properties of the BODIPY
dyes are high fluorescence quantum yield and molar absorptivity,
good photochemical stability, and the fact that their fluorescence
properties can easily be altered by varying the substitution
pattern on the core and the flanking pyrroles to match the
emission wavelengths of lasers applied in bioimaging.24

’EXPERIMENTAL SECTION

Materials and Methods. The carbon-coated cobalt nanomagnets
(Co/C, 20.5 m2/g, mean particle size ≈25 nm)3d were purchased from
Turbobeads Llc, Switzerland. Prior to use, they were washed in a
concentrated HCl (Merck, puriss)/deionized water (Millipore) mixture
(1:1) 5 times for 24 h. Acid residuals were removed by washing with
Millipore water (5x) and the particles were dried at 50 �C in a vacuum
oven.25 4,4-Difluoro-8-(hept-6-yne)-1,3,5,7-tetramethyl-2,6-diethyl-4-
bora-3a,4a-diaza-s-indacene,24N-(3-azidopropyl)-4-(pyren-1-yl) butan-
amide,26 azide functionalizedCo/Cnanoparticles (loading: 0.14mmol/g),3c

Acet-[G3]-(OH)8
30, and Acet-[G3]-(NH3

+TFA�)8
31 were prepared

according to literature procedures. All other commercially available
compounds were used as received. 1H NMR (600 MHz) spectra were
recorded in CDCl3 with CHCl3 (7.26 ppm) as a standard. 13C NMR
(75.5 MHz) spectra were recorded in CDCl3 with CHCl3 (77 ppm) as a
standard. Analytical thin layer chromatography was performed on TLC
aluminum sheets coated with silica gel 60 F254. Visualization was
accomplished with UV light and vaniline solution followed by heating.
Liquid chromatography was performed using silica gel 60 (70�230
mesh ASTM). UV/vis spectra weremeasured using a VarianCary 50 Bio
spectrometer, and fluorescence data was recorded on a JASCO FP-6300
spectrometer. Magnetic nanobeads were dispersed using an ultrasound
bath and recovered with the aid of a neodymium-based magnet (side
length 12 mm). They were characterized by ATR-IR spectroscopy

equipped with a (Specac Golden Gate Diamond Single Reflection
ATR-System), elemental microanalysis (LECO CHN-900), transmis-
sion electron microscopy (Zeiss, LEO912AB, 100 kV), and confocal
laser scanning microscopy on a laser scanning microscope (Zeiss,
LSM510) equipped with an argon laser, emitting at 514 nm.
Nomenclature. The nomenclature for dendritic structures de-

scribed in in this work is as follows: FG-[GX]-(R)n for dendrimers,
where X indicates the generation of the dendritic framework. FG
describes the functional group at the focal point where Acet represents
acetylene and R describes the external functional group, which can be
OH for hydroxyl or NH3

+ TFA� for unprotected amine.
Synthesis of Pyrene-Tagged BODIPY (3). A total of 48 mg

(124 μmol) of BODIPY-alkyne 2 and 52mg (160 μmol) of pyrene-azide
1 were dissolved in 2 mL of degassed CH2Cl2. Et3N (20 μL, 145 μmol)
and CuI (1.4 mg, 7 μmol) were successively added, and the reaction
mixture was stirred at ambient temperature for 24 h. Then, the solvent
was evaporated under reduced pressure, and the crude product was
purified by column chromatography eluting with CH2Cl2 and gradually
increasing the polarity by addition of MeOH to the final composition of
20%. After evaporation of the solvents, 93 mg (123 μmol, 99%) of the
red solid 3 were isolated. Detailed characterization (1H NMR, 13C
NMR, IR, HR-Mass, UV/vis and fluorescence spectra) can be found in
the Supporting Information.
Pyrene-BODIPY Functionalized Carbon-Coated Cobalt

Nanoparticles (5). Carbon-coated cobalt nanoparticles 4 (30 mg)
were dispersed in 5 mL of H2O by sonication in an ultrasonic bath for
10 min. Pyrene-labeled BODIPY (4.5 mg, 6 μmol) 3 was added, and the
sonication continued for 1 h. Then, the particles were recovered by the
aid of a neodymiummagnet. The particles were washed by sonication in
water (5 mL) for 15 min, followed by magnetic decantation. This
washing procedure was repeated 15 times, yielding 31 mg of function-
alized particles 5. IR (ν/cm�1): 2936, 2874, 1657, 1547, 1481, 1331,
1068, 982, 845. Elemental microanalysis (%): C, 9.72; H, 0.47; N, 0.33.
λem: 533 nm.
BODIPY Dye Covalently Immobilized on Carbon-Coated

Cobalt Nanoparticles (7). A total of 100 mg of azide functionalized
Co/C particles 6 were predispersed in 2 mL of degassed CH2Cl2 for
10 min, followed by addition of 18.3 mg (50 μmol) acetylene function-
alized BODIPY 2, 1 mg (5 μmol) CuI, and 7 μL (50 μmol) triethyla-
mine. The mixture was then dispersed for 1 h by sonication using
an ultrasonic bath and afterward placed on a laboratory shaker
(K€ottermann type 4018, level 7) for 48 h. The magnetic nanoparticles
were recovered with a magnet and thoroughly washed with toluene (15
� 5 mL) by sonication for 15 min, followed by magnetic decantation
after each washing step. After drying under high vacuum, 98 mg of
the particles 7 were retained. IR (ν/cm�1): 2963, 2929, 2870, 1698,
1542, 1476, 1405, 1328, 1191, 1061, 1044, 977, 804, 721, 647, 598,
534. Elemental microanalysis (%): C, 8.89; H, 0.22; N, 0.64. λem:
524 nm.
[G3]-(OH)8 Covalently Functionalized Carbon-Coated Co-

balt Nanoparticles (10). Azide functionalized carbon-coated cobalt
nanoparticles 6 (100 mg) were dispersed in 3 mL of a degassed THF/
H2O 3:1 mixture. Then, 44 mg (50 μmol) of Acet-[G3]-(OH)8 8,
CuSO4 3 5H2O (1.2mg, 5 μmol), and sodium ascorbate (3mg, 15 μmol)
were added successively. The mixture was sonicated for 1 h and
thereafter put on the laboratory shaker for 24 h. After intensive washing
with acetone (5 � 5 mL) and water (5 � 5 mL), 101 mg of the
nanoparticles were recovered with the aid of a magnet and dried under
high vacuum. IR (ν/cm�1): 2959, 2901, 1738, 1474, 1242, 1134, 1038.
Elemental microanalysis (%): C, 8.17; H, 0.34; N, 0.35.
Carbon-Coated Cobalt Nanoparticles Covalently Func-

tionalized with [G3]-(NH3
+TFA�)8 (11). After dispersing azide

functionalized cobalt nanoparticles 6 (100 mg) in 3 mL of a degassed
THF/H2O 3:1mixture, 118mg (50μmol) of Acet-[G3]-(NH3

+TFA�)8 9
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was added. Then CuSO4 3 5H2O (1.2 mg, 5 μmol) and sodium ascorbate
(3 mg, 15 μmol) were added successively. The mixture was first
sonicated for 1 h and then put on the laboratory shaker for 24 h. The
functionalized particles were separated with the aid of a magnet and
washed with acetone (5 � 5 mL) and H2O (5 � 5 mL), followed
by magnetic decantation after each washing step. Recovery from the
reaction mixture and drying under vacuum yielded 101 mg of nanopar-
ticles 11. IR (ν/cm�1): 2929, 2849, 1735, 1659, 1466, 1126, 806, 691.
Elemental microanalysis (%): C, 8.45; H, 0.35; N, 0.6.
[G3]-(OH)8 Covalently and Pyrene-BODIPY Noncovalently

Functionalized Carbon-Coated Cobalt Nanoparticles (12). A
total of 20 mg of dendrimer functionalized nanoparticles 10 were
dispersed in 3 mL of H2O before pyrene-BODIPY 3 (4.2 mg, 5.6 μmol)
was added. The slurry was sonicated for 1 h and then washed with water
(10 � 5 mL), following the common procedure. Magnetic decanta-
tion and drying led to 20 mg of nanoparticles 12. IR (ν/cm�1): 2967,
2940, 2864, 1734, 1674, 1545, 1479, 1329, 1198, 1140, 1049, 982, 847.
Elemental microanalysis (%): C, 17.68; H, 1.28; N, 1.94. λem: 534 nm.
[G3]-(NH3

+TFA�)8 Covalently and Pyrene-BODIPY Nonco-
valently Functionalized Carbon-Coated Cobalt Nanoparti-
cles (13). After dispersing 50 mg of [G3]-(NH3

+TFA�)8 covalently
functionalized nanoparticles 11 in 3 mL of H2O, 10.5 mg of pyrene-
tagged BODIPY 3 (14 μmol) was added, followed by further sonication
for 1 h. The particles were recovered by the aid of a magnet and
thoroughly washed with water (10 mL� 5 mL). After drying, 48 mg of
functionalized nanoparticles were yielded. IR (ν/cm�1): 2938, 2880,
2112, 1740, 1667, 1545, 1479, 1331, 1198, 1065, 984, 847. Elemental
microanalysis (%): C, 16.10; H, 1.2; N, 1.77. λem: 534 nm.
Control Experiment To Examine Interactions between

Pyrene-BODIPY and Acet-[G3]-(OH)8 Dendrimers. To a solu-
tion of 3.8 mg (4.3 μmol) Acet-[G3]-(OH)8 8 in 2 mL H2O was added
3.3 mg (4.3 μmol) of pyrene-BODIPY 3. The mixture was then
sonicated for 1 h using an ultrasonic bath following the procedure for
the noncovalent attachment of dye 3 onto dendrimer-modified nano-
particles. The slightly reddish solution was filtrated over a frit to remove
undissolved dye. A total of 500 μL of the filtrate were freeze-dried, and
the residue was collected in 2 mL of toluene. A control experiment was
performed without the addition of dendrimers 8. The fluorescence
intensities of the toluene solutions were measured at an excitation
wavelength of 515 nm, and the concentration of dye 3 was determined
by comparison with reference solutions of 3 in toluene.
Release Study of Pyrene-BODIPY from Multifunctiona-

lized Nanoparticles 13. A total of 1.0 mg of [G3]-(NH3
+TFA�)8

covalently and pyrene-BODIPY noncovalently functionalized carbon-
coated cobalt nanoparticles 13 were stirred in toluene for 2 h by
exploiting the magnetic properties of the nanobeads. The nanoparticles
were collected by the aid of an external magnet, and the solution was

decanted. This process was repeated twice, and the fluorescences of the
washing solutions were measured at an excitation wavelength of 515 nm.
The concentration of free dye was determined by comparing the
fluorescence intensities with reference solutions of Pyrene-BODIPY 3
in toluene.

’RESULTS AND DISCUSSION

The pyrene-tagged BODIPY dye 3 was readily synthesized in
excellent yields by a copper-catalyzed azide/alkyne cycloaddition
(CuAAC),27 a so-called “click”-reaction, between azide function-
alized pyrene 1 and alkyne modified BODIPY 2 (Scheme 1).
UV/vis measurements revealed an absorption maximum at
518 nm, and fluorescence spectroscopy showed an emission
maximum at 534 nm. Because of the low solubility of 3 in water,
the spectra were recorded in dichloromethane,28 and the values
obtained correspond with those of unmodified dye 2 (519 nm/
529 nm).24 Noncovalent immobilization of 3 onto the surface of
magnetic Co/C nanoparticles 4 was achieved by sonication in
water for 1 h (Scheme 2). The nanoparticles were then recovered
with the aid of a neodymium-based magnet and washed exten-
sively with water followed by magnetic decantation after each
washing step to remove unbound dye. The attachment of the dye
was proved by ATR-IR spectroscopy,28 and the loading of the
nanoparticles with 3 was determined by elemental microanalysis
to be 0.05 mmol/g.

Alternatively, the covalent attachment of a BODIPY dye to the
magnetic nanoparticles was also examined (Scheme 2). Azide-
functionalized particles 6 were prepared in two steps from
pristine nanobeads 4 through grafting of diazonium ions and
subsequent Mitsunobu reaction, following literature procedures.3c

Fluorescent dye 2 was then “clicked” onto the azide function-
alized Co/C nanoparticles 6 using the copper-catalyzed (CuI/
Et3N)

27d azide�alkyne cycloaddition (CuACC) reaction. To
remove unbound dye, the particles were copiously washed with
toluene. A comparison of up to 30 consecutive washing solutions
revealed that the fluorescence intensity dropped rapidly in about
10 washing steps and then stayed constant for the next 20 steps at
a very low level.28 This observation could be explained with the
presence of trace amounts of nonmagnetic carbon-based nano-
material, which is nevertheless functionalized with BODIPY dye.
The completion of the functionalization step was monitored by
ATR-IR spectroscopy, observing the vanishing azide peak at

Scheme 1. Synthesis of Pyrene-Tagged BODIPY Fluorescent
Dye

Scheme 2. Noncovalent (top) and Covalent (bottom)
Functionalization of Magnetic Co/C Nanoparticles



3609 dx.doi.org/10.1021/cm200705d |Chem. Mater. 2011, 23, 3606–3613

Chemistry of Materials ARTICLE

2100 cm�1 (Figure 2A). The loading of the particles with
BODIPY dye 2 was assessed via elemental microanalysis to be
0.1 mmol/g. Furthermore, a control experiment was performed
repeating the reaction without the addition of CuI. The IR
spectrum subsequently obtained was equivalent to the spectrum
of azide-tagged beads 4, including the azide peak at 2100 cm�1

(spectrum not shown). The absence of peaks corresponding to
the BODIPY dye 2 indicated that unspecifically adsorbed
molecules were efficiently removed during the washing process.

Fluorescence spectroscopy of particle dispersions in water at a
relevant concentration for biological applications (0.03 mg/mL)
resulted in a strong emission maximum at 533 nm for noncova-
lently BODIPY-labeled particles 5 and 524 nm, respectively, for
covalently BODIPY-labeled particles 7 (Figure 1). The 505 nm
wavelength was chosen as excitation wavelength to avoid detec-
tion of scattered light.

Although massive quenching of various fluorescent dyes on
carbon surfaces is reported in the literature,20�22 our measure-
ments clearly show a strong remaining fluorescence of the
BODIPY dyes after covalent as well as noncovalent immobiliza-
tion (Figure 2). In the case of the noncovalently attached fluo-
rescent label, pyrene is considered to bind more effectively to the
graphene surface through its extended π-system, thus hampering
quenching effects by keeping the BODIPY dye away from the
surface.

The possible quenching could not be quantified for aqueous
systems because it was not possible to dissolve relevant amounts
of pyrene-tagged BODIPY 3 in water to prepare reference
solutions. Organic solvents are not compatible with noncova-
lently functionalized nanoparticles because they remove consid-
erable amounts of dye from the carbon surface. For the covalently
functionalized particles 7, however, quenching effects were
examined in toluene. In a nanoparticle dispersion comprising
a 10�9 M concentration of immobilized dye (calculated by

elemental analysis), only 36% of the fluorescence intensity was
quenched in respect to a reference solution with the same
concentration.28

To further evaluate fluorescence labeling and to monitor
the distribution of the fluorescent dye across the nanoparticles,
confocal laser scanning microscopy (CLSM)29 was used. The
confocal arrangement of light source (argon laser, 514 nm
excitation wavelength) and detector allows only light emitted

Figure 1. Fluorescence spectra of BODIPY-tagged nanoparticles 5
(green broken line), 7 (blue solid line), 12 (red broken line), 13
(black dotted line), and water (purple broken line) as a reference.
All spectra were recorded in water at particle concentrations of
0.03 mg/mL. The peak at 608 nm corresponds to the Raman scattering
peak of water.32

Figure 2. IR Spectra depicting the transformation of azide-functional-
ized nanoparticles 6 to BODIPY-tagged particles 7 (A) and the
noncovalent functionalization of dendrimer-loaded nanoparticles 10
(B) and 11 (C) with BODIPY dye. Successful covalent functionalization
can be monitored by the vanishing azide peak at 2100 cm�1.
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from the focal plane to be focused at the detector and therefore
measured. By this means, different focal planes can be observed,
and a z-stack of pictures is created, providing three-dimensional
information of the fluorescent labeling. Z-stacks of noncovalently
BODIPY-labeled Co/C nanoparticles 5 (Figure 3A) and cova-
lently labeled nanobeads 7 (Figure 3B) were recorded by CLSM.
In these pictures, the intense fluorescence of the immobilized
BODIPY dye is clearly visible in the focal planes, and it appears
that the labeling is quite evenly spread across the particle
agglomerates. The resolution of the CLSM is not high enough
to depict single nanoparticles (scale bar = 50 μm), and thus,
although complete surface coverage is likely as judged by
sampling through different focal planes (Figure 3 and Supporting
Information), it cannot be visualized on the nanoscale by this
method. Sections showing reduced or no fluorescence could arise
from agglomeration of the nanoparticles during the functionali-
zation process but more likely from nanoparticles outside of the
focal planes excited in these pictures. Overlaying multiple
pictures (Figure 3B2) clearly shows high, if not uniform,
fluorescent labeling of the nanoparticles. Parts with increased
fluorescence could originate from a higher aggregation of nano-
particles in this area combined with the excitation of a multitude
of nanoparticles on the z-axis.

Although pictures taken by CSLM only represent a very small
part of the sample, it seems that the covalently functionalized
particles are better separated. The irreversible functionalization
via diazonium ions might hamper the agglomeration of the
nanoparticles to some extent, while the noncovalent functiona-
lization with pyrene-tagged BODIPY is apparently not sufficient

to prevent considerable agglomeration of the nanoparticles. The
higher aggregation of noncovalently functionalized nanobeads 5
might also explain its reduced loading with dye molecules as
determined by elemental microanalysis.

As the next step, the dual functionalization of the graphene-
like surface was investigated. The nanoparticles were covalently
functionalized with polyester dendrons based on 2,2-bis-
(hydroxymethyl) propionic acid (Scheme 3).16 These dendrons
are comercially available, biocompatible, and feature a high
multiplicity of surface sites. Dendrons with alkyne groups at
the focal point and either hydroxy (8)30 or ammonium groups
(9)31 at the periphery were synthesized according to literature
procedures and then covalently grafted on azide-tagged nano-
particles 6 through a CuAAC27 reaction. CuSO4 3 5H2O and
sodium ascorbate in a THF/water mixture were applied taking
into account the high polarity of the dendrons.

By this method, functionalization of the nanoparticles with a
loading of 0.04 mmol/g (0.32 mmol FG/g) in the hydroxyl and
0.02 mmol/g (0.16 mmol FG/g) in the ammonium terminated
dendrimer (10 and 11) could be realized as estimated by elemental
microanalysis. The control experiment in the absence of CuSO4

revealed that after the usual washing procedure no dendrimers on
the nanoparticle surface could be detected by ATR-IR (spectrum
not shown). Additionally, an image recorded by transmission
electron microscopy (TEM) of dendrimer-functionalized nano-
beads 10 was obtained (Figure 3D). Although the dendrimers
cannot be visualized by this method, improved separation of the
single nanoparticles is apparent (arrows) compared to the TEM
of unmodified nanoparticles 4 (Figure 3C).

Figure 3. CLSM pictures of noncovalently BODIPY-labeled Co/C nanoparticles 5 [A1 and A2 (two different focal planes)] and covalently labeled
particles 7 [B1 (one focal plane) and B2 (overlay of 15 pictures taken in different focal planes)]. Black spots correspond to Co/C nanoparticles in
shining-through light, while green spots are related to immobilized BODIPY fluorescent dye. TEM image of pristine nanoparticles 4 (C) and dendrimer
coated nanobeads 10 (D). Bar lengths are 50 μm for CLSM and 200 nm for TEM, respectively.28,32
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Subsequently, a noncovalent functionalization with BODIPY
dye was carried out with 10 and 11. This dual functionalization
strategy was chosen over the reversed approach (covalent
attachment of dye and noncovalent functionalization with
dendrimers) because the second functionalization step could be
easily monitored by fluorescence spectroscopy and CLSM.
Furthermore, the consecutive covalent and noncovalent approach
might be advantageous over randomly “clicking” two alkyne-
modified molecules because every functionalization step can be
quantified by elemental analysis, and moreover, the noncovalent
functionalization can be reversed if desired. To achieve the
additional noncovalent functionalization the dendrimer-coated
particles, 10 and 11 were sonicated with pyrene-tagged BODIPY
dye 3 in water, followed by repetitive washing with water. The
immobilization was monitored by ATR-IR (Figure 2B,C). The
IR-spectra recorded for multifunctionalized particles 12 and 13
exhibit the characteristic peaks for ester-based dendrimers as well
as for the BODIPY dye.

Elemental microanalysis revealed 0.18 mmol/g loading with
BODIPY dye for nanoparticles 12 and 0.15 mmol/g for 13,
respectively. The loadings achieved correspond to about 0.5�1
dye molecules per functional group on the dendrimer. They are
considerably higher than loadings of nanoparticles 5, which lack
the dendrimers. As stated above, a possible explanation for this
result could be the high aggregation and limited dispersibility of
the pristine nanobeads 4 in water due to the high magnetism and
hydrophobic surface. This aggregation could block the surface for
functionalization. Dendrimer-coated nanoparticles (10 and 11),
on the other hand, exhibit considerably higher dispersion stabi-
lities in water when compared to pristine nanobeads 4.28 This
might arise from the breakdown of aggregates during the

covalent functionalization pathway as well as the polar nature
of the dendrimers. However, dispersion stabilities of some
months, as observed for dendrimer-coated SWNTs,26 are diffi-
cult to obtain with these highly ferromagnetic nanoparticles
because considerable remanent magnetization leads to agglom-
eration of the beads. The high magnetism, though, enables the
easy recovery from reaction mixtures and is beneficial in applica-
tions like MRI and hyperthermia.12,13

To evaluate, if interactions of the pyrene-BODIPY 3 with the
immobilized dendrimers can be considered as a factor for these
high loadings, a test reaction was performed. Pyrene-tagged dye 3
was sonicated with an equal amount of water-soluble hydroxyl
terminated dendrimer 8 in water following the procedure for the
noncovalent attachment of 3 onto dendrimer-coated nanoparti-
cles. After the removal of undissolved dye through filtration, a
defined volume of the solution was subjected to freeze-drying,
and afterward the residue was redissolved in toluene. This detour
was necessary because it was not possible to prepare a reference
solution of 3 in water as stated above; however, 3 is readily
soluble in toluene. A control experiment was performed following
this procedure but leaving out the addition of dendrimer. By
fluorescence spectroscopy, it was determined that only 0.70 μM
of pyrene-BODIPY 3 is soluble in water. The solution without
dendrimers was further used as a blank for the measurement of
the amount of 3 bound to the dendrimers. By comparison with
reference solutions of 3 in toluene, the additional amount of dye
kept in solution by interaction with dendrimers was determined
as 0.16% of the introduced dye.28 This is equal to around 600
molecules of dendrimer per dye molecule, while on the nano-
particles the relation between dendrimer branches and dye
molecules is 1:4.5 in favor of dye molecules. This experiment
showed that there is an interaction between pyrene-tagged
BODIPY and hydroxyl-terminated dendrimers, although the
amount of dye bound to dendrimers is negligible, which is no
surprise regarding the unpolar nature of the pyrene moiety and
the rather polar nature of the dendrimers. The same should be
true for dendrimers covalently bound to the nanoparticles
leading to the conclusion that the vast majority of immobilized
dye 3 in multifunctionalized nanoparticles 12 and 13 is bound to
the surface of the nanoparticles rather than to the surface of the
dendrimers.

The multifunctionalized particles 12 and 13 emit with 534 nm
in the same range as noncovalently BODIPY-labeled nanoparti-
cles 5 (533 nm) when excited at 505 nm in water (Figure 1). At
the same particle concentration, however, the intensity of the
fluorescence signal is considerably higher for the dendrimer-
modified particles corresponding to the higher loading with
BODIPY dye. Again, CLSM produced z-stacks of pictures
(Figure 4 and Supporting Information), proving that the area-
wide functionalization with BODIPY dye was successful even
with previous covalent functionalization of the nanoparticle
surface.

To examine, if the noncovalent binding of 3 onto the
nanoparticle surface is reversible, even if dendrimer branches
are present on the surface, multifunctionalized nanoparticles 13
were stirred in toluene for 2 h. The solution was decanted, and
the concentration of free dye 3 was determined by fluorescence
spectroscopy. This procedure was repeated twice. The amount of
released dye was then compared with the amount of immobilized
dye measured by elemental microanalysis (0.15 mmol/g). In the
first washing step, 95.3% (0.143mmol/g) of the immobilized dye
was released into solution followed by 3.3% (0.005 mmol/g) in

Scheme 3. Combined Covalent and Noncovalent Function-
alization of Co/C Nanoparticles. (TFA = Trifluoroacetic
Acid)
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the second step (Figure 5). In the third step, however, less than
0.1% of the total amount of bound dye was released from the
particle surface. Altogether, this experiment showed that the
noncovalent functionalization of carbon-coated nanobeads with
pyrene-tagged dye can be reversed by more than 98% in only two
washing cycles regardless of the additional covalent functionali-
zation with dendrimers.

’CONCLUSIONS

In summary, we have demonstrated that it is possible to
covalently as well as noncovalently functionalize graphene sur-
faces with functional molecules such as BODIPY. By fluorescence
spectroscopy and CLSM, we have proven that both functionaliza-
tion pathways render the particles highly fluorescent, which is a key
feature for the application of these nanoparticles in the field of

bioimaging. In further experiments, we have also shown that it is
possible to noncovalently bind a dye to the nanoparticles with a
prevalent covalent coating. This system represents a new approach
toward multifunctional carbon nanomaterials and should be a
promising starting point for a broad range of biomedical applications,
making use of the possibility to attach drugs or targetingmolecules at
the periphery of the dendrimers and simultaneously label the
particles noncovalently with the BODIPY dye. Furthermore, relying
only onMRI for imaging the dye could also be exchanged for a drug,
allowing multifunctionalization of the particles with drug and target-
ing molecules. Such investigations are ongoing in our laboratories.
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