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In recent years, nanotechnology, which is defined as the
creation and control of the properties of nanometric-scale
objects, has been playing an increasingly significant role in
medicine, material engineering, and pharmacology. The po-
tential applications of carbon nanostructures in biotechnolo-
gy and nanomedicine is particularly noteworthy.[1] Carbon
nanotubes (CNTs) are useful materials in a variety of bio-
medical applications, particularly in biosensing and optical
imaging, and also in novel therapeutic strategies.[2] Using
CNTs as signal transducers in biosensors has resulted in im-
proved detection limits and signal amplification because
they possess multiple biorecognition elements attached to a
single tube.[3,2a] Despite the progress, there are still many
challenges related to issues of the reproducible synthesis of
CNTs with well-defined structures and physicochemical
properties. Some of these problems include the prevention
of nanotube aggregation during electrode modification, the
effective separation of semiconducting and conducting
CNTs, and separation of nanotubes with uniform lengths. It
has been previously observed that the reactivity of fuller-
ene-like structures decreases with increasing size owing to a
decrease of the curvature of the molecule.[4] While the vari-
ous forms of CNTs are chemically inert, their ends and side-
walls can be functionalized by a variety of chemical groups.
Small carbon nano-onions (CNOs) are potentially better
systems for some of these applications, because they show
higher reactivity and solubility in many solvents. Various re-
actions have been reported for CNOs using strategies such
as oxidation of defects,[5] fluorination,[6] radical addition,[7]

1,3-dipolar cycloaddition,[8] or polymerization.[9] Our studies
have shown that small carbon nano-onions can also be used
as components of conductive nanocomposites, increasing the
specific capacity of the layers on the surface of the elec-

ACHTUNGTRENNUNGtrodes.[10–13] Nanostructures with conductive polymers (poly-
aniline)[10–12] and polyelectrolytes[13] have also been prepared
and used in the detection of neurohormones, such as dopa-
mine.[14] In addition, the good biocompatibility and low cyto-
toxicity of CNOs are also very promising. Studies of normal
cells (human skin fibroblasts), conducted with the MTT
method using CNOs, confirm the low toxicity and good bio-
compatibility of these carbon nanostructures over a wide
range of concentrations.[15] Additionally, it is possible to
modify the surfaces of CNOs with biomolecules without loss
of their activity. We have worked specifically with the
avidin–biotin model system.

Polyphenolic compounds, such as flavonoids, exhibit pro-
tective effects on humans, for instance, in the prevention of
cardiovascular diseases.[16] It has been shown that flavonoids
could be successfully applied in traditional medicine for the
treatment of inflammations, wounds, certain forms of
cancer, infections, diarrhea, diabetes mellitus, and other ail-
ments.[17,18] Polyphenolic compounds interact with proteins
mainly by hydrophobic/ionic interactions. Quercetin (Q,
3,3’,4’,5,7-pentahydroxyflavone; Scheme 1) is a polyphenolic

flavonoid that is widely distributed in nature. It is derived
from quercetum (oak trees) and has anti-inflammatory
properties[19] as a calcineurin inhibitor, similar to cyclospo-ACHTUNGTRENNUNGrin A. Owing to its mast cell inhibitory properties, it could
be effective in the treatment of fibromyalgia.[20] This flavo-
noid is contraindicated with some antibiotics. It may interact
with fluoroquinolones and competitively bind to bacterial
DNA gyrase.[21]

It is necessary to target polyphenolic molecules to select-
ed locations in the organism. To accomplish this goal, nano-
structured surfaces with well-defined physicochemical prop-
erties need to be prepared to target specific locations.
Carbon nano-onions are nanostructures which are easily
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Scheme 1. Structure of quercitin.
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functionalized. Additionally, their average sizes (5–6 nm) en-
ables their use in both in vitro and in vivo studies.

The number of articles involving CNOs with polymer
functionalization is still very sparse.[10,22] Poly(4-vinylpyri-
dine-co-styrene)[23] (PVPS) and poly(ethylene glycol)[24]

(PEG) have been frequently used for solubilization of
carbon nanostructures in non-polar or polar media. Attach-
ing hydrophilic or hydrophobic chains to synthesize soluble
derivatives of CNOs have been reported. The non-covalent
functionalization of carbon nano-onions with a poly ACHTUNGTRENNUNG(eth ACHTUNGTRENNUNGyl-ACHTUNGTRENNUNGene glycol)/polysorbate 20 (PEG/P20) mixture or with
PVPS generates charged CNO surfaces for further function-
alization with other moieties. The procedure for functionali-
zation of oxidized CNOs (ox-CNOs) with PEG/P20 or pris-
tine CNOs with PVPS polymers is depicted in Scheme 2.
Non-modified CNOs tend to aggregate because of strong
van der Waals interactions between them. Therefore, the
first step in the functionalization with PEG/P20ACHTUNGTRENNUNG(Scheme 2 a), involved oxidation of the carbon nanoparti-
cles, to increase their dispersion in a DMF/EtOH mixture.
Next, the PEG/P20 polymer layer was formed on the ox-
CNO surface. The modification with PVPS provided the
matrix to incorporate the thiol derivatives (Scheme 2 b): 3-
mercaptopropionic (MPA) or 2-mercapto-4-methyl-5-thiazo-
leacetic (MMTA) acids.[25] The C=C groups in the CNO/
PVPS competitively reacted with the SH-containing com-
pounds, and after 48 h at 30 8C, a PVPS matrix having car-
boxyl pendant groups was obtained. The well-dispersed
CNO/PEG/P20 and CNO/PVPS composites modified with
thiol derivatives were used for the electrostatic immobiliza-
tion of the polyphenolic compounds.

The functionalization of the carbon nanostructures with
the polymer network was confirmed by TEM studies at high
magnification. The thickness and uniformity of the polymer
layer on the carbon nanostructures depends on the kind of
polymer used (see arrows in Figure 1). However, the func-

tionalization of ox-CNOs with the PEG/P20 mixture leads
to the formation of non-uniform layers, and these modifiers
ensure sufficient dispersion in polar solvents (Fig-ACHTUNGTRENNUNGures 1a, 2d). Carbon nano-onion structures with homogene-
ous polymer layers were obtained by the PVPS modification
and can be clearly seen using TEM (Figure 1 b). The size is
indicative of the formation of a relatively thin and uniform
layer with about 1 nm thickness. Adsorption of the PEG/
P20 and PVPS polymers on the ox-CNO or CNO surfaces,
respectively, resulted in improved dispersion and enabled
further modification of the CNO/PVPS with thiols. CNO/
PVPS modification (Figure 1 b, inset and Figure 2 a) with
thiol derivatives: MMTA (Figure 2 b) and MPA (Fig-

Scheme 2. Functionalization of a) ox-CNOs by PEG/P20 and b) CNOs by PVPS with thiol molecules.

Figure 1. HR-TEM images of a) CNO/PEG-P20 and b) CNO/PVPS-
MPA. Inset: CNO/PVPS.
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ACHTUNGTRENNUNGures 1b, 2c), respectively, increased their solubility in polar
solvents.

The results of SEM studies of a gold foil covered with
CNO, CNO/PEG/P20, CNO/PVPS-MPA, or CNO/PVPS-
MMTA composites are shown in Figure 3. The micrographs

(Figure 3b–d) clearly reveal that the polymer wrappings sig-
nificantly increase the dispersion of the carbon nanostruc-
tures in the appropriate solvents (Figure 2, inset). A compar-
ison of Figure 3 b with 3c,d, and of Figure 2 a with 2b,c (con-
focal microscopy), clearly shows enhanced dispersion of the
CNO/PVPS composites after functionalization with thiol de-
rivatives MMTA and MPA, especially in polar solvents, in-
cluding water (Figure 2 b,c).

FTIR spectra of the CNO/PEG/P20 and CNO/PVPS com-
posites (Supporting Information, Figure S1) and pristine

components PVPS, MPA, and PVPS-MPA (Figure 4) were
obtained to determine the presence of polymer and thiol de-
rivatives in the composite structures. FTIR was used to ana-
lyse the changes in the surface chemical bonding and struc-
ture, within the frequency range 4000–100 cm�1. The FTIR
spectra of the CNO/PVPS composite is dominated by the
absorptions of polystyrene (Supporting Information, Fig-
ure S1a).[26] The vibrational behaviour of vinylpyridine is
similar to that of polystyrene, because of the polyvinyl
chains. Earlier IR studies suggested that the absorption
modes at about 1500 cm�1 and 1600 cm�1 are associated with
aromatic ring stretching.[27] The bands at 1585 and 1540 cm�1

were attributed to the stretching modes of the pyridine ring,
and are associated with the C=N and C=C stretching vibra-
tions of the rings (Supporting Information, Figure S1a).[28]

The band at 1405 cm�1 is assigned to the PVPS block. The
overlapped peaks in the range between 1150 and 900 cm�1

are attributed to the in-plane bending vibrations of aromatic
C�H.[29] Therefore the peaks at 820 and 698 cm�1 are attrib-
uted to the out-of-plane bending vibrations of C�H bonds
in the aromatic rings. To analyse the contribution from the
inner carbon nano-onion core to the FTIR spectra, model
polymers were prepared and analyzed. The IR spectra of
the functionalized PVPS copolymer with MPA are present-
ed in Figure 4. The feature that identifies carboxylic acids is
a broad absorption band, which extends from 3300 to
2500 cm�1.[30] The broadening of this band is due to intermo-
lecular hydrogen bonds, which weaken the O�H bonds.[31]

This broad band was observed in pristine 3-mercaptopro-
pionic acid (Figure 4 a) as well as for the PVPS-MPA co-
polymer (Figure 4 c). The vibrational modes at 1550 and
1600 (Figure 4 b), are associated with the C=N and C=C
bonds of the pyridine and benzene rings. A decrease of the
intensity of these peaks for the modified PVPS-MPA co-
polymer is due to saturation of the double bonds and is indi-
cative of PVPS functionalization with the thiol molecules
(Figure 4 c).

Figure 2. Confocal microscope images of the slide covered with a) CNO/
PVPS, b) CNOs/PVPS-MMTA, c) CNO/PVPS-MPA, and d) CNO/PEG/
P20. An solution/suspension of functionalized CNOs in ethanol is also
shown.

Figure 3. SEM images of the Au foil covered with a) CNO/PVPS,
b) CNOs/PVPS-MMTA, c) CNO/PVPS-MPA, and d) CNO/PEG/P20.

Figure 4. FTIR spectra in the range 4000-500 cm�1 of a) MPA, b) PVPS,
and c) PVPS-MPA. The spectra were recorded at room temperature
under a N2 atmosphere.
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The FTIR measurements were also performed to provide
evidence of the attached PEG/P20 mixture to the carbon
nanostructures. A peak at 1740 cm�1 corresponds to the C=

O stretching mode of the carbonyl groups of the P20 chain
(Supporting Information Figure S1b).[29] The peaks at 1280
and 1220 cm�1 are attributed to primary and secondary O�
H in-plane bending.[32] Therefore the peak at about 720 cm�1

corresponds to the O�H out-of-plane bending. The CNO/
PEG/P20 spectra show peaks at 1160, 1110, and 1070 cm�1

that correspond to the C�O stretch vibrations of the PEG
and P20 chains.[29] Methyl bands at 1510, 1450 and about
720 cm�1 are indicative of the long-chain aliphatic structures
of the polymers.[33] More peaks are observed between 2807
and 2970 cm�1 from the symmetric and unsymmetric C�H
stretching of the PEG and P20 chains. Some additional C�C
vibrations from polymeric chains occur below 1300 and
700 cm�1. It is clear that PEG and P20 were incorporated in
the composite structures.

Raman spectroscopic analyses of the two G and D lines
were used to characterize the carbon samples. The strongest
features for the CNO/PVPS and CNO/PVPS-MPA compo-
sites (Supporting Information, Figures S2c,d, S3) are ob-
served at about 1340 (D line) and 1580 cm�1 (G line). The
band at 1340 cm�1 is related to the disorder of the graphite
lattice.[34] For our compound, closer examination of the fea-
ture observed at 1580 cm�1, assigned to the E2g species of
the infinite crystal, shows[30] that it is composed of two com-
ponents (Supporting Information, Figure S3). In addition to
the G band (ca. 1580 cm�1), another at about 1618 cm�1 (D’
band) is observed. Besides the strong D and G features ob-
served in the Raman spectra of CNOs/PVPS, an additional
band is observed at about 2680 cm�1, which is assigned to
overtone scattering (1340 cm�1 � 2). The bands observed be-
tween 1063 and 1595 cm�1 indicate the presence of two
carbon–nitrogen bonds (Supporting Information, Fig-
ure S2b).[35] The bands at 1063 and 1200 cm�1 can be associ-
ated with the n ACHTUNGTRENNUNG(C�N) modes, and at 1595 cm�1 with the
n(C=N) modes of the pyridine rings, respectively. The C�H
bending modes occur at 665, 990, and 3045 cm�1 and are due
to the aromaticity of the pyridine and benzene rings in the
PVPS chain, whereas the weak bands from 2850 to
2950 cm�1 can be associated with the alkyl C�H stretching
modes of the polymer. These spectral data provide evidence
for the presence of the PVPS copolymer on the CNO surfa-
ces and are consistent with the structure depicted in
Scheme 1.

The non-covalent modification with flavonoid compounds
was achieved by sonication of aqueous dispersions of poly-
mer-terminated CNO derivatives (CNOs/PEG/P20, CNO/
PVPS-MPA or CNOs/PVPS-MMTA) with quercetin. Previ-
ous studies showed that amylose or branched amylopectin
form supramolecular complexes with SWNTs in aqueous
solution.[32] Such modification would lead to the creation of
hydrogen-bonding polymer-terminated carbon nanostruc-
tures/polyphenolic complexes.

The interaction between the carbon nano-onion compo-
sites and quercetin was studied by fluorescence spectrosco-

py. It is generally known that quercetin is fluorescent in
many solvents.[33a,36] The interesting aspect of flavonoids re-
lates to their unusual fluorescence emission properties,
which are extremely sensitive to the surrounding medium
(for example, polarity, hydrogen bonding effects, pH, or
temperature).[33] The fluorescence measurements were per-
formed in non-aqueous solutions. Excitation and emission
spectra for the supramolecular complexes of CNO compo-
sites with Q in dimethyl sulfoxide solution are shown in
Figure 5 and the Supporting Information, Figure S4. Two in-

teresting observations were made: that the modification of
PVPS with the thiol derivatives, MMTA or MPA, lead to
decreased emission of the CNO composites, which is due to
changes of the hybridization of the carbon atoms from sp2

to sp3 in the pyridine or benzene rings of the polymer. PEG
and the CNOs/PEG composites showed very low fluores-

Figure 5. Fluorescence emission spectra of quercetin, carbon nano-
onions, and their composites with: a) PVPS-MPA, b) PVPS-MMTA, and
c) PEG/P20 (excitation and emission bandwidths: 5 nm).
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cence emission under these experimental conditions (Fig-
ure 5 c). The emission spectrum of quercetin in dimethyl
sulfoxide upon excitation at 430 nm exhibits a maximum
around 505 nm (Figure 5), the intensity of which is propor-
tional to the concentration of the different composites in-
cluding modified CNOs and Q in solution (Supporting Infor-
mation, Figure S4). Upon further modification of the CNO
composites with flavonoids and the subsequent creation of
hydrogen bonds, the emission wavelength of the incorporat-
ed Q exhibited a bathochromic shift of about 15 nm from
the original band for the CNOs/PVPS derivatives and the
CNOs/PEG composites. This observation is consistent with
previously observed protein and quercetin complexes, where
intermolecular C�OH···O=C bonds lead to shifts of the fluo-
rescence emission of Q.[36b]

In summary, combining the non-covalent functionalization
approach with the use of PVPS or PEG/P20 has thus provid-
ed a facile and easy way to modify CNOs. PVPS polymers
confer good solubility on the CNOs and create a matrix for
further functionalization with thiol derivatives. The incorpo-
rated hydrophilic CNO composites prepared successfully in-
corporated flavonoids, which are promising for biosensing
and drug targeting applications.

Experimental Section

All of the chemicals and solvents used are commercially available and
were used without further purification. The films were imaged by sec ACHTUNGTRENNUNGond-ACHTUNGTRENNUNGary-electron SEM with the use of a INSPECT S50 Scanning Electron Mi-
croscope from FEI. The accelerating voltage of the electron beam was
15 keV and the working distance was 10 mm. Transmission electron mi-
croscopy analyses were performed with a FEI instrument operated at
200 kV. The materials were sonicated in ethanol for 30 min and deposited
on copper grids. A 3D microscope LEXT OLS4000 with a 405 nm laser
and confocal optical system from Olympus was used for surface rough-
ness measurements. The fluorescence spectra were recorded on a Hitachi
F-7000 fluorescence spectrophotometer: excitation bandwidths 5.0 nm,
emission bandwidths 5.0 nm, scan speed 1200 nm min�1, PMT voltage
400 V. FTIR spectra were recorded in the range between 4000 and
100 cm�1 with a Nicolet 6700 Thermo Scientific spectrometer at room
temperature and N2 atmosphere. The spectra were collected with a reso-
lution of 4 cm�1. All the spectra were corrected with conventional soft-
ware in order to cancel the variation of the analyzed thickness with the
wavelength. The room-temperature Raman spectra at wavelengths be-
tween 100 and 3500 cm�1 were investigated using a Renishaw in Via
Reflex spectrometer. To avoid sample overheating, the power of the laser
beam was reduced to about 3 mW. The position of the Raman peaks was
calibrated using a Si thin film as an external standard. The spectral reso-
lution of the Raman spectra was 2 cm�1.

Synthesis of CNO composites: Small CNOs were obtained by annealing
nanodiamond powder (Molto, 5 nm average particle size) under a posi-
tive pressure of helium at 1650 8C for 1 h.[37] After separation and purifi-
cation, CNOs were heated at 200 8C to remove the amorphous carbon
residue from the CNO surface. High-resolution transmission electron mi-
croscopy images of the CNOs have been reported elsewhere.[5]

Functionalization of CNOs with PEG/P20: 20 mg of crude 6–8 shell
CNOs were dispersed by ultrasonication for 30 min and refluxed for 8 h
in 3m nitric acid. The mixture was then centrifuged for 10 min, and the
black powder collected in the bottom of the test tube was washed several
times with deionized water and dried overnight in a vacuum oven (T=

100 8C). The black powder was mixed with 500 mL of poly(ethylene
glycol) (PEG 1500 30 % solution in H2O, referred in preceding text as

PEG) and 20 mL of Polysorbate 20 (P20) in a DMF/EtOH solution mix-
ture at 35 8C for 24 h. Next, unreacted poly(ethylene glycol) was removed
by dialyzing the mixture using a spectra pore dialysis membrane
(MWCO 15000).

Functionalization of CNOs with PVPS and MPA or MMTA: 20 mg of
crude 6–8 shell CNOs were dispersed with 10 mg of poly(4-vinylpyridine-
co-styrene) (PVPS) by ultrasonication in a DMF solution at 35 8C for
24 h. Next, 10 mg of the CNO/PVPS composite was dissolved in EtOH
solution (5 mL), and then slowly added to 7.2 mg of 3-mercaptopropionic
acid (MPA) or 8.4 mg 2-mercapto-4-methyl-5-thiazoleacetic acid
(MMTA) in ethanol (4 mL).[38] After standing at 30 8C for 48 h, the solu-
tion was dialysed against running deionized water. The CNO composites
was added into DMF solution with 2 mg of quercetin. The solution was
sonicated for 30 min to form a homogenuos solution. The solution was
then heated at 180 8C for 3 h in an autoclave to form CNO/PVPS-MPA/
Q or CNO/PVPS-MMTA/Q.
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