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Abstract: Thin-walled, hollow carbon nanospheres with
a hydrophobic interior and good water dispersability can be
synthesized in two steps: First, metal nanoparticles, coated with
a few layers of graphene-like carbon, are selectively modified
on the outside with a covalently attached hydrophilic polymer.
Second, the metal core is removed at elevated temperature
treatment with acid, leaving a well-defined carbon-based
hydrophobic cavity. Loading experiments with the dye rhoda-
mine B and doxorubicin confirmed the filling and release of
a cargo and adjustment of a dynamic equilibrium (cargo-
loaded versus release). Rhodamine B preferably accumulates
in the interior of the bubbles. Filled nanobubbles allowed
constant dye release into pure water. Studies of the concen-
tration-dependent loading and release show an unusual
hysteresis.

Capsule systems have attracted tremendous attention in the
areas of catalysis and biomaterials, as electrode materials,[1]

and for the encapsulation of sensitive materials (therapeu-
tics,[2] fluorescent markers,[3] and others[4]). Inorganic hollow
spheres have been prepared from metals, alloys, and oxides
(Table S1, entries 1–14, in the Supporting Information).[1b,5]

Polymer capsules can be synthesized by layer-by-layer (LbL)
adsorption,[1a, 6] self-assembly of amphiphilic molecules,[1c,7]

from double emulsions,[8] or by polymerization,[9] such as
surface-initiated polymerization and
crosslinking[10] with subsequent
removal of the templating core
(Table S1, entries 15–22).

Undoubtedly the most prominent
example of a carbon capsule is full-
erene, in particular buckminsterfuller-
ene (C60)

[11] whose basic structural
element is related to graphene.[12] The
C60 central cavity (0.71 nm in diame-
ter) has been used to enclose lantha-
num,[13] noble gases,[14] nitrogen,[15]

phosphorus,[16] hydrogen,[17] and
water[18] by ion implantation or by
chemical opening and closing (endohedral fullerenes). The
limited space (few atoms per C60) and the difficult fill/release

processes, however, do not permit a real container/cargo
function. The interior of bigger, fullerene-like graphitic
capsules (3–10 nm), consisting of few onion-like oriented
graphene layers, is inaccessible for organic molecule cargos
(Table S1, entries 23–25).[19]

Carbon capsules can be produced by carbonization of
polymer shells at high temperatures,[20] by hydrothermal[21] or
solvothermal methods[22] and by “confined nanospace pyro-
lysis”.[2c,23] They often have a low degree of graphitization and
consist mainly of amorphous carbon (Table S1, entries 27–
42). Carbon capsules having a higher graphitization degree
are often made from either radially oriented graphitic sheets
or spherically arranged graphitic sheets. The latter contain
numerous openings and therefore are rather loosely associ-
ated flakes than closed shells.[24] During the carbonization
process the well-defined chemical structure of the carbon
precursor is lost. Therefore, carbon shells often have the same
hydrophobic surface inside as well as outside.[24] For most
applications as a container, however, a hollow nanosphere
should carry a hydrophobic cargo through an aqueous
environment, that is, the nanocapsule has chemically different
inner and outer surfaces.

We therefore developed a water-dispersible, covalently
functionalized, highly graphitic carbon nanocapsule with
a hydrophobic interior as outlined in Figure 1. In contrast to

other carbon capsules the hollow carbon nanobubbles pre-
sented here consist of a closed shell of three to four layers of
sp2-hybridized carbon and thus are highly graphitic.[25] With
this synthesis method, it is furthermore possible to obtain
hollow spheres with chemically well-defined different inner
and outer surfaces. The synthesis starts from carbon-coated
cobalt metal nanoparticles (C/Co)[26] about 31� 20 nm in
diameter[27] in which the shell consists of the three to four
layers of sp2-hybridized carbon. A negatively charged poly-
mer was grown directly from the particles by surface-initiated
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Figure 1. Synthesis, loading, and release of hollow carbon nanobubbles. They are synthesized by
surface functionalization of carbon-coated cobalt nanoparticles to achieve favorable surface
properties and subsequentcore removal. The nanobubbles can be loaded with substrates which
afterwards can be steadily released.
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atom transfer radical polymerization (SI-ATRP) to introduce
steric and electrostatic repulsion (Scheme 1 and the Support-
ing Information).[27] The metal core enables the selective
surface functionalization of the outer capsule wall and
furthermore simplifies both surface functionalization and
sample purification since it is magnetic.[28] The templating
metal core was then selectively removed by acidic dissolution
at elevated temperature. This is possible because of physical
defects in the graphene shells.[29] The procedure presented
here allows the formation of highly graphitic carbon shells
without loss of the chemically well-defined outer surface
structure. Under the conditions used (0.1m HCl, 80 88C,
1 week) about 77 % of the particles could be emptied
(Tables S2 and S3). After workup pure nanobubbles in
yields ranging from 2 % to 49 % were obtained (Figures S1
and S2 and Table S3).

Electron microscopy images
confirmed the successful dissolu-
tion of the cobalt metal core and
preparation of the nanobubbles
(Figure 2 and Figures S3 and S4).
The hollow carbon shells, which
are 33� 16 nm in diameter (Fig-
ure S5) and consist of carbon
layers and the surrounding poly-
mer layer, are visualized in Fig-
ure 2e and Figure S4. The pres-
ence of sulfur in the shell wall
(sulfonate groups) was detected by
energy-dispersive X-ray spectros-
copy (EDX), elemental microanal-
ysis, and infrared spectroscopy and
further confirms that the polymer
did not degrade during the core
dissolution process (Figures S7 and
S8 and Table S4). The hollow

carbon nanobubbles have a zeta potential of ¢40.5 mV in
water. This is again in line with the sulfonate-containing
polymer and the nanobubblesÏ good dispersability in water.
The successful core dissolution was additionally proven by X-
ray diffraction spectroscopy (reduction of cobalt metal
content in the samples), elemental microanalysis (relative
increase in carbon content), and thermogravimetric analysis
(altered oxidation profile and ash content, see Figure S9,
Table S5, and Figure S10).

To investigate the accessibility of the bubble interior, the
nanobubbles were loaded with rhodamine B using an aqueous
dye solution (detailed procedure in the Supporting Informa-
tion). UV/Vis spectra of solutions containing i) nanobubbles
loaded with rhodamine B and ii) the same amount of rhoda-
mine B in free solution showed that the absorption signal is

Scheme 1. Covalent surface functionalization of carbon-coated cobalt nanoparticles (C/Co) and subsequent formation of hollow carbon
nanobubbles (HCNB, 5). Diazonium chemistry (1) and amidation were used to generate an initiator (2) for SI-ATRP of 3-sulfopropyl methacrylate
potassium salt (SPM, 3) to yield 4. Subsequent dissolution of the templating cobalt core under acidic conditions and elevated temperature yields
hollow carbon nanobubbles (HCNB, 5). Cat. system: copper(II) bromide (CuBr2), 2,2’-bipyridine, l-ascorbic acid.

Figure 2. Transmission (TEM) and scanning transmission electron micrographs (STEM) of unfunc-
tionalized carbon-coated cobalt nanoparticles (C/Co, a and b), surface-functionalized carbon-coated
cobalt nanoparticles (4, c and d) and hollow carbon nanobubbles (5, e and f) as well as HAADF-
STEM (g) and cryo-TEM (h) of nanobubbles (5).
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lower for encapsulated rhodamine B (Figure 3a). To confirm
that the rhodamine B is located inside the nanobubbles, the
capsules were washed by adding water, shaking, and sub-
sequently collecting by filtration. No significant decrease of
the UV/Vis signal of the washed nanobubbles is observed
which means that only minor amounts of rhodamine B were
lost. Fluorescence spectroscopy revealed signal quenching for
encapsulated rhodamine B and a slight peak shift (Fig-
ure 3a).[30] The presence of rhodamine B in the nanobubbles
is further in line with confocal fluorescence microscopy
images (Figure 3b and Figure S13). From UV/Vis measure-
ment of the supernatant after filtration of the freshly loaded
nanobubbles, an average amount of 345� 21 mg of rhodami-
ne B per mg of nanobubbles was calculated (Figure 3c). This
was shown to correspond to the saturation adsorption amount
(see Figure S14). As an independent proof that rhodamine B
is really located inside the nanobubbles and not simply
adsorbed on the polymer layer, nanobubbles filled with metal
(4, that is, the same material but without the hollow interior,
since the metal occupies the interior) were used as a control.
For this, samples of equivalent surface area were compared,
meaning that in the experiment five times more C/Co than
nanobubbles (based on the weight) had to be used in order to
achieve roughly the same number of spheres in all samples
(unfunctionalized C/Co, functionalized C/Co and nanobub-
bles). Some rhodamine B is indeed adsorbed on the outside of
the capsules (see Figure 3 c); however this amount is small.
The ratio of mass per volume inside the nanobubbles is 0.78 g

rhodamine B per mL, which is formally equivalent to a con-
centration (see the Supporting Information for calculations).
The inside concentration is about 10000 times higher than
that in the bulk aqueous phase surrounding the nanobubbles.
To achieve such a high local rhodamine B concentration it has
to move from a low- to a high-concentration region. A similar
self-accumulating effect of rhodamine B has already been
observed in a study on aged polyelectrolyte microcapsules,
where electrostatic interactions were the driving force.[31] In
the present work, a possible driving force may be related to
the hydrophobicity of the graphene-like inside wall of the
nanobubbles. Indeed, rhodamine B is poorly soluble in water
(15 g L¢1 at 20 88C) and it is hydrophobic as indicated by the
octanol/water (OW) partition coefficient (Kow = 190[32]). This
may explain why it accumulates in the hydrophobic environ-
ment of the sphereÏs interior. In analogy to the octanol/water
two-phase system, rhodamine B accumulates in the hydro-
phobic phase. Obviously, there is no real two-phase system
but rather a mixture of nanosized hydrophobic cavities in
water. Comparison of the specific surface-area-related
adsorption capacity of rhodamine B on various carbon-
based adsorbents reveals that the adsorption capacity of
these hollow carbon nanobubbles is high. This further
indicates that rhodamine B is not just adsorbed on the surface
but accumulates in the hydrophobic interior of the bubbles
(Table S7).

The release behavior was investigated by repeated wash-
ing of the nanobubbles with pure water (Figure 3 c, detailed

Figure 3. Loading and release of different cargos in hollow carbon nanobubbles (HCNB). a) UV/Vis and fluorescence emission spectra (excitation
wavelength: 540 nm) of free rhodamine B (concentration: 0.075 mgmL¢1), nanobubbles with encapsulated rhodamine B (measured concentration:
0.076 mgmL¢1), and the same nanobubbles after washing (measured concentration: 0.074 mgmL¢1). b) Confocal fluorescence microscopy of
hollow carbon nanobubbles filled with rhodamine B. c) Rhodamine B release by stepwise removal of released rhodamine B in the bulk solution.
d) Loading and release behavior of rhodamine B in hollow carbon nanobubbles by variation of the rhodamine B concentration in the bulk solution.
e) Loading of doxorubicin (DOX+), rhodamine B (RhB), and direct blue 6 (DB6¢) into hollow carbon nanobubbles; n.d.: not detectable.
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description in the Supporting Information). It was observed
that for each of the first 10 washing steps, approximately the
same amount of rhodamine B was released (3.3 mgmL¢1, see
Figure S15). This is in line with the presence of a dynamic
equilibrium between the bubbleÏs interior and the bulk,
resulting in a concentration-controlled release of rhodamine
B (see Figure S16). In other words, the substance is only
released from the nanobubbles when it is removed or
consumed; this property may be used for drug-delivery
applications to achieve constant drug concentration over
prolonged periods of time.

To obtain better insight, concentration-dependent loading
and release experiments were performed. Nanobubbles were
subsequently exposed to aqueous solutions with increasing
and then decreasing concentrations of rhodamine B in water
(Figure 3d). Astonishingly, the results show a hysteresis in
loading and release, confirming that the system not only
depends on the input parameter but also on its history. This
behavior is known from physical adsorption isotherms of
Type IV (IUPAC classification) which occurs for strong fluid–
wall forces when the material is mesoporous and capillary
condensation occurs.[33] Another effect causing such similar
sorption hysteresis is known from mercury porosimetry,
where pore size is determined by mercury adsorption.
During the extrusion process, new mercury interfaces have
to be created, which requires additional energy. If this energy
is overcome a sudden retreat of the mercury from a specific
pore is observed; this is known as the “snap-off” effect.[34] For
the system here the observed hysteresis in loading and release
might arise from the hydrophobicity in the bubble interior.
Rhodamine B accumulates in the bubbles and forms a droplet,
somehow corresponding to that in an O/W emulsion. In this
droplet rhodamine B is in a rather stable state and a low bulk
concentration is needed to start the release. Once the release
started, a “snap-off” effect can be observed (see Figure S18).

Besides rhodamine B, doxorubicin, one of the most widely
used commercial drugs for the treatment of breast cancer, can
be loaded into the hollow carbon nanobubbles (2727�
37 mgmg¢1, see the Supporting Information for a detailed
description). Because of its high toxicity, several works
investigated suitable methods for the delivery of doxorubi-
cin.[2c,35] The amount loaded in the bubble interior is 1459�
170 mgmg¢1 (Figure 3e). For doxorubicin, the adsorption
capacity per specific surface area of the nanobubbles is high
when compared to that of other carbon-based adsorbents (see
Table S8). It should be noted that in our case almost half of
the adsorbed doxorubicin is adsorbed in the polymer shell.
This is not surprising when one considers that the cargo
molecule has to first diffuse through the polymer shell before
it can enter the carbon shell through one of its defects (see
Figure S19). In contrast to rhodamine B, which is a zwitterion
under the conditions used and therefor overall neutral in
charge, positively charged doxorubicin can interact electro-
statically with the negatively charged polymer shell. Direct
blue 6, which is negatively charged, cannot be loaded to the
bubblesÏ interior and is also not adsorbed in the polymer shell.
This is in accordance with the previously mentioned inter-
action between the polymer shell and the cargo molecule,
which in this case is repulsive due to the cargoÏs negative

charge; this makes the loading of direct blue 6 into the
bubbles impossible (Figure 3e).

In summary, we have shown how the metal core of carbon-
coated nanoparticles can be selectively removed to prepare
carbon nanobubbles with defined loading and release proper-
ties. Selective covalent chemical derivatization of the carbon
shellsÏ exterior permits highly stable dispersion in water while
the hydrophobicity of the interior makes it possible to
accommodate cargo. The loading of differently charged
cargos into the bubbles permitted a general insight on the
dependence of the loading on the cargo moleculeÏs charge.
The procedure therefore extends the encapsulation of single
atoms or molecules in fullerenes to a larger cavity. Owing to
the well-defined chemical integrity of the bubbles, their
fascinating properties as refillable nanocarriers (e.g. lip-
osomes) can be transferred to chemically demanding environ-
ments. Conceptually, a carbon-based nanobubble having
a hydrophilic exterior and a hydrophobic structurally coher-
ent interior can be considered to be a micelle (Figure 1 right).
The mechanical stability allows the formation of stable
emulsions with unlimited lifetimes.
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