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The use of carbon nanomaterials in biomedical applications and the cytotoxicity of these materials have been
areas of great interest during the last decade. In vitro drug load and release, as well as in vivo animal tests,
have been carried out using carbon nanomaterials. However, no comparison studies on the drug load and the
release of different carbon nanomaterials have been reported. Here, we report on a real time investigation of
the drug release of carbon black (CB) nanoparticles, carbon nanotubes (CNTs) and graphene oxide (GO),
using rhodamine B (RB) as a model of drug. The binding of RB to the nanomaterials were characterized by
FTIR and UV–vis. The mass loading capacities of these nanomaterials were also studied, showing that GO had
the highest capacity. The real time drug release experiment indicated different accumulative release modes of
these nanomaterials at different pH values, due to their different binding modes with RB, which is also
discussed as being the reason for the mechanism differences. Moreover, the comparison of the drug release
capacity of CNT–RB and f-CNT–RB (functionalized-CNT–RB) indicated an influence of hydrogen bonds in both
drug loading and release, as the hydrogen bonds increased the loading capacity of the carbon nanotube after
acid treatment and changed the drug release mechanism at pH 7.4. Thus, here we identified the drug release
modes of the different carbon nanomaterials. The results of the influence of functional groups and hydrogen
bonds point also out a potential way of controlling the drug release behavior of carbon nanomaterials by
surface modification.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The current intense research on the application of nanomaterials in
drug delivery shows new strategies for human healthcare. The chemical
and physical properties of nanomaterials have made the researcher's
attention turn also to biomedical possibilities. The surface properties of
nanomaterials, such as easy modification and functionalization, make
them attractive as drug carriers. The structure of the material, e.g. a
porous structure, is also interesting in this context. The physical
properties, like the magnetism of iron oxide nanoparticles, can also
offer extra control in addition to drug delivery [1]. For example, the
magnetism of iron oxide nanoparticles can be used to concentrate the
magnetic nanoparticles at the target location. It can also be used to kill
mutated cells by heating the nanoparticles under alternating magnetic
fields [2].

Biocompatible and biodegradable nanostructures with a high drug
loading capacity and a controllable drug release process are desired for
biomedical applications, and extra controllable properties, like magne-
tism, could be added. But, in reality, it is not that easy to synthesize such
nanostructures with all the desired properties, as these properties are
not likely to be found in the same nanostructure. Thus, different
nanostructures are developed or applied in drug delivery with different
purposes.
.

rights reserved.
Liposomes are attractive drug delivery systems [3]. Lipids like
phospholipids in liposome bilayer have excellent biocompatibility
and biodegradability, as well as high capacity for drug load. Polymer
nanostructure in the form of micelles [4] are also good choices for
drug delivery, since many polymers are biocompatible and biodegrad-
able [5]. Inorganic nanoparticles, like magnetic nanoparticles [1,6–10],
Au nanoparticles [11,12], silica nanoparticles [13], etc. have also proved
to be useful in drug delivery.

Carbon nanomaterials are recently used in various drug release
studies due to their specific structures, like the hollow structure of
nanohorns, or the six-membered carbon ring in carbon nanotube and
graphene. Carbon nanohorns are able to act as drug carrier using both
the large surface area [14] and the hollow structures [15]. Another
zero-dimensional structure, carbon nanoparticles, are used in drug
delivery studies in combination with magnetic doped ones, where the
carbon nanoparticle is synthesized by carbonizing polypyrrole nano-
particles [16]. Carbon black nanoparticles were recently demonstrated
in use to deliver drugs, proteins and DNA into different cells while
maintaining high cell viability [17]. Carbon nanotubes, a one-dimen-
sional carbon nanostructure, have also been applied for drug discovery.
For example, double functionalized carbon nanotubes by 1,3-dipolar
cycloaddition of azomethine is used as a drug carrier [18]. Dai's group
studied the drug loading and delivery ofwater-soluble carbon nanotubes,
showing high load capacity [19]. His group has also investigated the drug
loading and release on graphene oxide [20,21], illustrating the high drug
load capacity of graphene oxide that is also found in other reports [22,23].
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Fig. 1. UV–vis of the original rhodamine (RB) and RB residue after removal of loaded
carbon black (CB), carbon nanotubes (CNTs), and graphene oxide (GO) from the RB
solution.
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Though the research on drug delivery using carbon nanomaterials
is promising, a drug release model study is still missing, especially the
comparison of the carbon nanomaterials, e.g. carbon nanoparticles
and nanohorns, carbon nanotubes, and graphene or graphene oxide.
Although these materials with different dimensions have different
surface chemistry and crystal structures, a comparison study may
give information on the structure induced drug release behavior.
Besides, we lack real time in vitro measurements of these carbon
nanomaterials to compare the drug release mechanisms.

In this paper, we report on a real time in vitro method to study the
drug release of carbon black (CB), carbon nanotubes (CNTs) and
graphene oxides (GO). The drug release mechanisms have been
investigated at different pH values, showing the influence of pH on
the drug release processes. Moreover, the influence of surface groups
that can form hydrogen bonds was studied by comparing the drug
load and release on CNT and f-CNT, showing the effect of hydrogen
bonds. The study demonstrated the drug release behaviors of different
carbon nanomaterials due to their specific structures and surface
properties, which could be applied for future drug delivery research
using carbon nanomaterials, for example the surface modification of
carbon nanostructures like the oxygen-containing groups on graphene
oxide that can be used to control the drug release under different
conditions.

2. Experiment

2.1. Materials

Multi-walled carbon nanotubeswith an average diameter of 140 nm
were purchased from Sigma without further purification. Graphene
oxidewas synthesized using amodified Hummersmethod [24,25] from
graphite (Sigma). Carbon black was purchased from Sigma without
further purification and rhodamine B was purchased from Sigma. All
other reagents were all of analytical grade.

2.2. Loading of RB on carbon nanomaterials

Loading of RB on CB (10 mg), CNT (10 mg) and GO (10 mg) was
done by mixing a certain amount of the above materials into 8.0 ml
160 mg/l RB solution for 20 h with weak sonication. After that, the
samples were kept for 4 h, then collected and centrifuged at 4000 rpm
for 5 min and subsequently rinsed with doubly distilled water three
times. Finally, the collected samples were re-dispersed in 150 μl double
distilled water before use. The loading capacities of RB on these
nanomaterials were measured with UV–vis, and were measured by
calculating the loss of RB after the loading procedure, compared
with the original solution.

2.3. Release of RB at different pH

Drug release experiments of RB from these three nanomaterials
were doneusing real timemonitoringmethod [26]. In brief, 30 μl of each
sample was dropped on an Al foil plate with an area of 6 mm×6mm
and dried at room temperature. Then the plate was put into the bottom
of a cuvette and 3 ml at pH 4.5 or pH 7.4 PBS was added. pH 4.5 was
selected to show the drug release of RB at an acidic environment,
because some parts of the human body like the stomach and intestine
are acidic, which makes the investigation at this pH reasonable. The
transmittance measurements at 554 nm were performed on each
sample for 20 h. All experiments were repeated at least three times.

2.4. Characterizations

FTIR experiments were performed on a Nicolet 6700 (THERMO)
spectrometer to observe the transmittance of CB, CNT and GO before
and after loading with RB. The UV–vis was carried out on a Lambda
Bio 20 spectrometer (Perkin Elmer). The absorbance of 100 μl of the
original solution or the liquid residues from the centrifuge process
in 3.0 ml double distilled water was measured. Also, UV–vis was
used to monitor the real time drug release behaviors of the carbon
nanomaterials as described in Section 2.3.
3. Results and discussion

3.1. Loading capacity

Carbon black (CB), carbon nanotubes (CNTs) and graphene oxide
(GO) are three different carbon nanomaterials with different structures.
CB has an amorphous structure; CNT has a tube structurewith a surface
structure like graphene; GO has a flat structure, which contains \OH
and \COOH groups in the flat area and at the edges. The structure
differences might be the most important factor in the loading of RB.

In our experiment, the loading capacities of carbon black, carbon
nanotube and graphene oxide were characterized by UV–vis. After
the centrifuge separation, both solid samples and liquid residues
were collected. The liquid residues were then measured by UV–vis to
observe the absorbance of RB (Fig. 1). By comparing the absorbance
value of the residues with the original RB solution, we were able to
calculate the loading capacities of these carbon nanomaterials, which
were 0.12, 0.02 and 0.09 mg for GO, CNT and CB respectively. The low
loading capacity of carbon nanotubes is due to the large diameter of
the CNT that we used in this study, which offered only a small surface
area per unit weight, compared to single-walled carbon nanotubes.

Fig. 1 indicates that the loading capacities of these nanomaterials
were different, which may be related to the surface structure of these
carbon nanomaterials. GO, being plane sheets, have two sides to be
loaded with RB through π–π stacking. The \OH and \COOH groups
should increase the binding of GO to RB through hydrogen bonds and
by electrostatic interaction, leading to higher load efficiency. Unlike
GO, CNTs only have a graphene-structured surface but no \OH and
\COOH groups, which is the reason that there is only a hydrophobic
(including π–π stacking) interaction between RB and CNT. For CB,
physical adsorption mainly contributes to the binding of RB to CB
due to the amorphous structure. Since the CNT we used here is a
multiwalled carbon nanotube with an average diameter of 140 nm
(Sigma), the surface area is much smaller than for single-walled
carbon nanotubes with the same weight. Thus, the loading capacity
of RB was found to be much less. But, since we were mainly focusing
on the release behavior of RB, and the loading capacity was not
directly related to the release behavior, the low loading capacity of
CNT here did not influence our conclusions. Fig. 2 shows a schematic



Fig. 2. Schematic drawing of the interaction of RB with CB, CNT and GO.
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drawing of the possible interaction of RB with GO, CNT and CB. The
CB we used in our experiments has a uniform amorphous structure,
and the CNT and GO have uniform surface structures. These uniform
structures lead to equal chances for RB to bind to any place of these
nanomaterials, resulting in an evenly distributed RB on thesematerials.
However, to define the distribution in detail, more experimental
investigation is needed.

Apart from the liquid residues, the sediments from the centrifuge
separation, and the carbon nanomaterial–RB hybrids, were also
characterized, using FTIR methods. Fig. 3 shows the FTIR of the CB,
CNT and GO before and after loading with RB. The bands at 1586,
1331 and 1174 cm−1, correspond to the C\N and N\H bonds, the
amide III, and the C\O bond of RB respectively [27]. The carbon
nanomaterials were rinsed after loading, which means that these
bands are from RB, indicating the successful loading of RB on these
carbon materials.

3.2. Real time drug release

The release behavior of the drug from drug loaded nanomaterials
is commonly pH-dependent, especially when the interaction forces of
the drug and the nanomaterials are based on hydrogen bonds. For
example, the strength of hydrogen bonds between \OH and \COOH
groups is strongly pH value related [22]. We investigated the release
behavior of RB from carbon nanomaterials at pH 4.5 and pH 7.4. To
describe the drug release mechanism the followingmodel is commonly
used [28,29]:

Mt
M∞

¼ ktn; ð1Þ

where Mt and M∞ are the cumulative amount of the drug released at
time t and at infinite time, respectively, k is a constant incorporating
structural and geometric characteristics of the drug system, and n is the
diffusional exponent which is indicative of the transport mechanism of
drug release. The three carbon materials have different and unknown
surface areaswhich are included in the constant k [30] but the exponent
n is independent of this area, andwe can thus get information about the
material dependent release rate by the value of n, byfitting the real time
drug release curves with Eq. (1).

Carbon black is an amorphous carbon nanomaterial. The amorphous
structure inhibits interactions with RB through π–π stacking or through
hydrogen bonds, due to the lack of functional groups that can form
hydrogen bonds.

The real time release result of RB from CB–RB is shown in Fig. 4. By
plotting the real time release curves, the values of n were calculated
as 0.32 at pH 4.5 and 0.39 at pH 7.4, indicating that a Fickian diffusion
of RB from carbon black applies at both pH conditions. Fickian diffusion
has usually an n value close to 0.5, however when the particle sizes are
not uniform or the particles aggregate, the n value will be smaller than
for monodispersed particles [29]. In our case, the CB particles were
aggregated but notmonodispersed, and the sizes of the aggregateswere
not uniform, causing the small n values of 0.32 and 0.39. Moreover, the
release speed of RB at pH 4.5was found to be higher than at pH 7.4. This
might contribute to the increased solubility of RB at pH 4.5 [19,31],
which causes a faster release speed of RB from CB.

Unlike the release from CB–RB hybrids, the release behavior of RB
from CNT–RB showed different diffusion mechanisms at different pH
values. Fig. 5 shows the real time data of the release processes at pH
4.5 and pH 7.4. At pH 7.4, the Fickian diffusion was found to be the
main diffusion process, while the process changed to an anomalous
transport at pH 4.5. It should be pointed out that the fit of real time
release of RB at pH 4.5 (Fig. 5) was only done for the first 3 h, similar
to the report by Guo et al. [32]. After this time the system was
saturated and reached the maximum value and to make a proper fit it
should be excluded, but the data was recorded even after saturation
(and shown in Fig. 5) to keep the same monitoring time range as in
the other experiments. A similar fit for the release of RB on GO at pH
7.4 was done for the data shown in Fig. 6. As mentioned above, RB
was physically adsorbed on CB and thus the pH value only influences
the solubility of RB. But in the case of CNT, the situation was different,
since the RB could interact with CNT through hydrophobic interactions
(includingπ–π stacking) [33]. These interactionsmay also be influenced
by the pH value. A low pH value of 4.5 may increase the hydrophilicity
and solubility of RB [19], causing the anomalous diffusion behavior. On
the other hand, no such influence was observed at pH 7.4.

Compared to CNT, GO offers more chances to interact with RB
apart from the hydrophobic force (including π–π stacking), because
GO contains \OH and \COOH groups that can form hydrogen bonds
with RB. Moreover, the \COOH group shows changes at different pH
values, which generates an electrostatic interaction between GO and
RB, influencing the loading and releasing of RB from GO. All these
bonds and interactions should cause a higher loading capacity of GO
than CNT, as described above. Also, these interactions and bonds
might influence the release behavior of RB, which has been previously

image of Fig.�2


Fig. 4. Real timemonitoring of the release of RB fromCB at pH4.5 and pH7.4. The red lines
show the plotting results using Eq. (1).

Fig. 5. Real time monitoring of the release of RB from CNT at pH 4.5 and pH 7.4. The thin
red lines are plots of Eq. (1).

Fig. 3. FTIR of CB, CNT and GO before and after loading with RB.
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discussed in other contexts [26,22]. Due to these factors, the release
behavior of RB from GO at different pH should be different from that
of CB and CNT. In Fig. 6 a high-speed diffusion process is shown at pH
7.4, indicating a case II transport process. At pH 4.5, the hydrogen
bonds are stronger than at pH 7.4 and also the hydrophobic force is
stronger [34], which should reduce the diffusion speed of RB from GO.
An anomalous diffusion process was found at pH 4.5.

Table 1 lists the experimental results of the three carbon
nanomaterials. The same diffusion process was found for CB at both
pH 4.5 and pH 7.4, while different processes were found for CNT and
GO. For CB, no additional interaction besides physical adsorption,
which was not influenced by the pH value, was found. The difference
in release speed between the pH values is merely due to the solubility
difference of RB in these two pH environments [31]. In the case of
CNT, hydrophobic interactions (including π–π staking) should be the
main loading mechanism of RB. At pH 4.5, the higher degree of
hydrophilicity and higher solubility of RB should then explain the
higher release speed compared with the case at pH 7.4 [19]. The
higher release speed found at pH 4.5 in the case of CB and CNT, and
lower for GO, is likely to be an effect of hydrophobic forces, hydrogen
bonds and possibly by electrostatic interaction [26], resulting in a case
II (relaxation controlled) transport release behavior [29].

To find whether the surface groups influenced the release behavior
of RB, additional experiments should be done; for example regarding
the drug release differences between graphene and graphene oxide.
Fig. 6. Real time monitoring of the release of RB from GO at pH 4.5 and pH 7.4. The red
lines are plots of Eq. (1) for n=0.63 (pH 4.5) and n=1 (pH 7.4).
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Table 1
Plotted n value of the release of RB from carbon nanomaterials at pH 7.4 and pH 4.5.

n value at pH 7.4 n value at pH 4.5 Drug release mode

CB–RB 0.39 0.32 Fickian diffusion
CNT–RB 0.42 0.64 Fickian diffusion at pH 7.4,

anomalous transport at pH 4.5
f-CNT–RB 0.5 0.64 Anomalous transport
GO–RB 1 0.63 Case II transport at pH7.4,

anomalous transport at pH 4.5
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But, since it is not easy to get a bulk amount of graphene with a perfect
surface structure (graphene reduced from GO has defects on the
surface), we choose CNT instead. A comparison experiment was made
between CNT and f-CNT, where the f-CNTwas acid treated CNT (H2SO4:
HNO3, 3:1) that generates \OH and \COOH groups on carbon
nanotubes. The comparison showed that the loading capacity of f-
CNT was 3.5 times higher than that of CNT (Fig. 7A), indicating the
assistance of hydrogen bonds to the loading of RB to f-CNT and GO
surfaces. Also, the release behavior of RB from f-CNT was not the
same as from CNT.

Fig. 7B shows the real time monitoring of the drug release of f-
CNT–RB at pH 4.5 and pH 7.4. Fitting Eq. (1) to the experimental data
indicated that the n value was still 0.64 at pH 4.5, which pointed
toward an anomalous diffusion. However, the release behavior of RB
at pH 7.4 was different from CNT–RB, and the n value was 0.5. The n
value at pH 7.4 indicated an anomalous diffusion of RB from f-CNT–
RB, while it was a Fickian diffusion for CNT–RB (Table 1).
Fig. 7. (A) UV–vis of original RB, and RB residue after removal of loaded CNT and f-CNT
from the RB solution. (B) Real time drug release of f-CNT–RB for 20 h. Red lines in (B) are
from the model described by Eq. (1).
In this study, the difference between f-CNT and CNT was the \OH
and \COOH groups that were generated by acid treatment. Regarding
binding, f-CNT offered hydrogen bonds that were not offered by CNT,
which increased the loading capacity as described above. If we compare
the drug release of CNT–RBwith f-CNT–RB at pH 7.4, the diffusionmode
changed from a Fickian diffusion to an anomalous diffusion, which
could be contributed by the hydrogen bonds as discussed in the GO–RB
release [26]. This result suggests that the drug release behavior can be
controlled by changing the surface groups of carbon nanomaterials. This
may be used to control the drug delivery mode and its speed in
experimental and real applications.

4. Conclusions

In summary, we investigated load and real time release of RB on
three carbon nanomaterials: carbon black (CB), carbon nanotubes
(CNTs) and graphene oxide (GO). GO was found to have the highest
loading capacity, while CNT had the lowest, which was due to the
smaller surface area and lack of functional groups. The release behavior
of RB turned out to be pH dependent. The pH value influenced the
interaction affinities between RB and these carbonmaterials, where the
affinities depended on the surface chemistry. The results indicated that
the Fickian diffusion was the main process for the release of RB from
CB–RB at the studied pH values, while the release modes were different
for RB from CNT–RB and GO–RB at different pH values. Anomalous
diffusion was found at pH 4.5 for both CNT–RB and GO–RB, while it was
a Fickian transport for CNT–RB and a Case II transport for GO–RB at pH
7.4. The different behaviors of GO–RB may be influenced by the
hydrogen bonds between GO and RB at different pH values. Since it is
not easy to get a bulk amount of graphene with a perfect surface, we
used f-CNT instead, to confirm the influence of hydrogen bonds,
suggesting controllable drug release by changing the surface structure
of carbon nanomaterials.
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