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S
ince the discovery of carbon nanoma-
terials in the 1960s, billions of dollars
have been invested into the develop-

ment of these nanomaterials for different
applications, ranging from optics to struc-
tural components.1,2 For example, the un-
surpassed properties of carbon nanotubes
(CNTs), including their high mechanical
strength, high electrical and thermal con-
ductivity, high surface area-to-volume ratio,
and light weight, have made these nano-
materials especially useful in certain biome-
dical applications.3�5 The idea of using
CNTs as a biomaterial and as a drug carrier
has been pursued extensively throughout
the past decade. CNTs are ideal for drug
delivery because of their high mechanical
stability, which allow them to deliver drugs
in vivo and for a prolonged period. These
nanostructured materials also have the ver-
satility to load drugs into the nanotubes as a
payload or attached to the surface, as has
been previously attempted.6�9

However, several properties of CNTs may
hinder their use for drug delivery. The van
der Waals forces between the surfaces of
the CNTs cause aggregation and bundling
of the tubes, which prevents homogeneous
dispersion. These undesired clumping char-
acteristics of CNTs can induce severe organ
disorders, immune responses, and other com-
plications during in vivo drug delivery.10�14

Numerous studies have shown high organ
retention and inflammatory effects of CNTs,
causing chronic lung inflammation, general
granulomatous inflammation, platelet aggrega-
tion, and induced or accelerated vascular
thrombosis.15�20 These results indicate thehigh
thrombogenicity of carbon-based nanotubes,
which include both single-walled (SWCNTs)

and multiwalled CNTs (MWCNTs). Thus, poten-
tial risks are involved when carbon-based na-
noparticles are used as a biomaterial for in vivo
drug delivery purposes.4�6,10�12,21,22 Despite
these challenges, CNTs have been modified
for higher blood contact compatibility.23,24

As such, many studies have shown the possi-
bility of using CNTs and graphene-based
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ABSTRACT

The unsurpassed properties in electrical conductivity, thermal conductivity, strength, and surface area-

to-volume ratio allow for many potential applications of carbon nanomaterials in various fields.

Recently, studies have characterized the potential of using carbon nanotubes (CNTs) as a biomaterial

for biomedical applications and as a drug carrier via intravenous injection. However,most studies show

that unmodified CNTs possess a high degree of toxicity and cause inflammation, mechanical

obstruction from high organ retention, and other biocompatibility issues following in vivo delivery. In

contrast, carbon nanocapsules (CNCs) have a lower aspect ratio comparedwith CNTs and have a higher

dispersion rate. To investigate the possibility of using CNCs as an alternative to CNTs for drug delivery,

heparin-conjugated CNCs (CNC-H) were studied in a mouse model of acute hindlimb thromboembo-

lism. Our results showed that CNC-H not only displayed superior antithrombotic activity in vitro and

in vivo but they also had the ability to extend the thrombus formation time far longer than an

injection of heparin or CNCs alone. Therefore, the present study showed for the first time that

functionalized CNCs can act as nanocarriers to deliver thrombolytic therapeutics.

KEYWORDS: anticoagulant . drug delivery . heparin . nanoparticle .
surface analysis . thrombogenicity
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nanoparticles for drug delivery. Nanoparticles have been
visioned as a means to anticoagulant drug delivery for
decades.25 Biomaterials and CNTs have been fabricated
andmodified to reducecoagulation fordrugdelivery.23,26

Heparin, a biological molecule widely used as an anti-
coagulant, also has been integrated onto CNTs for redu-
cing thrombogenesis.27

In addition to the coagulating factor of CNTs, reports
have also been published that link the exposure to
CNTs with an increased expression of P-selectin and
E-selectin, which are key players in the recruitment of
leukocytes and their adhesion to thewound site during
inflammation.28,29 Thus, the immunogenic effects of
CNTs present somedegreeof toxicity andmay cause side
effects in patients if the nanomaterials are used as
intravenous drug delivery agents. In recent years, there
has been an effort to reduce the toxicity of these carbon-
based nanoparticles by surface functionalization.24 Com-
mon tactics have been to employ surface modifications
using different polymers to decrease the hydrophobicity
of CNTs, thereby augmenting the solubility of the nano-
materials. However, a lack of concrete findings surround-
ing nanotoxicity and the biocompatibility of CNTs has
prevented conclusive agreement on the safety of CNTs
for medical use. Thus, comprehensive investigation of
in vivo toxicity of carbon-based nanomaterials remains to
be conducted.10�12

In contrast, fullerenes and carbon nanocapsules
(CNCs) are very similar carbon-based nanomaterials
with several advantages. CNCs are similar to CNTs in
that they can be produced by arc discharge and can
have shells surrounding a hollow cavity. The overall
dimension of CNCs can be kept below 100 nm.30

Previously, CNCs have been applied in electromagnetic
shielding and have found success over CNTs due to a
better dispersity in solution and composite matrix.30,31

Additionally, CNCs have also been utilized in photo-
voltaic and photocatalytic applications by TiO2 surface
immobilization.32,33

Recently, CNCs and nanographene have been mod-
ified and tested for drug delivery applications.34�36

Nanographene has also been shown to provide tar-
geted delivery to tumor sites for imaging purposes.37,38

PEGylated nanographene also has been achieved to
reduce off-target accumulation; nanographene sheets
have also been studied for drug delivery and have
been touted as an alternative to CNTs.39,40 In particular,
nanographene sheets have high surface area for sur-
face modification and drug conjugation and can be
controlled in both dimensions, making it suitable for
drug delivery if controlled to nanoparticle dimensions
such as CNCs and C60.
These carbon nanomaterials can act as effective

drug release agents, as they have been shown to entail
less cytotoxicity and thrombogenicity,41�43 with an
advantage of higher surface area-to-volume ratio. Pre-
vious studies have identified specific determinants of

thrombogenicity by CNTs and have been able to
reduce procoagulant tendencies.23,24,28,43 In contrast,
C60 fullerene nanoparticles have been observed to not
induce or accelerate platelet aggregation when in-
jected intravenously into rats with simultaneous sti-
mulated vascular thrombosis.28 A number of studies
have also concluded that C60 has antioxidant effects
that inhibit hypersensitivity to allergens in mice.42,44 In
fact, a previous study discovered that repeated deliv-
ery of C60 fullerene has actually prolonged the lifespan
of rats by almost double.45 Although further studies are
required to fully understand themechanisms involved,
the study does illustrate that C60 fullerene does not
cause any chronic toxicity.
Furthermore, the dispersive rates of these spherical

nanoparticles are significantly higher than that of
CNTs.29 Similar to C60, the geometric structure of CNCs
ismore favorable for drug delivery purposes compared
to CNTs. As mentioned previously, CNTs in the raw
form aggregate extensively. Postsynthesis cutting of
the CNTs must be performed to reduce the overall
length of each tube and to reduce the aspect ratio. CNC
production does not require this additional step, which
results in higher production purity and more even size
distributions.46�48 Although well-studied for its elec-
trical and mechanical properties, CNCs have not been
well-established as a biomaterial.49�51 Recently, we
have shown that unmodified CNCs, compared to un-
modified CNTs and C60, are highly biocompatible when
injected intravenously.52

In this study, CNCswere investigated for their potential
to act as drug carriers in a mouse model of hindlimb
thrombosis. Heparin was chosen for its ability to function
as an anticoagulant. We hypothesized that heparin-
conjugated CNCs (CNC-H) would increase the local drug
concentration, thus enhancing anticoagulant effects
while also increasing the half-life of heparin.

RESULTS

Preparation of Heparin-Conjugated Carbon Nanocapsules.
Polyhedral hollow CNCs were first fabricated by pulse
laser arc discharge. CNCs were then functionalized by
sulfuric acid andnitric acid at a ratioof 3:2. This allowedan
increase in the dispersion of the capsules and a reduced
aggregation in vivo. After centrifugationandwashing, the
CNCs functionalized with carboxyl functional groups
were conjugatedwithheparin via1-ethyl-3-(3-dimethyla-
minopropyl)carbodiimide (EDC) preactivation (Figure1A).
TEM imaging showed CNCs with an aspect ratio
of approximately 1.5 and dimensions of 20�50 nm
(Figure 1B). The micrographs of CNC-H also revealed a
ring around the CNCs, which is indicative of a layer of
heparin encapsulated around the surface of CNCs.

Characterization of Heparin-Conjugated Carbon Nanocap-
sules. To characterize the CNC-H, samples were lyophilized
and analyzed using X-ray photoelectron spectroscopy
(XPS). Broad peaks were revealed by the S 2p spectrum
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for both the heparin powder and the CNC-H samples. No
peaks were observed for CNC samples in the same S 2p
spectrum (Figure 2A). Then, thermogravimetric analysis
(TGA) was performed to confirm heparin conjugation by
measuring theweight loss of the samplesbetween200and
650 �C (Figure 2B). Pure heparin and pure CNCweight loss
were firstplottedagainst temperature to serveasabaseline.
The heparin-only sample burned between 250 and 650 �C,
whereas the CNC powder remained at a temperature
beyond 650 �C. The CNC-H powder was then analyzed by
plotting theweight versus the temperature beyond 650 �C.
Anything that burned between 250 and 650 �C was
considered to be heparin weight loss. The TGA assay
revealed that 37( 1.8 wt % of the sample was heparin.

Next, an energy-dispersive X-ray spectroscopy (EDS)
analysis of the elements was used to determine the pre-
sence of heparin on the surface of heparin-conjugated
CNCs by sulfur detection (Figure 3). By performing a
reverse calculation using the proportion of sulfur to
heparin molecular weight, EDS detected a conjugation
efficiency of 30.82 ( 0.06% onto CNCs.

Heparin Activity and Release Profile. In addition to ele-
mental andweight loss analyses, the binding efficiency
of heparin onto the functionalized CNCs was deter-
mined using the tolonium chloride method.53 Tolo-
nium chloride reacts with heparin and is used as a
colorimetric assay for heparin activity. The superna-
tants of the CNC-H solutions were extracted andmixed

Figure 1. Successful conjugation of heparin onto functionalized carbon nanocapsules. (A) Schematic diagram of heparin
conjugation onto functionalized nanocapsules (CNCs) via the formation of an amide bond. (B) Transmission electron
micrographs of heparin encapsulation around the CNCs.
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with tolonium chloride and were allowed to react.
The samples were detected at 631 nm. A colorimetric
assay revealed that the supernatant of the CNC-H
solution contained 66.6 ( 2.5% heparin, suggesting
that 33.41 ( 2.5% of the heparin was conjugated
onto the CNCs (Figure 4A). Additionally, the heparin-
conjugated CNCs were left incubated in PBS at 37 �C,
and the activitywasmeasured again after 24 h. Heparin
activity decreased by roughly 20%, leaving covalently
bound heparin on CNC-H at 80% of what was originally
detected after conjugation preparation (Figure 4B).

To determine how stable heparin is conjugated onto
the CNC-H, samples were incubated in PBS at 37 �C for
different time intervals. The samples were then centri-
fuged, and the supernatants were collected for heparin
quantification using a toloniumchloride dye assay similar
to that described above.Most of the heparin, assumed to
be tangledwithin eachother but not covalently bound to
the CNC, was released within 12 h (Figure 4C).

Activated Partial Thromboplastin Time. To determine
whether heparin retained its functional activity when
conjugated onto the CNCs, an aPTT assay was used to
determine the anticoagulant effect of the CNC-H.54,55

In vitro aPTT tests revealed that the CNCs conjugated
with heparin effectively prolonged the time until in
vitro clot formation of blood (Figure 5A). The CNC-H
successfully induced the return of aPTT to its normal
value, whereas the CNC-only treatment reduced aPTT
to less than half of the normal value. Furthermore,
ex vivo aPTT tests revealed similar results demonstrat-
ing the in vivo functional ability of the CNC-H treatment
(Figure 5B). CNC-H treatment returned the aPTT value to
its normal level, whereas the aPTT of the CNC-treated
group reduced it to less than half of the normal time.
However, the ex vivo study showed that simple heparin
and the CNC-mixed treatment (CHC/H) increased aPTT
significantly beyond the normal physiologic value. To
further eliminate any thrombogenic concerns of CNC, we
also investigated CNC's ability to activate platelets. Both
in vitro and ex vivo studies showed negative results to
CNC activating platelets, compared to adenosine dipho-
sphate (ADP) controls (Supplementary Figure 1).

In Vivo Functional Assessment in a Mouse Thromboembolism
Model. To investigate the functional activity of the
heparin-conjugated carbon nanocapsules, CNC-H

Figure 2. Characterization of heparin-conjugated carbon
nanocapsules. (A) X-ray spectroscopy of the S 2p spectrum
of heparin, heparin-conjugated carbon nanocapsules
(CNC-H), and carbon nanocapsules (CNC). The peak at S 2p
reveals the presence of heparin. (B) Thermogravimetric
analysis (TGA) of CNC and CNC-H samples. The graph shows
37% mass loss of heparin from CNC-H samples.

Figure 3. Quantification of heparin conjugation onto func-
tionalized carbon nanocapsules. Energy-dispersive X-ray
spectroscopy (EDS) revealed 31% conjugation of heparin
onto CNC. Shown are scanning electron micrographs (left
panel) and EDS spectra (right panel) of CNC and the CNC-H.

Figure 4. Loading capacity and release profile of heparin-
conjugated carbon nanocapsules. The CNC-H heparin con-
jugation capacity and release profile determined using a
tolonium chloride dye reaction. (A) Supernatants from the
CNC-H samples were evaluated using a tolonium chloride
dye reaction, and heparin conjugation was calculated via
extrapolation. (B) Heparin activity before and after 24 h
incubation in PBS at 37 �C. (C) Release profile of unbound
heparin from CNC-H that were incubated in PBS at 37 �C for
up to 7 days.
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treatment was intravenously injected into mice after
thromboembolism was induced with FeCl3.

56,57 Blood
flow monitoring showed that the CNC-H successfully
prevented blood flow from falling beneath the cutoff
values for the duration of the experiment (Figure 6).
Cutoff values were established as the blood flow of the
normal saline/FeCl3 (NS/FeCl3)-treated group after
40 min. The CNC mixed with heparin group (CNCþH)
also prolonged blood flow decrease but not as well as
the CNC-H group. Similarly, heparin-only injections
also provided a resistance to a decrease in blood flow
up to 10min after FeCl3 treatment. However, the blood
flow abruptly fell below the cutoff value after an
additional 5 min. In contrast, the CNC-only treatment
decreased the blood flow below 50% in just 10 min
after FeCl3 treatment, not significantly different than
normal saline injection. Photographs of the diseased
limb after 40 min of treatment were taken, which
clearly showed oxygen deprivation in the negative
treatment control with normal saline for the FeCl3-
treated limb.

DISCUSSION

Previous studies using carbon nanomaterials for
intravenous drug delivery have had mixed results.
Although several groups have shown promising results
in various applications, the general consensus on using
CNTs for intravenous drug delivery is still relatively
reserved.10�12 Blood contacting applications and sys-
temic delivery of CNTs introduce many issues, such as
thrombogenicity, intravenous aggregation, organ re-
tention, and clearance rates, among others.21,22,28,29,43

As a solution to the procoagulant activities, CNTs
have been surface modified as a mean to diminish
the thrombotic effect in vivo.23 System injections of
these covalently functionalized MWCNTs are shown to
be more biocompatible for drug delivery than pristine
MWCNTs. Alternatively, nanographene has also been
developed for drug delivery and in vivo applications.
With high surface area-to-volume ratio and versatility
for surface conjugation, nanographene holds similar
potential in medicinal applications as CNTs and has
seen success in recent studies. However, applying CNTs
and nanographene to in vivo drug use is still relatively
new. Nanoparticle toxicity, particularly carbon-based
nanoparticles, is still on its way to being understood at
both systemic and tissue levels. These details must be
investigated thoroughly to fully characterize the bio-
compatibility and toxicity of carbon nanomaterials
that are used as drug delivery agents for intravenous
delivery.
In the present study, alternative carbon-based nano-

particles similar in feature size to nanographene,
CNCs, were investigated as potential drug delivery
agents. CNCs retain most of the properties of CNTs,
including high electroconductivity, thermal conductiv-
ity, and strength.46 Furthermore, functionalized CNCs
offer high dispersion rates of up to 40 mg/mL with
much lower aspect ratios than most available CNTs.
Because the high aspect ratio and aggregating prop-
erty of unmodified CNTs are the major obstacles to
using CNTs for intravenous drug delivery, CNCs offer a
suitable advantage in this respect.

Figure 6. Treatment of heparin-conjugated carbon nano-
capsules prevents thrombus formation in amousemodel of
acute hindlimb thromboembolism. Mouse hindlimb throm-
boembolism was induced by ferric chloride. Laser Doppler
blood flow measurement of the mice treated with heparin
(heparin/FeCl3) or CNCs (CNC/FeCl3) showed significant
blood flow decrease, while CNC mixed with heparin
(CNCþH) showed gradual decrease of blood flow. In con-
trast, those treated with CNC-H (CNC-H/FeCl3) showed
modest decrease in blood flow compared to untreated
normal saline group (NS/FeCl3). The NS/NS group repre-
sents normal saline injection into sham mice, and the NS/
FeCl3 group represents the thrombosis control treated with
ferric chloride. CNC-H-treated group were significantly dif-
ferent than all other groups except CNCþH at the 20, 30,
and 40 min time points at p < 0.01. CNC-H was significantly
different than CNCþH at the 30 and 40 min time points at
p < 0.05. Also shown are representative photographs of
mice hindlimbs 40 min after induced hindlimb thrombosis
and treatment.

Figure 5. Treatment of heparin-conjugated carbon nano-
capsules returns activated thromboplastin times to normal.
(A) In vitro analysis of the activated thromboplastin time
(aPTT) of untreated (normal), CNC-H-treated (CNC-H), CNC
and heparin mixed-solution-treated (CNCþH), and CNC-
treated (CNC) serum. (B) Ex vivo analysis of aPTT of the
serum from untreated (normal), CNC-H-injected (CNC-H),
CNCþH, and CNC-injected (CNC) mice. *P < 0.05, **P < 0.01,
***P < 0.001 compared with all other groups; ns = not
significant.
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To explore the possibility of using CNCs for drug
delivery, heparin was conjugated onto functionalized
CNCs for intravenous drug delivery in a mouse model
of hindlimb thromboembolism. TEM revealed that
heparin fully encapsulated the entire carbon nanopar-
ticle. Broad peaks in the XPS S 2p spectrum were
exclusively measured in the heparin and CNC-H sam-
ples, which showed the presence of sulfur in these two
samples but not in the CNC-only samples. To further
confirm successful heparin conjugation and to quanti-
fy the conjugation, TGA and EDS were used to analyze
the CNC-H samples. Consistently, TGA revealed 37 (
0.9 wt % of heparin conjugated onto the CNCs. EDS
analysis showed the presence of sulfur in the CNC-H
samples. Using the sulfur peak area, the amount of
heparin weight was reverse calculated, and a 30.8 (
0.1wt%was determined. Therefore, both TGA and EDS
detected at least a 30% presence of heparin on the
CNC-H samples.
Although the previous assays do definitively demon-

strate the presence of heparin on the CNCs after EDC
conjugation, the functional activity of the conjugated
heparin does not necessarily remain active. To test
whether the conjugated heparin retained its biological
function, toluidine blue dye was used to assess the
heparin activity. A simple colorimetric assay revealed
the activity of the heparin in the CNC-H samples and
determined a conjugation of 33.4( 2.5%. The aPTT test
further confirmed the functional activity of the heparin
thatwas conjugated onto the CNCs. It is worth noting the
significant increase in heparin activity above normal
levels for the group treated with CNCþH. This elevation
in aPTT correlates with known potential risks of using
heparin infusion, including the risk of hemorrhage, which
prevents large dose injections of heparin. Further platelet
activation studies revealed that CNCs do not have any
concerns of activating platelets, showing that CNCs are
suitable for in vivo drug delivery.
Drugs injected intravenously in a bolus have a fast

release effect and short half-life, especially heparin.
Thus, heparin is usually continuously infused intrave-
nously. The release profile of CNC-H demonstrated a
small burst release of noncovalently bound heparin
activity. The remaining covalently bound heparin re-
mains conjugated to CNC. However, due to the large
surface area-to-volume ratio of the CNC, a higher
concentration of heparin is delivered to the thrombus
site compared to intravenously injected heparin.
Heparin is an anticoagulant that acts on the extrinsic

tissue factor pathway of the coagulation cascade by
binding antithrombin or acting as a tissue factor path-
way inhibitor.58�61 Mice treated with FeCl3 patches
have been shown to develop acute ischemic disease in
several models.56,57,62 FeCl3 was previously shown to
transmigrate through blood vessel walls and to injure
endothelial cells by iron exposure.63,64 As such, de-
nuded blood vessels trigger platelet activation and

coagulation and eventually lead to clot formation
through the extrinsic pathway because of the exposure
of the tissue factor.65 Therefore, this model is particu-
larly suitable for determining the functional activity of
the heparin that was conjugated onto the CNCs.
Laser Doppler blood flow measurements clearly

demonstrated the ability of CNC-H to increase the time
to thrombus formation and to maintain blood flow for
an extended period of time compared with heparin-
only injections. Heparin also extended the time to
thrombin formation, but at a very limited capacity.
When only heparin was injected intravenously, the
concentration of heparin significantly decreased im-
mediately upon entering the bloodstream because of
the large volume of blood in the circulatory system and
the high surface area of all of the tissues and organs. As
nanoparticles with a high surface area-to-volume ratio,
CNCs effectively concentrate heparin at the surfaces
and reduce the dilution of heparin, which permits
longer drug activity within the body. The covalent
bond between heparin and the carboxyl group effec-
tively prevents release of the heparin, and it is possible
that this extended the clearance rate of heparin con-
jugated onto the CNCs. More studies involving the
in vivo-conjugated heparin activity will be required to
further elucidate the pharmacokinetics of this drug
delivery system.
Initial concerns regarding foreign body reactions

and thrombus formation after contact with CNC parti-
cles do not remain an issue.21,22 To our surprise, the
blood flow pattern of the CNC-only treatment and the
normal saline injection did not significantly differ in our
mouse hindlimb disease model, contradictory to aPTT
results. Potentially, the high blood flow, volume, and
circulation eliminated any thrombogenic effects
in vivo. This indicated that the CNCs did not aggravate
additional thrombus formation or any coagulation
during the treatment.
The clinical use of heparin for the treatment of

thromboembolisms, such as deep vein thrombosis
and pulmonary embolism, or for preventing thrombo-
sis after surgery requires a continuous infusion of
heparin at high doses.66 Therefore, it is essential to
minimize the innate thrombogenicity of the drugs
used while providing a concentrated and targeted
drug to the diseased tissue. Future design of this drug
delivery system could include targeting molecules to
bind to factors elevated by the disease. For example,
vWF antibodies could be attached by the biotin�
streptavidin conjugation method if the drug is to be
delivered after balloon angioplastic surgery where the
vessel wall may have been damaged, revealing vWF.
Successful utilization of drug delivery systems could

potentially increase the efficacy of drugs, as demon-
strated by our system. Accordingly, a smaller amount
of drug and a lower frequency of drug administration
are achievable, which will provide more convenience
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to both patients and health providers. The versatility of
functionalized CNCs also enables this drug delivery
system to be conjugated with other drugs. Addition-
ally, it is possible to encapsulate a metal inside the
CNCs that can be used as a contrast agent to track the
nanocapsules, such that the surface is left available for
drug loading.67 Thus, the versatility of CNCs easily
transforms nanoparticles into both contrast agents
and drug delivery systems that are suitable for intra-
venous injection.

CONCLUSION

The present study demonstrated the use of CNCs as
a heparin drug carrier for the treatment of thrombosis
via intravenous delivery. Heparin is routinely used for
the treatment of deep vein thrombosis and other
venous thrombosis diseases. Heparin dosing schemes
usually last for weeks to months, and heparin is gen-
erally infused intravenously throughout the day. Thus,

a controlled drug delivery system is desirable to de-
crease the initial loading dose and to extend the drug
release. Our CNC-H drug carrier conjugated with 30%
heparin not only successfully delivered functional he-
parin in vivo but also promoted extended functional
anticoagulation effects in a hindlimb thrombosis mod-
el. The working time of the heparin was more than
doubled when conjugated onto the CNCs. Taken to-
gether, we have developed a controlled drug release
system using functionalized CNCs that contribute to
extended anticoagulation effects of which were de-
monstrated in our mouse hindlimb acute thrombosis
model. Not only can the drug be altered for the
treatment of other diseases but the CNCs can also be
encapsulated with metals to act as contrast agents.
These results provide insight into a novel drug delivery
system that provides an alternative to CNTs and that
can potentially have applications in a wide range of
intravenously delivered drug therapies.

MATERIALS AND METHODS
Multiwalled Carbon Nanocapsule Formulation. CNCs were pre-

pared as described previously.47,48 Briefly, an inert gas, helium,
argon, or nitrogen, was introduced into an arc chamber contain-
ing a graphitic cathode and anode. Then, a sufficient voltage
(10�30 V) was provided to induce a carbon arc reaction
between the cathode and anode. The flowing rate of the inert
gas was controlled at approximately 60�90 cm3/min, and the
chamber pressure was 1�2 atm. A pulse current was used
(50�70 Hz; 50�500 A), and the deposit on the cathode was
collected and passed through a 0.22 μm filter.

Carboxyl Group and Heparin Modification. CNC was dissolved in
sulfuric acid/nitric acid (3:2). The solutionwas stirred at 140 �C and
refluxed for 2 h. The carboxyl CNC (CNC-COOH) was then washed
with PBS by centrifugation at 18 625g until the pH reached 7. The
concentration of the carboxyl groups was identified by titration
with NaOH at 13 μmol/g CNC. Subsequently, CNC-COOH
(0.1 mg/mL) was activated by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, 1mg/mL, Sigma) for 2 h at room temperature.
Sodium heparin (2 IU/mL, Sigma) was added to the previous
solution and stirred at 4 �C overnight. The heparin-conjugated
CNCs (CNC-H) were lyophilized for characterization.

Transmission Electron Microscopy. The CNC and CNC-H samples
were imagedusing transmission electronmicroscopy (TEM,H-7500,
Hitachi, Japan) after 10 min of negative staining with phospho-
tungstic acid (10% w/v; Sigma) and lyophilization overnight.

Thermogravimetric Analysis (TGA). Chambers were purged with
nitrogen prior to analysis. Each sample of lyophilized CNC,
heparin, or CNC-H was burned in a nitrogen atmosphere of up
to 700 �C using a thermogravimetric analyzer (2050, TA
Instruments). The sample weight difference between the CNC-
H sample and the pure CNC sample in the range of 250 and 700
�C was calculated as heparin. A total of four independent
batches of CNC-H were prepared for TGA analysis.

Energy-Dispersive X-ray Spectroscopy (EDS). Lyophilized CNC and
CNC-H samples were spread on copper conductive tape (Ted
Pella, Inc.) to exclude possible noise from carbon generated by
carbon conductive tape. Next, EDS (Axis Ultra DLD, Kratos) was
used to identify the elements, such as carbon or sulfur. A total of
five independent batches of CNC-H were prepared for EDS
analysis.

Tolonium Chloride Dye Reaction. CNC-H was prepared by wash-
ingwith PBS and centrifuging at 18 625g at 4 �C three times. The
supernatants were collected separately. Supernatants and
0.005% tolonium chloride dye (Sigma) were mixed together

and shaken at a ratio of 1:4 for 3 min. Next, hexane was mixed
with the previous solution at a ratio of 1:1 for 3 min. Then, the
intensity was detected at 631 nm wavelength.

In Vitro Heparin Release Profile. Fifty micrograms of CNC-H
powder was dissolved in 1 mL of PBS and incubated at 37 �C
for a series of time points, including 0, 1, 2, 3, 4, 8, 12, 24, 48, 72,
120, and 168 h, and was centrifuged at 18 625g and 4 �C. Next,
the supernatants were collected for tolonium chloride dye, as
described above, to determine the cumulative heparin release
activity.

Activated Partial Thromboplastin Time (aPTT). In vitro aPTT assays
were performed by separating serum from collected wild-type
rat blood in citrate and centrifuging at 855g and 4 �C for serum
collection. Rats were used instead of mice to reduce the
numbers of animals used. Treatments (CNC, CNC-H, or heparin),
serum, and aPTT test solution (CEPHEN 5, Aniara) were mixed
together at a ratio of 1:9:10 and incubated at 37 �C for 3 min.
Then, 0.025 μM calcium chloride was added to the samples, and
the time was recorded for clot formation. An ex vivo study was
performed by injecting treatments (2 μg/g w/w) intravenously
into the tail vein of rats. After 10min, whole bloodwas collected
for serum separation, and an aPTT assay was performed by
adding calcium chloride to induce clotting. This assay was
repeated three times for each group.

Thromboembolism Model. FVB mice 8�12 weeks old and
weighing between 20 and 25 g were used for the hindlimb
thromboembolism model. Briefly, the mice were anesthetized
with Zoteil-50 (50 mg/kg, i.p., Vibrac, France), and the femoral
artery and vein of the hindlimb were exposed by piercing
through the membranous femoral sheath. The artery and vein
were then separated from the nerve for exposure to 5% FeCl3
(Sigma) in a double-distilled H2O-saturated patch. After 3min of
exposure to 5% FeCl3, the patch was removed, and the incision
was sutured with 6-0 sutures. Hindlimb blood flow was mea-
sured using laser Doppler flowmetry (O2C flow meter, LEA
Medizintechnik, Giessen, Germany).

Animal Model. All animal protocols were approved by the
Institutional Animal Care and Use Committee of the National
Cheng Kung University. Mice with or without FeCl3-induced
thrombosis were injected with normal saline, CNC, CNC-H, or
heparin. Injected heparin activity (CHC-H or heparin only) was
controlled at 20 U/kg, which was measured using a tolonium
chloride dye assay. Normal saline injections with normal saline
patches served as the sham/negative control, and normal saline
injections with FeCl3 patches served as the positive control.
Injections were given through the tail vein immediately after
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hindlimbs were introduced to patches. Laser Doppler blood
flowmetry was used to measure the blood flow before, during,
and after treatments. All blood flow measurements were nor-
malized to the blood flow before the surgery and the treat-
ments. After at least 40 min of blood flow monitoring,
photographs of the hindlimbs were taken. There were at least
five mice in each group.

Statistical Analysis. All data are presented as the mean (
standard deviation. Statistical analysis was performed using anal-
ysis of variance (ANOVA) with a Bonferroni adjustment. A prob-
ability value of P < 0.05 was considered statistically significant.
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