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Oxidized single-walled carbon nanotubes (o-SWNTs) was modified by covalently and noncovalently linking PEG to the o-SWNTs.
The influence of oxidation time, PEG molecular weight, and type of PEG linkage on the blood clearance time of PEG-modified
single-walled carbon nanotubes (SWNTs) was investigated. The toxicity profile of SWNTs covalently linked to PEG (c-PEG-o-
SWNTs) in rats has also been determined. The pharmacokinetics of c-PEG-o-SWNTs in rats and their distribution in vital organs
were monitored by Raman spectroscopy, and the blood clearance of homogenate isoliquiritigenin (ISL) was determined by HPLC.
Photos of tissue and tissue sections were taken to evaluate the toxicity of c-PEG-o-SWNTs. We found that SWNTs which were
covalently modified with PEG and have a molecular weight of 3500 had the longest blood clearance half-lives. However, SWNTs
were toxic to the kidneys and the hearts. The high renal clearance of long-term fate SWNTs may occur because of impaired kidney
filtration function. Therefore, we assume that while researchers study the long-term fate of SWNTs, the toxicity of SWNTs also
needs to be taken into account.

1. Introduction

The root of Glycyrrhiza uralensis Fischer is widely used as
a harmonizing ingredient in traditional herbal formulations
in oriental medicine; it is used in more formulations than
any other herb. One of the most notable ingredients in Gly-
cyrrhiza uralensis Fischer is isoliquiritigenin (ISL), a simple
chalcone-type flavonoid that has antioxidative effect [1, 2],
antiplatelet aggregation effect [3], anti-ischemia effect [4],
anti-inflammatory property [5, 6], antispasmodic effect [7],
and estrogenic property [8]. In the past seven years, our group
has expanded the study of ISL drug performance [9–11] and
has made progress in ISL tumor pharmacology [12], natural
product chemistry [11], and in vivo analysis [13]. In this study,
we aim to improve the target performance of ISL by delivering
the compound with the help of SWNTs.

SWNTs have been heavily studied because of their unique
physicochemical properties and potential applications [14].
Encouraged by the success of using carbon nanotubes (CNTs)
for in vitro sensing, drug delivery, and imaging, researchers in
this field have moved to in vivo investigations in animals [15].

In vivo biodistribution andpharmacokinetic studies have
been carried out bya number of groups using different
CNT materials. Many of these studies confirmed the poor
biocompatibility of original carbon nanotube formulations
[16]. Purified SWNTs implanted in mice via intratracheal
instillation resulted in epithelioid granulomas and interstitial
inflammation in a 90-day study [17]. Lam et al. found
that undoped multiwalled CNTs (MWCNTs) can induce
severe granulomatous inflammatory responses compared
with nitrogen-doped MWCNTs when administered intratra-
cheally in mice [18]. Original MWCNTs inhaled by mice

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 257391, 8 pages
http://dx.doi.org/10.1155/2014/257391



2 Journal of Nanomaterials

for 6 h were found throughout the lungs and significant
pulmonary toxicity was observed [19].

SWNTs used for drug delivery are usually functionalized
with polyethylene glycol (PEG). PEG provides a desirable
coating for nanotubes and nanoparticles, because it reduces
their immunogenicity and reduces their chance of being
nonspecifically taken up by cells of the reticuloendothelial
system. Consequently, the phagocytosis of nanoparticles is
diminished and their clearance time is prolonged when
modified with PEG [20].

The purpose of our study is to investigate the influence
of SWNTs’ oxidation time, PEG molecular weight, and PEG
linkage type on the clearance time of SWNTs. After the best
long-term fate single-walled carbon nanotubes (LTFS) were
synthesized, the blood clearance time changes between ISL
and ISL loaded with LTFS were investigated. The toxicity
of LTFS in rats was also studied. While there are many
researchers concern about the toxicity of carbon nanotube
as well as its long-term fate, there is little work focusing on
the relationship between the toxicity and the long-term fate
of CNTs.

2. Materials and Methods

2.1. Reagents, Instruments, and Test Animals

2.1.1. Reagents. SWNTs were obtained from Nanjing Jicang
Technology Co., Ltd (purity ⩾ 90%); ISL was purchased
from Tianye Chemical Co., Ltd. (purity ⩾ 98%); N-
Hydroxysuccinimide (NHS) and carbodiimide⋅HCl (EDC ⋅
HCl, purity ⩾ 98.5%) were obtained from GL Biochem
(Shanghai), Ltd.; NH

2
-PEG-NH

2
(MWs of 2000, 3500, and

5000) were purchased from Beijing Kaizheng Biotech Devel-
opment Co., Ltd. Heparin sodium injection was purchased
from Tianjin Biochemical Co., Ltd.; mixed phosphate buffer
solution (PBS) was purchased from Sigma-Aldrich; and nitric
acid, sulfuric acid, ethyl acetate, dimethyl sulfoxide, and
anhydrous ethanol (A.R.) were purchased from Sinopharm
Chemical Reagent Co., Ltd.

2.1.2. Instruments. An STA409PC composite thermal ana-
lyzer and Al

2
O
3
crucible were used in this study (NETZSCH

Scientific Instrument Trading (Shanghai) Co., Ltd.). An H-
600 transmission electronmicroscope (JapanElectronicsCo.,
Ltd.); a Raman spectrometer (Bruker 70), a dialysis bag
(MWCO 7000–14000; Hainan Nanjing Science and Technol-
ogy Development Co., Ltd.), an LC-20A high-performance
liquid chromatograph (Shimadzu); and a chromatographic
column (Symmetry 300,C

18
, 5 𝜇m, Φ 4.6 × 150mm) were

also used.

2.1.3. Test Animals. Six-week-old Wistar rats with body
weight of 200 ± 20 g and production certificate number of
SCXK (Xin)-2003-0001 (Animal Center of Xinjiang Medical
University) were used in this study.

2.2. Preparation of PEGylated Nanotubes. One hundred mg
ofHiPco SWNTs were added to 50mL of a 1 : 1 HNO

3
-H
2
SO
4

solution. The mixture was refluxed for 15min, 30min, or
45min at 140∘C, respectively, and then cooled. The mixture
was diluted with 250mL of deionized water and filtered
through a microporous membrane. The filter film contain-
ing oxidized SWNTs (o-SWNTs) was then washed with
deionized water. The carboxyl groups present on o-SWNTs
surfaces provide the binding sites required for attaching
PEG.

Covalently linked PEG to o-SWNTs (c-PEG-o-SWNTs)
was prepared according to the following steps. 50mg of o-
SWNTs was combined with 50.00mL of phosphate buffer
(pH 6.8) under sonication to achieve an evenly dispersed
solution. 200mg carbodiimide (EDC) and 250mg NHS were
added into the dispersed solution and then the mixture was
sonicated for 30min. After that, 50mgNH

2
-PEG-NH

2
(MW

of 2000, 3500, or 5000) was added and the mixture was
magnetically stirred at room temperature for 24 h. Distilled
water was added to achieve a final volume 3 times larger
than initial volume. The diluted mixture was centrifuged at
22 000 g for 1 h. The supernatant was placed in a dialysis bag
dialysed to neutral pH [21]. The amount of grafted PEG was
determined by the thermal gravimetric analysismethod (TG)
[22].

Noncovalently linked PEG to o-SWNTs (n-PEG-o-
SWNTs) was prepared according to the following steps.
50mg of o-SWNTs was combined with 50.00mL of pH 6.8
phosphate buffer solution and then sonicated for 30min.The
solution obtained was combined with 50mg NH

2
-PEG-NH

2

(MW 2000) and stirred evenly at room temperature for 24 h
to get n-PEG-o-SWNTs [21].The amount of grafted PEG was
determined by TG [22].

2.3. Preparation of ISL and Functionalization of SWNTs
Complexes. In order to attach ISL onto c-PEG-o-SWNTs
noncovalently, 12mg of ISL was dissolved in a mixture of
DMSO, PEG400, and saline (1 : 2 : 9) to make a 1mg/mL ISL
solution. 60mg of c-PEG-o-SWNTs was added to the ISL
solution and the mixture was stirred for 6 h in a 25∘C water
bath to obtain SWNT-ISL complexes (c-PEG-o-SWNTs-
ISL). The prepared products were resuspended and stored at
4∘C.

2.4. Animal Experiments. Twenty-four hours after injecting
200𝜇L of the c-PEG-o-SWNTs-ISL test solution into rats’ tail
veins, 0.5mL of blood was obtained through orbital veins
and placed into heparin sodium treated centrifuge tubes.
After centrifuging the blood for 10min at 5000 rpm, 200𝜇L
plasma was collected for future use. Then rats were killed by
cervical dislocation, and their hearts, livers, spleens, lungs,
kidneys, and brains were collected and weighed. The various
tissues and organs were placed in 4mL centrifuge tubes
containing 2mL of normal saline and homogenized. Two
portions of homogenate (7.5mL) were taken. One portion
was used to determine the ISL content by HPLC. The other
portion was combined with 0.75mL of CMC-Na solution
and then homogenized by vortex oscillation for 5min. This
portion was reserved for Raman spectroscopy.
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2.5. Raman Measurement of PEG-SWNT Solutions. Various
concentrations of SWNT solutions were drawn into cap-
illary glass tubes (Fisher) and measured using a Bruker
70 Raman spectrometer (laser excitation wavelength was
1024 nm; 30min; 850 times). Four spectra were measured
for each sample to obtain an average spectrum. For a given
concentration of SWNTs, the Raman intensity was obtained
by integrating the PEG-o-SWNT G-band peak area from
1570 cm−1 to 1620 cm−1. The Raman G-band peak areas were
used to calculate PEG-o-SWNT concentrations in the blood.
The percentage of injected dose per gram (%ID/g) of blood
was calculated using the following equation:

%ID/g

=
[SWNTs]blood lysate × 𝑉blood lysate

[SWNTs]injected × 𝑉injected SWNTs × tissue weight
× 100%.

(1)

2.6. Determination of Isoliquiritigenin Content in the Tissue
Homogenate with HPLC. The mobile phase consisted of a
mixture of acetonitrile and double distilled water (1 : 1 (v/v),
the flow ratewas 10mL/min, and the column temperaturewas
40∘C. A sample volume of 20𝜇L was injected into the HPLC.
The ISL detection wavelength was 368 nm and the operating
time was 9min.

2.7. Statistical Analysis. The pharmacokinetic parameters
were performed by DAS (ver1.0) program and compared by
statistical analysis.One-wayANOVAwas used for parametric
data, when differences were statistically significant (𝑃 <
0.05).

3. Results and Discussion

3.1. Characterization of PEG-Modified SWNTs. The structure
of c-PEG-o-SWNTs after synthesized by EDC is shown in
Figure 1. SWNTs covalently functionalized by PEG can form
stable solution in water [23]. Centrifugation was used to
remove big bundles and impurities, leaving short individual
and small bundles of tubes in solution. Strong resonance
Raman scattering is an intrinsic optical property of SWNTs,
with sharp peaks and low background in the spectra. The
tangential graphite-like phononmode (G band), which is the
strongest peak in the SWNTs Raman spectrum, was used to
detect nanotubes in blood and tissue lysates.

3.2. Determination of c-PEG-o-SWNTs In Vivo by Raman
Spectroscopy. SWNTs have a unique crystal structure, which
produces unique Raman scattering at a wavelength of about
1590 nm. SWNTs retain the feature of Raman scattering after
covalent or noncovalent modification with PEG. Figure 2
shows the Raman spectra of different concentrations of c-
PEG-o-SWNTs in plasma solutions. The G bands of SWNTs
were absorbed, and the absorption strength increased as the
c-PEG-o-SWNT concentration in solution increased. With
the above positive correlation, c-PEG-o-SWNTs in the blood
and tissue fluid were quantified by using the peak area of the
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Figure 1: The structure of c-PEG-o-SWNTs.
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Figure 2: The Raman spectra of different concentrations of c-PEG-
o-SWNTs in blood samples.

G band.The data were fitted by the nonlinear standard curve
𝑦 = 0.0164𝑋 − 2.123 × 10−5𝑋2 − 0.07973 (𝑅 = 0.9935) using
Origin 7.5 software. The results of the sampling recovery test,
precision test, and durability test showed that the amount
of c-PEG-o-SWNTs in the animals’ tissues and blood were
accurately determined by using this method.

3.3. Determination of Isoliquiritigenin Content in Rat Tissues
by HPLC. The ultraviolet absorption spectrum of ISL with a
maximum absorption wavelength of 368 nm. ISL was eluted
at 5.1min under the HPLC conditions employed in this work,
while blank plasma revealed no peak at or around 5.1min
under the same conditions, suggesting the good specificity
of determining ISL by HPLC. The results of the sampling
recovery test, precision test, and durability test displayed
that the ISL content in the animals’ tissues and blood were
accurately assayed by this method [11].
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Figure 3: The investigation of the influence of different types of PEG modification factors (a), different degrees of oxidation on SWNT
clearance time (b), and the influence modifying SWNTs with different PEG molecular weights (c) on the SWNT clearance time in vivo.

3.4. Investigation on Factors That Influence the Blood Clear-
ance Time of SWNTs. Figure 3(a) shows the influence of
different types of PEG modification (covalent, noncovalent,
or no PEG modification) on the blood clearance time of
SWNTs. The half-lives of SWNTs were 𝑡

1/2(o-SWNTs) = 0.24 h,
𝑡
1/2(c-PEG-2 k-o-SWNTs) = 2.35 h, and 𝑡1/2(n-PEG-2 k-o-SWNTs) =
1.75 h. Covalently linking NH

2
-PEG-NH

2
(MW 2000) sig-

nificantly prolonged the clearance time of SWNTs, but non-
covalently linking NH

2
-PEG-NH

2
(MW 2000) to SWNTs

did not.These results imply that noncovalent modification of
SWNTs using NH

2
-PEG-NH

2
(MW 2000) may not protect

SWNTs from clearance by the reticuloendothelial system.
In contrast, covalently linking NH

2
-PEG-NH

2
(MW 2000)

increases the blood clearance time of SWNTs.

Figure 3(b) shows the influence of different degrees of
oxidation on SWNT clearance time. Using TG calculation,
the carboxyl contents were found to be 9.44%, 13.18%,
and 15.32% at 15min, 30min, and 45min of oxidation,
respectively. Through the DAS 1.0 pharmacokinetic software
calculation, we found that CNTs covalently linked to NH

2
-

PEG-NH
2
(MW 2000) caused blood clearance half-lives of

1.57 h, 2.35 h, and 1.61 h according to oxidation time of 15min,
30min, and 45min, respectively. These results suggest that
30min of mixed acid oxidation results in SWNTs that have
the longest blood clearance time. Oxidation time longer than
30min did not extend the clearance time of SWNTs.

Figure 3(c) shows the influence of modifying SWNTs
with different PEG molecular weights on the SWNT
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Figure 4: The blood concentration of ISL with and without LTFS. The y-axis represents injected dose per gram (%ID/g).

clearance time. Through calculation, the half-lives were
𝑡
1/2(c-PEG-2 k-o-SWNTs) = 2.35 h, 𝑡1/2(c-PEG-3.5 k-o-SWNTs) = 2.77 h,
and 𝑡
1/2(c-PEG-5 k-o-SWNTs) = 2.41 h. Although PEG modi-

fication on the surface of SWNTs prolonged their blood
clearance time, the molecular weight of NH

2
-PEG-NH

2
that

can prolong blood clearance time to the highest level remains
unclear.

In summary, these results suggest that 30min of mixed
acid oxidation of SWNTs followed by covalently linkingNH

2
-

PEG-NH
2
(MW 3500) resulted in SWNTs with the longest

blood clearance time. After the formulation of the best LTFS
was obtained, ISL was incorporated into the LTFS (LTFS-
ISL), and the pharmacokinetic profile and the toxicity of
LTFS-ISL on rats were determined.

The research group led by Dai et al. at Stanford Univer-
sity found that ultrasonic dispersion of multiwalled carbon
nanotubes with a molecular weight of 7000 for 1 h resulted
in a long-term fate of one day after tail vein injection [16].
However, the Hudson group at the University of NewMexico
has contended that one hour of ultrasonic dispersion will
break the long chain of PEG and thereby reduce the actual
molecular weight of the PEG on the carbon nanotubes [24].
In this work, we did not use ultrasonic-assisted dispersion
of c-PEG-o-SWNTs, and our results suggest that SWNTs
covalently linked to PEG with a molecular weight of 3500
display the longest blood clearance half-live.

3.5. Influence of LTFS on ISL Blood Clearance Time and
Distribution. Figure 4 shows the concentration of ISL in
blood with or without the SWNT carriers. Using the DAS
1.0 pharmacokinetic software, we determined that 𝑡

1/2 ISL =
2.51 h and 𝑡

1/2(LTFS–ISL) = 0.95 h, demonstrating that the
existence of carriers reduces the half-life of ISL in the blood.

Interestingly, as shown in Figure 4, the existence of
carriers significantly reduces the concentration of ISL in
blood. Thirty minutes after LTFS-ISL was injected through
tail veins, the rats developed gross hematuria and black

discharge in the urine, raising the possibility that LTFS-ISL
may cause renal toxicity and that carbon nanotubes were
discharged through the urine.

3.6. Appearance Changes in the Heart and Kidneys after
the Injection of LTFS-ISL. We compared the hearts, livers,
spleens, lungs, and kidneys of rats injected with ISL and
LTFS-ISL. The results showed that the hearts and kidneys of
rats in the LTFS-ISL group were blacker and larger than those
of rats in the ISL group, suggesting that the carbon nanotubes
remained in the hearts and kidneys, as shown in Figure 5.

3.7. Tissue Distribution of c-PEG-3.5 k-o-SWNTs-30min. We
determined the content of carbon nanotubes in the tissues
(hearts, livers, spleens, and kidneys) and in the urine of
rats injected with LTFS using Raman spectroscopy. Figure 6
shows the content of LTFS in the tissues and urine. It was
discovered that the content of LTFS in the urine, liver, spleen,
and kidney was higher than that in other organs. The results
suggest that, like most nanosubstances, macrophages readily
consume LTFS in the liver, spleen, and other organs through
phagocytosis.

It should be noted that the discharged urine contained a
large amount of carbon nanotubes, which is consistent with
reports by Singh et al. [25] and Lacerda et al. [26], indicating
that most carbon nanotubes are removed through kidney.
From our experimental results and the work presented by
Singh and Lacerda, we speculate that ISL can be adsorbed
onto the surface of LTFS. Therefore, after LTFS are removed
by kidney and the reticuloendothelial system, the concentra-
tion of ISL in blood significantly decreases.

3.8. Histopathology Changes after Injecting LTFS-ISL in the
Heart and Kidney Tissues. We examined the heart and
kidney tissue sections after H&E staining. As illustrated
in Figure 7, the myocardial cell cytoplasm of LTFS-ISL-
treated rats changed into granules and vacuoles in some
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Figure 6: The distribution of LTFS (𝑛 = 6) in the tissues and urine. “∗” indicates the differences were statistically significant compared with
urine bar (𝑃 < 0.05).

regions, and the color of the myocardial fibers faded and the
nuclei of myocytes shrank. In addition, there were vacuolar
deformations and particulate deformations in kidney tubules
after LTFS-ISL administration. The above results suggest
that LTFS-ISL may cause heart and kidney toxicity. The
large discharge of LTFS-ISL in urine may be attributed to
glomerular damage caused by LTFS-ISL.

4. Conclusions

We speculate that LTFS-ISL is toxic to kidney and heart.
The results of our study showed that the longest half-life

of PEG-o-SWNTs was obtained after SWNTs underwent
reflux oxidation for 30min and were covalently linked with
NH
2
-PEG-NH

2
(MW 3500). These results indicate that

surface modification of SWNTs with NH
2
-PEG-NH

2
indeed

prolongs their clearance time, and c-PEG-o-SWNT carriers
reduce the blood clearance half-life of ISL. The black and
red discharge in urine and postmortem tissue sections infer
that LTFS are likely to cause liver and kidney toxicity.
The increased renal clearance of LTFS may occur owing to
impaired kidney filtration function. This discovery provides
a new way to explain of long-term fate SWNTs’ high renal
clearance in rats.
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Figure 7: The effect of LTFS-ISL on the heart and kidneys. The arrows indicate that the carbon nanotubes remained in some organs. The
scale bar is 100 𝜇m.
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