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In this study, drug-loaded carbon nanoparticle suspension as theranostic carrier was prepared for
lymph node targeting delivery. Five model anti-cancer drugs were chosen to evaluate the drug
selection, drug loading and releasing performance of carbon nanoparticle suspension. The relative
recovery, precision, stability and limited detection range were studied in details. We found that
the CNSI selectively adsorbed DOX and EPI and hardly adsorbed PTX, CDDP and 5-FU. The
isothermal curves of CNSI adsorption to DOX and EPI are all fitted well with the Freundlich model.
The adsorption process is not monolayer adsorption. By in vivo topical administration of DOX-loaded
CNSI and EPI-loaded CNSI, we found that the drug-loaded CNSI were not only maintained its
lymph node staining properties but also targeted delivery the drugs to the lymph node. The results
demonstrated that the CNSI is not only used to vital staining of lymph vessels and lymph nodes but
also can be used as drug delivery carrier. CNSI is a promising theranostic carrier for DOX or EPI
delivery in cancer therapy.

Keywords: Carbon Nanoparticle, Suspension Injection, Drug Adsorption, Cytotoxicity, Lymph
Node Targeting, Theranostic Carrier.

1. INTRODUCTION

Vital staining of peri-tumorous lymph vessels and lymph
nodes were begun by Weinberg in 1950s.! Carbon black
(CH40) was used for lymph mapping by Hagiwara in
1980s. While compared to methylene blue and patent
blue, CH40 exhibited more specific performance in lymph
mapping.>* In order to solve the poor solubility of CH40,
based on CH40, carbon nanoparticle suspension injec-
tion (CNSI) has been developed in 2000s. In a prospec-
tive randomized designed multicenter clinical trial, CNSI
was evaluated in intraoperative vital staining of perigastric
lymph vessels and nodes before D2 lymphadenectomy.?
It is found that the staining rate of metastatic nodes

*Authors to whom correspondence should be addressed.
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is obviously higher than that of nonmetastatic nodes,
and although D2 lymph adenectomy was substantially
enclosed the four main lymph drainaging directions (celiac
axis, liver, mediastinum and retroperitoneum), exceptional
stained nodes were pathologically identified metastasis
located out of D2 region.! Since then, CNSI was gener-
ally applied for vital lymph staining in operative oncology
in China. As the development of cancer therapy, theranos-
tic treatment has been highlighted.*?* Carbon nanoparticle
in CNSI is a promising drug carrier for its huge surface
area.’»? Combining with the lymph node targeting and
mapping properties, CNSI is a potential carrier for ther-
anostic of metastatic cancer.?>2 However, to our knowl-
edge, systematic research about the drug selection, drug
loading and releasing performance of CNSI to the widely
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Figure 1. The chemical structures of DOX, EPI, PTX, 5-FU and CDDP.
applied chemo-drugs has not been reported.**>” And the
lymph node targeting performance of drug-loaded CNSI is
also needed to be investigated. So, in this study, kinds of
model chemo-drugs, which including Doxorubicin (DOX),
cis-platinum (CDDP), epirubicin (EPI), paclitaxel (PTX)
and 5-fluorouracil (5-FU) (as shown in Fig. 1) were chosen
to evaluate the drug selection, drug loading and releas-
ing performance of CNSI, and the influencing factors were
studied and optimized, the relative recovery, precision,
stability and limited detection range were also studied
in details. Furthermore, cytotoxicity of drug-loaded CNSI
in vitro and the lymph node targeting by topical adminis-
tration in vivo were also studied by pharmacokinetics.

2. MATERIALS AND METHODS

2.1. Materials

CNSI: Carbon nanoparticle concentration of 50 mg - mL™!,
marketed product, provided by Chongqing Lummy
Pharmaceutical Co., Ltd (Chongging, China). Standard
substance: Doxorubicin (DOX), cis-platinum (CDDP),
epirubicin (EPI), paclitaxel (PTX) and 5-fluorouracil
(5-FU) were purchased from the National Institute of Con-
trol of Pharmaceutical and Biological Products (Beijing,
China). Normal saline (NS), trichloromethane (THMS),
methanol sodium chloride, isopropanol, sodium carbon-
ate, sodium hydroxide and absolute ethyl alcohol, analy-
sis of pure (AR), were purchased in Sichuan Kelong Co.,
Ltd., (Chengdu, China). Sodium diethyldithiocarbamatetri-
hydrate (DDTC) was bought in Sigma (USA). DMEM
medium with high glucose, penicillin and streptomycin
solution (penicillin of 10,000 units per mL concentra-
tion; streptomycin of 10,000 ng per mL concentration),
and 0.25% trypsin solution were brought from Thermo
Fisher Scientific (Beijing, China). Neonatal bovine serum
(Shanghai Fumeng Gene Co., Ltd., Shanghai, China);

J. Nanosci. Nanotechnol. 16, 6910-6918, 2016

PBS buffer solution (Beijing Zhongshanjinjiao Biotech-
nology Co., Ltd., Beijing, China); Dialysis bag (Shanghai
Greenbird Co., Ltd., molecular weight cutoff 50 KDa,
Shanghai, China); XB-K-25 cell counting chamber
(Shanghai Qiujing Co., Ltd., Shanghai, China).

Cells: Human cancer cells line, including SiHa, HepG-2
and SKOV3, were provided by State Key Laboratory of
Biotherapy of Sichuan University (Chengdu, China).

Experimental animals: Sixty New Zealand rabbits were
bought from the Animal Experimental Center of Sichuan
University (Chengdu, China).

2.2. Instruments

High performance liquid chromatography (HPLC), model
1260, including model G1315 DAD ultra-violet UV mon-
itor, G1321B-1260 fluorescence detector (FLD), model
G1329B auto sampler (Agilent, USA); Laser diffraction
particle size analyzer, ZE-3600 (Malvern, UK); Accu-
racy of scales: One-hundred-thousandth gram (Mettler
Toledo, Switzerland); Ultrafiltration centrifuge tube, model
Amicon ultra-4 (Millipore, USA); Youpu ultrapure water
system, model OPT-1-10T (Chengdu Youpu Electron-
ics Co., Ltd., Chengdu, China); Inverted microscope
(Shanghai Shunyu Co., Ltd., Shanghai, China); L-550
centrifuge (Changsha Xiangyi Centrifuge Instrument Co.,
Ltd., Changsha, China); Clean Bench (Suzhou Antai
Airtech Co., Ltd., Suzhou, China); Carbon dioxide gas
incubator (Sanyo, Japan).

2.3. Methods
2.3.1. Optimization of Free Chem-Drugs
Separation Conditions

In the drug loading experiments, the effect of the process
parameters (such as ultrafiltration tube size, centrifugation
speed, centrifugation time etc.) onto the drug loading per-
formance of CNSI have been evaluated.

2.3.1.1. Ultrafiltration Tube Size Selection. DOX solu-
tions were prepared in three concentrations of 10, 400 and
800 wg-mL~!, respectively. They were centrifugally fil-
tered in Millipore tubes (Amicon ultra-4) of 3, 30, 50 and
100 KDa in 4000 rpm for 10 minutes, respectively. The
DOX concentration of the solutions and the filtrates were
measured by HPLC. This procedure was repeated for three
times, and the results were expressed as mean value = SD.

2.3.1.2. Centrifugal Speed and Time Selection. A mix-
ture of CNSI concentration of 10 mg-mL~" and DOX
concentration of 2 mg-mL~" was treated with ultra-
sonic for 5 minutes, then put in shaking bath in 37 °C,
120 rpm for 60 minutes. 2 mL of the mixture were added
into Millipore tubes (Amicon ultra-4 with filter size of
50 KDa) and filtered by centrifugation with the speed of
2000 rpm for 10 minutes. Same experiments have been
done except changing the speed to 3000, 4000, 5000 and
6000 rpm, respectively. The residual volumes of the mix-
ture in upper tubes with filtrate were measured. This study
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was repeated three times, and the results were expressed
as mean value &= SD.

The speed of centrifugation was fixed at 4000 rpm, and
the centrifugations were selected for 5, 10, 15 and 20 min-
utes, respectively. The residual volumes of the mixture in
the upper tubes with filtrate were measured. This study
was repeated three times, and the results were expressed
as mean value &= SD.

2.3.2. HPLC Condition
Agilent Zorbax SB-C18 column (250 mm x 4.6 mm,
5 pm) was used; The mobile phase was sodium dodecyl
sulfate (SDS) solution (1.44 g SDS and 0.68 mL phos-
phoric acid were dissolved in 500 mL water): acetoni-
trile: methanol = 500:500:60 (V/V/V); The UV detection
wavelength was 254 nm; The flow rate was 1 mL- min~';
Column temperature was 25 °C and the sample size was
20 pL.

Standard curves for drugs concentration calculation
were also established by HPLC via measurement of the
drugs solution with different concentration.

2.3.3. Drug Loading Behavior of CNSI to DOX, EPI,
PTX, 5-FU and CDDP

Model chemo-drug solutions with the same concentration
(2 mg-mL~") were prepared. DOX, EPI, 5-FU and CDDP
were dissolved in PVP aqueous solution, respectively, and
PTX was dissolved in anhydrous ethanol. CNSI dilutions
with ten different concentrations (1, 2, 3,4, 5,6, 7, 8,9
and 10 mg-mL~!, respectively) were prepared by diluting
the CNSI (50 mg-mL~") with PVP aqueous solution. The
concentration of PVP aqueous solution was 20 mg-mL™".
Equal volume of drug solutions and CNSI dilutions were
mixed to a final volume of 5 mL and treated with ultra-
sonic for 5 minutes. Then the mixture was shaded at 37 °C
for 60 minutes in 120 rpm. Then the drug-adsorbed CNSI
were separated by centrifugation as mentioned above. The
free chemo-drug concentration in filtrate was measured
by HPLC. The drug loading experiment of each model
chemo-drug was performed for three times, and the results
were expressed as mean value = SD. And the percentage
of drug adsorbed and the amount of drug adsorbed by per
gram CNSI was calculated for further simulation.

2.3.4. Effect of Drug Concentration Onto the
Particle Size of Drug-Loaded CNSI

Mixtures of CNSI and DOX were prepared by mixing
the CNSI (50 mg-mL~!) and DOX aqueous solution
(10 mg-mL~") with different volume ratios. The weight
ratios of CNSI and DOX were chosen as 25:0.0, 25:1.0,
25:1.5, 25:2.0 and 25:2.5 by adjusting the volume of CNSI
suspension and DOX aqueous solution.

2.3.4.1. Farticle Size Measurement. Particles sizes of all
the mixtures were detected with Malvern particle size ana-
lyzer. Before the detection, all the mixtures were diluted
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by 50 times of ultra pure water. The detection was done at
the time-point of 0 h and 20 h after the dilution, respec-
tively. Each dilution was repeated for three times, and the
results were expressed as mean value & SD.

2.3.5. In Vitro Release Behavior of DOX-Loaded

CNSI and EPI-Loaded CNSI
The in vitro release kinetics of DOX from DOX-loaded
CNSI was studied by dialysis method with some modi-
fications: DOX-loaded CNSI suspension was transferred
into a dialysis bag (molecular mass cutoff is 50 KDa and
the dialysis area is about 5.44 cm?), then the dialysis bag
was place into a BD tube containing 100 mL of NS. The
release studying was performed at 37 °C with the shaking
speed of 120 rpm. The release medium was replaced with
fresh NS at predetermined time-point. The drug concen-
trations in the release medium were measured by HPLC.
This study was repeated for three times, and the results
were expressed as mean value = SD.

Same procedure was processed in EPI-loaded CNSIL.

2.3.6. Cytotoxicity of DOX-Loaded CNSI and
EPI-Loaded CNSI

The cytotoxicities of cells for DOX-loaded CNSI and EPI-
loaded CNSI were measured by cell counting method.
Three types of cells, including SiHa, HepG-2 and SKOV3,
were used to test the cytotoxicity of DOX-loaded CNSI
and EPI-loaded CNSI. In brief, pretreated cells were cul-
tured in a 12-well plate with the cell number of 2 x 10* per
well. And the culturing medium was DMEM. Then the
cells were incubated in an incubator (5% CO,, 37 °C) for
24 h. Then a certain amount of DOX-loaded CNSI was
added to each well. Free DOX and DMEM medium were
used as the compared and negative groups, respectively.
After 48 h incubation, the cell viability was measured by
cell counting method. Same procedure was processed in
EPI-loaded CNSI.

2.3.7. In Vivo Targeted Delivery of DOX and EPI to
Lymph Node by CNSI

Sixty New Zealand rabbits were divided into four groups,
which were treated with DOX intravenous injection, DOX-
loaded CNSI left leg foot pad injection, EPI intravenous
injection, and EPI-loaded CNSI left leg foot pad injection,
respectively. The administrated dose of DOX or EPI were
all fixed as 2.5 mg-kg~'.

The rabbits were sacrificed at 0.5 h, 1 h, 2 h, 3 h and
4 h after administration, respectively. In every time point,
three rabbits were sacrificed for taking blood sample and
popliteal lymph nodes. Blood plasma was centrifuged from
the blood sample. Homogenate of lymph node was pre-
pared by homogenizing lymph nodes according to the pro-
portion of one gram weight of lymph node adding 10 mL
of saline.
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Drug extraction:Blood plasma or homogenate was
treated twice for extracting DOX or EPI by adding THMS
and isopropanol extract (THMS:isopropanol = 3:1, v/v).
The extraction were dried and redissolved by methanol.
Then, the drug concentrations in blood and lymph nodes
were measured by HPLC.

3. RESULTS

3.1. Centrifugation Parameters Optimizing

3.1.1. Ultrafiltration Tube Size Selection

With a certain speed and time, the ultrafiltration tube size
has some influence to the penetration of drug in centrifu-
gation. Table I shows the concentration of DOX in the
filtrate after ultrafiltration in ultrafiltration tubes with dif-
ferent filter sizes. It was found that most of the DOX
passed through the filter while the filter sizes were larger
than 50 KDa. With the consideration of the particle size
of CNSI (drug carrier), Millipore tubes with filter size of
50 KDa were selected for the drug separation.

3.1.2. Centrifugal Speed and Time Determination

As shown from Tables II and III, lower centrifugal speed
and less centrifugal time may cause more residual vol-
ume in upper tubes. When increasing the centrifugal speed
and centrifugal time to 4000 rpm and 10 minutes respec-
tively, residual volume changed little. For this reason, the
centrifugal speed and centrifugal time were selected as
4000 rpm and 10 minutes respectively.

3.2. Drug Loading of CNSI

3.2.1. Loading Mechanism

In order to identify the dominating mechanism of the
in vitro drug release of DOX-loaded CNSI and EPI-
loaded CNSI, three kinetic models, including Langmuir,
Freundlich and Temkin models, were selected to fit with
the release profile.®®*!' By comparing the coefficient of
correlation of each fitting curve, the one with highest R?
value was considered as the most appropriate model. As
shown from Tables IV and V, adsorption isothermal curves
of CNSI adsorption to DOX and EPI fitted well with
Freundlich equation, which were 1gQe = 0.2622IgCe +
1.5587 (R* = 0.9649) and IgQe = 0.30191gCe + 1.6854
(R* = 0.9886), respectively. CNSI has nearly no absorp-
tion to PTX, CDDP and 5-FU. Their “absorptions” to these

Table I. The relative recovery of DOX solutions with different concen-
trations and filter sizes.

Relative recovery (%)

Filter sizes (KDa) 10 wg-mL~' 400 pg-mL"! 800 wg-mL™!
3 55.24+0.4 54.0+0.8 40.5+0.5
30 96.0+0.8 83.9+1.1 81.4+0.6
50 99.7+1.3 99.5+0.9 99.4+0.8
100 99.6+0.9 99.4+1.5 99.4+1.7

Table II. Determination of centrifugal speed.
Speed
(r-min~") 2000 3000 4000 5000 6000
Residual  0.48+0.03 0.314+0.02 0.26+0.03 0.25+0.02 0.2340.01
volume
(mL)

three drugs were too low to be considered as adsorption.
Tables VI~X and Figure 2 showed the drug loading per-
formance of CNSI to DOX, EPI, PTX, 5-FU and CDDP,
respectively. The results suggest that CNSI has good
absorption to DOX and EPI. The CNSI hardly adsorbed
PTX, 5-FU and CDDP.

3.2.2. Effect of Drug Loading Onto the Particle
Size of the CNSI

The relationship between the DOX dosage and the particle
size of CNSI was showed in Figure 3. When the ratios of
DOX:CNSI increased from 0.0 to 0.1, the particle sizes of
CNSI increased from 162.0 £3.5 to 392.3 +£2.9 nm, and
PDI values also increased from 0.149 £0.015 to 0.595 +
0.011 at O h, respectively; the particle sizes of the DOX-
loaded CNSI further enlarged at the 20th h. It found that
as the increasing of DOX dosage, the particle size of the
DOX-loaded CNSI enlarged. On the other hand, the par-
ticle size of the drug-loaded particles increased either as
the time increased, which suggested that the dilution was
not stable.

3.3. In Vitro Release Behavior of Drug-Loaded CNSI
The release profile of the DOX-loaded CNSI and EPI-
loaded CNSI were shown in Figure 4, respectively. Both
DOX and EPI released from the CNSI were much slower
than the free drug did. It indicated that the drug-loaded
CNSI have the controlled release performance.*?

3.4. Cytotoxicity of DOX-Loaded CNSI and
EPI-Loaded CNSI

The effects of DOX-loaded CNSI and EPI-loaded CNSI
on the vitality of SiHa, HepG-2 and SKOV3 cells were
shown in Figure 5. As can be seen from the figures, DOX,
DOX-loaded CNSI, EPI and EPI-loaded CNSI showed
dose-dependent inhibition on SiHa, HepG-2 and SKOV3.
At the same concentration, the cytotoxicties of DOX and
DOX-loaded CNSI on the three tumor cells growth were
no significant difference (P > 0.05), EPI and EPI-loaded

Table III. Determination of centrifugal time.

Time (minutes) 5 10 15 20

Residual
volume (mL)

028+0.02 026£0.03 0.25£0.01 0.25£0.02
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Table IV. Absorption models of DOX-loaded CNSI.

Table VI. The absorption isothermal results of DOX-loaded CNSI.

Models Equation Correlation coefficient CNSEDOX  Ce (ug-mL™")  Absorption rate (%) Qe (ug-mg")
Langmuir 1/Qe = 0.1899(1/Ce) + 0.0056 R>=0.8077 1:1 769.7£3.9 23.0+0.1 2302+1.8
Freundlich 1gQe = 0.26221gCe 4 1.5587 R?> =0.9649 2:1 609.5+4.5 39.0+£0.2 1952422
Temkin Qe = 88.9061gCe—54.063 R>=0.9061 3:1 473.8£4.0 52.6+0.1 1753+1.2
4:1 335.6+3.1 66.4+0.2 166.0+£ 1.7
Notes: Qe (mg-g~") is the average amount of adsorbed drug by CNSI; Ce (mg-L~") 5:1 253.0+5.8 747403 149.442.5

is the concentration of free drug in CNSIL.

CNSI were also the case. But the inhibition between DOX
and EPI groups to these cells were difference (P < 0.05).

3.5. Lymph Node Targeting of Drug-Loaded
CNSI In Vivo

Blood drug concentration and lymph node drug concen-
tration of intravenous injection groups and topical injec-
tion groups were shown in Figure 6. It was found that
DOX concentration in left leg popliteal lymph nodes of the
group treated by DOX-loaded CNSI left leg foot pad injec-
tion was much higher than that of free DOX intravenous
injection group. The drug concentration in the drainaging
lymph nodes of the DOX-loaded CNSI treated group was
258 times higher than that of the free DOX treated group
at 0.5 h. On the other hand, the blood drug concentrations
of free DOX intravenous injection group were evidently
higher than that of the group treated by DOX-loaded CNSI
left leg foot pad injection at 0.5 h, 1'h, 2 h and 3 h, respec-
tively. However, the blood drug concentrations of the two
groups nearly reached the same at 4 h.

Similar phenomenon was found in EPI-loaded CNSI
cases.

4. DISCUSSIONS

Although there were many reports about the animal stud-
ies and even clinical experiments of application of carbon
nanoparticles or carbon nanotubes as carrier of chemother-
apeutic agents for lymph chemotherapy,** the compre-
hensive and systematic methodology study about the drug
loading properties of carbon nano materials has not been
published. And CNSI has been widely used as a lymph
tracer for vital staining drainaging lymph node of malig-
nant tumor in operation for its huge surface area and
porosity of carbon nanoparticles.*® Therefore, in this study,
CNSI was chosen as the model carbon nanobiomateri-
als and used as model drug carrier. Five kinds of model

Table V. Absorption models of EPI-loaded CNSI.

Models Equation Correlation coefficient
Langmuir 1/Qe = 0.2203(1/Ce) +0.0028 R? =0.9340
Freundlich 1gQe = 0.30191gCe + 1.6854 R?> =0.9886
Temkin Qe = 178.381gCe — 164.37 R>=0.9643

Notes: Qe (mg-g~") is the average amount of adsorbed drug by CNSI; Ce (mg-L~")
is the concentration of free drug in CNSIL
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anticancer drugs were used to evaluate the drug selection
and drug loading performance of CNSI.

Ultrafiltration has been used for the separation of free
drugs and drug-loaded CNSI, instead of the methods of
equilibrium dialysis and micropore filters. The driving
force of ultrafiltration in separation is pressure. And ultra-
filtration is a fast and efficient process in separation. How-
ever, to different separation systems, the filter size, the
time and speed in centrifugation are the main factors that
influencing the separation efficiency. In order to obtain per-
fect separation of free drug from the drug-loaded CNSI,
optimizing the filter size, centrifugal speed and time in
ultrafiltration is necessary.

According to the standard of Amicon ultra-4 Millipore
tubes, the filter size of 3 to 100 KDa corresponds to filter
size of 1 nm to 50 nm. And the average particle size of
carbon nanoparticles in CNSI is about 170 nm. The sizes
of the model drug are all bigger than 1 nm. So, by opti-
mizing studying, Amicon ultra-4 Millipore tube with filter
size of 50 KDa was selected as the separating device. And
the centrifugal parameters were 4000 rpm in speed and
10 minutes in time. Five drugs used in this study can be
quantitatively detected by HPLC method. Among them,
CDDP has not the ultraviolet absorption groups so that it
needs to be detected by derivation method. In this study, by
literature consultation and experiments, chromatographic
condition for detecting these drugs were confirmed and
verified.* It has good precision and accuracy.

4.1. Drug Adsorption

From the drug-loaded results of CNSI, it is clearly found
that the CNSI selectively adsorbs DOX or EPI, but exhibits
no adsorption of PTX, 5-FU and CDDP. These results
indicate that CNSI exhibited selectively adsorption in
chemotherapeutic drugs loading. What is more impor-
tant, the drug loading capacities of CNSI to DOX and
EPI are up to 74.74+0.3% and 91.9 £ 1.1% respectively

Table VII. The absorption isothermal results of EPI-loaded CNSIL.

CNSLEPI  Ce (ug-mL~'")  Absorption rate (%) Qe (ug-mg")
1:1 650.3+5.0 349+0.3 349.6+2.6
2:1 409.6£3.2 59.0£0.5 295.14+2.0
3:1 257.6+3.8 74.24+0.8 2474418
4:1 135.5+4.2 86.4+0.6 216.1+2.3
5:1 80.4+1.7 91.9+1.1 183.9+0.9
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Table VIII. The absorption isothermal results of PTX-loaded CNSI.

Table X. The absorption isothermal results of CDDP-loaded CNSI.

CNSLPTX  Ce (ug-mL™')  Absorption rate (%) Qe (ug-mg") CNSL.CDDP  Ce (ug-mL™")  Absorption rate (%) Qe (ug-mg"')
1:1 991.5+8.6 0.6£0.02 5.7+£0.2 1:1 944.1+12.5 49+0.2 49.440.6
2:1 991.5+9.2 0.440.04 3.6£0.1 2:1 944.8+10.9 49403 48.8+0.8
3:1 990.5+8.0 0.4+£0.08 4.0£0.6 3:1 943.44+10.4 4.8+£0.1 48.0+0.3
4:1 990.5+10.9 0.440.05 4.0+0.5 4:1 943.61+8.8 4.8+0.1 47.7+£0.7
5:1 990.1+9.7 0.5+£0.03 45+£03 5:1 943.34+13.1 49+0.2 493+1.0

(The weight ratios of CNSI to DOX and EPI were 5:1.).
The drug-loaded CNSI is a suitable nanosystem for lymph
chemotherapy of commonly seen solid malignant tumors,
e.g., breast cancer, gastric cancer, colorectal cancer and
ovarian cancer. Furthermore, in this study, several isother-
mal adsorption models were used to evaluate the adsorp-
tion of CNSI to DOX and EPI. The results have shown
that the adsorption of CNSI to DOX or EPI fitted well
with Freundlich model. The equation of Freundlich model
is 1gQe = 1gKf+ 1/n x 1gCe, in which, Qe (mg-g~') is the
average amount of adsorbed drug by CNSI; Ce (mg-L™1)
is concentration of free drug in CNSI; Kf and 1/n are two
constants.’’ The 1/n value between 0.1 and 0.5 represents
good adsorption of adsorbing material.>? In the Freundlich
equations of adsorption isothermal curves of DOX and
EPI, the numerical value of 1/n are 0.2622 and 0.3019,
respectively, suggesting good absorption of CNSI to the
two drugs.

4.2. Adsorption Mechanism

CNSI, which is one of the allotrope of carbon, is made of
SP? hybridized carbon atoms.>® So there is some benzene
ring in the structure of CNSI. A small amount of hydroxyl
and carboxyl occur in the surface of CNSI. These groups
benefit the adsorption of CNSI with drugs. It is considered
that three factors involved drug adsorption mechanism of
CNSIL

(1) ar—7r stacking: Aromatic structure like anthraquinone
has strong affinity for the CNSI surface due to m—r stack-
ing, so the aromatic structure the DOX or EPI tends to
interact with the surface benzene ring of CNSI through
m—r stacking.* However, the other three drugs, including
PTX, CDDP, 5-FU, do not have this feature.

(2) Hydrophobic interaction: There are several hydroxyl
groups present in the chemical structure of DOX, EPI and
PTX, thus, the -OH and —COOH functional groups of
CNSI forms strong hydrogen bond with —OH or —NH,

Table IX. The absorption isothermal results of 5-FU-loaded CNSL

CNSL:5-FU  Ce (ug-mL~")  Absorption rate (%) Qe (ug-mg™")
1:1 991.5+10.8 0.240.01 2.1£0.1
2:1 991.7+12.7 0.4+0.03 3.5+0.1
3:1 9923+ 13.0 0.34+0.02 3.0£0.2
4:1 992.0+9.2 0.3+0.05 29£0.2
5:1 990.0+15.3 0.4+0.07 3.6+£03
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groups in the above three drugs. However, PTX is poorly
soluble in water, and that hinders the adsorption with
CNSIL

(3) Another possible factor that influences the drug
adsorption may be the inherent cationic charge of some
drugs (including DOX, EPI and CDDP).>

The drugs with this character may favor to adsorb to
CNSI with anionic charge. CNSI exhibited poor adsorp-
tion capacity to 5-FU or PTX may be ascribe to the neutral
structure of 5-FU or PTX. By the combined actions of all
these three forces, CNSI selectively adsorbed DOX or EPI.

4.3. Particle Size Related to Lymph Targeting

The average particle size of CNSI is about 170 nm. It is
designed to be rapid and targeted flowing in the drainaging
lymph capillaries and the lymph nodes near the injected
site. This is the basic property of CNSI for vital stain-
ing of drainaging lymph nodes of malignant tumor during
operation.

However, using as a carrier of chemotherapeutic agents
for targeting lymph chemotherapy, the particle size of the
drug-loaded CNSI needs not to be smaller than 200 nm.
Lymph capillary originates from caecum in tissue. They
connect with each other to form a lymph network, and feed

—&— DOX-CNSI Adsorption Curve
400 — | —e— EPI-CNSI Adsorption Curve

350 —

300 —

250 —

200 —

150 —

Qe (ug-mg™)

100 —

50 —

0 T | T | T | T | T | T | T | T | 1
0 100 200 300 400 500 600 700 800
Ce(ug-mL™)

Figure 2. The absorption isothermal curves of DOX-loaded CNSI and
EPI-loaded CNSI. Results showed that the CNSI to DOX and EPI has
good adsorption, and simulation of the Freundlich isothermal adsorption
equations were 1gQe = 0.26221gCe + 1.5587 (R? = 0.9649) and 1gQe =
0.30191gCe + 1.6854 (R* = 0.9886), respectively.
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Figure 3. Particle size was influenced by the DOX proportion in the b -
T —
CNSI and DOX mixture. As shown from Figure 3, it found that as the (b) Thet.JretlaI Value
increasing of DOX dosage, the particle size of the CNSI enlarged. The 7 ° Res!dual Rate of DOX-CNSI
particle size of CNSI and DOX mixture magnified as the proportion of 100 — —4A— Residual Rate of EPI-CNSI

DOX in the mixture increased.

into lymph vessels.*® Lymph capillary has the structure of
large and irregular lumen, thin wall which is comprised
only by the endothelial and extremely thin connective
tissue and without epithelial cells. Under the electron
microscope, endothelial cells of lymph capillary have large
gap,’’ without basal membrane which appear high per-
meability for easy enter of macromolecular, cells and
bacteria. The inner diameter of capital lymph capillary
of tumor drainaging area varied from 200 nm to more
than 800 nm according to the pathological physiologi-
cal function.® Therefore, the particle size of the drug-
loaded CNSI is not necessary to be less than 200 nm. If
the lymph chemotherapy administrated one to two days
before the operation, there is enough time for CNSI to
go through the lymph vessels and nodes from the injected
site.

4.4. Drug Releasing Behaviors of Drug-Loaded CNSI
The accumulated release of both DOX and EPI are all
trend to equilibrium in 8 h from the beginning of drug
releasing experiment. The accumulated release drugs from
DOX-loaded CNSI and EPI-loaded CNSI are about 43%
and 46% at the 8th h, respectively. The release rate
increased along with the increase of release medium vol-
ume, but quite amount of DOX and EPI adsorbed onto
carbon nanoparticles released much slower after 8 h. The
results demonstrated that the drug-loaded CNSI has the
long-term drug releasing performance.

4.5. Cytotoxicity of DOX-Loaded CNSI and
EPI-Loaded CNSI

In cytotoxic experiments, the culture medium was stained

dark by carbon nanoparticles of CNSI, and they could not

be eliminated completely. It indicates that the cell viability
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Figure 4. (a) The release rate of DOX-loaded CNSI and EPI-loaded
CNSI in different time. (b) The free DOX and EPI residual rate of
DOX-loaded CNSI and EPI-loaded CNSI with different dilution mul-
tiples. Results showed that the release rate of DOX-loaded CNSI and
EPI-loaded CNSI were at about 43% and 46%, respectively. The release
rate increased along with the increase of release medium volume, but the
adsorption of DOX or EPI in the preparation did not completely released.
Results of the free DOX or EPI concentration in the solution showed that
the DOX-loaded CNSI or EPI-loaded CNSI slow-release effect can keep
for a long time in the body above the minimum concentration of tumor
suppression.

cannot be measured by the optical detection manner, such
as CCK8 or MTT. Therefore, artificial cell counting was
adopted in the study to overcome the above problem. The
result of cytotoxic experiment suggests that DOX-loaded
CNSI can effectively inhibit cancer cells growth. And EPI-
loaded CNSI has the similar results. This is the key point
that DOX-loaded CNSI and EPI-loaded CNSI have poten-
tial properties to be developed to a lymph targeting anti-
cancer agent.

4.6. Lymph Node Targeting of Drug-Loaded CNSI
In intravenous application, it is a challenge to efficiently
deliver DOX or EPI to lymph nodes. It is not conducive

J. Nanosci. Nanotechnol. 16, 6910-6918, 2016
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Figure 5. Cytotoxicity of DOX, DOX-loaded CNSI, EPI and EPI-
loaded CNSI against (a) HepG-2 liver carcinoma cells, (b) SiHa cervix
carcinoma cells, and (c) SKOV3 ovary cancer cells. These drugs were
treated in a 12 well plate with 2 x 10* cells/well for 2 days.

to obtain sufficient chemotherapeutic effect in lymph
metastasis inhibition, which is common in solid cancers.
In this study, it was found that topical injection of drug-
loaded CNSI can obviously increase the drug concen-
tration in the drainaging lymph nodes compare to that
of intravenous administration. This result suggests that
drug-loaded CNSI are potential candidates in treatment of
lymph metastasis by topical administration.
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Figure 6. Blood drug concentration-time curves (a) and lymph node
drug concentration-time curves (b) in DOX intravenous injection group,
DOX-loaded CNSI left leg foot pad injection group, EPI intravenous
injection group and EPI-loaded CNSI left leg foot pad injection group,
respectively.

5. CONCLUSIONS

In conclusion, CNSI selectively adsorbed DOX and EPI.
And the drug-loaded CNSI exhibited controlled drug
release behavior. The DOX-loaded CNSI and EPI-loaded
CNSI can effectively suppressed the growth of several
kinds of cancer cells. And DOX-loaded CNSI and EPI-
loaded CNSI can gather DOX and EPI in the drainag-
ing lymph nodes when they are topically applied. The
results demonstrate that the DOX-loaded CNSI or EPI-
loaded CNSI are the suitable and promising candidates for
lymph targeting chemotherapy.
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