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Background: The present work was conducted to prepare and evaluate multiwalled carbon
nanotube—formononetin (MWCNT-FMN) composite for sustained delivery and inducing apop-
tosis via reactive oxygen species (ROS) production in HeLa cells.

Methods: The composite was prepared by solution mixing with short carboxylic
group-functionalized multiwalled carbon nanotubes (MWCNT-COOH). Then the composite
was characterized by laser particle size analysis, Fourier transform infrared spectrometry,
X-ray diffractometry, differential scanning calorimetry, and scanning electron microscopy.
Drug release rates in vitro were determined by dialysis method. The in vitro cytotoxicity study
was performed using water soluble tetrazolium assay. The cellular apoptosis assay, ROS, and
mitochondrial membrane potential (MMP) of HeLa cells were investigated by acridine orange
and ethidium bromide double dye, 2’,7’-dichlorodihydrofluorescein diacetate, and 5,5%,6,6’-
tetrachloro-1,1”,3,3’-tetracthyl-imidacarbocyanine iodide probe, respectively.

Results: The entrapment efficiency was 28.77%x0.15%, and the loading capacity was
12.05%0.20%. The release of MWCNT-FMN was sustained, and the cumulative release rate of
formononetin (FMN) from MWCNT-COOH was higher at pH 7.4 than at pH 5.3. The in vitro cyto-
toxicity assay demonstrated that FMN, MWCNT-COOH, and MWCNT-FMN had no significant
effects on the proliferation and viability of mouse fibroblast 3T3 cells over 48 hours, while the cell
growth inhibition of the three samples showed concentration-dependent for HeLa cells. Biological
assay suggested FMN and MWCNT-FMN could induce apoptosis in HeLa cells, meanwhile the
cells exhibited stronger ROS signal and more depolarized MMP than that of the control group.
Conclusion: These results preliminarily demonstrated that MWCNT-FMN exerted anticancer
efficacy through cellular apoptosis induced by ROS-mediated mitochondrial dysfunctions in
HeLa cells.

Keywords: multiwalled carbon nanotube, characterization, cytotoxicity, formononetin,
apoptosis

Introduction

Formononetin (FMN; 7-hydroxy-4’-methoxyisoflavone) is an O-methylated isoflavone
phytoestrogen and is a bioactive component found in red clover plants. Previous
studies have shown that FMN inhibits tumor cell proliferation, migration, and inva-
sion; induces apoptosis in breast, prostate, and cervical cancers, and osteosarcoma
cell lines; and attenuates osteoclastogenesis.' However, it has serious side effects in
clinical administration because of its poor hydrosolubility.® Therefore, it is necessary
to find a suitable delivery system for the entrapment of FMN. A novel class of nano-
material called carbon nanotube (CNTs) was discovered in 1991 via an arc-discharge
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method.” Ever since their emergence as a nanotechnology,
they have been assessed as candidates for targeted drug
delivery because of their high aspect ratio and surface area,
high mechanical strength, and ease of drug loading via n—m
stacking interactions.®® Many possible uses for CNTs can
be found in the literature, such as drug delivery, cancer
therapy,'® thermal therapy, and tissue-targeted therapy.'"
In short, CNTs have many unique physical, chemical,
and biological properties and they have been extensively
explored for biological and medical applications.'*!* How-
ever, pristine CNTs are intrinsically insoluble in an aqueous
medium and tend to aggregate into bundles caused by their
highly hydrophobic surfaces, low functionality, and large
size, coupled with van der Waals forces and strong m—n
interactions between the individual tubes. Consequently,
CNTs have poor biocompatibility and high toxicity.'*'¢
Therefore, it is crucial to modify CNTs through covalent
or noncovalent functionalization of their external walls in
order to improve their dispersion and stability, rendering
them to be more biocompatible and less toxic. Functional
CNTs can demonstrate improved properties for drug delivery
including increased solubility, selectivity, blood circulation
time, and uptake and accumulation within tumor cells.!’
Ren et al acidized raw multiwalled CNTs (MWCNT) to
obtain oxidized MWCNT (OX-MWCNT) and found that
OX-MWCNT can not only be distributed in the brain but
also accumulate in tumors'® and have an ultra-high surface
area for remarkably high loading of anticancer drugs. Raz-
zazan et al purified pristine single-walled CNT (SWCNT) to
acquire high purity SWCNT in order to produce nanotubes
with available sidewalls to easily covalently conjugate
drug.'” Mehra et al have demonstrated that CNTs with an
engineered surface can easily cross the blood—brain barrier
without requiring any external transporter devices, owing
to their nanosize and tiny nanoneedle tubular structure
morphology.'" Several studies have demonstrated that CNTs
could be used to treat a variety of diseases, including cancer
and chronic infections.?** Consequently, in the current
study we have chosen to investigate the potential of car-
boxylic group-functionalized multiwalled carbon nanotubes
(MWCNT-COOH) as a drug carrier.

The aim of this work was to develop a suitable deliv-
ery system for the entrapment of FMN. Laser particle size
analysis, Fourier transform infrared spectrometry (FTIR), dif-
ferential scanning calorimetry (DSC), X-ray diffractometry
(XRD), and scanning electron microscopy (SEM) were used
to characterize multiwalled carbon nanotube—formononetin

(MWCNT-FMN) conjugates. In order to evaluate the cyto-
toxicity in healthy cells and the anticancer activity of the free
drug and nanocomposites, in vitro cytotoxicity studies were
performed using 3T3 cells and HeLa cells for a treatment
period of 48 hours. Additionally, the cellular apoptosis assay,
reactive oxygen species (ROS), and mitochondrial membrane
potential (MMP) of HeLa cells were studied to learn about
the mechanism of apoptosis.

Materials and methods

Materials

MWCNT-COOH (>95% purity, diameter 20-30 nm, length
0.5-2 wm) was produced by Chengdu Organic Chemicals
Co. Ltd., Chinese Academy of Sciences (Chengdu, China).
FMN (high-performance liquid chromatography grade) was
purchased from Chengdu Ruifensi Biological Technology
Co. Ltd., (Chengdu, China). Dulbecco’s Modified Eagle’s
Medium (DMEM), RPMI 1640 medium, and fetal bovine
serum (FBS) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Water soluble tetrazolium (WST-1)
and a cytotoxicity assay kit were purchased from Shanghai
Beyotime Institute of Biotechnology (Shanghai, China). The
solvent used was analytical grade, and purified water was
produced using a Millipore water purification system.

Cell culture conditions

HeLa and 3T3 cells were purchased from the American
Type Culture Collection (Manassas, VA, USA). The 3T3
cells were cultured in high-glucose DMEM supplemented
with 10% FBS and maintained under 5% CO, atmosphere
at 37°C. HeLa cells were cultured in RPMI 1640 medium
supplemented with 10% FBS.

Preparation of drug-loaded MWCNT-

COOH

MWCNT-COOH can bind aromatic molecules through
n—7 stacking because of their ultra-high surface area
(Figure 1). FMN loading into the MWCNT-COOH was
performed in accordance with a reported method in the
literature.”* FMN was dissolved in methanol and mixed
with MWCNT-COOH at the ratio of 1:2 (w/w), followed
by sonication for 10 minutes with 3 seconds intervals using
an ultrasonic probe sonicator. After that, the mixtures were
centrifuged at 10,000 rpm for 10 minutes, and the clear
supernatant was measured using UV-visible spectroscopy
at 249 nm. The excess of FMN was removed by washing
with methanol. The product was finally dried at 50°C in an
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Figure | The schematic representation of the possible interaction of FMN with MWCNT-COOH.
Abbreviations: FMN, formononetin; MWCNT-COOH, carboxylic group-functionalized multiwalled carbon nanotubes.

oven to achieve MWCNT-FMN. The calculation equations
are as follows:

% entrapment efficiency
_ Weight of entrapped FMN in conjugate

. — x100%
Weight of original FMN
% loading capacity
_ Weight of entrapped FMN in conjugate <100%

Weight of conjugate

Characterization of MWCNT-FMN

Particle size distribution and zeta potential

The particle size, polydispersity index (PI), and zeta potential
of the samples were measured using a Delsa Nano S Particle
Analyzer (Beckman Coulter, Brea, CA, USA). The sample
was dispersed in ultra-pure deionized water and sonicated
for 15 minutes in a water bath sonicator for a proper dis-
persion of the studied samples. The average value of three
repeated scanning was reported as the final result for the
test samples.

FTIR

FTIR was used to analyze the chemical structure of the
prepared samples. A trace amount of sample was mixed
with 95-105 mg potassium bromide and pressed to a pellet.
The FTIR spectra were obtained using a FTIR spectrometer
(Spectrum 100) in the 400-4,000 cm™ region.

XRD

The MWCNT-COOH, MWCNT-FMN, and FMN sam-
ples were measured using XRD (D/max-IIIA, Cu, Ka,
A=1.5406 A; Rigaku Corporation, Tokyo, Japan), and scans

were performed with a step width of 0.02° per step in the 26
range from 3° to 50°.

DSC

The studies were performed on a DSC thermal analyzer
(DSC 4000; PerkinElmer, Waltham, MA, USA). The
apparatus was calibrated for temperature by melting a high
purity medium. The instrument was flushed with nitrogen.
Experiments were run over the temperature range from 25°C
to 277°C, with a heating rate of 10°C/min.

SEM

SEM was used to visualize the surface morphology and
particle size of the samples to investigate whether the drug-
containing CNTs, synthesized as described above, could be
examined for the presence of drug crystals. Samples were
prepared by making a film on aluminum to a thickness of
200-500 A under an argon atmosphere using a gold sputter
module in a high vacuum evaporator. The coated samples
were scanned and photographs were taken using a scanning
electron microscope (LEO 1430VP; Zeiss, Oberkochen,
Germany).

In vitro drug release

The release behavior of FMN from MWCNT-FMN was
carried out in PBS solution (pH 7.4 or 5.3). Briefly, 3 mg
MWCNT-FMN and 4 mL of PBS was placed in a dialysis
bag (MWCO =8,000-14,000), hermetically tied at both ends
and immediately submerged into 20 mL of PBS diffusion
medium with constant stirring at 37°C. At timed intervals,
the solution was withdrawn and determined by UV—-Vis
spectroscopy at 249 nm.
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Cell viability assay

The in vitro cytotoxicity studies were performed using a
WST-1 assay. The procedures for the WST-1 assay have
been previously described by Li et al.>> HeLa and 3T3 cells
were inoculated in 96-well plates at a density of 1x10* cells/
well. The cell suspension (100 pL) was added to the wells
in triplicate and incubated overnight for cell attachment.
Then, cells in the logarithmic growth phase were exposed
to different concentrations of free FMN, MWCNT-COOH,
and MWCNT-FMN ranging from 3.13 to 100 umol/L. The
FMN or formulations were diluted in phosphate buffer solu-
tion (pH =7.4) prior to addition. After a 48-hour incubation,
the supernatant from each well was replaced with 90 uL
of new culture media and 10 uL. of WST-1, and the plates
were further incubated for 4 hours. Subsequently, 90 UL of
supernatant from each well was carefully removed to another
new 96-well microculture plate, and absorbance at 450 and
630 nm (reference wavelength) was recorded. Background
and negative controls were obtained by measuring the culture
medium and untreated cell medium, respectively. The data
obtained were averaged and processed using the following
equation to calculate the percentage cell viability. The con-
centration that inhibits 50% of the cellular growth (IC, ) was
calculated from the cell viability data as the drug concentra-
tion in which cell growth was inhibited by 50%.

C Average
Cell viability (%) = ——=—
Average

x100%

control

Apoptosis assay by AO/EB staining
method

The apoptosis assessment was performed using a staining
method by acridine orange and ethidium bromide (AO/EB).
3T3 cells and HeLa cells were plated on 12-well plates at a
density of 1x10* cells/well and the cells were incubated with
FMN and MWCNT-FMN for 24 hours by using different con-
centrations (35 and 70 umol/L for HeLa cells, and 70 pmol/L
for 3T3 cells). The cells were washed with ice-cold PBS and
then exposed to AO/EB (AO: 50 ug/mL, EB: 50 ng/mL) for
30 minutes. After being rinsed twice with ice-cold PBS, the
cells were observed under fluorescence microscope.

In vitro detection of ROS

The intracellular content of ROS was detected using the
2’,7’-dichlorodihydrofluorescein diacetate (DCHF-DA)
probe. 3T3 cells and HeLa cells were seeded into 12-well

plates at a density of 1x10* cells/well, and the cells were incu-
bated with FMN and MWCNT-FMN for 24 hours by using

different concentrations (35 and 70 umol/L for HeLa cells,
and 70 pmol/L for 3T3 cells). DCHF-DA was then added in
the plates and incubated at 37°C for 30 minutes in the dark.
The treated cells were washed with ice-cold PBS twice and
then imaged under a fluorescent microscope.

MMP assay

MMP was determined using 5,5",6,6'-tetrachloro-1,17,3,3"-
tetraethyl-imidacarbocyanine iodide (JC-1) dye. 3T3 cells
and HeLa cells were incubated with FMN and MWCNT-
FMN for 24 hours by using different concentrations (35 and
70 umol/L for HeLa cells, and 70 pmol/L for 3T3 cells). Cells
were washed three times with ice-cold PBS and incubated
with JC-1 at 37°C for 30 minutes in the dark. Then the cells
were rinsed again and imaged by fluorescence microscopy.

Statistical analysis

All data are shown as the mean * standard deviation (SD) of
three separate experiments. One-way ANOVA was used to
analyze the differences between the two treatment groups.
Differences were considered to be significant at P<<0.05 and
extremely significant at P<<0.01.

Results and discussion
Drug loading study

The concentration of unconjugated FMN was determined
using a UV—visible spectrophotometer at 249 nm, which is
the characteristic absorption wavelength of FMN. The entrap-
ment efficiency of MWCNT-FMN was 28.77%+0.15% and
the loading capacity was 12.05%=x0.20%.

Characterization of drug-loaded
MWCNT-COOH

Particle size distribution and zeta potential studies
The average size of the MWCNT-COOH was ~176.0+1.1 nm,
while the diameter of the MWCNT-FMN was 277.313.7 nm
(Figure 2A). Similar results have been reported by Sobhani
et al,'® who suggested that there was no significant aggrega-
tion of MWCNT-COOH after their loading with hydro-
phobic drug. The PI for the MWCNT-COOH before and
after loading with FMN was 0.275+0.003 and 0.28140.024,
respectively. These findings might be attributable to the
nonsymmetric nature of the CNTs. The obtained PI values
were <0.4, indicating the reliability of the reported size val-
ues as well as some homogeneity.?® The zeta potential of the
MWCNT-COOH and MWCNT-FMN was —27.08+2.33 mV
and —27.151.15 mV (Figure 2B), respectively, which indi-
cated that the prepared composites were relatively stable.
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Figure 2 Spectra of particle size distribution (A) and zeta potential (B) for MWCNT-FMN.

Abbreviation: MWCNT-FMN, multiwalled carbon nanotube—formononetin.

FTIR analysis

The FTIR spectra of the MWCNT-COOH and MWCNT-
FMN are illustrated in Figure 3A. They had similar charac-
teristic peaks at ~3,424 and 1,628 cm™!, which was attributed
to —OH and C=0 stretching bands from the hydrophilic car-
boxyl (-COOH) groups attached to the MWCNT. The FTIR
spectrum of FMN shows characteristic absorption peaks at
1,608, 1,569, and 1,513 cm™, which can be attributed to the
skeleton vibration of the aromatic compound, which belongs
to the isoflavone group. Those peaks disappeared in the spec-
tra of the MWCNT-FMN. Additionally, the bands at 2,910
cm™! in the spectra of the MWCNT-FMN may be caused by
the C—H stretching vibrations from the methyl functional
groups of FMN, suggesting that the drug was successfully
loaded into the MWCNT-COOH.
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XRD analysis

XRD is a surface-sensitive quantitative spectroscopic tech-
nique that can be used to investigate the composition of
samples. Figure 3B shows that pure MWCNT-COOH and
MWCNT-FMN exhibited diffraction peaks in the range
of ~25°-30°, which was assigned to the hexagonal graphite
structure.?’ The spectrum of FMN showed numerous distinct
peaks at 20 of 7.4°, 9.8°, 14.86°, 16.2°, 22.4°, and 25.86°,
indicating that FMN was a highly crystalline drug. The
diffraction peaks of the drug could not be detected in the
MWCNT-FMN. This implied that FMN transformed from
crystalline to an amorphous state in the conjugates and that
the carbon graphitic crystallite structure of the MWCNT-
COOH was not affected by the drug loading process.
A similar phenomenon can be seen in other works.?%
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Figure 3 (A) FTIR spectra and (B) XRD patterns of MWCNT-COOH (a), MWCNT-FMN (b), and FMN (c).
Abbreviations: FTIR, Fourier transform infrared spectrometry; MWCNT-COOH, carboxylic group-functionalized multiwalled carbon nanotubes; MWCNT-FMN,

multiwalled carbon nanotube—formononetin; XRD, X-ray diffractometry.
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Figure 4 DSC of FMN (A) and MWCNT-FMN (B).
Abbreviations: DSC, differential scanning calorimetry; FMN, formononetin;
MWCNT-FMN, multiwalled carbon nanotube—formononetin.

DSC analysis

As shown in Figure 4, the phase transition of FMN hap-
pened from 250.4°C to 269.8°C, and a fusion endothermic
peak could be seen at 262.73°C (AH =0.147 kJ/mol). This

10 um

P Mag =1.00 KX WD =11 mm EHT =20.00 kV Signal A = SE1

20UM_, Mag =1.00 KXWD =11 mm EHT =20.00 kV Signal A= SE1

DU BT v T

is because the free form of FMN is in the crystalline state in
nature. This melting peak was not present in the DSC ther-
mogram of the MWCNT-FMN conjugates, indicating that
FMN in the conjugates was no longer present in a crystalline
form but was converted into an amorphous state.

SEM analysis

The microstructures of the MWCNT-COOH before and after
loading with FMN were characterized using SEM imaging,
as shown in Figure 5. Figure 5SA demonstrates that FMN
had a sheet crystalline structure. Figure SB shows that the
surface of the aggregated MWCNT-COOH had a number of
intertwined tubes, while the surface of the MWCNT-FMN
conjugates was smoother (Figure 5C and D). By comparing
Figure 5A with Figure 5C and D, it was found that there were
many filaments that could be observed in Figure 5A, which
almost disappeared in Figure 5C and D, suggesting that the
MWCNT-COOH was covered with FMN in a high density
and agglomeration manner. The images resemble an SEM
image of MWCNT/glassy carbon electrode that Liu et al have
reported.’® Accordingly, this provides further proof that the
drug is adsorbed onto the CNTs.

h i
=M Mag =5.00 KX WD =5mm EHT =20.00 kV Signal A = SE1

2 um Mag =5.00 KX WD =11 mm EHT =20.00 kV Signal A = SE1

Figure 5 SEM images of FMN (A), MWCNT-COOH (B), and MWCNT-FMN with different magnifications (C, D).
Abbreviations: SEM, scanning electron microscopy; FMN, formononetin; MWCNT-COOH, carboxylic group-functionalized multiwalled carbon nanotubes; MWCNT-FMN,

multiwalled carbon nanotubes—formononetin.
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In vitro release

As shown in Figure 6, the release pattern was as follows: the
samples achieved burst release in the initial stage followed by
sustained release. The release rate of FMN from MWCNT-
FMN was significantly lower than that from FMN solution at
pH 5.3 and 7.4, which could be the result of the loaded drug
encountering steric hindrance on the ends and sidewalls of
MWCNT-COOH.?' pH value is one of the most important
factors for studying the drug release process.’ In this study,
the release profile of MWCNT-FMN in PBS solution at
pH 7.4 and 5.3 was investigated. The cumulative release rate
of MWCNT-FMN reached 52.20%z1.91% within 48 hours at
pH 7.4 compared with 16.38%12.99% at pH 5.3, which could
be caused by the increased solubility of FMN in aqueous solu-
tion of increasing pH values. Consequently, the —r stacking
interaction and hydrogen bonding interaction between
FMN and MWCNT-COOH maybe weakened accordingly.

In vitro cytotoxicity

To assess the biocompatibility and pharmacological activ-
ity of the free FMN, and the MWCNT-COOH before and
after loading with FMN, in vitro cytotoxicity studies were
conducted on 3T3 and HeLa cells using the WST-1 reagent.
WST-1 is reduced by cellular mitochondrial dehydrogenases
to water-soluble formazan. The more cells proliferate, the
darker the color gets, while the greater the cytotoxicity is, the
lighter the color gets. It has been reported that the use of MTT
to detect the cytotoxicity of CNTs will reduce the survival
rate of the tested cells to produce a false positive;** hence,
the WST-1 method was used in this experiment to detect

100 -

80

cytotoxicity. Figure 7 shows that the increased concentration
of treated samples had no significant effect on the inhibition
of proliferation and viability for normal cells (3T3 cells)
within the concentration range from 3.13 to 100 umol/L.
The cytotoxic effect of MWCNT-FMN on the 3T3 cell lines
may be caused by the nanotubes having an effect on cellular
protein content. Additionally, the nanotubes resulted in a less
than 20% loss of viable 3T3 cells after 48 hours, which could
be associated with the functional groups rendering them more
hydrophilic or the MWCNT-COOH having a short length.***
In contrast, tumor cells (HeLa cells) exhibited significant
cell growth inhibition when incubated with the above three
substances, and the growth inhibition was concentration-
dependent. The findings were similar to those reported by Tan
etal.”’ For HeLa cells, the IC, of FMN and MWCNT-FMN
were (72.99510.551) umol/L and (72.11245.671) umol/L,
respectively. There was no significant difference in the
cytotoxicity against HeLa cells between the two samples. It
was noted that MWCNT-FMN conjugates produced a much
lower cell viability than FMN within the concentration range
from 6.25 to 50 umol/L. The increased cytotoxic response
of MWCNT-FMN may possibly be caused by caveolae-
mediated endocytosis and specific uptake by cancerous cells
causing a dose-dependent cytotoxic response.?!

Apoptosis assay by AO/EB staining
method

AO/EB staining method is commonly used to distinguish the
normal cells and apoptotic cells. AO can penetrate the mem-
brane of normal cells while EB only stains cells that have lost

—=— FMNatpH 7.4 —e— MWCNT-FMN at pH 7.4
—— FMN atpH 5.3 —x— MWCNT-FMN at pH 5.3

60

Release (%)

25 30 35 40 45 50
Time (h)

Figure 6 Cumulative FMN release (%) from FMN solution or MWCNT-FMN under different pH conditions.
Abbreviations: FMN, formononetin; MWCNT-FMN, multiwalled carbon nanotubes—formononetin.
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Figure 7 Cell viability of (A) 3T3 cells and (B) Hela cells treated with MWCNT-COOH, MWCNT-FMN, and FMN was tested by WST-| assay at series of concentrations

after 48 hours.

Notes: The data are mean * SD of triplicate experiments (n=3). ns: not significant; *significant; **extremely significant.
Abbreviations: MWCNT-COOH, carboxylic group-functionalized multiwalled carbon nanotubes; MWCNT-FMN, multiwalled carbon nanotube—formononetin; FMN,

formononetin; WST-1, water soluble tetrazolium; SD, standard deviation.

membrane integrity. The morphological changes can be seen
in Figure 8. The FMN and MWCNT-FMN exhibited similar
phenomenon as that of blank control (the cells treated with
PBS) in 3T3 cells (Figure 8 Aa—c). In contrast, in HeLa cells,

A.
B.

the blank control (Figure 8Ba) exhibited normal shape with
faint green fluorescence. After being treated with 35 umol/L
of FMN and MWCNT-FMN for 24 hours (Figure 8Bb and d,
respectively), the cells showed stronger fluorescence signal

f!r"t

Figure 8 The apoptosis of (A) 3T3 and (B) Hela cells treated with different samples: (A-a) blank control, (A-b) 70 umol/L of FMN, and (A-c) 70 umol/L of MWCNT-FMN;
(B-a) blank control, (B-b, B-c) 35 and 70 pumol/L of FMN, and (B-d, B-e) 35 and 70 pumol/L of MWCNT-FMN.

Note: Magnification for the figures is 200x.

Abbreviations: FMN, formononetin; MWCNT-FMN, multiwalled carbon nanotubes—formononetin.
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compared with the control group, and the basic characteristics
of apoptotic cells such as chromatin condensation and nuclear
shrinkage were observed. With increasing concentrations of
FMN and MWCNT-FMN from 35 to 70 umol/L (Figure 8Bc
and e, respectively), the green fluorescence continued to be
concentrated in the nuclei owing to the nuclear shrinkage
and the red fluorescence became more obvious due to the
lack of membrane integrity, which implied that the FMN
and MWCNT-FMN of 70 pumol/L could trigger apoptosis,
including early apoptosis and late apoptosis.*® The results
of the present study suggested that MWCNT-FMN could
induce apoptosis in HeLa cells.

Detection of ROS level

Many reports indicated that the intracellular ROS content
was involved with cellular senescence and apoptosis.*®3’
The antioxidase in the tumor cells would reach their maxi-
mum tolerance to ROS with the increase of ROS content
in cells as the result of cellular apoptosis. The ROS level
was detected using DCFH-DA fluorescent probe. It could
be cleaved by intracellular esterases into its nonfluorescent
form (DCFH). Then DCFH was oxidized by intracellular
free radicals to produce a fluorescent product (DCF). As
shown in Figure 9Aa—c, the FMN and MWCNT-FMN

exhibited the similar phenomenon compared with the
blank control (the cells treated with PBS) in 3T3 cells.
In HeLa cells, no obvious fluorescent image could be
detected in the control (Figure 9Ba). Contrarily, the
fluorescent image could be observed after the treatment
of HeLa cells with Rosup (positive control) (Figure 9BD),
FMN (Figure 9Bc), and MWCNT-FMN (Figure 9Be) at
the concentration of 35 pumol/L for 24 hours. Obviously,
compared with FMN, MWCNT-FMN induced greater rates
of ROS generation. Moreover, as the concentrations of
FMN and MWCNT-FMN were increased by 70 umol/L, it
was clearly found that the fluorescence of DCF continues
to be intensive and the intensity of HeLa cells exposed to
70 umol/L MWCNT-FMN was remarkably elevated in
comparison with the Rosup-treated cells (Figure 9Bd and
). The results indicated that FMN and MWCNT-FMN
could significantly enhance the ROS level of HeLa cells.
And MWCNT-FMN expressed more cytotoxicity than FMN.

Detection of MMP

Decrease of MMP was one of the signs of cellular apoptosis,
and JC-1 was a membrane potential-sensitive fluorescent
probe that could detect the level of membrane potential. The
high membrane potential could promote JC-1 aggregated in

A..-
B..-

Figure 9 The ROS generation in (A) 3T3 cells and (B) Hela cells exposed to different samples: (A-a) blank control, (A-b) 70 umol/L of FMN, and (A-c) 70 umol/L of
MWCNT-FMN; (B-a) blank control, (B-b) positive control, (B-c, d) 35 and 70 pmol/L of FMN, (B-e, f) 35 and 70 pmol/L of MWCNT-FMN.

Note: Magnification for the figures is 200x.

Abbreviations: ROS, reactive oxygen species; FMN, formononetin; MWCNT-FMN, multiwalled carbon nanotube—formononetin.
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Figure 10 The MMP of (A) 3T3 cells and (B) Hela cells exposed to different samples: (A-a) blank control, (A-b) 70 umol/L of FMN, and (A-c) 70 pmol/L of MWCNT-FMN;
(B-a) blank control, (B-b) positive control, (B-c, d) 35 and 70 umol/L of FMN, (B-e, f) 35 and 70 umol/L of MWCNT-FMN.

Note: Magnification for the figures is 200x.

Abbreviations: MMP, mitochondrial membrane potential; FMN, formononetin; MWCNT-FMN, multiwalled carbon nanotube—formononetin.

matrix to present red fluorescence, while low potential pre-
vented from aggregation and present green fluorescence.*®
As shown in Figure 10Aa, 3T3 cells exhibited strong red
fluorescence in the control, and the FMN (Figure 10Ab)
and MWCNT-FMN (Figure 10Ac) exhibited similar phe-
nomenon compared with the blank control. Figure 10Ba
shows that HeLa cells exhibited strong red fluorescence in
the control; by contrast, HeLa cells mainly emitted green
fluorescence after the cells were exposed to CCCP (carbo-
nyl cyanide m-chlorophenyl hydrazone, positive control)
(Figure 10Bb), FMN, and MWCNT-FMN. In addition, as
shown in Figure 10Bc and e, the fluorescence intensity ratio
of red/green for the cells that were treated with 35 umol/L
MWCNT-FMN was smaller than that of the cells treated
with 35 umol/L of FMN. Similarly, with increasing con-
centration in the MWCNT-FMN-treated group, the green
fluorescence was increased while the red fluorescence was
dissipated. The phenomenon was more evident than that of
the FMN-treated group (Figure 10Bd and f). Therefore, the
membrane potential of cells treated with MWCNT-FMN was
lower than that of cells treated with FMN. Compared with
FMN, MWCNT-FMN was more cytotoxic against HelLa
cells. These findings also demonstrated that both FMN and
MWCNT-FMN could induce a decrease of MMP of HelLa
cells corresponding to cellular apoptosis.

Conclusion
In summary, the current study demonstrated that MWCNT-
COOH was an optimal FMN carrier. The entrapment
efficiency of MWCNT-FMN was 28.77%%0.15% and the
loading capacity was 12.05%10.20%. The MWCNT-FMN
showed a pH-responsive release behavior, and the release
rate of FMN was significantly higher than that of MWCNT-
FMN at pH 7.4 and 5.3. As a result of the WST-1 assay,
increasing the concentration of the samples did not signifi-
cantly change their toxicity in 3T3 cells. Similarly, the FMN
and MWCNT-FMN did not induce significant apoptotic mor-
phology, ROS overload, or collapse of MMP in 3T3 cells.
Yet FMN, MWCNT-COOH, and MWCNT-FMN exhibited
enhanced anticancer activity against HeLa cell lines in a
dose-dependent manner. AO/EB-stained cells revealed
that MWCNT-FMN could effectively induce the change
of apoptotic morphology of HeLa cells, and the conjugates
could enhance the level of ROS and induce the decrease of
MMP. Previous reports have revealed that ROS may play a
vital role in the decrease of MMP in cells.”” Depolarization
of MMP is an important step in the apoptotic process and is
lethal to the cells, which could cause the release of diverse
apoptogenic factors from mitochondria into cytoplasm.*
In conclusion, we have successfully prepared the MWCNT-
FMN and preliminarily found that the MWCNT-FMN
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may induce the apoptosis of HeLa cells through ROS-

mediated mitochondrial dysfunction pathway.
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