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Hyaluronic acid (HA)-modified amino single-walled carbon nanotubes (NH,-SWCNTs) were developed for
targeted delivery of doxorubicin (DOX) to improve breast cancer treatment. HA, which specifically binds to the
CD44 receptor, was non-covalently coated on NH,-SWCNTs through simply electrostatic adsorption. The formed
SWCNTs-DOX-HA complexes were characterized in terms of morphology, particle size and zeta potential by
different techniques. The DOX loading percentage on the SWCNTs-DOX-HA complexes was 81.5+1.0 %. In vitro
release study showed that the release of DOX was pH-triggered and was faster at a lower pH 5.5 (tumor cell micro-
environment) than that under physiological conditions (pH 7.4), which was beneficial for intracellular drug release.
The SWCNTs-DOX-HA showed a significantly improved intracellular delivery of DOX in CD44 overexpressing
MDA-MB-231 cells by flow cytometry and confocal microscopy. Of particular importance, the SWCNTs-DOX-HA
complexes were better than the unmodified SWCNTs-DOX on inhibiting proliferation and inducing apoptosis of
cells. In addition, the migration of MDA-MB-231 cells was significantly blocked by SWCNTs-DOX-HA. In the cancer
cell spheroids assay, SWCNTs-DOX-HA exhibited notable effect to inhibit the growth of cancer cell spheroids. All
these results indicated that this developed SWCNTs-DOX-HA complexes hold a great promise to be used as an

efficient nano-sized anticancer drug formulation for tumor-targeted treatment.

1. Introduction

Breast cancer is one of the most common and the main reason of
deaths among women all over the world. Based on the statistics
of American Cancer Society, about 246,660 new cases of breast
cancer were diagnosed and 40,450 cases of invasive breast cancer
were died in females in 2016 (Singh et al. 2017). Chemotherapy,
which uses chemical drugs as anticancer agents to kill cancer
cells, is a conventional and effective strategy for fighting against
breast cancer in clinical treatment (Assanhou et al. 2015; Zhou et
al. 2013). Doxorubicin (DOX), a typical anthracycline antibiotic,
is one of the most efficient chemotherapy drugs for the treatment
of breast cancer. However, due to lack of tumor targeting, DOX
always kill normal cells as well as breast cancer cells, resulting in
serious side effects and even potentially life-threatening. The very
high toxicity levels often involved in the use of DOX prompted
the generation of targeted drug carrier able to release the drug into
cancerous cells or tumor tissues, minimizing its distribution and
toxicity in healthy tissues (Pistone et al. 2016).

The rapid development of nanomedicine and nanobiotechnology
has generated various nano-sized drug carriers in the past few
years. Due to the “enhanced permeability and retention” (EPR)
effect, nano-carrier could extravasate (escape) into the tumor
tissues via the leaky vessels. Thus, the chemotherapy drugs loaded
into these nano-sized drug carriers could be accumulated and
retained in tumor sites (Schroeder et al. 2012; She et al. 2013).
Many drug delivery systems, such as polymeric nanoparticles,
dendrimers, liposomes and micelles have been employed to
achieve the specific targeting drug delivery, decrease the toxicity
and enhance the antitumor efficacy of DOX (Cai et al. 2014; Wen
et al. 2018; Xu et al. 2013).

Among the different classes of nano-carriers, single-walled carbon
nanotubes (SWCNTSs) have excellent biocompatibility, a hollow
construction, ultrahigh surface area, tuneable surface chemistry,
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and stable physical and chemical properties (Dvash et al. 2013;
Mehra et al. 2014; Mo et al. 2015; Zhang et al. 2017; Zhang et
al. 2009; Zhou et al. 2012). These provide excellent opportunities
for use of SWCNTSs in both drug delivery and antitumor thera-
peutics. SWCNTs have the bilayer graphene construction, which
make SWCNTSs to combine with DOX by n—n stacking interac-
tions, van der Waals interactions, and hydrophobic interactions (Ji
et al. 2012; Mehra et al. 2014; Yu et al. 2016; Zhou et al. 2012).
SWCNTs can also avoid the drug enzymatic degradation before it
enters cancer cells by loading drug inside the tube (Mousavi et al.
2013). However, despite their excellent properties, the wide appli-
cation of SWCNTs have been hindered by highly hydrophobic,
non-targeted cytotoxicity, limited control, and the potential to
cause inflammatory and fibrotic reactions (Cao et al. 2015; Chen
et al. 2012; Firme and Bandaru 2010; Ji et al. 2012; Liu et al. 2008;
Zhang et al. 2009).

In many cases, to resolve the poor aqueous dispersibility and high
aggregation tendency of pristine SWCNTSs, appropriate surface
functionalization by either noncovalent or covalent modification
are necessary, which render the SWCNTSs water soluble and
highly biocompatible (Cao et al. 2015). Modified the SWCNTs
with amino groups is a good way enhancing hydrophilicity and
reducing the toxicity of SWCNTs (Stevens 2003). More important,
further functionalized the SWCNTs with targeting ligands can
improve targeting cell recognition and enhance cellular uptake for
the drugs, and thus promote antitumor therapeutic efficacy.
Hyaluronic acid (HA), a linear polysaccharide, consists of
repeating D-glucuronic acid and N-acetyl-D-glucosamine disac-
charide units. HA possesses unique and favorable physicochemical
properties, such as biocompatibility, biodegradability, low cytotox-
icity and non-immunotoxicity. Additionally, HA is endowed with
tumor-specific targeting properties due to its high affinity toward
CD44, a cell adhesion membrane glycoprotein overexpressed
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on the surface of many cancer cells. Thus, HA can specifically
recognize CD44 and has been identified as an effective targeting
ligand of tumors which possessed CD44 overexpressing cells (Lin
Hou and Zhang 2017; Ouasti et al. 2012). HA has been widely
used as a targeting ligand in nanoparticles, micelles, liposomes and
polymersomes for cancer targeting drug delivery systems (Huang
etal. 2014; Li et al. 2014; Qhattal and Liu 2011; Yanhua Liu 2011).
In addition, HA is hydrophilic, which can prolong drug delivery
system circulation in the blood and increase accumulation of drug
in tumor tissue (Peer and Margalit 2004).

Hence, in the present study, we developed a targeting drug
delivery system (SWCNTs-DOX-HA) using amino single-walled
carbon nanotubes (NH,-SWCNTSs) as drug carriers, DOX as anti-
cancer agent and HA as targeting ligand for treatment of breast
cancer. At first, the size of NH -SWCNTs was reduced by Nano
DeBEE ultra high pressure homogenizer, then, DOX was loaded
on NH,-SWCNTs by utilization of m—n stacking interactions. At
last, the SWCNTs-DOX complexes were further non-covalently
wrapped with HA through electrostatic adsorption to improve
aqueous solubility, prolong blood circulation and realize selective
target delivery. The formed SWCNTs-DOX-HA complexes were
characterized using different methods. The DOX release behav-
iors from SWCNTs-DOX-HA were investigated under different
pH conditions corresponding to the physiological environments.
The targeting efficacy of the SWCNTs-DOX-HA to tumor cells
was investigated by intracellular uptake through flow cytometry
and confocal microscopy analysis in the MDA-MB-231 cells.
The in vitro antitumor activities of SWCNTs-DOX-HA were then
confirmed in cytotoxicity, apoptosis and migration studies. In
addition, a cancer cell spheroid assay was carried out to further
estimate the antitumor efficacy of SWCNTs-DOX-HA.

Nano-NH,-SWCNTs SWCNTs-DOX SWCNTs-DOX-HA

Scheme: Schematic of the preparation process of SWCNTs-DOX-HA.

Table: Characterization of functionalized SWCNTs (mean+SD, n = 3)

Samples Size (nm) PDI Zet“(:':‘t;“ﬁ"l EE (%)
Pristine NH,-SWCNTs  69187.8+1.9 1.053+0.065  5.05+0.08
Nano-NH,-SWCNTs 1838.8+2.3  0.964+0.036  5.86+0.22
SWCNTs-DOX 2040.4+1.6  0.449+0.017 24.06+0.45
SWCNTs-DOX-HA 362.5+0.9  0.174+0.043 -55.73+0.89 81.5+1.0

markedly. A lot of dark dots appeared on the surface of tubes and
some inside the tubes, which indicated that DOX was loaded on
the Nano-NH,-SWCNTs. Following modification with HA, the
surface of SWCNTSs was rough and the diameter was larger. The
SWCNTs-DOX-HA showed an obvious contrast between the
polysaccharide layers and the hollow tubes, indicating the core-
shell structures of SWCNTs-DOX-HA (Fig. 1D).

The particle size, zeta potential of series SWCNTSs are shown in
Table. The surface potentials of the NH,-SWCNTs and Nano-
NH,-SWCNTs were 5.05+0.08 and 5.86+0.22 mV as the presence
of surface amino groups. After loading DOX onto the Nano-NH,-
SWCNTs, the potential increased to 24.06+£0.45 mV. After further
modification with the negatively charged HA onto the SWNTs-DOX,
the zeta potentials dramatic decreased to -55.73+0.89 mV. The
particle size of pristine NH,-SWCNTs was 69187.8+1.9 nm. After
dealing with Nano De BEE ultra high pressure homogenizer, the
size reduced sharply to 1838.8+2.3 nm. It demonstrated that the
application of a nano homogenizer was an effective way to reduce
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: Release profiles of DOX from free DOX, SWCNTs-DOX and SWCNTs-
DOX-HA complexes under different pH conditions. (A) pH 7.4 PBS and (B)
pH 5.5 PBS. Each bar denotes mean +SD, (n=3).

Fig. I: TEM images of functionalized SWCNTSs. (A) Pristine NH,-SWCNTs; (B) Nano-NH -SWCNTs; (C) SWCNTs-DOX; (D) SWCNTs-DOX-HA.

2. Investigations and results

2.1. Preparation and characterization of SWCNTs drug
delivery systems

A schematic representation of SWCNTs-DOX-HA complexes is
shown in the Scheme. The morphologies of the samples occurred
after the several functionalization steps were observed by TEM.
Pristine NH,-SWCNTs (Fig. 1A) exhibited long entangled tubes
with smooth surfaces. After treatment by Nano DeBEE ultra high
pressure homogenizer, the obtained Nano-NH,-SWCNTs (Fig.
1B) were generally short. When DOX was loaded on Nano-NH,-
SWCNTs, the morphology of SWCNTs-DOX (Fig. 1C) changed
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the particles size of SWCNTs. The sizes of Nano-NH,-SWCNTs
and SWCNTs-DOX were around 2000 nm, which were much larger
than those observed by TEM. Interestingly, after coated with HA,
the size of SWCNTs-DOX-HA obviously reduced to 362.5+0.9 nm.
The polydispersity index (PDI) value of SWCNTs-DOX-HA was
0.174+0.043. The DOX loading percentage was 81.5+1.0 %.

2.2. DOX release from the SWCNTs drug delivery systems

The in vitro release curves of DOX are shown in Fig. 2. Unlike the fast
release of free DOX, the release of DOX from SWCNTSs was delayed
and pH-triggered. In pH 7.4 PBS (Fig. 2A), the release rates of DOX
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Fig. 3: (A) Flow cytometric data of DOX uptake by MDA-MB-231 cells; (B) Mean fluorescence intensity of MDA-MB-231 cells. Each bar denotes mean +SD, (n=3). *p<0.01.
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Fig. 4: Confocal microscopy images of MDA-MB-231 cells were exposed to SWCNTs-DOX, SWCNTs-DOX-HA or free DOX (DOX=40 ug/mL) for 3 h at 37 °C.
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from both SWCNTs-DOX and SWCNTs-DOX-HA were stable and
the release ratios were only about 11 % and 8 % within 24 h. While
in pH 5.5 PBS (Fig. 2B), the release rate of DOX from SWCNTs-
DOX-HA significantly increased to 34.5 % within 24 h, and the
release rate of DOX from SWCNTs-DOX was 40.7% within 24 h.

2.3. Invitro cellular uptake

To quantitatively evaluate the HA targeting capability, MDA-MB-
231 cells were incubated with SWCNTs-DOX, SWCNTs-DOX-HA
or free DOX for 3 h at 37 °C. Flow cytometry was utilized to quan-
tify the cellular uptake of SWCNTs-DOX-HA complexes via the
unique red fluorescence signal of DOX. As illustrated in Fig. 3, free
DOX (positive control) showed the highest cellular uptake, which
indicated that hydrophilic DOX can readily diffuse into cells. Higher
cellular uptake efficiency of DOX was observed in the SWCNTs-
DOX-HA group compared with SWCNTs-DOX group (p<0.01).
More detailedly, the SWCNTs-DOX-HA achieved a 2.1 fold
increase in cellular DOX fluorescent intensity than SWCNTs-DOX.
The accumulation and distribution of SWCNTs-DOX, SWCNTs-
DOX-HA and free DOX in MDA-MB-231 cells were also investi-
gated via confocal microscopic imaging of the red fluorescence of
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Fig. 5: Viabilities of MDA-MB-231 cells after treatment by various DOX formula-
tions. Each bar denotes mean +SD, (n=3). *p<0.05 and **p<0.01.

DOX and the blue fluorescence of Hoechst 33258 for cell nuclei.
Figure 4 shows the intracellular fluorescence intensity of DOX,
free DOX (positive control) manifested the highest fluorescence
intensity, which further indicated that DOX can directly pass into
the cells by a passive diffusion mechanism. The DOX fluorescence
signals for SWCNTs-DOX-HA treated cells were detected at
the nuclei and the perinuclear region. And the cells treated with
SWCNTs-DOX-HA displayed higher fluorescence intensity than
cells treated by SWCNTs-DOX. The results were consistent with
the quantitative study of cellular uptake obtained by flow cytom-
etry.

2.4. In vitro cytotoxicity assay

The in vitro cytotoxicity of SWCNTs-DOX-HA was determined by
SRB assay. The cellular survival rate results are demonstrated in Fig. 5.
Free DOX as positive control showed the highest cytotoxicity as DOX
transferred into cells by passive diffusion and inhibited the growth of
cells rapidly. Both SWCNTs-DOX-HA and SWCNTs-DOX inhibited
the growth of cells in a dose-dependent manner. However, SWCNTSs-
DOX-HA displayed higher cytotoxicity than SWCNTs-DOX, espe-
cially when the concentration of DOX was higher than 1.0 pg/mL.

2.5. Invitro apoptosis measurement

The degree of in vitro apoptosis was quantitatively measured by flow
cytometry with Annexin V-FITC/7-AAD staining. The results are
shown in Fig. 6, the apoptosis rates of the control, SWCNTs-DOX,
SWCNTs-DOX-HA and free DOX groups were 2.33+0.56 %,
9.25+1.62 %, 37.72+1.03 % and 73.45+1.54 %, respectively.

2.6. Inhibition of migration of MDA-MB-231 cells

The effect of DOX on MDA-MB-231 cells metastasis in vitro
was investigated through the migration assay. Figure 7 depicts
the wound-healing response of MDA-MB-231 cells at different
time points after applying different DOX formulations. As
observed in the images from the wound healing assays (Fig. 7A),
SWCNTs-DOX and SWCNTs-DOX-HA failed to close the wound
after 24 h and 48 h, and free DOX (positive control) displayed
strongest metastatic inhibition effect. At 48 h, the migration
indexes (Fig. 7B) of control, SWCNTs-DOX, SWCNTs-DOX-HA
and free DOX were 73.8+0.88 %, 47.4+0.78 %, 28.6+0.32 %
and 14.8+0.56 %, respectively. The migratory abilities of the
MDA-MB-231 cells significantly decreased following treatment
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Fig. 6: The results of in vitro apoptosis measurement. (A) In vitro apoptotic analysis of each group; (B) Comparison of in vitro apoptosis rate of each group. Each bar denotes

mean =SD, (n=3). *p<0.01.
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Fig. 7: The influence of varying DOX formulations on wound-healing of MDA-MB-231 cells. (A) Images of the wound healing assays; (B) Statistical analysis of migration index

at 48 h. Each bar denotes mean +SD, (n=3). *p<0.05.
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Fig. 8: Inhibitory of varying DOX formulations on MDA-MB-231 cell spheroids. (A) Inhibitory and effect on the growth of MDA-MB-231 cell spheroids. Each bar denotes mean
+SD, (n=3). *p<0.05 and **p<0.01. (B) The MDA-MB-231 cell spheroids images treated with varying DOX formulations under inverted microscope. (a) Control; (b) Free

DOX; (¢) SWCNTs-DOX and (d) SWCNTs-DOX-HA.

with SWCNTs-DOX and SWCNTs-DOX-HA compared with
control, and SWCNTs-DOX-HA displayed stronger inhibitory
effect on the migration than SWCNTs-DOX.

2.7. Anti-tumor efficiency on cancer cell spheroids

MDA-MB-231 cell spheroids were applied to assess the in
vitro anti-tumor efficiency of SWCNTs-DOX-HA complexes.
The morphology of spheroids and volume changes of control,
SWCNTs-DOX, SWCNTs-DOX-HA and free DOX groups are
shown in Fig. 8. After cultured for 5 days, the volume of spher-
oids in control group increased about 1.2 fold. While applying
free DOX, SWCNTs-DOX and SWCNTs-DOX-HA, the volume
of spheroids reduced sharply. Free DOX showed the highest anti-
tumor efficiency. And SWCNTs-DOX-HA displayed notable inhi-
bition effect on the growth of cell spheroids than SWCNTs-DOX.
The spheroids became irregular and smaller, finally broke into
pieces at day 5, implying that SWCNTs-DOX-HA could penetrate
deep to the center of cell spheroids and induce cell apoptosis.

3. Discussion

The morphologies of the samples have changed greatly after
every functionalization steps (Fig. 1), indicating that a targeting
SWCNTs-DOX-HA drug delivery system was successfully
constructed. The data of zeta potential (Table) determinations
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could also indicate the preparation process of SWCNTs-DOX-HA
complexes. DOX, a cationic anthracycline antibiotic, combine with
SWCNTs by n—n stacking interactions, van der Waals interactions,
and hydrophobic interactions (Ji et al. 2012; Mehra et al. 2014; Yu
etal. 2016; Zhou et al. 2012). Nano-NH -SWCNT is an electropos-
itive complex. After loading DOX onto the Nano-NH,-SWCNTs,
the zeta potential of the complex increased obviously, indicating
the successful combination of electropositive DOX onto the Nano-
NH,-SWCNTs. Due to multiple carboxyl groups, HA is an anionic
polysaccharide polymer (Sun et al. 2012). After coated with HA,
the potential decreased sharply. The reverse of surface potentials
demonstrated that the HA was successfully adsorbed onto the side-
walls of SWCNTs through electrostatic adsorption. The changes
in zeta potential also indicated that a targeting SWCNTs-DOX-HA
drug delivery system was successfully synthesized.

After coated with HA, the sizes of complexes decreased obvi-
ously. It was probably that the SWCNTs tend to cluster into
large bundles in water, so the sizes of Nano-NH,-SWCNTs and
SWCNTs-DOX were much larger than those observed by TEM.
HA coating supplied a hydrophilic shield, which was helpful to
improve the dispersion of SWCNTSs in water. On the other hand,
the zeta potential of SWCNTs-DOX-HA was below -55 mV.
According to the zeta potential theory, the larger the absolute value
of the zeta potential is, the more stable the system will be (Mo
et al. 2015). The SWCNTs-DOX-HA'’s absolute value of the zeta
potential was larger than Nano-NH,-SWCNTs’s and SWCNTs-
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DOX’s, suggesting that the SWCNTs-DOX-HA complexes would
be stable in water and would not readily agglomerate. The PDI
value of SWCNTs-DOX-HA further provided the evidence that
HA modification could improve the dispersion of SWCNTSs. The
DOX loading percentage was higher than 80 %, indicating that the
SWCNTs had a high loading capacity and could deliver a large
amount of drug. The result was higher than previous report (Mo
et al. 2015).

Theresults of DOX release from the SWCNTSs drug delivery systems
demonstrated that the release rate of DOX from SWCNTs-DOX
was higher than that from SWCNTs-DOX-HA. The reason might
be HA on the surface of SWCNTs-DOX acted as a shell, which
reduced the release rate of DOX. The HA coating could prolong
the blood circulation for the SWCNTs-DOX drug delivery system.
These results indicated that SWCNTs-DOX-HA had a character-
istic of pH-trigger drug release, which could increase the cytotoxic
activity of the DOX at reduced pH tumor microenvironments
and intracellular organelles of lysosomes and endosomes. Under
normal physiological conditions in blood circulation and normal
tissues, the DOX was retained on the SWCNTs and lowered the
toxic and side effect to normal cells (Yao et al. 2014). The different
release profiles at two PH microenvironments indicated that the
pH-triggered DOX release of the SWCNTs-DOX-HA complexes
is ideal choice for treating tumor with slightly acidic pH microen-
vironment.

During the application of carbon nanotubes (CNTs) as drug carrier,
its toxicity is the key issues of their application in the therapeutic
areas. In a previous study, cytotoxicity of CNTs was determined
by various factors including purity, functionalization moieties,
dimension, and concentration. Many reports confirmed that
CNTs in lower dosages can be used as a promising drug delivery
carrier for targeted therapy of cancer (Calaf et al. 2018). CD44
was overexpressed on the surface of MDA-MB-231cells. HA has
been identified as an effective targeting ligand of tumors which
possessed CD44 overexpressing cells (Lin Hou and Zhang 2017;
Ouasti et al. 2012). The higher cytotoxicity effect of SWCNTs-
DOX-HA (Fig. 5) may be due to the positive targeting resulted
from the strong affinity of HA on the surface of SWCNTSs to
its CD44 receptor. These results revealed that the HA-mediated
targeted delivery could improve the delivery efficiency of DOX
and enhance therapeutic efficacy of DOX against MDA-MB-231
cancer cells, which were in good accordance with that of flow
cytometry assay and confocal microscopy observation.

Free DOX could quickly pass into the cells by a passive diffusion
mechanism and accumulated in the cell nucleus in great quantity,
then triggered cell apoptosis by intercalating in the DNA base
pairs and blocking the replication activities (Chaudhuri et al. 2010;
Tacar et al. 2013; Thorn et al. 2011). The limited apoptotic effect
of SWCNTs-DOX was attributed to lower cellular uptake caused
by the lack of interaction between SWCNTs-DOX and the cell
membrane. However, treatment with SWCNTs-DOX-HA resulted
in greatly heightened apoptosis as the receptor/ligand interaction
between the HA and the CD44 on the surface of cell membranes,
which resulted in improved cellular uptake of the complexes. These
results were in accordance with in vitro cytotoxicity results. Our
data implied that the HA modification was effective to increase the
apoptosis of DOX-loaded SWCNTSs against CD44 receptor-over-
expressing MDA-MB-231 cells.

A majority of cancer-associated deaths was caused by cancer
metastasis (Singh et al. 2017). MDA-MB-231 is a human highly
metastatic breast cancer cell line. Inhibition of migration of
MDA-MB-231 cells is significant to breast cancer treatment. DOX
has been reported to play an important role on the metastasis of
tumor cells (Pistone et al. 2016). The migration assay results indi-
cated that the untreated control MDA-MB-231 cells moved into
scratched gaps and narrow the gaps due to their high migratory
potential, while DOX could effectively inhibit the self-renew
of cells and the healing of wound. It could be concluded that
SWCNTs-DOX-HA had stronger inhibitory effect on the migra-
tion than SWCNTs-DOX, which proved effective anti-metastatic
potential of the SWCNTs-DOX-HA formulation.
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Cancer cell spheroids, 3D architectures of cancer cells, are found
in many cancer patients with sizes of 250-750 pm. Unlike classical
cell culture- based models, cancer cell spheroid can reflect the ther-
apeutically relevant pathophysiological gradients. So cancer cell
spheroid model was widely used as an appropriate tool to estimate
the anti-tumor efficiency in drug development processes (Friedrich
et al. 2009; Kou et al. 2017; Perche and Torchilin 2012). As tumor
drug resistance mechanisms, the efficacy of cancer chemotherapy
is poor towards many solid tumors from the beginning or following
initial success, the tumor tissue is an obstacle to overcome (Mellor
and Callaghan 2011; Meng et al. 2012). In this study, the targeting
drug delivery system SWCNTs-DOX-HA can specifically bind
to CD44 receptor and enhance uptake by MDA-MB-231 cells via
CD44 receptor-mediated endocytosis, deliver the DOX penetrate
deep to the center of cell spheroids and induce cell apoptosis. This
model can simulate the situation observed in patients or in preclin-
ical tumor-bearing animals. These results provide an idea for the
further study of SWCNTs-DOX-HA in tumor-bearing animals.

In this study, a simply and non-covalently functionalized
SWCNTs with HA for targeted delivery of DOX into CD44
overexpressing cancer cells was developed. Via the electrostatic
interaction between the amino groups of SWCNTSs and carboxyl
groups of HA, targeting ligand HA was adsorbed onto the surface
of SWCNTs successfully. The formed SWCNTs-DOX-HA
complexes possessed high load capacity for DOX through n—n
stacking interactions between DOX and SWCNTs, and displayed
a pH-triggered DOX release characteristic with a faster DOX
release rate at lower pH condition. When compared to unmodified
SWCNTs-DOX, the SWCNTs-DOX-HA exhibited a significant
improvement in intracellular delivery of DOX in the CD44 over-
expressing MDA-MB-231 cells. More importantly, the multifunc-
tional SWCNTs-DOX-HA complexes exerted stronger effects in
inducing growth inhibition and apoptosis than SWCNTs-DOX.
Also, the migration and the formation of cancer cell spheroids
for MDA-MB-231 cells were significantly blocked by SWCNTs-
DOX-HA. These properties endue SWCNTs-DOX-HA with
precise and efficient DOX delivery for tumor cells, which hold a
great promise to improve therapeutic efficacy and decrease toxicity
for chemotherapy.

4. Experimental

4.1. Materials

Amino single-walled carbon nanotubes (NH,-SWCNTs, purity > 95%, length 1-3 um,
diameter 1-2 nm) were purchased from XFNANO Co., Ltd (Nanjing, China). Doxoru-
bicin hydrochloride (DOX) was supplied by Meilun Biotechnology Co., Ltd (Dalian,
China). Hyaluronan (HA, 0.1-0.2710° Da) was obtained by Dongyuan Biotech Co.,
Ltd (Zhenjiang, China). Agarose, Hoechst 33258, sulforhodamine B (SRB) were
purchased from Sigma-Aldrich (St. Louis, USA). Ultrapure deionized (D.l.) water
was generated using a plus system (Milli-Q, Millipore, Germany).

MDA-MB-231 (human breast cancer) cell line was purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China). The MDA-MB-231 cells
were cultured in Leibovitz’s L15-medium (L15, Macgene) supplemented 10% foetal
bovine serum (FBS, Wisent) and 100 U/mL penicillin and 100 pg/mL streptomycin
(Macgene). The cell line was cultured in a humidified incubator at 37 °C and an
atmosphere of 5% CO,.

4.2. Preparation of SWCNTs drug delivery systems

4.2.1. Loading of DOX onto NH,-SWCNTs

Firstly, 200 mg NH -SWCNTSs was dispersed in 200 mL anhydrous ethanol by soni-
cation for 1 h. Then the obtained solution was processed with ultra high pressure
homogenizer (Nano, DeBEE, USA) to obtain nanosize NH -SWCNTs. After that
the nano-NH -SWCNTs were collected by centrifugation at 5000 r/min for 10 min,
washed with PBS for three times to remove the residual ethanol. Nano-NH,-SWCNTs
(10 mg) were dispersed in 5 mL PBS and 1.3 mL of DOX (5 mg/mL in PBS) was
added to the nano-NH,-SWCNTs PBS solution. The mixture was sonicated for 30
min and stirred at room temperature for 24 h. At last, the products were collected by
centrifugation, washed with D.I. water several times until the supernatant became
colorless, and collected all the supernatant. The obtained SWCNTs-DOX were
dispersed in 10 mL D.I. water and stored at 4 °C.

4.2.2. Preparation of SWCNTs-DOX-HA

HA solution (2 mL, 1 mg/mL) was added to 2 mL SWCNTs-DOX solution, soni-
cated for 30 min and stirred at room temperature for 24 h. The products (SWCNTs-
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DOX-HA) were collected by centrifugation, washed with D.I. water three times.
The resultant SWCNTs-DOX-HA complexes were dispersed in 2 mL D.I. water and
stored at 4 °C.

4.3. Characterization of SWCNTs drug delivery systems

Particle sizes, polydispersity indexes (PDI) and zeta potentials of the different
SWCNTSs were measured by dynamic light scattering (DLS) analysis using Nicomp
380 ZLS particle sizing system (PSS, CA, USA). The morphologies of all SWCNTs
were taken by H7700 transmission electron microscopy (Hitachi, Tokyo, Japan).

4.4. Drug encapsulation efficiency measurement

The encapsulation efficiency (EE) of DOX in SWCNTs was measured by spectro-
photometry. The supernatant that contained unbound free DOX in step “loading of
DOX onto NH,-SWCNTs” was collected. The amount of free DOX that unloaded on
SWCNTSs was determined at 485 nm using UV-2550 spectrophotometer (SHIMADZU,
Japan). The encapsulation efficiency (EE) of DOX was calculated with the following
equation: EE=(weight of total DOX-weight of free DOX)/weight of total DOXx100%

4.5. Invitro release of DOX

In vitro release of DOX from SWCNTs-DOX and SWCNTs-DOX-HA was deter-
mined by a dialysis method. 1.0 mL of free DOX, SWCNTs-DOX or SWCNTs-
DOX-HA solution and 2 mL of L15 medium with 10 % FBS were transferred into
dialysis bag (MWCO=12,000-14,000Da). Then, the dialysis bag (end-sealed) was
placed into 30 mL of pH 7.4 or 5.5 PBS with 0.2 % Tween 80 (Wt/Vol) at 37 °C
under 100 rpm stirring. At certain time points, 1 mL of release medium was taken and
added the same aliquot of fresh release medium. The concentration of DOX in each
sample was measured by ACQUITY UPLC (Waters, USA) using fluorescent detector
(excitation wavelength at 495 nm and emission wavelength at 545 nm). The mobile
phase was consisted of 60% methanol, 35% water and 5% acetic acid.

4.6. In vitro cellular uptake

The targeting efficiency of different DOX loaded SWCNTs was assayed by flow
cytometry. Briefly, 5x10° of MDA-MB-231 cells (per well) were seeded into 6-well
plates. After cultured for 24 h, SWCNTs-DOX, SWCNTs-DOX-HA and free DOX
(final concentration of DOX: 40 pg/mL) solutions were added to the cells, respec-
tively. After incubation 3 h at 37 °C, the cells were washed, trypsinized, collected,
and dispersed in PBS. The fluorescence intensity of DOX was determined by a flow
cytometry (Becton Dickinson, NJ, USA) with 10,000 of cells were collected.

The distribution image of DOX in MDA-MB-231 cells was taken by a confocal fluo-
rescent microscope. Briefly, 5710° of MDA-MB-231 cells (per well) were seeded into
glass-base dishes and cultured for 24 h at 37 °C. SWCNTs-DOX, SWCNTs-DOX-HA
and free DOX (final concentration of DOX 40 ug/mL) solutions were added to the
cells, respectively. After incubation 3 h at 37 °C, the cells were washed by cold PBS
three times, fixed by 4% paraformaldehyde for 20 min at 37 °C and stained cell nuclei
with Hoechst 33258 (10 ug/mL) for 20 min at 37 °C. Then, images of the cells were
taken by a laser confocal microscopy (Zeiss, Jeantown, Germany).

4.7. In vitro cytotoxicity of SWCNTs drug delivery systems

The in vitro cytotoxicities of different DOX formulations were evaluated by SRB assay.
5%10° of MDA-MB-231 cells (per well) were seeded into 96-well plate and cultured
for 24 h. The cells were treated with different concentrations of SWCNTs-DOX,
SWCNTs-DOX-HA and free DOX for 48 h. The cells were fixed by 10% cold
trichloroacetic acid (Wt/Vol), washed with D.I. water and dried at room temperature.
Then, the cells were stained with 0.4 % SRB (Wt/Vol) for 30 min and washed with
1 % acetic acid (Wt/Vol) several times until the solution became colorless. Finally,
Tris base (10 mM) was added to each well and the 96-well plate was shaken for 30
min at room temperature. The optical density was taken by a microplate reader of
multi-wavelength measurement system (Tecan, Diken, Austria). All experiments were
repeated three times.

4.8. In vitro apoptosis measurement

The in vitro apoptosis were measured by flow cytometry with Annexin V-FITC/7-AAD
staining. Briefly, the MDA-MB-231 cells were treated with SWCNTs-DOX,
SWCNTs-DOX-HA and free DOX at final DOX concentration of 10 ug/mL. After
incubation 24 h, the cells were washed, trypsinized, collected, and dispersed in PBS.
The cells were stained with Annexin V-FITC and 7-AAD according to the apoptosis
assay kit (Cwbiotech, Jiangsu, China). Then, cells were analyzed by a flow cytometry
(Becton Dickinson, NJ, USA).

4.9. Inhibition of migration of MDA-MB-231 cells

2.510° of MDA-MB-231 cells (per well) were seeded into 12-well plate and
cultured for 24 h. A single scratch wound was created in the monolayer cells using
a sterile pipette tip. Cells were washed with PBS three times to remove the debris.
Then, the remaining cells were cultured with L15 medium containing 2 % FBS with
SWCNTs-DOX, SWCNTs-DOX-HA and free DOX (final concentration of DOX: 2
ug/mL). Images of the cells were taken by inverted fluorescence microscope (Zeiss,
Jeantown, Germany) at 0 h, 24 h and 48 h. The scratch area was measured by Image J
software to evaluate the effect of different DOX formulations on the cell metastatic
potential.
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4.10. Formation of cancer cell spheroids

Cancer cell spheroids were developed via reported method. Typically, 50 uL of
1.5 % agarose solution (Wt/Vol) in serum-free media were added to 96-well plate,
and then the plate was stored for 60 min to cool down to room temperature. L15
complete medium (200 pL) containing with 5,000 cells was added to each well. Then
the 96-well plate was centrifuged at 1500 x g for 15 min. L15 medium (100 pL)
containing 10 % FBS was replaced gently every two days. After forming the cancer
cell spheroids for about 4 days, SWCNTs-DOX, SWCNTs-DOX-HA and free DOX
(final concentration of DOX: 2 ug/mL) were added to the 96-well plate. Images of
the cancer cell spheroids were taken by inverted fluorescence microscope (Zeiss,
Jeantown, Germany) over the following 5 days.

4.11. Statistical analysis

All the experiments were repeated for three times at least. The data were presented as
mean=SD. Statistical comparisons were performed by Student’s t-test. Date with of P
value < 0.05 or 0.01 was considered statistically significant or very significant difference.
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