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combination therapy of lung cancer
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Abstract

Background: Lung cancer is the most common type of tumour worldwide. Its relative lethality is considerably high.
However, since the tumour tissues are located deep within the human body, traditional technologies, such as photo-
dynamic therapy, do not have the desired effect. Sonosensitisers can penetrate deeply into tissues, and sonodynamic

therapy (SDT) effectively inhibits tumours by generating reactive oxygen species. Ultrasound can also penetrate

deeply, with a favourable tumour inhibition effect.

Results: A redox/ultrasound-responsive Rhein-chondroitin sulphate-based nano-preparation encapsulating doc-
etaxel was fabricated. The nanoparticles displayed increased cellular uptake with quick drug release, good stability,
and a monodispersed form in the physiological environment. Rhein induced apoptosis and altered mitochondrial
membrane potential, which enhanced the expression of apoptosis-related proteins. SDT inhibited the metastasis and
angiogenesis of cancer cells and activated anti-tumour capacity by reducing the expression of M2 macrophages.

Conclusions: The potential of Rhein for SDT was demonstrated. Production of reaction oxygen species was markedly
enhanced after ultrasound treatment. The nanoplatform enhanced the synergistic anti-tumour effects of SDT and
chemotherapeutic efficacy. The approach was biocompatibility. The findings could inform investigations of chemo-

SDT for different cancers.
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Introduction

Lung cancer is the most frequently occurring type of
tumour-associated death worldwide. Approximately
1.8 million people are diagnosed each year. The lethal-
ity rate is 88 % [1]. Non-small cell lung cancer (NSCLC)
is the most common form of lung cancer [2, 3]. Among
the wvarious therapeutic strategies, combination
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therapies based on multifunctional nanoplatforms are
considered an effective way to eliminate tumours [4,
5]. In addition, many non-invasive technologies, such
as near-infrared (NIR) light [6] and ultrasound [7] have
been applied to treat cancers. Their safety and efficacy
are enhanced compared to traditional chemotherapy
and radiation therapy. Compared with the limited pen-
etration depth that was restricted by the laser power,
ultrasound energy can penetrate deeper tumour tissues
within the bounds of safety. Therefore, the combination
of sonodynamic therapy (SDT) and chemotherapy has
attracted attention [8].

As previously reported, the principle of SDT is simi-
lar to photodynamic therapy. Reactive oxygen species
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(ROS) are produced under the stimulation of light or
ultrasound. This process leads to a singlet-to-triplet tran-
sition and apoptosis of tumour cells [9]. ROS initiate oxi-
disation reactions and ultimately result in irreparable cell
damage [10]. To enhance the low efficacy of ROS pro-
duction by pure ultrasound, the choice of sonosensitisers
(SSs) is critical. SSs can increase the level of ROS in a very
selective manner [11]. SSs that include protoporphyrin
IX [12], hematoporphyrin monomethyl ether (HMME)
[13], chlorin e6 (Ce6) [14], titanium dioxide (TiO,) [15],
and silicon-based [16] nanoparticles have been investi-
gated concerning their influence on ROS production and
tumour inhibition [17, 18]. However, the commonly used
SSs are expensive and generate ROS only under ultra-
sonic conditions.

To overcome this drawback, Rhein (Rh) was pres-
ently identified as a SS in this study. Rh can directly and
gradually generate ROS through the c-Jun N-terminal
kinase (JNK)/Jun/caspase-3 signalling pathway, which
increases the production of ROS in deeper tissues that
are not exposed to ultrasound energy [19]. In addition,
Rh favourably inhibited tumours by activating the secre-
tion of apoptosis-related proteins, such as caspase-3,
BCL-2 and BAX, in tumour cells after treatment [20]. Rh
also inhibits tumour angiogenesis [21, 22]. However, the
poor solubility and instability of Rh limit the in vivo ther-
apeutic effect in cancers. Therefore, a stimuli-responsive
nanoplatform was constructed to improve the tumour-
targeting effect and enhance anti-tumour capability.

We previously demonstrated that chondroitin sulphate
(CS), a family member of glycosaminoglycan that targets
CD44 receptors, is overexpressed on tumour cells [23—
25]. CS also target the Golgi apparatus after the cellular
uptake process [26]. CS was selected as the backbone of
the developed nanoplatform. Rh was grafted onto the CS
backbone with adipic dihydrazide (ADH) molecules to
aminate CS. The stable amphiphilic polymer CS-ADH-
Rh was formulated. In addition, lipoic acid (LA) as a
crosslinking agent, was also grafted to the backbone to
form intermolecular disulfides when exposed to a cata-
lytic amount of dithiothreitol (DTT) in nitrogen. During
the process, intramolecular disulfide bonds broke, and
intermolecular disulfides formed [27]. The nanoparticles
were cross-linked and endowed the nanoplatform with
redox/ultrasound-sensitive activity and stability. The
amphipathic self-assembled nanoplatform could rapidly
release the encapsulated drug in the highly reductive
environment of the cytoplasm [28-31]. In addition, the
hydrophobic anti-tumour drug docetaxel (DTX), which
has poor solubility and is very toxic, was easily loaded
into the hydrophobic segment of the nanoplatform. The
incorporation of DTX could play a role in combined
therapy by inducing G2/M phase arrest in mitotic cell
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division and destroying the microtubule structure of
tumour cells [32, 33].

Consequently, we synthesised a redox/ultrasound-
sensitive DTX-loaded CS-ADH-Rh-LA nanoplatform to
inhibit tumour growth and metastasis through combined
chemo-SDT. Rh in the nanoparticles induced a favour-
able SDT effect both in vivo and in vitro, and significantly
suppressed tumour invasion and migration. In addi-
tion, the nanoparticles could target the Golgi apparatus
and facilitate structural damage of organelles, especially
during SDT. In addition, the nanoparticles successfully
enhanced ROS generation in time-and concentration-
dependent manners after entry into A549 cells, and could
effectively inhibit the invasion and migration of cancer
cells. The nanoplatform improved the induction of apop-
tosis in tumour cells and activated the immune system
after SDT. Therefore, the role of Rh as an SS was discov-
ered and exploited in this highly efficient and economic
nanoplatform. The findings highlight a new approach for
the development of novel SSs (Scheme 1).

Result and discussion

Synthesis and characterization of nanoparticles
Nanoparticles of CS-ADH-Rh-LA (NC-NPs and C-NPs
representing non-crosslinking and crosslinking nano-
particles, respectively) were prepared by a simple soni-
cation method. The size ranged from 158.4 to 192.4 nm
(Table 1). Although Rh was hydrophobic part, NC-NPs
and C-NPs increased in size with increased Rh to CS-
ADH ratio, probably owing to the steric hindrance effect
of Rh molecules. The size of CS-ADH-Rh was 215.2 nm,
which was significantly larger than the size of NC-NPs,
indicating the enhanced self-assembled effect after LA
was grafted. The results showed that the critical aggre-
gation concentration value of NC-NPs with different
ratios of Rh to CS-ADH ranged from 33.74 to 66.54 pg/
mL, which indicated excellent self-aggregation ability
and dilution stability of NC-NPs (Table 1). Compared
with NC-NPs, C-NPs were smaller with better dispersion
behaviour (Fig. 1A(a) and (b)). The findings validated our
hypothesis that the crosslinking process could improve
the stability of the nanoparticles [34]. Both NC-NPs and
C-NPs exhibited good stability with a zeta potential of
-21.0 mV and —28.9mV, respectively (Table 1). 'H-num-
clear magnetic resonance (NMR), > C-NMR, and Fourier
transform infrared (FT-IR) results of CS-ADH-Rh-LA
are shown in Additional file 1: Fig. S2.

Stability of nanoparticles

To evaluate the redox-responsive properties of C-NPs,
the reductive stability was also evaluated in different con-
centrations of dithiothreitol (DTT) (Fig. 1B(a)). C-NPs
increased in size from 180.8 nm to 272.5 nm, 401.6 nm
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Table 1 Characteristics of CS-Rh-LA nanoparticles

NC-NPs C-NPs
Sample Rh DS (%) Diameter PDI {(mV) CMC (ug/mL) Diameter (nm) PDI C(mV)
(nm)
CS-Rh-LA1 093 165.7+£4.23 0.153£0.015 —156 66.54 138.5+3.50 0.1284+0.018 —25.7
CS-Rh-LA2 2.69 1806390 0.1664+0029 —188 4747 163.8+3.09 0.12240.022 —26.8
CS-Rh-LA3 3.15 1844+£2.50 0.100£0.014 =210 33.74 1783+£265 0.09134+0.008 —28.9

Values are listed as Mean +SD, n=3

and 715.0 nm after 6, 12 and 24 h of incubation with 20
mM DTT, respectively. Transmission electron micros-
copy (TEM) results (Fig. 1A(c) and (d)) revealed the
gradual destruction of C-NPs. Crushed NPs were evident
after 24 h of incubation in 20 uM DTT. However, there
was negligible change in the size of C-NPs incubated
with 20 uM DTT solution (Additional file 1: Fig. S3). In
addition, there was little change in the size of NC-NPs
after incubation with DTT solutions. Further, in vitro
stability was evaluated after incubation with phosphate
buffered saline (PBS; pH 7.4, 10 mM), NaCl, and com-
plete medium with 10% foetal bovine serum (FBS) for
24 h (Fig. 1B(b)). In both PBS and NaCl solutions, NC-
NPs decreased in size, while C-NPs maintained favour-
able colloidal stability. In particular, the stability of C-NPs
was better than that of NC-NPs in 10% FBS solution for
6 days (Additional file 1: Fig. S4). In addition, to estimate
blood stability, the haemolysis rate of C-NPs was studied
(Fig. 1C). The haemolysis rate increased with the concen-
tration of C-NPs, but the rate was always below 5% (0.1

to 1 mg/mL), indicating the good biocompatibility of the
synthesised polymers. Therefore, C-NPs possessed supe-
rior colloidal stability after crosslinking in normal physio-
logical environments or blood, and disassembled quickly
in a simulated tumour microenvironment, guaranteeing
their successful delivery.

Drug loading and release assay

To explore the combined therapy, docetaxel (DTX)
was encapsulated in C-NPs by the sonication-dialysis
method, and the effect of DTX on drug loading was stud-
ied, as shown in Table 2. With an increase in the charge
ratio of DTX to C-NPs of 1:10 to 5:10, C-NPs could carry
more DTX. Thus, the drug loading (DL) increased from
2.50 to 12.05%. The corresponding encapsulation effi-
ciency (EE) increased from 23.93 to 35.73% as the ratio
increased from 1:10 to 3:10, but decreased to 28.25% at
a 5:10 ratio. This could be explained by the breakage of
the hydrophobic-hydrophilic balance for the superfluous
addition of DTX. In addition, the size increased as the
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Fig. 1 ATransmission electron microscopy of the morphology of NC-NPs (a) and C-NPs (b) dispersed in distilled water . The particle size distribution
of C-NPs after 24 h of incubation with 20 uM dithiothreitol (DTT) (c) and 20 mM DTT (d). B (a) The responsive disassembly of C-NPs and NC-NPs.
Particle size was determined at different times in the reductive environment in the presence of DTT. (b) Crosslinking stability of nanoparticles. Size
changes of C-NPs and NC-NPs in various solutions of phosphate buffered saline, NaCl and 10% foetal bovine serum. C Haemolysis rate of C-NPs
(number 1-7 represents the groups of blank control, 0.1, 0.25, 0.5, 0.75, 1 mg/mL C-NPs and positive control). D Cumulative DTX release from the

C(mg/mL) Time(h)

Table 2 Characteristics of DTX/CS-ADH-Rh-LA nanoparticles

Sample DTX/ polymer DL (%) EE (%) Diameter (nm) ¢(mV)
CS-ADH-Rh-LA 1:10 25040.18 23934226 1935+£1.2 —24.2
2:10 571+0.15 31.75£2.11 201.7£22 —252
3:10 9.57+0.38 3573+£197 231.7£39 —30.7
5:10 12.05+0.25 2825+1.37 2540+£23 —289

All values are presented as Mean & SD (n=3)

proportion of DTX. However, the zeta potential had the
highest absolute value only at a ratio of 3:10. The DTX
to C-NPs ratio of 3:10 was selected for further studies.
After crosslinking, the in vitro release profile of DTX/C-
NPs was further evaluated in PBS alone and PBS con-
taining 20 pM or 20 mM DTT (Fig. 1D). The cumulative
release of DTX in PBS containing 20 mM DTT was more
rapid in the first 12 h (nearly 80%) than in PBS contain-
ing 0 and 20 pM DTT. The release reached approximately
93% compared to 56% and 53% for 20 pM DTT or PBS
groups, respectively, at 72 h. Therefore, the drug delivery
system could self-dissociate quickly and release the drug
as the environment changed.

Cellular uptake process

Flow cytometry (FCM) and confocal laser scan-
ning microscopy (CLSM) were both used to analyse
the internalisation of coumarin 6 (C6)-loaded C-NPs
prepared by the same method as DTX/C-NPs. The

fluorescent-labelled cells were screened out, followed by
compilation of the statistical data as a histogram (Fig. 2a).
C-NPs internalised in A549 cells in a time-dependent
manner. The fluorescent signal became the strongest
after 4 h of incubation. The internalisation behaviour of
the free C6 group appeared similar. However, the fluores-
cence intensity was much weaker than that of the C-NPs
group. The cellular uptake mechanism was studied using
CLSM, as shown in Fig. 2c. C6-loaded C-NPs were com-
pared with free C6 and CS blocking groups (A549 cells
were treated with CS solutions in advance) at differ-
ent time points. Similar to the FCM result, the fluores-
cence of C6/C-NPs was stronger than that of the C6 free
group, while no signal was detected in the control group.
The internalising capacity of the CS blocking group was
between that of the control and free C6 groups, indicat-
ing the successful blocking of CD44 receptors and con-
firming the active targeting-mediated internalisation of
C-NPs. For H1299 cells, the fluorescence intensity was



Zhang et al. J Nanobiotechnol (2021) 19:57

Page 5 of 17

== Control
=== Free C6
a === C6/C-NPs b
§.
- | 1h
§ g ‘1’\‘\‘!
o L
/ ‘l"ﬂ,“
0103 104 105 106
FITC-A
- 1 2h
g s [
S m ‘ .
AL (Il) co-incubated
N N with (|||)%
104 105 106 107
FITC-A
4h Coverslip 5% &
kS
38] , M (m)
o A\ " e,
BTRTA WV AB49 cells
orry P T 107
FITC-A
d Hoechst 33342 Merge

H1299

--1h
--4h

incubated with C-NPs for 1 and 4 h. Scale bar denotes 100 um

Fig. 2 Cellular uptake efficiency and intracellular delivery. a Flow cytometry analysis of free C6, C-NPs and C-NPs after CS blocking of A549 cells for
various times. b Mechanism of intracellular uptake of C-NPs observed by CLSM. A549 cells on a coverslip (I) were incubated in C6/C-NPs medium
for 4 h. The coverslip () was washed, photographed and placed together with another coverslip (Il) in a dish filled with fresh medium for 12 h. The
process was repeated on another coverslip (Ill). All results of the three coverslips are presented in Additional file 1: Fig. S4. Scale bars denote 100 pum.
c Confocal microscopy of cellular uptake of A549 cells incubating with different solutions. Scale bar denotes 100 um. d CSLM images of H1299 cells

(o] Hoechst 33342 Merge

Cé6

1h

C6/C-NPs

Ccé

2h

Cé

4h

C6/C-NPs

CS blocking

C6/C-NPs

much weaker than that of A549 cells (Fig. 2d), confirm-
ing the higher cellular uptake of A549 cells, which have
numerous CD44 receptors.

The exocytosis-dependent transcellular transport of
Cé6-loaded C-NPs was measured in batches of stimulated
A549 cells. The fluorescence intensity of C6 was high and
readily evident in cells on coverslips (I) and (II) (Addi-
tional file 1: Fig. S5). The findings indicated that C6 taken
up in the first step was secreted into the fresh medium
and then absorbed by cells on coverslip (II). However, a
fluorescent signal was barely evident in coverslip (III).

This might be attributed to the reduction of the fluores-
cent material. Collectively, C-NPs were actively taken up
by cancer cells due to the overexpression of the CD44
receptor, and the intake increased with time. In addition,
the C-NPs could enter the cells via endocytosis and were
delivered to the surrounding cells through exocytosis,
which might lay the foundation for active penetration.

Cytotoxicity and apoptosis
The A549 cell cytotoxicity and apoptosis induced by
C-NPs and DTX/C-NPs were evaluated. First, the
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CCK-8 method was used to estimate the cytotoxicity
of C-NPs. Cells were incubated with C-NPs in different
concentrations of Rh. The cells were then treated using
ultrasound (1.2 W/cm?) for 0, 1, 3, and 5 min (dark-
ness, SDT-1, SDT-3, and SDT-5, respectively). C-NPs
were negligibly cytotoxic in the dark environment at 0.1
pg/mL (Fig. 3a). The cytotoxicity in the darkness condi-
tion increased with increasing Rh concentration and
showed a similar trend to that of SDT groups at 32 pg/
mL. However, the SDT groups exhibited significantly
enhanced cytotoxicity (p<0.01) with increasing length
of ultrasonication. The IC50 values for the dark, SDT-1,
SDT-3, and SDT-5 groups were 1.061, 0.5664, 0.5049, and
0.2959 pg/mL, respectively. As shown in Fig. 3b, C-NPs
and DTX/C-NPs showed remarkable cell killing ability
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at low concentrations compared with free Rh under the
same environment. This could likely be attributed to the
active targeting of the C-NPs. DTX/C-NPs manifested
a stronger cell killing effect than the C-NPs after SDT
treatment, especially at low concentrations.

The synergistic cytotoxicity of DTX/C-NPs against
A549 and H1299 cells was studied (Fig. 3c and d). For
A549 cells, DTX/C-NPs showed an excellent cell killing
effect, even at low concentration of 10~2 pg/mL in dark-
ness, with cell viability of 64.3% compared with the 93.8%
viability of H1299 cells. The results indicated the prefera-
bly active targeting of CS to CD44 receptors expressed on
A549 cells, rather than H1299 cells, and also the reduced
cytotoxicity of DTX/C-NPs compared to free DTX solu-
tion (Additional file 1: Fig. S6). The cytotoxicity of C-NPs
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nearly doubled after encapsulation of DTX with or with-
out SDT treatment in A549 cells. The cell viability of the
CS-ADH-LA polymer exceeded 80% at all concentra-
tions, indicating the safety of the materials (Additional
file 1: Fig. S7). Considering the collective results of the
effective cytotoxicity and shorter ultrasonic time, A549
cells treated with SDT for 3 min were used for further
experiments. The efficacy of DTX/C-NPs along with SDT
was evaluated using a live/dead cell staining study with
calcein-AM at excitation and emission wavelengths of
490 and 515 nm, respectively, together with propidium
iodide (PIL; excitation and emission wavelengths of 517
and 617 nm, respectively) (Fig. 3e). Red fluorescence
emitted by dead cells emerged and became stronger
after incubation with DTX/C-NPs after SDT treatment
compared with the control group, demonstrating the
favourable ROS-generating property. However, no red
fluorescence was observed for the free Rh group com-
pared to the Rh+SDT group, indicating the efficiency of
SDT following Rh treatment.

FCM revealed that ultrasound or Rh alone induced
negligible apoptosis and necrosis in A549 cells (mortality
ratio < 1%). The apoptosis rates of the SDT control group
and CS-ADH-LA were similar (Fig. 3f). Mortality of free
Rh with SDT (6.9% cell apoptosis rate) was enhanced
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compared to the control group, but was lower than that
of the DTX/C-NPs+SDT group (10.0% apoptosis rate
and 2.9% rate of necrosis). The more pronounced mortal-
ity of Rh in the SDT group than the DTX/C-NPs group
highlighted the importance of Rh and SDT treatment in
tumour suppression in A549 cells. SDT induced distinct
karyopyknosis and karyolysis compared with the group
without SDT treatment after culturing with DTX/C-NPs
for the same time (Fig. 3g).

ROS detection during SDT

The generation of ROS is considered crucial for apop-
tosis and cellular component destruction of cancer cells
[35]. Presently, this was mainly attributed to the addition
of Rh and SDT. The formation of intracellular ROS was
detected in A549 cells using CLSM and FCM after differ-
ent incubation times. After 4 h, the Rh+ SDT group man-
ifested obvious green fluorescence compared with the Rh
group. The fluorescence of N-acetyl-L-cysteine (NAC,
the ROS scavenger) and the control group was negligible
(Additional file 1: Fig. S8). However, the Rh+SDT and
C-NPs+SDT groups displayed similar ROS-producing
capacities (Additional file 1: Fig. S8 and Fig. 4a). The find-
ing was probably due to the short incubation time that
limited the release of ROS because the NPs were not
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degraded sufficiently. To prove the correlation between
effective SDT and free Rh, the singlet oxygen contents
were detected with different agents using 9, 10-dimethy-
lanthracene (DMA) after sonication for 4 h. The Rh and
C-NPs peaks decreased significantly compared with Ce6,
emodin (EMO) and the control group. Free Rh gener-
ated more singlet oxygen than C-NPs (Fig. 4b). The find-
ings indicated that the crosslinking of C-NPs limited the
speed of release of the ROS generated by Rh molecules.
This phenomenon may have been relieved in tumour
cells because of the hydrolysis of disulfide bonds. To
verify this idea, fluorescence images of ROS with differ-
ent concentrations of C-NPs or various incubation times
were observed (Fig. 4c and d). As expected, ROS were
produced in time-and concentration-dependent man-
ners. Fluorescence was less in the presence of 5 pg/mL
C-NPs after 12 h of incubation. This might be attributed
to the apoptosis of A549 cells at the high concentrations.

Detection of mitochondrial membrane potential (MMP)
The change in MMP indicates the destruction of the
adenosine triphosphate (ATP)-production process by
utilising the proton electrochemical gradient poten-
tial across the mitochondrial membrane [36]. We used
the JC-1 assay kit to determine the variation of MMP
by FCM. The Y- and X-axis represent MMP in normal
cells (red fluorescence) and abnormal cells (green fluo-
rescence), respectively. The graph is divided into four
parts, in which Q1 and Q4 represent pure fluorescence
positive for red or green, and Q2 or Q3 as double positive
or double negative, respectively. Control groups with/
without SDT were predominantly located in the Q1 zone,
indicating the formulation of JC-1 aggregates with high
MMP levels in cells. However, the MMP was decreased
in the Rh+SDT and C-NPs+ SDT groups, indicating the
rupture of the mitochondrial membrane and the disrup-
tion of JC-1 aggregates. The destruction of the mitochon-
drial membrane was increased with increased SDT time
(Fig. 4e). The green fluorescence ratio (sum of Q2 and
Q4 zones) was 0.9% and 3.6% for the control and con-
trol4 SDT groups, respectively, while the ratio increased
to 30.6% and 49.4% for the Rh and DTX/C-NPs groups
after sonication for 5 min. The findings indicated that
ultrasound can damage the mitochondrial membrane,
leading to cellular apoptosis in a time-dependent manner
with the help of SSs.

DTX/C-NPs induce cell cycle arrest in A549 cells

by facilitating microtubule polymerisation

To study the growth inhibition effect of DTX/C-NPs on
A549 cells, the microtubule morphology and cell cycle
were analysed. Microtubules marked by a-tubulin pro-
tein displayed a clear morphology and were evident
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throughout A549 cells. However, the microtubules disap-
peared and formed polymers in certain regions of A549
cells after culture with DTX or DTX/C-NPs. The findings
indicated the cytotoxicity and inhibition of cell division
by DTX. SDT facilitated microtubule polymerisation to
a certain extent. Polymerisation was weak, as the images
of control and Rh+SDT showed brighter red fluores-
cence in some parts of the cell (Fig. 5a). The influence
of DTX/C-NPs on cell cycle arrest was further investi-
gated using a DNA detection kit with PI staining (Fig. 5c).
Compared to the control group, the percentage of G2/M
cells increased from 21.06 to 23.20%, 25.76 %, 60.88 %,
and 62.01% for the Rh+ SDT, control+SDT, DTX and
DTX/C-NPs+ SDT groups, respectively. Therefore, A549
cells could be arrested in the G2/M phase by promoting
microtubule polymerisation or preventing microtubule
depolymerisation with DTX/C-NPs and SDT.

Western blot analysis

Apoptosis-related proteins were measured by the west-
ern blot assay (Fig. 5b). Since apoptosis is related to poly
ADP-ribose polymerase cleavage, the caspase-3 and acti-
vated caspase-3 hallmark proteins were detected. Com-
pared with the control group, the DTX/C-NPs+SDT
group expressed the minimum amount of caspase-3
protein, but the maximum amount of cleaved caspase-3
protein. Additionally, the expression of matrix metal-
loproteinase 9 (MMP9) was determined. MMP9 is an
enzyme with an affinity to zinc. The enzyme catalyses the
degradation of the extracellular matrix and promote the
invasion of cancer cells [37]. The expression of MMP9
decreased after incubation with DTX/C-NPs with/with-
out SDT compared to the control and Rh-treated groups.
The findings were evidence of the good anti-metastatic
activity of DTX/C-NPs and SDT. However, there was
little change in vascular endothelial growth factor A
(VEGFA) protein expression among different groups.
This finding indicated that DTX/C-NPs could not inhibit
tumour angiogenesis significantly, probably because of
the low Rh concentrations during the therapy.

Subcellular localisation and distribution

Subcellular localisation and distribution were studied
using C6/C-NPs. After staining with Lyso-Track Red,
MitoTracker Red CMXRos and Golgi-Tracker Red to
visualise lysosomes, mitochondria and Golgi apparatus,
respectively, cells were observed at different time points
(Fig. 6). Few C6 signals were co-localised with lysosomes
and mitochondria. Their maximum Pearson correlation
coefficients were 0.56 and 0.51 after a 3-h incubation,
respectively (Fig. 6A, B, Da and b). In contrast, C-NPs
rapidly co-localised with the Golgi apparatus after the
NPs were internalised into the cells for 1 h. The Pearson
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correlation coefficient reached 0.92 (Fig. 6C and Dc). The
findings provided preliminary evidence that the inter-
nalised C-NPs were transported to the Golgi apparatus
within 1 h, and were gradually transferred to lysosomes
for further enzymolysis between 1 h and 3 h after co-
localisation to the Golgi membrane reached saturation.
However, for mitochondria, the Pearson correlation coef-
ficient showed little difference at 1, 3, and 6 h, but was
significantly decreased at 12 h, which might be attributed

to the rupture of the mitochondrial membrane after cul-
turing for 12 h.

Destruction of golgi structure

The Golgi apparatus is a hub for sorting and trafficking
of intracellular proteins and supports cellular trafficking
by balancing proteins and membranes [38]. Presently,
the destruction of Golgi structures harmful to tumour
growth was observed by immunofluorescent staining.
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The stability of the Golgi tethering protein GM130 (Golgi
matrix protein) was investigated. GM130 in the DTX/C-
NPs+SDT group showed obvious depolymerisation as
the number of red small spots increased (Fig. 7a). The
small spots were counted, and the average number was
calculated after incubation for 12 h (Fig. 7b). The num-
ber of GM130 proteins was in the order of Rh~Con-
trol (£SDT)<DTX/C-NPs~Rh (+SDT)<DTX/C-NPs
(4 SDT). The findings indicated the increasing disruption
of Golgi structures among the groups that would lead to
increased migration, invasion and poor prognosis of lung
cancer [39].
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Inhibition of cell migration and invasion

Migration and invasion are crucial for the evaluation
of the metastatic cascade in cancer cells. Presently, a
wound healing and Transwell invasion assays were per-
formed to evaluate the migration and invasion, respec-
tively, of A549 cells treated with different solutions at
their IC50 concentrations. The scratch test revealed that
the wound closure of the control group reached 71.5%
after 24 h, but was only 67.1% after SDT treatment. The
rate of wound closure was slightly increased (75.5%)
in the C-NP solution, but was significantly reduced
(34.9%) after SDT treatment. The findings indicated
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the inefficient inhibition of A549 migration by C-NPs.
The wound closure values of the Rh, Rh+ SDT, DTX,
DTX/C-NPs and DTX/C-NPs+ SDT treatment groups
were decreased (62.6%, 52.7%, 32.9%, 27.5% and 15.8%,
respectively). The results indicated favourable effects of
C-NPs and DTX/C-NPs on lessening metastasis, espe-
cially when combined with SDT (Fig. 7c and d). The
Transwell invasion assay results showed a similar trend
(Fig. 7e and f). The average number of cells that crossed
the Matrigel was 227.44+25.9 and 225.6 +25.6 for con-
trol and control + SDT groups, respectively. The C-NPs
group showed similar invasion ability with the control
group (231.4+23.8), but the number of migrating cells
was considerably decreased after SDT (106.24+17.4).
The number of migrating cells in the DTX/C-NPs
group declined in the absence of SDT (71.24+9.4) and
presence of SDT (33 +5.4). The findings indicated the
important roles of SDT and DTX/C-NPs in inhibiting
cell migration and invasion.

Biodistribution of DiR/C-NPs

In vivo imaging was conducted after injecting DiR (1,1-dioc-
tadecyl-3,3,3,3-tetramethy lindotricarbocyaineiodide)-
loaded C-NPs or free DiR solution intravenously into A549
tumour nude mice at 1, 4, 12, and 24 h. Whole body scans
were acquired and the photographs were analysed using the
IVIS Lumina II system (Caliper Life Sciences, Waltham, MA,
USA; Fig. 8a). At 1 h, the fluorescence signals of DiR were
maximum for both the DiR/C-NPs and free DiR groups,
indicating the active targeting ability of C-NPs and quick
distribution of free DiR. However, the DiR signals weak-
ened more quickly in the free DiR group than in the DiR/C-
NPs with time, due to the prolonged circulation and active
targeting of the CS-based nanoparticles. The free DiR was
metabolised quickly. Twenty-four hours following intra-
venous injection, the mice were sacrificed and their main
organs were dissected for fluorometric analysis (Fig. 8b, c).
Compared to the results of in vivo biodistribution images at
24 h, C-NPs exhibited stronger fluorescence intensity. This
was especially pronounced in tumour tissues, rather than
the abdominal organs, according to the ex vivo fluorescence
intensity results. The findings might be attributed to the
abundant blood flow around the abdomen that facilitated
drug delivery. The tumour tissues exhibited the maximum
accumulation in the DiR/C-NPs group. Accumulation was
nearly 2.9-fold higher than that in the free DiR group, and
the liver fluorescence intensity was nearly 2.5-fold stronger
than that of the free DiR group.

Ex vivo tumour penetration

To estimate whether the ultrasound treatment could
endow the redox/ultrasound-responsive self-destruc-
tive C-NPs with stronger tumour-penetrating ability,
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intact A549 solid tumours were dissected and incu-
bated with C6/C-NPs with/without SDT treatment fol-
lowed by preparation of frozen sections. As depicted in
Fig. 8d, ultrasound promoted deeper C6 penetration
into A549 solid tumours by accelerating the blood flow
in tumour vessels. In sections acquired without SDT
treatment, C6 fluorescence was mainly observed at the
surface of tumour with a penetration depth of only 60.1
pum. In contrast, the depth of C6 penetration in SDT-
treated tumour was 231.3 pm from the outer layers to
the interior. Penetration was quantified using Image |
software. Two lines were drawn from the surface of
tumour slices to the inner layers. The fluorescent inten-
sity along the lines was plotted at different distances
from the outer layer of the tumour (Fig. 8e). The signal
attenuation trends of C6 in C-NPs were consistent with
the fluorescent results, suggesting the penetration pro-
moting effect of ultrasound in tumour cells.

Anti-tumour efficiency
The in vivo anti-tumour effects of DTX/C-NPs in a bilat-
eral A549 tumour-bearing mouse model were evaluated
(Fig. 9a). The relative tumour volume (RTV) of bilat-
eral tumour-bearing mice (‘Right (R)’ for in situ tumour
and ‘Left (L)’ for distal tumour) was measured. Body
weight changes were also recorded (Fig. 9b, ¢ and d).
The tumour suppression effect was similar between ‘R’
and ‘L tumours. DTX/C-NPs with/without SDT groups
displayed significant decrease in RTV after 14 days
compared with the control group (NS) with an RTV of
4.40, 3.94, 1.62, 1.28, 0.74 and 0.77 for NS (R), NS (L),
DTX/C-NPs (R), DTX/C-NPs (L), DTX/C-NPs+SDT
(R) and DTX/C-NPs+SDT (L), respectively. In con-
trast, the C-NP groups exhibited considerably lower RTV
compared with the Taxotere® and DTX+Rh groups,
especially in the ‘L’ tumours. This finding probably con-
tributed to the smaller size of distal tumour (Fig. 9e).
Subsequently, the body weights of mice, except for the
Taxotere® and DTX + Rh groups, exhibited no significant
change compared with the NS group. The curves of Tax-
otere® and DTX + Rh showed that mice gained the mini-
mum body weight on day 10, but regained the loss after
treatment stopped. Therefore, the free drug was cumu-
latively toxic to mice but the drug could be metabolised
quickly when its’ administration was stopped.
Furthermore, the expression of cyclooxygenase-2
(COX-2) and urokinase-type plasminogen activator
(uPA) proteins in ‘L’ tumour tissues was evaluated via
western blot assay to observe these tumour metasta-
sis-related indicators in tissue homogenates (Fig. 9f).
The expression of both COX-2 and uPA proteins was
decreased in the C-NP + SDT and DTX/C-NPs+ SDT
groups compared with the NS group. The findings
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indicated the good anti-metastasis effect of SDT and
chemo-SDT treatments. Hematoxylin and eosin stain-
ing (H&E) staining of sections revealed no obvious
pathological damage to the main organs (Additional
file 1: Fig. S9). Additionally, all ‘R’ and ‘L’ tumour were
stained with H&E. A pro-apoptotic effect was readily
evident with a small amount of blue staining nuclei in
cells in DTX/C-NPs and DTX/C-NPs+ SDT groups.
In addition, the C-NPs+SDT group also displayed
reduced nuclei compared with the NS group. However,
the pro-apoptotic effect of SDT and combined ther-
apy for ‘L’ tumour was less distinct than the ‘R’ results

(Fig. 9g and h). TdT-mediated dUTP Nick-End Label-
ling (TUNEL) assay showed similar results for ‘R’ and
‘L’ tumour (Fig. 91 and Additional file 1: Fig. S10).

In TUNEL sections, the apoptotic cells stained yel-
low or pale brown colour as indicated by red arrows
or curves in Fig. 9i and Additional file 1: Fig. S10. Nor-
mal cells contained blue stained nuclei. The NS groups
showed negligible tumour apoptosis, while SDT
induced pronounced cell apoptosis apparent by the
larger brown areas in the slices. The combined therapy
of DTX/C-NPs+SDT was the most effective in kill-
ing tumour cells, as seen by the large number of brown
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vacuoles with several apoptotic nuclei. The DTX/C- treatments [40]. The IL-10 content decreased after SDT
NPs group showed low efficacy of apoptosis. Tumour treatment with C-NPs or DTX/C-NPs. The content of
tissues in the DTX + Rh group exhibited more apop- IL-12 increased (Fig. 10a). The findings indicated that
tosis than the Taxotere® group, due to the low produc-  SDT could elevate the expression of M1 macrophages

tion of ROS by Rh. while decreasing the M2 type, which could enhance
the immune capacity of macrophages of the DTX/C-
Serum composition NPs group upon the use of ultrasound. In addition, the

Considering the RTV and H&E staining results for ‘R*  serum biochemical indicators alanine aminotransferase
and ‘L’ tumours, we speculated that the immune sys- (ALT), aspartate aminotransferase (AST), creatinine
tem of mice might be activated during the course of (CREA) and blood urea nitrogen (BUN) were detected
administration after SDT treatment. To explore this, (Fig. 10b, ¢ and d). Their contents did not differ sig-
interleukin-10 (IL-10) and IL-12 were measured in nificantly in the different treatment groups, indicating
serum using an ELISA kit to evaluate the generation the safety of DTX/C-NPs+ SDT administration in the
of M2 and M1 macrophage subtypes in the presence heart, liver and kidney.

of pro/anti-inflammatory cytokines after different
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Immunocytochemical staining

Based on the disparate expression of MMP9 and VEGFA
proteins in Fig. 5b, immunofluorescence was used to
examine ‘L’ tumour tissues with the anti-CD31 marker
to clarify whether angiogenesis in tumours was inhibited
or not after SDT treatment (Fig. 10e). Endothelial cells
in platelets, which were apparent as red fluorescence in
the sections, disappeared after C-NPs+ SDT, DTX/C-
NPs and DTX/C-NPs+SDT treatments compared to
the NS group. The findings indicated the good vascular
inhibition by DTX/C-NPs and SDT. Thus, angiogenesis
was inhibited after DTX/C-NPs+SDT treatment, but
not through the VEGFA pathway. In addition, M2 mac-
rophages in tumour tissues were stained with the anti-
CD206 marker and imaged. A histogram of IL-10 values
revealed that fewer M2 macrophages was produced after
SDT treatment compared with the other groups, as evi-
dent by increased green fluorescence.

Conclusions

An active tumour-targeting nanoplatform based on
DTX/C-NPs and SDT was constructed. The plat-
form enabled combined chemo-SDT. Using LA to

formulate the intermolecular disulfide bonds after
crosslinking, together with Rh as the novel discov-
ered SS enabled, redox/ultrasound-responsive prop-
erty of the nanoparticles. DTX/C-NPs enhanced the
solubility and cellular uptake ability of DTX, and also
displayed reduced toxicity to normal cells. Combined
with the innate ROS-generating ability and SDT
effect of Rh, DTX/C-NPs could generate ROS rap-
idly and continuously, which significantly inhibited
tumour metastasis. Furthermore, DTX/C-NPs also
showed good targeting ability to the Golgi apparatus
and mitochondria, leading to the destruction of their
structures after SDT treatment. Due to the encapsu-
lation of DTX, the nanoparticles effectively induced
changes in microtubule morphology and blocked
the mitotic cycle of A549 cancer cells. Benefiting
from the penetration promoting effect of ultrasound
treatment, DTX/C-NPs penetrated more deeply into
tumour tissues, with better and safer suppression of
tumour growth compared with non-ultrasonically
treated tumours. The immune system of mice was
obviously activated after SDT by expressing fewer
M2 type macrophages while improving the formation
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of M1 type macrophages. Angiogenesis of tumour
vessels was inhibited at the same time. All prepara-
tions were safe for mice.
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