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Shandong, China doxorubicin-loaded O-carboxymethyl chitosan/perfluorohexane nanodroplets

(O-CS-DOX NDs) were synthesized and functionally tested as an effective drug deliv-
ery system in vitro and in vivo. O-CS-DOX NDs with small size (159.6 nm) and good
doxorubicin encapsuling ability showed pH- and ultrasound-dependent drug release
profile and satisfying ultrasound imaging performance. With high biocompatibility and
biosafety, these nanodroplets could accumulate in the tumor sites and exhibit high
efficiency in inhibiting tumor growth with ultrasound irradiation. These stable, safe and
smart O-CS-DOX NDs showed promising potential as a smart dual-responsive bomb
for tumor ultrasonic imaging and treatment.
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Introduction

With great advances in cancer-targeted nanotechnology, nanosized drug delivery
systems have rapidly emerged as a promising therapeutic approach to enhance the
anticancer efficiency, reduce the multidrug resistance, and minimize drug-related
side effects of chemotherapeutic drugs (Meel et al. 2019; Golombek et al. 2018;
Chang et al. 2016; Kelly et al. 2014; Markman et al. 2013). In recent years, a wide
variety of nanoparticles-based drug delivery systems have been developed, with
some being employed in clinical diagnosis and therapy (Kanamala et al. 2016; Chen
et al. 2018). However, current clinical used nanomedicines had failed to achieve
considerable improvement in therapeutic efficacy, mostly due to limited delivery
efficiency (Shi et al. 2017). Therefore, it is still challenging to further improve the
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therapeutic efficacy of the carriers (Bae and Park 2011; Wang et al. 2020; Denison
and Bae 2012; Rosenblum et al. 2018; Fisher et al. 2013). Recent studies are focus-
ing on the rational design of the “smart stimulus-responsive nanoparticles” that can
achieve a more specific and more effective delivery when exposed to tumor micro-
environmental stimuli in vivo such as pH, enzyme, temperature, and magnetic field
(Movahedi et al. 2015; Yusa 2017). Among all these, pH-sensitive nanoparticles were
widely studied, which is also a hot topic, because of the significant pH difference
between the normal physiological circulation and the tumor extracellular environ-
ment (Thakkar et al. 2019; Liu et al. 2014a). Over the last decade, numerous pH-sen-
sitive nanoparticles were prepared successfully and proved to be the more effective
and specific drug carriers in vitro and in vivo experiments (Li et al. 2015; Tian et al.
2014; Wang et al. 2014; Liu et al. 2014b; Yao et al. 2015; Wei et al. 2019; Zhao et al.
2017; Sonawane et al. 2017; Long et al. 2020; Han et al. 2021). Unexpectedly, their
clinical translation suffered from operational complexity, nanoparticle toxicity and
high expenses (Shen et al. 2018; Ma et al. 2020).

Compared with different nanoparticles developed in previous studies, we reported
on a pH-sensitive charge-conversional and ultrasound-responsive nanodroplets-
based drug delivery system in our previous study (Meng et al. 2019). With simple
mild process of manufacture, these doxorubicin-loaded nanodroplets had great
stability, superior ultrasound imaging ability and excellent targeting ability. More
importantly, thanks to O-carboxymethyl chitosan material, these nanodroplets are
better on pH-responsive, biocompatibility and enhanced antitumor effect, compared
with previously reported nanoparticles. Diagnostic ultrasound imaging techniques
and therapeutic capabilities were integrated into one single agent to achieve specific
and individualized imaging diagnosis and drug therapy. Compared with CT/MRI
imaging, ultrasound imaging is a common non-invasive, cost-effective, and well-
controlled technique with its unique advantages of excellent penetration capability
and real-time imaging and is allowed for safe clinical application (Lee et al. 2016;
Chong et al. 2018). The PFH-based nanodroplets enhanced contrast ultrasound
imaging and release the encapsulated drug at certain tumor tissues, after phrase-
transformation process due to the “acoustic droplet vaporization (ADV)”effect of
ultrasound irradiation (Yang et al. 2019). However, all these advantages of the nan-
odroplets in our previous study were shown only in vitro, and numerous nanomedi-
cines had failed to achieve considerable improvement in vivo and clinical trials due
to complex tumor microenvironment. Therefore, further investigation in vivo will be
needed to explore the feasibility of these nanodroplets as a molecular imaging and
treatment agent.

Herein, we pushed this O-CS- and PFH-based nanodroplets further toward in vivo
cancer imaging and therapy. We expect that all the advantages of these vectors would
be maintained with high biocompatibility in vivo. First, we improved the method for
preparation of the previous doxorubicin-loaded O-CS nanodroplets (O-CS-DOX
NDs) using another different safer emulsion method and reevaluate its characteristics
as drug delivery system. Second, the ultrasound imaging ability and biocompatibility
of O-CS-DOX NDs in PC-3 tumor-bearing mice were analyzed. Finally, tumor accu-
mulation and antitumor efficiency were carefully examined.
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Materials and methods

Chemicals

O-carboxymethyl chitosan (O-CS, MW 100-300 KD, degree of deacetylation 90%,
degree of carboxymethylation 95%) was supplied by Santa Cruz Biotechnology (Dal-
las, USA). Chitosan (CS, MW 100-300 KD, degree of deacetylation 90%), Tween
20, lecithin and doxorubicin were purchased from Solarbio Sciences and Technol-
ogy (Beijing, China). Perfluorohexane (PFH) was supplied by Macklin Biochemical
(Shanghai, China). Deionized or distilled water was used in all experiments. All other
chemicals and solvents were obtained commercially as analytical-grade reagents.

Preparation of doxorubicin-loaded nanodroplets

Both doxorubicin-loaded O-carboxymethyl chitosan nanodroplets (O-CS-DOX
NDs) and doxorubicin-loaded chitosan nanodroplets (CS-DOX NDs) were prepared
via nano-emulsification process using an ultrasonic crusher (VCX150, SONIC-
S&MATERIALS, Inc., USA). Preliminary experiments were carried out to choose the
optimal sonicating power. Briefly, a fixed-ratio mixture of PFH, Tween 20 (surfactant),
lecithin (co-surfactant) and doxorubicin were sonicated in deionized water for 2 min
at 150 W (10 s of operation and 10 s of rest in turn) under ice bath conditions. Then,
O-CS (0.15% w/v) or CS (0.15% w/v in 1% v/v acetic acid, pH 5) was added dropwise
to the emulsion while sonicating at 120 W for 1 min (10 s of operation and 10 s of rest
in turn). The suspension was centrifuged at 500 rpm for 3 min. The lower layer was
collected and ultra-centrifuged at 12,000 rpm for 5 min to separate the free doxoru-
bicin from doxorubicin-loaded nanodroplets. The purified nanodroplets were resus-
pended in sterile PBS and stored at 4 ‘C for further use. All the experiments were
carried out in dark place or with tinfoil to prevent fluorescence quenching.

Characterization of 0O-CS-DOX NDs

The morphology and structure of O-CS-DOX NDs were observed using scanning
electron microscope, (SEM), (EVOMA 10, Zeiss, Germany) and transmission elec-
tron microscope, (TEM), (JEM-1011; JEOL, Japan). Samples were prepared by plac-
ing one drop of the solution on a 400-mesh carbon-coated copper grid and drying at
room temperature. The shape was also observed with fluorescence microscopy. The
average size distribution, polydispersity index and surface zeta potential of the nan-
odroplets were measured with Delsa Nano C Particle Size and Zeta Potential Ana-
lyzer (Beckman Coulter, USA). Each sample was analyzed in triplicate.

Entrapment efficiency and loading efficiency of O-CS-DOX NDs

Supernatants recovered from ultra-centrifuging of O-CS-DOX NDs mentioned above
were decanted. Doxorubicin content in the supernatant was analyzed by a Microplate
Spectrophotometer (UV-2450) at 480 nm. A standard curve of doxorubicin concen-
tration was prepared at concentrations of 0, 1, 2, 4, 6, 8, and 10 pg/mL and meas-
ured at 480 nm using Microplate Spectrophotometer. Subsequently, the Entrapment
Efficiency (EE) and Loading Efficiency (LE) of O-CS-DOX NDs were calculated with
blank O-CS NDs as the control, and the drug concentration of O-CS-DOX NDs was
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calculated based on the above standard curve. All procedures were performed with
protection of tinfoil to avoid the photodegradation of doxorubicin. EE and LE were
calculated as follows: EE=(A — B)/A x 100%, LE=(A — B)/(A + C) x 100%, where A
is the initial amount of doxorubicin in the solution, B is the amount of free doxoru-
bicin in nanodroplets suspension, and C is the total amount of O-CS.

In vitro drug release study of O-CS-DOX NDs

EE and LE of O-CS-DOX NDs at different pH were evaluated before the drug release
study of doxorubicin-loaded nanodroplets. O-CS-DOX NDs were immersed into phos-
phate buffer (pH 7.4) or acid buffer (pH 6.3) for 2 h at 4 ‘C. At predetermined time inter-
vals, the supernatants recovered from ultra-centrifuging of O-CS-DOX NDs solution
were decanted. EE and LE were measured by the same method mentioned above.

The release of doxorubicin from O-CS-DOX NDs was performed using dialy-
sis method (Meng et al. 2019). Briefly, 2 mL of the nanodroplets solution was placed
in a dialysis membrane (MW cutoff 12,000 g/mol, Sigma) and immersed into 20 mL of
phosphate buffer (pH 7.4) or acid buffer (pH 6.3). The release study was performed in a
shaker incubator (Innova 40 Benchtop, Biocompare, USA) with shaking rate of 110 rpm
at 37 °C for several days. At predetermined time intervals, the sampling was withdrawn
and replaced with an equivalent volume of fresh buffer. The amount of released doxoru-
bicin was measured by a Microplate Spectrophotometer at a wavelength of 480 nm. The
accumulated release was calculated utilizing the equation (Meng et al. 2019).

To investigate the influence of ultrasound irradiation on doxorubicin release from
O-CS-DOX NDs, the nanodroplets solution was sonicated by ultrasound (WED-100
ultrasonic therapy equipment, Honda Hi-Tech, China) for 0.5, 1, 2, 4, 8 and 10 min with
different intensity (1.0 W/cm? in US1 group and 1.5 W/cm? in US2 group) at 37 C. After
processing for predetermined time intervals, 1 mL of the nanodroplets solution was
withdrawn and ultra-centrifuged. Then the free doxorubicin concentration in the super-
natant was determined as described above.

Animals

All animal care and experimental protocols complied with the Animal Management
Rules of Ministry of Health of People’s Republic of China (document No 55, 2001). Ani-
mals on standard diet were maintained in a pathogen-free animal facility with a 12 h
light—dark cycle. Six-to-eight-weeks-old healthy male nude mice were adopted by
Pengyue Laboratory Animal Breeding Company (Shandong, China) and used to create
PC-3 prostate tumor-bearing mouse model, followed by contrast-enhanced ultrasound
imaging and therapeutic experiments. PC-3 cells (1 x 10° cells/mL) were harvested in
exponential growth phase and were injected subcutaneously into the left or right fore-
limb of the mice. The length and width of tumors were measured using digital caliper
and the tumor volume was calculated every other day. Mice were selected for experi-

ments when their tumor volume reached 80 mm?.

Ultrasound imaging of O-CS-DOX NDs in vitro and in vivo
In vitro ultrasound imaging experiments as in our previous study (Meng et al. 2019)
were performed to investigate the ultrasonic imaging ability of O-CS-DOX NDs.
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1.5 mL of nanodroplets solution at different concentrations (1.5 x 10°~4.0 x 10®/mL)
were added to the plastic dropper fixed on the iron platform in water bath at 37 C. A
clinical ultrasound scanner system (LOGIQ E9; GE, USA) was used with the major
parameters (center frequency, 9.0 MHz; mechanical index, 0.5; focal length, 3.0 cm;
dynamic range, 60 dB).

In the in vivo ultrasound imaging experiments of tumor-bearing mice, the clinical
ultrasound scanner system mentioned above was also used with the major parameters
(center frequency, 9.0 MHz; mechanical index, 0.22; focal length, 3.0 ¢cm; dynamic
range, 60 dB). Six tumor-bearing mice were randomly divided into O-CS-DOX NDs
group and control group. 100 uL O-CS-DOX NDs suspensions or 100 pL PBS were
administrated into the PC-3 tumor-bearing mice through tail vein injection when the
sizes of subcutaneous tumor reached above 80 mm?. After smearing the thick layer of
couplant on the skin of the subcutaneous tumor, the two-dimensional, color doppler
and contrast-enhanced ultrasound imaging were all performed.

Simultaneously, the average imaging intensity of each sample was detected using
Image ] software to analyze the gray-scale value. Circular regions of interest (ROIs)
were outlined in each sample well. All experiments were conducted in triplicate.

Biosafety assessment of O-CS-DOX NDs in vivo

Healthy female mice were randomly divided into O-CS-DOX NDs-1 group, O-CS-
DOX NDs-2 group and control group (#=10 in each group). The mice in O-CS-DOX
NDs-1 and -2 group were treated with 150 puL and 300 pL O-CS-DOX NDs respec-
tively, while the mice in control group were injected with 300 uL saline intravenously.
The general situations of the mice in each group were observed. The weight of mice
was recorded on day 0, the 7th day and 14th day. Blood samples of all the mice were
drawn on the 14th day for routine blood cell analysis and biochemical assays. All the
mice were sacrificed to collect the major organs (heart, lung, kidney, and liver) for
toxicity evaluation. The organ slices were stained with H&E staining after fixing with
4% paraformaldehyde for 24 h and observed using an optical microscope.

In vivo targeting capability and biodistribution of O-CS-DOX NDs

To evaluate the biodistribution of O-CS-DOX NDs, PC-3 tumor-bearing mice were
randomly divided into four groups (=5 in each group): control group, O-CS-DOX
NDs group, CS-DOX NDs group, and DOX group. The corresponding mice were
intravenously administered 100 pL saline, 100 pL O-CS-DOX NDs, 100 uL CS-DOX
NDs and the same dose of DOX. The tumor areas were immediately subjected to
ultrasonic irradiation for 1 min after injection (output power density of 1.5 W/cm?)
in the O-CS-DOX NDs group and CS-DOX NDs group. The mice of each group were
then anesthetized and placed into small animal imaging systems (IVIS Spectrum, PE,
USA). All the procedures were carried out under light hindered conditions. The mice
were imaged before administration and at different post administration time points
(0, 2, 4, 8, 24 h). Quantitative analysis of the tumor regions was performed with Liv-
ing Image software.
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Anti-tumor effect of O-CS-DOX NDs in vivo

Thirty PC-3 tumor-bearing mice were randomly divided into six groups (n=5 per
group), including control group, DOX group, DOX+US group, O-CS-DOX NDs
group, O-CS-DOX NDs+ US group, CS-DOX NDs+ US group. When the subcutane-
ous tumor volume reached approximately 80 mm?, the mice were administered three
systemic intravenous injections of various preparations (PBS, DOX, O-CS-DOX NDs
and CS-DOX NDs) by tail vein on day 3, day 7 and day 11 with the same doxorubicin
dose of 5 mg/kg, respectively. For the mice in the US group, tumor areas were immedi-
ately exposed to ultrasonic irradiation with coupling pad for 1 min after injection (out-
put power density of 1.5 W/cm?). The general situations of the mice in each group were
observed. The body weight and tumor volume of the mice were measured every other
day after the first treatment. A vernier caliper was used to measure the tumor volume at
preset time. The tumor volume (V) was calculated by the following formula, where L is
the major axis and D is the minor axis.

V =L x D?*/2

The mice were sacrificed at day 14, tumors and major organs were removed. The tumor
growth inhibition rate (TGI) was calculated by the formula: TGI=(1 — V,/V,) x 100%,
where V, is the tumor volume of experimental group and V} is the tumor volume of con-
trol group. Histopathological analysis was performed on the dissected tumors. The Ki-67
antigen staining and the terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay were performed according to the instructions of the kit. Apop-
totic pictures were observed by fluorescence microscopy.

Statistical analysis

All the experiments were repeated at least three times. All data were expressed as the
mean value with standard deviation (mean=SD). The data were statistically analyzed
with SPSS software (version 18.0; SPSS Inc, Chicago, IL, USA) using Student’s ¢-test or
one-way ANOVA analysis. p<0.05 was considered statistically significant. All statistical
tests were two tailed.

Results

Characterization of 0-CS-DOX NDs

O-CS-DOX NDs solution appears an orange-red milky liquid. The SEM and TEM
images of nanodroplets are reported in Fig. la, b, which showed that O-CS-DOX
NDs had a spherical morphology with a well-defined core—shell structure. The light
and fluorescence microscopic images of O-CS-DOX NDs (Fig. 1c, d) also showed dis-
crete and spherical outlines, the latter of which was red because of the doxorubicin
presence. Figure le, f showed that the typical mean diameter of O-CS-DOX NDs was
(159.6 +24.2) nm with a narrow dispersion (PDI=0.200+0.021) and the zeta potential
was (—8.424+1.01) mV. The Entrapment Efficiency (EE) and Loading Efficiency (LE) of
O-CS-DOX NDs were (93.37 +2.46) % and (50.07 =3.34) % at an optimal doxorubicin
concentration of 1.5 mg/mL.
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Fig. 1 Characteristics of O-CS-DOX NDs. a, b SEM and TEM images of O-CS-DOX NDs. ¢, d Light and
fluorescence microscopic images of O-CS-DOX NDs. e, f The size distribution and zeta potential of O-CS-DOX
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NDs in pH 7.4 and 6.3 at 37 °C for 72 h. ¢, d Release of doxorubicin from O-CS-DOX NDs without ultrasound

(control) and with ultrasound exposure at pH 7.4, at 37 °C for 10 min. The intensity of O-CS-DOX NDs + US1
group is 1.0 W/cm? and that of O-CS-DOX NDs +US2 group is 1.5 W/cm?, asterisks (¥) denote significant

differences (*p < 0.05, **p <0.01)

Drug release study of O-CS-DOX NDs in vitro

As illustrated in Fig. 2a, EE and LE of O-CS-DOX NDs had slightly but no obvious
changes at both pH 7.4 and 6.3 in 2 h. The in vitro drug release profile of doxorubicin
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from O-CS-DOX NDs at different pH is exhibited in Fig. 2b and the drug-loaded nan-
odroplets showed a sustained and pH-dependent profile. 54.5% of doxorubicin was
release from the nanodroplets after 72 h at pH 6.3, while only 16.7% was released at pH
7.4. The effect of ultrasound irradiation on the drug release of O-CS-DOX NDs was also
evaluated. The cumulative amount of doxorubicin released was only 0.63% in 10 min
without ultrasound irradiation. Under ultrasound exposure (1.0 W/cm? in US1 group
and 1.5 W/cm? in US2 group) at 37 “C for 10 min, massive amount (73.3% in US1 group
and 82.3% in US2 group) of doxorubicin released from the nanodroplets (Fig. 2¢c, d) with
obvious significant difference between US1 and US2 group (p <0.05).

Ultrasound imaging of O-CS-DOX NDs in vitro and in vivo

Ultrasound imaging experiments illustrated in our previous study (Meng et al. 2019)
(Fig. 3a) were carried out in water bath at 37 °C to study the ultrasonic imaging ability
of O-CS-DOX NDs in vitro, using a clinical ultrasound scanner (LOGIQ E9; GE, USA)
system. As can be seen from Fig. 3b, ¢ O-CS-DOX NDs showed satisfactory ultrasound
enhancement ability which was dose-dependent. The contrast enhancement ultrasound
imaging intensity of O-CS-DOX NDs became significantly stronger as the concentration
of nanodroplets increased (p <0.05). The PBS group did not have any ultrasonic imaging
signals under the same experimental conditions.

The ultrasound imaging capability of O-CS-DOX NDs in vivo was further explored.
The B-mode, color doppler mode and contrast enhanced mode images of ultrasound
were all collected before and after the tail veil injection of the nanodroplets. As shown in
Fig. 4a, the subcutaneous tumor of the mice appeared hypoechoic solid nodule without
necrosis in B-mode imaging and the volume of tumor in O-CS-DOX NDs group and
control group were 119.76 4 10.03 mm? and 131.08 +9.73 mm?, respectively. Color dop-
pler flow imaging showed tiny blood flow through the tumors. It is worth noting that

Ultrasound probe

37°C Water

@}

4.0x10°/ ml O-CS-DOX NDs

ultrasonic intensity ( SNR)
-
L

T
1.5*1076 /ml 2.6*10*6 /ml 4.0*10"6 /m|

Fig. 3 Ultrasound enhancement imaging ability of O-CS-DOX NDs in vitro. a Schematic illustration of the
in vitro imaging experimental setup; b ULtrasound contrast enhanced images of various concentrations of
0O-CS-DOX NDs. € Comparison of the contrast imaging abilities (signal to noise ratio, SNR) between various
concentrations of O-CS-DOX NDs, asterisks (*) denote significant differences (**p <0.01)
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Fig. 4 Ultrasound enhancement imaging ability of O-CS-DOX NDs in vivo. a In vivo ultrasound and CDFI
imaging ability of O-CS-DOX NDs; b In vivo ultrasound enhancement imaging ability of O-CS-DOX NDs 9 s
group, O-CS-DOX NDs 10-60 s group and PBS group

Table 1 body weight in different groups of nude mice at different times (g)

Group 0 day 7 days 14 days

Control 225+041 2331061 24.1+£049
O-CS-DOX NDs-1 23.0£0.70 24.1+£0.85 248+1.18
O-CS-DOX NDs-2 233+£044 235+1.01 23.8+1.14

weak contrast enhanced ultrasound imaging signals were observed after 9 s of injection
(Fig. 4b). And the intensity was gradually enhanced in 1 min and weakened after that. In
contrast, there was no significant difference in the contrast-enhanced ultrasound images
of the tumor sites of control group.

Biosafety evaluation of O-CS-DOX NDs in vivo

O-CS-DOX NDs (150 pL or 300 uL) or 300 pL saline were intravenously injected via the
tail vein to assess the safety of drug-loaded nanodroplets. During the 2-week period after
administration, two mice showed lethargy and another two mice showed temporary
instability on the first day, all of which returned to normal soon. There was no significant
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Table 2 Blood routine parameters of nude mice after 14 days

Parameters Control 0O-CS-DOX NDs-1 0-CS-DOX NDs-2
WBC (x10) 3774021 3724018 3.844008
RBC (x10%) 9834005 9894008 9.74+0.11
MONO (x 10%) 2474019 2694025 2224008
LYMPH (x 10%) 0274003 036007 0354002
HGB (g/L) 13867 £4.04 139.33£10.26 141334321

PLT (x10'2) 1032.334+3.79 110047155 1073437.75
NEURO (x 107 1.05+0.15 1.0£0.10 0964023

Table 3 Blood biochemical parameters of nude mice after 14 days

Parameters Control 0O-CS-DOX NDs-1 0O-CS-DOX NDs-2
ALT (U/L) 69.67 £ 15.14 79.00£ 1249 80.334+9.02
AST (U/L) 119331361 14233+27.15 10533+757
BUN (mmol/L) 863+061 8.70+£0.26 6.50+1.05
CRE (umol/L) 21.00£2.65 24.67+321 2133+4.16
ALB (g/L) 2690+ 1.28 28.17£1.00 293741.86
LDH (U/D) 569.00+57.51 74033 +74.97 680+ 102.78

difference in body weight and serum parameters between these three groups (Tables 1,
2, 3). Histological examination of the main organs showed no significant lesions in the
heart, liver, lung and kidney, and the structural integrity of the cells of these organs were
maintained without cellular edema and shrinkage (Fig. 5).

In vivo fluorescence imaging of tumor-bearing mice

To investigate the tumor accumulation ability, the local fluorescence intensity of mice
in different groups were observed using IVIS imaging system at 0, 2, 4, 8 and 24 h after
intravenously injection of PBS, equivalent DOX, O-CS-DOX NDs, and CS-DOX NDs.
The DOX, O-CS-DOX NDs, and CS-DOX NDs all generated high fluorescent signals
in tumor regions immediately after administration. Moreover, the strong fluorescence
of doxorubicin in the tumors of mice remained 24 h after injection in the O-CS-DOX
NDs and CS-DOX NDs group (Fig. 6a). Comparing with that, the fluorescence intensity
of the tumors in the DOX group decreased gradually, which was weak after 24 h. The
results in Fig. 6b showed that the average fluorescence intensity of the tumors in the
O-CS-DOX NDs group was stronger than that in the CS-DOX NDs group and DOX
group with significant differences (p <0.01).

Antitumor efficacy of O-CS-DOX NDs in vivo

PC-3 tumor-bearing mice were used to evaluate the in vivo tumor growth inhibition
for the therapeutic assessment of O-CS-DOX NDs combined with ultrasound irradia-
tion. Various formulations including PBS, DOX, O-CS-DOX NDs, and CS-DOX NDs
were given to mice by intravenous injection via the tail vein with or without ultrasound
irradiation on preset day (days 3, 7, 11) once the tumor volume reached approximately
80 mm?. During the therapeutic period, the tumor volumes and body weight of mice
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O-CS-DOX NDs in vivo

were monitored every other day. The subcutaneous tumors were photographed after the
mice were sacrificed on day 14, which are shown in Fig. 7a. The results in Fig. 7a, b and
Table 4 show that the tumor volume of mice in different groups was in the following
order: PBS>O-CS-DOX NDs>DOX>DOX+US>CS-DOX NDs+US>0-CS-DOX
NDs+ US. Significant effects on tumor growth inhibition were seen in the nanodrop-
lets or doxorubicin groups when compared to PBS group. Moreover, the O-CS-DOX
NDs+US group exhibited the highest efficiency in inhibiting tumor growth and the
treatment began to take effect after 8 days (the second day after the second administra-
tion). Tumors of O-CS-DOX NDs + US group were significantly smaller than those from
O-CS-DOX NDs treated tumors, whereas DOX + US group did not exhibit statistical
differences compared with the group treated with DOX. More interestingly, the O-CS-
DOX NDs + US group exhibited much stronger inhibition of tumor growth compared to
the CS-DOX NDs + US group. However, the group injected with O-CS-DOX NDs with-
out ultrasound irradiation showed bigger tumors at the end of treatment. All the above
results were further confirmed by the data of tumor growth inhibition rate in Fig. 7c. As
shown in Fig. 7d and Table 5, doxorubicin solution in both DOX group and DOX 4 US
group induced significant body weight reduction of the mice, while nanodroplets
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formulations in other groups did not exhibit significant loss of weight throughout the
period of experiments.

After the various treatments, the antitumor effect was further assessed by patholog-
ical analysis of the tumor. H&E staining was used to examine the histological features
of the tumor induced by different formulations. As seen in Fig. 8a, tumor sections
from the PBS and O-CS-DOX NDs group were densely cellular and presented nuclear
polymorphism. What’s more, the tumor tissues in the other four groups were dramat-
ically damaged which presented in obvious chromatic agglutination, karyopyknosis,
or nuclear fragmentation of the target tumor cells. Among which, the fewest tumor
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Table 4 Tumor volumes at different times of mice in different groups (mm?)

Group 0day 2 days 4 days 6 days 8 days 10 days 12 days 14 days
PBS 87.10+£122 1079+7.83 15874969 20814148 30204320 34024487 40684562 496.7+459
DOX 9224527 1030492 121.14+154 14404217 1941+£230 2234+£238 23784243 26484237
DOX+US 89.0+£827 10394109 11494126 13264137 1537£134 196.7£29.7 2304+£359 250.74+485
O-CS-DOX 86.9+6.08 1014+9.18 133.04£480 17684306 2009+41.5 2479+188 3120£90.7 34984795
NDs

O-CS-DOX 86.1£5.02 100£3.73 1233£113 1479+£297 1602+346 1984+£689 20984674 2247+653
NDs+US

CS-DOX 86.8+£6.08 9954303 11804+108 14794997 17484265 211.0+£634 2307£11.7 26024284
NDs+US

cells and largest necrosis were observed in the O-CS-DOX NDs+ US group. In addi-
tion, immunohistochemistry (the Ki-67 antigen staining and TUNEL assay) was per-
formed to assess the tumor cell proliferation and apoptosis in situ. Figure 8b, ¢ shows
that the tumor tissues of the mice treated with O-CS-DOX NDs+ US complexes
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Table 5 Body weight at different times of mice in different groups (g)

Group 0 day 2 days 4 days 6 days 8 days 10 days 12 days 14 days
PBS 1948+£3.14 19.19£264 19.11+£266 18404235 18564237 18064233 17854£262 17.744+265
DOX 16784233 1660+243 1640+£240 16124257 16.14+£301 15504278 1433+£338 13.53+3.17

DOX+US 1851£276 18214£273 17994284 1785+£294 1758+£330 1638+£252 1501+£268 1417+£3.10
O-CS-DOX 1828+£2.09 18054208 18004221 1768+215 1795+£279 1750+£254 16764315 1622+322

NDs

O-CS-DOX 17174+352 1685+£4.04 16754392 16324383 1582+3.72 1551+366 1498+344 1465+3.52
NDs 4 US

CS-DOX 1698+224 1657+£208 1672+234 16224212 1569416 15344185 1477+£135 1393+1.53
NDs + US

showed the lowest level of Ki-67 positive cells and the highest level of cell apoptosis
compared to the other treated cases. The immunohistochemical data were all consist-
ent with the in vivo antitumor efficacy.

Discussion

In the present study, we assessed the features and performances of the prepared pH-
dependent charge-conversion nanodroplets about tumor imaging and treatment on ani-
mal experiments with another manufacturing method. The promising advantages of this
system were maintained in PC-3 tumor-bearing mice, which were (a) ideal nanoscale
size and negative zeta potential; (b) good doxorubicin loading ability and pH-sensitive
and ultrasound-responsive drug release; (c) excellent ultrasound imaging ability; (d)
good safety and biocompatibility; (€) great tumor accumulation and enhanced antitumor
effect in vivo.

The unique doxorubicin-loaded nanodroplets (O-CS-DOX NDs) were constructed
through an improved mild nano-emulsion method using ultrasonic emulsification
instead of mechanical oscillation used in our previous study. The size of O-CS-DOX
NDs was (159.6 +24.2) nm with a narrow dispersion, which was smaller than that of
nanodroplets manufactured by mechanical homogenizer we used before. What’s more,
the concentration of nanodroplets increased and more droplets were found under the
light microscope. One possible reason is that, ultrasonic cavitation effect of ultrasonic
emulsification may play a more important role in the formation of more and smaller
nanodroplets in addition to high shear force. These new fabricated nanodroplets were
still found to have well-defined spherical morphology with a core/shell structure and
appeared as discrete red dots in the fluorescence microscope because of the successful
loading of doxorubicin. A key feature of O-CS-DOX NDs is negative-to-positive charge
conversion under an acidic environment, which was confirmed by measuring the change
in surface charge of nanodroplets in our previous study (Meng et al. 2019). EE and LE of
doxorubicin in O-CS-DOX NDs here was (93.37 +2.46) % and (50.07 &+ 3.34) %, which
were both higher than those of nanodroplets prepared in our previous study. The advan-
tage of ultrasonic emulsification over mechanical oscillation on developing nanoparti-
cles still need to be further studied.

The drug release experiments were carried out again because of its importance in
the drug delivery system. The results showed that doxorubicin released very slowly
at pH 7.4 and exhibited an accelerated drug release profile in acidic media (pH 6.3),



Meng et al. Cancer Nanotechnology (2023) 14:19 Page 15 of 20

PBS DOX 0O-CS-DOX NDs

CS-DOX NDs +US DOX + US O-CS-DOX NDs +US

O-CS-DOX NDs

oy o W

52

S o
DOX +

SE > 5

) TP i |

0-CS-DOX NDs +US

~

Us

s

O-CS-DOX NDs

CS-DOX NDs +US DOX + US O-CS-DOX NDs +US

.

Fig. 8 Pathological analysis and immunohistochemistry of tumor tissues in different groups. a H&E staining
of tumor tissues after treatment in different groups. b Ki67 positive tumor cells after treatment in different
groups. ¢ TUNEL positive tumor cells after treatment in different groups

indicating the pH-sensitive drug release mode of these nanodroplets as previously
studied. The better solubility of doxorubicin in subacid environment, the protona-
tion-induced deformation of O-CS in the surface of O-CS-DOX NDs and the subse-
quent larger size of O-CS-DOX NDs were inferred to lead to the rapid drug release at
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lower pH. The ultrasound-aided drug release study confirmed that ultrasound expo-
sure could trigger the rapidly burst release of doxorubicin from O-CS-DOX NDs after
ultrasound irradiation for 10 min. The acoustic droplet vaporization (ADV) and bub-
ble formation under the action of ultrasound could involve the drug-release process.
What'’s more, the cumulative release ratio increased as the intensity of ultrasonic irra-
diation enhanced with significance difference. Therefore, the higher power (1.5 W/
cm?) of ultrasonic therapy was used in subsequent experiments.

The doxorubicin-loaded nanodroplets in our study were superior to common drug-
loaded nanoparticles because they could be used for ultrasound-responsive imaging. It
can be found from Fig. 3b that O-CS-DOX NDs still showed good contrast-enhanced
ultrasound imaging ability. In addition, the brightness of contrast-enhanced ultrasonic
signals was increasing, as the concentration of nanodroplets increased from 1.5 x 10%/
mL to 4.0 x 10°/mL. The dose-dependent echo intensities in the region of interest are
also calculated in Fig. 3c and were consistent with the ultrasound imaging findings.
We further explored the ultrasound imaging capability of O-CS-DOX NDs in vivo. It
is worth noting that contrast-enhanced ultrasound imaging signals were observed after
9 s of injection and the signal intensity was significantly enhanced within 1 min (Fig. 4),
which indicated that sufficient O-CS-DOX NDs accumulated in the targeted tumor sites
rapidly and underwent a phase change. The peak time of contrast-enhanced ultrasound
signal was faster than that in the previous studies of various ultrasound-responsive
nanoparticles (Mou et al. 2019; Guo et al. 2020; Gao et al. 2021), which may due to the
proper size, high stability in blood circulation and pH-sensitive features of O-CS-DOX
NDs and the specialty of PC-3 prostate tumor. Thus, the nanodroplets here present great
potential for use in ultrasound-induced tumor-targeting imaging and treatment.

Based on the high physical stability, hemocompatibility and low cytotoxicity demon-
strated in our previous work (Meng et al. 2019) and Additional file 1: Fig. S1, the in vivo
toxicity assays were analyzed to further evaluate the biocompatibility and biosafety of
O-CS-DOX NDs, which are the prerequisites to ensure their subsequent clinical appli-
cation. Considering that doxorubicin-loaded nanodroplets may cause undesired side
effects, such as weight loss, hematotoxicity and organ toxicity, the body weight of mice
was recorded every one week and the blood was collected for blood cell analysis and bio-
chemical examination two weeks after intravenous injection. The results of Table 1 show
that no significant body weight loss was observed in the groups of O-CS-DOX NDs.
As shown in Table 2, there was no significant difference in the parameters of blood cell
among all the groups, suggesting no syndrome was elicited, such as hemolytic anemia
or acute infection. In addition, there were no meaningful changes in indicators of hepa-
totoxicity and nephrotoxicity (Table 3). The histological analysis of main organs (heart,
liver, lung, and kidney) indicated that no obvious abnormal damage (degeneration or
necrosis) in all the O-CS-DOX NDs groups and PBS group (Fig. 5). Therefore, all the
results discussed above suggested O-CS-DOX NDs would be a promising candidate for
effective and safe doxorubicin delivery in cancer therapy.

To observe the in vivo biodistribution and accumulation of nanodroplets in tumor tis-
sue, the fluorescence signal was acquired by the IVIS Spectrum imaging system at varied
time points and the average luminescence intensity of all the groups were calculated.
As depicted in Fig. 6a, the tumor regions of the O-CS-DOX NDs and free doxorubicin
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groups were all highlighted with a fluorescence signal immediately after injection, indi-
cating the rapid delivery to tumor sites. During the time after administration, the free
doxorubicin displayed weaker and weaker fluorescence signal as the passage of time and
the signal almost disappeared at 24 h after injection, which showed the instability and
rapid clearance of naked drug in vivo. In contrast, the tumor sites of O-CS-DOX NDs
groups kept highlighted with strong fluorescence signal the whole time, demonstrat-
ing the in vivo stability, successful delivery and continuously accumulating in the tumor
regions of O-CS-DOX NDs. Interestingly, the fluorescence signal of CS-DOX NDs was
not detected until two hours post injection and was relatively weaker all the time, which
suggested that fewer nanodroplets were delivered slowly to the targeted tumor tissues.
And the average fluorescence intensities in the CS-DOX NDs group were significantly
lower than that in the O-CS-DOX NDs group (Fig. 6b). These results, coinciding with
conclusions obtained by our previous study in vitro (Meng et al. 2019), suggested that
O-CS-DOX NDs were more qualified as a promising drug delivery system than CS-
DOX NDs in vivo.

Another attractive feature of our nanodroplets was the enhanced anti-cancer abil-
ity under ultrasound stimulation in vivo. According to digital photographs and tumor
growth curves (Fig. 7a—c; Table 4), tumors of O-CS-DOX NDs+ US group were small-
est, and the O-CS-DOX NDs+ US group exhibited the highest efficiency in inhibiting
tumor growth, with the inhibition taking effect one day after the second administration
(day 8). Tumors of O-CS-DOX NDs+ US group were significantly smaller than those
from O-CS-DOX NDs treated tumors, whereas DOX + US group did not exhibit sta-
tistical differences compared with the group treated with DOX. These results indicated
that ultrasound irradiation was prerequisite and played a key role in nanodroplets medi-
ated therapy. What’s more, The O-CS-DOX NDs+ US group exhibited much stronger
inhibition of tumor growth compared to the CS-DOX NDs + US group, further indicat-
ing the more superior anti-tumor effectiveness of O-CS-DOX NDs in vivo than that of
CS-DOX NDs, which were in good consistent with the results above discussed. Besides,
the group injected with O-CS-DOX NDs without ultrasound irradiation showed bigger
tumors at the end of treatment, suggesting that the good drug retaining of nanodroplets
and potentially guarantee the in vivo biosafety of O-CS-DOX NDs. The body weight of
the mice decreased continuously during the whole period of experiment among all the
groups (Fig. 7d; Table 5). No significant body weight loss was observed in the groups
of nanodroplets formulations, while doxorubicin solution in both DOX group and
DOX + US group induced significant body weight reduction of the mice, indicating the
high biosafety and low toxicity of O-CS-DOX NDs application in vivo. The therapeu-
tic efficacies of various groups were further compared through pathological analysis, the
Ki-67 antigen staining and TUNEL assay (Fig. 8). Consistent with the antitumor efficacy
studies, the tumor tissues of the mice treated with O-CS-DOX NDs and ultrasound irra-
diation showed the lowest level of Ki-67 positive cells, suggesting that tumor cell pro-
liferation was strongly decreased by this treatment. Meanwhile, in this same group the
highest level of cell apoptosis was detected, indicating that this combination therapy
was much more effective in inducing apoptosis of tumor cells. The mechanical and ther-
mal effects of ultrasound irradiation may also take part in damaging the tumor tissues
and tumor cells apoptosis. Based on the aforementioned in vivo therapeutic results, we
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concluded that the combination of O-CS-DOX NDs and ultrasound irradiation could
exert a formidable therapeutic effect against PC-3 prostate cancer.

The O-CS-DOX NDs in this study showed promising in terms of in vivo stability,
ultrasound echogenicity, biocompatibility, and enhanced anticancer effect with the aid
of ultrasound irradiation. The results of this study confirmed that O-CS-DOX NDs
were more superior to CS-DOX NDs. Still further investigation in vivo will be needed
to explore the feasibility of this nanoplatform as a multi stimulus-responsive targeted
theranostic agent for tumor detection and for image-guided chemotherapy.

Conclusion

In this study, we assessed the in vivo application of smart O-carboxymethyl chitosan/
PFH doxorubicin-loaded nanosized delivery system. These multi stimulus-respon-
sive O-CS-DOX NDs have several advantages in animal studies. Firstly, nanodroplets
with small size (<200 nm) and good doxorubicin encapsuling ability could be detected
through conventional ultrasound with satisfying contrast-enhanced imaging ability.
Secondly, the great biocompatibility and biosafety of these nanodroplets guarantee the
application in vivo. Thirdly, these nanodroplets had high stability and effectively accu-
mulated in the targeted tumor tissues, which ensure the sufficient drug concentration
solely in the tumor sites. Finally, and most importantly, this nanodroplets combined with
ultrasound irradiation could enhance the killing effects on tumors. This research of the
advantages of O-CS-DOX NDs application in vivo showed the promising potential as a
smart multi-responsive bomb to effectively diagnosis and kill cancer cells.
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