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Abstract  Ultrasound-mediated delivery has garnered 
attention as a noninvasive modality for localized drug 
delivery in cancer. Doxorubicin, a chemotherapeutic 
drug, shows low penetration, nonspecific distribution, and 
uncontrolled release. We have synthesized a hydrophobic 
doxorubicin (hDox)-loaded palmitoyl-modified glycol 
chitosan amphiphile (PmGCA) polymer-based nanothera-
nostic drug delivery system (hDox-NDS) for ultrasound 
(US)-mediated release. PmGCA encapsulates 210 μg/mL 
hDox in 90 ± 15 nm cationic micelles. The reappearance 
of the Dox fluorescence peak after 2 MHz US exposure 
confirms the encapsulated drug release.
hDox-NDS display a considerable drug release (~30 
to 50%) over 72 h, following the Weibull model. 
Fluorescence microscopy shows a higher uptake of 

hDox-NDS (~10%) in rhabdomyosarcoma (RD) cells 
compared to DoxHCl. Ultrasound exposure signifi-
cantly (p < 0.001) enhances the anticancer effect of 
hDox-NDS on RD cells, as shown by its lower IC50 
value of 1.7 ± 0.05 μM compared to that of DoxHCl 
(2.62 ± 1.2 μM). In  vivo optical imaging shows sig-
nificantly lower fluorescence in the heart (~84%) and 
liver (~59%) compared to DoxHCl, thereby reducing 
side effects. This nanotheranostic hDox-NDS has been 
considered an effective drug delivery system, offering 
enhanced therapeutic effects in cancer treatment.

Keywords  Glycol chitosan · Doxorubicin · 
Ultrasound-mediated release · Drug delivery · Optical 
imaging · Nanotheranostic · Cancer treatment

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s11051-​023-​05835-x.

S. Saeed 
NILOP Nanomedicine Research Laboratories (NNRL), 
National Institute of Laser and Optronics College, 
Pakistan Institute of Engineering and Applied Sciences, 
Islamabad 46000, Pakistan
e-mail: sidra.phdns21@iiu.edu.pk

S. Saeed · M. Yasinzai 
Suleiman Bin Abdullah Aba Alkhail–Centre 
for Interdisciplinary Research in Basic Science 
(SA‑CIRBS), Faculty of Sciences, International Islamic 
University, Islamabad 44000, Pakistan
e-mail: rector@iiu.edu.pk

U. Sarwar 
Department of Biotechnology, Quaid-i-Azam University, 
Islamabad 46000, Pakistan
e-mail: usama_sarwar@outlook.com

A. Raza (*) 
National Center of Industrial Biotechnology, University 
Institute of Biochemistry and Biotechnology, Pir Mehr 
Ali Shah Arid Agriculture University, Rawalpindi 46000, 
Pakistan
e-mail: abida_rao@yahoo.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-023-05835-x&domain=pdf
http://orcid.org/0000-0002-4414-1070
https://doi.org/10.1007/s11051-023-05835-x
https://doi.org/10.1007/s11051-023-05835-x


	 J Nanopart Res (2023) 25:194

1 3

194  Page 2 of 19

Vol:. (1234567890)

Background

In recent decades, biocompatible nanoparticle-based 
nanotheranostic platforms have been considered prom-
ising diagnostic and disease treatment options. Nan-
otheranostic has provided diagnosis, real-time drug 
delivery monitoring, and improved treatment efficacies 
in various cancers through advancements in nanomate-
rials and biomedical engineering techniques [1]. Ultra-
sound-mediated polymeric nanomicelle drug delivery 
has emerged as a noninvasive technique for drug deliv-
ery at the site of action [2]. Several studies have cited 
the use of ultrasound for doxorubicin (Dox) delivery 
in pancreatic, breast, and liver cancers [3]. Doxoru-
bicin with its immense fluorescence properties [4] is an 
effective antitumor agent used alone or in combination 
to treat solid tumors (breast, bladder, ovaries, stom-
ach, lung, and thyroid), hematological malignancies 
(Hodgkin’s lymphoma), and soft tissue sarcomas [4, 
5]. But severe side effects limit its effectiveness. When 
administered systemically, the drug gets dispersed in 
the body, leading to cardiotoxicity, hepatotoxicity, gas-
trointestinal toxicity, stomatitis, myelosuppression, and 
drug resistance [6, 7]. To overcome these side effects, a 
variety of Dox nanoformulation have been developed, 
and some are available in the market under different 
brand names, such as PEGylated liposomal Doxil®/
Caelyx® (Janssen Products, LP., Horsham, PA, USA), 
Evacet® (Liposome Company Inc., Princeton, NJ), 
Lipodox® (Sun Pharmaceutical Industries Ltd.); non-
PEGylated liposomal Myocet® (Sopherion Therapeu-
tics, LLC, Princeton, NJ, USA); and temperature-sen-
sitive PEGylated ThermoDox® (Celsion Corporation, 
Lawrenceville, NJ, US) [8]. Due to their high affin-
ity for the lipid bilayer, liposomal formulations offer 
longer exposure [9], which may cause toxicity to the 
limbs. ThermoDox® has resolved many cytotoxicity 
issues, but the cardiotoxicity problem still persists.

Designing a targeted Dox delivery system is 
required to overcome the limitations related to Dox 
chemotherapy. One way to reduce the cardiotoxicity of 
Dox is its encapsulation in nanomicelles [10]. It has 
been observed that deprotonated Dox micelles or nan-
odroplets accumulate in the cell cytoplasm but do not 
reach the nuclei, which explains its low therapeutic 
efficacy in the absence of external stimuli [9]. Ultra-
sound (US) is one of the most effective noninvasive 
modality with high tissue penetration and has great 
potential for controlled drug release and improved 

chemotherapeutic efficacy [11]. Ultrasound can push 
Dox into cell nuclei due to the cavitation phenomenon 
[12, 13]. Ultrasound-mediated delivery works based 
on the temporary opening of cell membrane pores 
through the cavitation process, allowing drugs to enter 
tumor vasculature along with benefits of noninvasive-
ness, nontoxicity, and target specificity [14].

Glycol chitosan (GC), a derivative of chitosan, has 
hydrophilic ethylene glycol branches, which increase 
the water solubility of the polymer at neutral/acidic 
pH. With a deacetylation degree of 60–83%, its molec-
ular weight ranges from 20 to 250 kDa. Modification 
with amine and hydroxyl groups allows the generation 
of a variety of derivatives of GC [15]. These GC deriv-
atives can self-assemble with excellent drug delivery 
capacity. N-palmitoyl-N-monomethyl, N-N dimethyl, 
N-N-N, trimethyl-6-O-glycol chitosan, a self-assem-
bling polymer, has been synthesized by attaching pal-
mitic acid N-hydroxysuccinimide (PNS) and meth-
ylation [16]. This palmitoyl-modified glycol chitosan 
amphiphile (PmGCA) offers a longer plasma half-life 
[17]. Understudy PmGCA polymer has a quaterniza-
tion level of 8.23 ± 2.4% and a palmitoylation level of 
34.2 ± 5.188%, hence rendering it positive and nega-
tive charges, respectively, that give unique properties to 
this amphiphile [18].

Ultrasound-responsive nanomicelles formu-
lated by chitosan-based amphiphile have been vastly 
explored for their biosafety toward healthy tissues. 
Min et al. have successfully used 300-nm hydrophobic 
5β-cholanic acid-modified glycol chitosan amphiphile 
for imaging and US-triggered docetaxel burst release 
using a 10-MHz frequency [19]. Additionally, Zhou 
et  al. have developed Dox-loaded chitosan nanopar-
ticles by incorporating a palmitic acid-Epikuron 200 
system and perfluoropropane with a stabilizing aque-
ous solution of pluronic F68 (0.01%, w/w) and have 
used for controlled delivery of Dox into breast cancer 
cells when combined with 20-kHz ultrasound [20]. 
Researchers have reported good drug loading abil-
ity and enhanced US imaging by stimulating the drug 
release from nanobubbles. These studies show that US-
responsive glycol chitosan-based nanoformulation may 
have a wide range of potential applications in medicine 
and must be studied in different systems while using a 
variety of polymers [21]. However, no data on PmGCA 
in combination with US has been reported.

We hereby proposed the encapsulation of hydro-
phobic doxorubicin in N-palmitoyl-N-monomethyl, 
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N-N dimethyl, N-N-N, trimethyl-6-O-glycol chitosan 
(PmGCA) to prepare a nanotheranostic drug deliv-
ery system (NDS) that can be externally stimulated 
through ultrasound for enhanced penetration and 
drug release at the site of action. Moreover, it can be 
tracked through optical imaging for drug distribution, 
and it is also expected that hDox-NDS nanotheranos-
tic micelles may offer lower toxicity toward the heart 
and other organs. In this study, we have reported for 
the first time that PmGCA has been used in combi-
nation with the low frequency of ultrasound and low 
dose of the fluorescent drug doxorubicin.

Materials

Doxorubicin HCl (44583), Hanks buffer salt solu-
tion, (HBSS) (11140007), phosphate buffer saline, 
(PBS) (4417), acetone (65050), triethylamine, 
(TEA) (121-44-8), trypsin-EDTA 10x (T4174), 
and trypan blue 0.4% (15250-061) were pur-
chased from Sigma Aldrich (St Louis, MO, USA). 
Dulbecco’s Modified Eagle Medium, (DMEM) 
(1732501), penicillin and streptomycin (15140-
122), heat-inactivated fetal bovine serum, (FBS) 
(10270-106), and phytohemagglutinin, (PHA) (00-
4977-93) were purchased from Gibco-Life Tech-
nologies, NY, USA. Ultrapure agarose, Invitrogen 
(16500), and Sephadex G-25 were purchased from 
GE Healthcare Bio-Sciences AB (Uppsala, Swe-
den). For cytocompatibility study, human rhab-
domyosarcoma (RD) cells ATCC CCL 136 were 
provided by the National Institute of Health (NIH) 
(Islamabad, Pakistan). Other reagents related to 
cell culture were purchased from Gibco-Life Tech-
nologies (Thermo Fisher Scientific, NY, USA) or 
Sigma-Aldrich (USA).

Methods

Preparation of hDox‑loaded nanotheranostic micelles

Palmitoyl glycol chitosan amphiphile (PmGCA) poly-
mer with a quaternization level of 8.23 ± 2.4% and 
a palmitoylation level of 34.2 ± 5.2% was synthe-
sized by following the method as stated in our previ-
ous work [22]. Briefly, sodium bicarbonate (376 mg) 

and hydrolyzed GC (500 mg) were mixed in a flask 
containing water: ethanol solution. Subsequently, gas 
chromatography of the sodium bicarbonate solution 
and palmitic acid N-hydroxysuccinimide solution 
was conducted for 72 h. The resulting product was 
separated by ethanol evaporation and re-dispersed in 
distilled water. The excess palmitic acid N-hydroxy-
succinimide was removed by extracting it three times 
with diethyl ether, and the mixture was dialyzed for 
24 h against distilled water. The dialysate was then 
dried through freeze-drying. The mixture was dia-
lyzed against 5 L of distilled water for 24 h, quaterni-
zation was carried out by dispersing palmitoyl GC in 
25 mL of N-methyl-2 pyrrolidone, ethanolic solution 
(5 mL) was prepared by dissolving sodium hydrox-
ide (40 mg) and sodium iodide (45 mg) to palmitoyl 
GC, and then methyl iodide (1 g) was added and kept 
under nitrogen gas for 3 h in dark. Diethyl ether was 
used to precipitate quaternary ammonium product, 
and dialysate was purified through Amberlite-96 res-
ins. Final dialysis results into cotton-like solid pal-
mitoyl glycol chitosan amphiphile (PmGCA) were 
obtained after freeze-drying with a molecular weight 
of 178,000 gmole−1.

In this study, DoxHCl was converted into hydro-
phobic Dox (hDox) following the previously reported 
method [23]. Briefly, DoxHCl (3 mg) was dissolved 
in a 1:1 ratio of methanol: chloroform (1 mL, v/v), 
followed by the addition of triethylamine in a molar 
ratio of 1:3 and incubated overnight at room tempera-
ture till solvent evaporation. This hDox (300 μg) was 
added to a 2 mg/mL aqueous solution of PmGCA. 
The mixture was sonicated for 20 min at 70% ampli-
tude with a 6-mm diameter probe (SONIC Vibra Cell, 
USA). The formulation was passed through a G-25 
Sephadex column to remove unencapsulated hDox 
from hDox-NDS delivery system.

hDox‑NDS formulation optimization

The nanoformulation was optimized by Design expert® 
(software 7.0 Stat-Ease, Inc., Minneapolis, MN) using 
the central composite design (CCD) for the ratio of 
ingredients as independent factors against depend-
ent responses [24, 25]. Response surface methodol-
ogy (RSM) was used to evaluate the effects of factors 
on responses such as concentration of hDox, glycol 
chitosan amphiphile, probe amplitude, and sonica-
tion time against dependent responses of particle size, 
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polydispersity index (PDI), zeta potential, and encap-
sulation efficiency. The most appropriate formulation 
was selected based on size, with the minimum PDI and 
highest encapsulation efficiency.

Size distribution, morphology, and serum stability of 
hDox‑NDS

The hydrodynamic size, mean diameter, zeta potential 
of hDox-NDS nanomicelles, and population distribu-
tion (as polydispersity index) were measured using 
dynamic light scattering (DLS). Measurements were 
recorded at 25 °C using Microtrac Nanotrac Wave 
II (USA) in triplicate. hDox-NDS nanomicelle wet 
stability was observed for 3 months at 4 °C. Confir-
mation of encapsulation was done through Raman 
spectroscopy at room temperature with the follow-
ing parameter settings: 785 wavelength scan, 20 °C, 
5–300-mV power supply, and 5–30-s integration time 
(Raman System Peak Seeker; PRO-785; Microscope 
RSM-785, AGILTRON, USA). For serum stabil-
ity, hDox-NDS was incubated with human serum in 
a 1:1 at 37 °C, and size was measured at the 0.5, 1, 
2, 3, 4, 6, and 8 h time points. DLS was done after 
US application to monitor the effects of US on parti-
cle size and PDI of the formulation. The fluorescence 
properties of Dox can be utilized for encapsulation 
confirmation. Once the drug is encapsulated, its fluo-
rescence might get trapped inside micelles; hence, 
no signatory peaks through photoluminescence (PL) 

can be seen. This quenching phenomenon has been 
studied for hDox-NDS nanomicelles before and 
after US exposure as a confirmation of encapsula-
tion and subsequent drug release. Excitation and 
emission spectra were recorded at 485 and 550 nm, 
respectively, with a helium-cadmium laser of 40 MW 
power with Dongwoo Optron (Model no.DM. 3201, 
Korea). The encapsulation efficiency (%) was calcu-
lated with hDox calibration curve at 0–100 μg/mL 
concentrations at a wavelength of 485 nm using spec-
trophotometer (U-2900 UV-VIS Spectrophotometer-
HITACHI High-Tech Science, λ = 200–1100 nm) 
using the formula:

Hemocompatibility of hDox‑NDS micelles

The hemolytic activity of hDox-NDS, PmGCA, and 
DoxHCl was evaluated with some modifications in 
the protocol [26, 27]. RBCs were washed with HBSS 
3 times. The erythrocytes concentration was adjusted 
to 10% by volume with HBSS and incubated with 
hDox-NDS formulation in different concentrations 
ranging from 1 to 10 μM for 1 h at 37 °C. Cell sus-
pensions were centrifuged at 100 g for 5 min. Hemo-
lytic activity was assessed from hemoglobin release 
at 576 nm using microplate reader (BioTek, USA).

Encapsulation efficiency (%) =

(
Qtotal −

Qfree

Qtotal
× 100

)

Hemolysis (%) =

(
Absorbance of sample − Absorbance of negative sample

Absorbance of positive sample − Absorbance of negative sample
× 100

)

Ultrasound parameter optimization and phantom 
model

Ultrasound conditions were optimized using an 18 
× 23.7-mm 1.5–4-MHz frequency transducer (3Sc-
RS probe) at a 90° field of view with a field depth of 
30 cm. The transducer was driven with an electric sig-
nal generated by the LOGIQ e Ultrasound System 
(S.No.220v17370469 GE, USA). To avoid sound wave 
reflection, a heat absorbing pad was kept below the cell 
culture plate. The effect of ultrasound was measured 
with a constant exposure time of 30 s for in vitro assays 
and 1 min (60 s) for in vivo assays. A mechanical index 

(MI) value of 1.2 was kept constant with a specific ultra-
sound frequency of 2 MHz for each experimental setup.

A gel-based phantom was designed to examine the 
potential of US-mediated extravasation of hDox-NDS 
following the protocol with some modifications [28, 
29]. Briefly, the phantom was made from 2.5% (w/v) 
low melting point pure agarose gel of 1-mm pore size 
and a depth of 1.5 cm. A solution of hDox-NDS (210 
μg/mL) was injected into phantom channels. Using an 
18 × 23.7-mm transducer (3Sc-RS probe) from the GE 
Healthcare LOGIQTM e ultrasound system, a 2 MHz 
frequency was applied at a 90° field of view and a depth 
of 30 cm. Images were taken in conventional B mode.
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US‑mediated in vitro release of drug from 
hDox‑NDS micelles

The dialysis membrane technique was used to determine 
the hDox release from hDox-NDS with and without 
ultrasound exposure. The nanoformulation (1 mL) was 
dialyzed against 100 mL of PBS (pH 7.4) by a dialysis 
membrane (MW cutoff of 12 kDa, Sigma-Aldrich). The 
hDox release from nanomicelles was measured at 37 °C 
with continuous stirring at 50 rpm at predetermined time 
points of 0.5, 1, 2, 3, 4, 5, 6, 24, 48, and 72 h. Absorbance 

was measured at 485 nm using a microplate reader 
(Epoch2 BioTek, USA). At four time points (1, 3, 6, and 
24 h), US was applied with the 1.5–4-MHz transducer 
(3Sc-RS probe) probe by setting it to 2 MHz for 60 s at a 
90° field of view with a field depth of 30 cm. The trans-
ducer was driven with an electric signal generated by the 
LOGIQ e Ultrasound System (S.No.220v17370469 GE, 
USA). The percent cumulative release for both the US- 
and no-US–mediated profile was recorded. The percent-
age difference in cumulative release caused by the US 
was calculated at 1-, 3-, 6-, and 24-h time points [30]:

Cumulative release (%) =

(
US mediated PCR of hDox − NDS(t) − No US PCR of hDox − NDS(t)

No US PCR of hDox − NDS(t)

)
× 100

 where cumulative release caused by US:

where PCR and t stand for percent cumulative release 
and time point, respectively. To study hDox release 
mechanism from hDox-NDS, six different kinetic 
models (zero order, first order, Higuchi, Hixson-
Crowell, Weibull, and Korsmeyer-Peppas) were 
applied to fit the experimental data.

Effect of US on hDox‑NDS uptake in RD cells

Human rhabdomyosarcoma (RD) cells were grown 
with 10% heat-inactivated FBS, penicillin (100 U/mL), 
and streptomycin (100 mg/mL) in DMEM and kept in 
a CO2 incubator (Thermo Fisher Scientific, OH, USA), 

Δ Release (time) =

⎧⎪⎨⎪⎩

(US mediated PCR(t) − NoUS PCR (t))�
No US PCR(t)

× 100

⎫⎪⎬⎪⎭

until 90% confluency [16]. Cells were seeded in six-well 
plates at a density of 1 × 106 per well. Cells were kept at 
37 °C, 5 % CO2 for 24 h before exposure to hDox-NDS. 
DoxHCl and hDox-NDS (5 μM) were added to each 
well and incubated at 37 °C for 30 min. Each well was 
exposed to constant US exposure of 30 s with a mechan-
ical index value of 1.2 [31], at 2-MHz frequency, with a 
depth of 51 db (fresh media was added before US appli-
cation to prevent cavitation attenuation due to high con-
centration of CO2 accumulation). To avoid sound wave 
reflection, a heat absorbing pad was kept below the cell 
culture plate. After 4 h of incubation, cells were washed 
with PBS to remove residual drug. For fluorescence 
measurement, cells were examined using fluorescence 
microscopy (EVOS Cell Imaging Systems, Life Tech-
nologies-Thermo Fisher Scientific, USA). Fluorescence 
intensities were further analyzed for corrected total cell 
fluorescence (CTCF) using Image J software [32] (win-
64 FIJI) through a formula:

CTCF = Integrated Density − (Area of selected cell ×Mean background fluorescence)

Effect of ultrasound on hDox‑NDS micelles 
macrophage uptake

Macrophages were isolated according to the protocol 
described by Lefort, Craig T., and Minsoo Kim [33] 
with modifications. Briefly, the fresh blood was col-
lected in heparin and diluted with sterile 10 mL PBS 
followed by the addition of histopaque and centrifuga-
tion at 1500 rpm, 20 °C for 20 min. Isolated mononu-
clear cells were washed twice with PBS. The cells were 

incubated overnight at 37 °C in CO2 (5 %) with fresh 
cell culture media and phytohemagglutinin (PHA). Cells 
were seeded in six-well plates at a seeding density of 1 
× 106 cells/mL. DoxHCl and hDox-NDS nanomicelles 
(5 μM) were added to the macrophage monolayers and 
incubated for 30 min before US application. After 4 h of 
incubation, the cells were washed with PBS to remove 
any unabsorbed drug and examined under fluorescence 
microscopy (EVOS Cell Imaging Systems, Life Tech-
nologies-Thermo Fisher Scientific, USA).
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Ultrasound‑mediated anticancer effect of hDox‑NDS

RD cells seeded at a density of 1 × 106 cells/well in 
a flat bottom 96-well plate were incubated for 24 h 
in CO2 incubator (5%). Cells were washed with PBS 
and treated varied concentrations (0.05–5 μM) of 
with hDox-NDS and DoxHCl to evaluate cytotoxic-
ity (untreated cells were used as a negative control). 
Cells were exposed to 2-MHz (1.2 MI) ultrasound for 
30 s and incubated for 48 h. MTT (3-(4, 5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) 
(5 mg/mL) was added to each well and incubated for 
4 h. The resulting formazan crystals were dissolved in 
200 μL of DMSO and incubated for 30 min at room 
temperature. The absorbance of each well was meas-
ured at a wavelength of 570 nm using an ELISA plate 
reader (Model FDx800, Biotek, VA, USA). Half-
maximal inhibitory concentration (IC50) was calcu-
lated using GraphPad Prism.

For cell survival study, the cells were seeded in 
six-well plates for survival study and incubated 
with hDox-NDS/DoxHCl for 6 h. Cells were then 
exposed to US for 30 s. The trypan blue dye exclu-
sion test was used to determine the survival of the 
cells. By combining 100 μL of cell suspension with 
an equivalent amount of 0.3% trypan blue solution 
in PBS, the trypan blue dye exclusion test was car-
ried out. To determine the approximate number of 
intact viable cells after a 4-min incubation period at 
room temperature, the cells without the dye (trypan 
blue) were counted using a hematocytometer under 
a microscope [34].

In vivo biodistribution of hDox‑NDS nanomicelles

BALB/c mice ranging in weight from 18 to 30 g were 
purchased from the National Institute of Health (NIH) 
in Islamabad, Pakistan. Ethical approval was taken 
from the NILOP ethical approval committee under code 
No (No Sec-44 (1/16/A547)) for working with animals.

Animals were divided into three groups and 
injected with 0.05 μg/g of DoxHCl/hDox-NDS 
nanomicelles through the tail vein for biodistribu-
tion study. One group was used as a control. One 
of the two groups was sonicated, while another 
was not (Table S2). Animals were sacrificed a half-
hour after the sonication process was finished, the 
organs were removed, and the fluorescence signals 
from the organs were examined using the in  vivo 

imaging system at excitation filter 535/45, and 
emission filter 605/50 with the Bioautomatic Mul-
tiSpectral Light Source (UVP iBox® Explorer2 
Imaging Microscope, Analytik Jena, CA (USA). 
Following imaging, organs were cleaned with 
PBS to prevent any erroneous blood fluorescence 
and fixed in a 10% formaldehyde solution for his-
tological study. Fluorescence intensities were fur-
ther analyzed using Image J software [32] version 
Win-64 FIJI using the formula for corrected total 
fluorescence.

Histopathology examination

The mice organs (brain, heart, liver, kidney, lungs, 
and spleen) were collected for histopathology exami-
nation. All tissues were fixed with paraformaldehyde 
(4%) and embedded in paraffin. The embedded organs 
were sliced into 5-μm thickness, fixed on a glass 
microscope slide, and stained with hematoxylin and 
eosin (H&E) for microscopic observations.

Statistical analysis

Statistical analysis was performed using GraphPad 
Prism 8 and Origin Pro 8 software. All experiments 
were performed in triplicates.

Results and discussion

The detailed scheme of hDox-NDS nanomicelles is 
presented in Fig. 1.

Optimization and preparation of hDox‑NDS 
nanomicelles

Formulation has been theoretically optimized using 
simulation software based on RSM plots for the most 
suitable concentrations of ingredients (Fig. 2A). Dox-
orubicin and polymer ratios, amplitude, and sonica-
tion time are the variable factors that can affect par-
ticle size, zeta potential, and polydispersity index and 
encapsulation efficiency. Reducing the concentration 
of hDox and increasing polymer ultimately result in 
larger particle size and vice versa. An optimal area 
is selected where small particle sizes offer maxi-
mum capacity for encapsulation and less population 
heterogeneity. Predicted values have helped us in 
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reproducing a hassle-free formulation in a wet lab 
with more stability, the required size, and zeta poten-
tial. The experimental values (size, zeta potential, and 
PDI) of synthesized formulation were very close to 
the predicted values of size 91 ± 15 nm, zeta potential 
of +32 ± 5 mV, and PDI of less than 1 which offers 
70% encapsulation efficiency (Table  1). Esmaeilza-
deh-Gharedaghi et  al. (2012) have confirmed that 
parameters (concentration, sonication time, and 
amplitude) have a direct effect on nanoparticle size, 
PDI, and encapsulation of the drug. Optimal condi-
tions for minimum size can be obtained with high 
amplitude and sonication time [35].

Characterization of hDox‑NDS cationic micelles

Dynamic light scattering confirms the hydrodynamic 
size distribution of 90 ± 15-nm hDox-NDS nanomi-
celles with a polydispersity index of 0.224 ± 0.01 
and a zeta potential value of +30 ± 5 mV. A low PDI 
value shows a homogenous population of the particles 
(Fig.  2B). PmGCA has shown the unique property of 
self-assembling into micelles at room temperature, 
encapsulating hydrophilic and hydrophobic drugs and 
actively delivering these drugs through biological bar-
riers, enhancing their bioavailability. Because of its 

amphiphilic nature, PmGCA can result in both ani-
onic and cationic-charged formulation. DLS shows 
a slight increase in size and PDI after US (Fig.  2C). 
This increase indicates a US trigger release of payload 
on application resulting in increased PDI and size. In 
this study, PmGCA produced a cationic formulation 
(+ ζ) of hDox in contrast to our previously published 
study [22] which reported an anionic formulation −25 
ζ) when DoxHCl was encapsulated [22]. hDox-NDS 
cationic surface potential and electrostatic stability give 
it an advantage in interacting with negatively charged 
cell surfaces. The drug’s hydrophobicity or hydrophi-
licity has a significant impact on size as reported ear-
lier by Uchegbu et al. (2021). They have also reported 
100–500-nm micelles for encapsulation of hydrophobic 
cyclosporine A in GCPQ polymer after 20 min of probe 
sonication for ocular inflammation formulation [36].

Raman vibrational modes reveal DoxHCl peaks 
at 162.2 cm−1, 206.1 cm−1, 342.7 cm−1, 463.5 cm−1, 
499 cm−1, 522.8 cm−1, 599 cm−1, 793.2 cm−1, 868 
cm−1, 910 cm−1, 985 cm−1, 1085 cm−1, 1202.8 cm−1, 
1288.5 cm−-1, 1424.8 cm−1, 1461 cm−1, 1578 cm−1, 
and 1646 cm−1, whereas these peaks disappear in 
case of hDox-NDS. hDox-NDS on other hand peaks 
at 151.9 cm−1, 300.3 cm−1, 762.6 cm-−1, 796.4 cm−1, 
838.5 cm−1, 1016.4 cm−1, and 1269.6 cm−1 are being 

Fig. 1   Graphical abstract of ultrasound-mediated localized release and biodistribution of doxorubicin from glycol chitosan amphi-
phile nanotheranostic system
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observed. The disappearance of distinct peaks of the 
hDox in hDox-NDS Raman spectra confirms the suc-
cessful encapsulation of doxorubicin and formation 
of nanomicelles (Fig.  2D). SEM also confirms that 
the size is less than 100 nm (Fig. 2E). X-ray diffrac-
tion (XRD) and Fourier transform infrared spectros-
copy (FTIR) analysis of DoxHCl and hDox-NDS 
nanomicelles are shown in Fig. S1A-B and Table S1 
indicating the positioning of bonds in FTIR analysis 
of formulation.

Fluorescence quenching as a confirmation of Dox 
encapsulation

The fluorescence property of Dox can be utilized for 
confirmation of its encapsulation in a drug cargo. 
The disappearance of the peak (λem, 485) in photo-
luminescence spectra indicates fluorescence quench-
ing of Dox which is directly related to successful 
encapsulation of drug into PmGCA nanomicelles 
(Fig. 2F). Though hDox encapsulation efficiency can 

Fig. 2   Optimization and characterization of Dox delivery 
system. A RSM plots of the hDox-NDS showing the effect of 
independent factors on (i) size, (ii) encapsulation efficiency, 
(iii) polydispersity index (PDI), and (iv) zeta potential. B 
Dynamic light scattering size 90 ± 15 nm. C DLS after US 

exposure showing 116 nm size. D Raman spectroscopy show-
ing disappearance of distinct peaks of DoxHCl in hDox-NDS 
confirming successful encapsulation. E Scanning electron 
microscopy images of hDox-NDS. F Photoluminescence spec-
tra of hDox-NDS, DoxHCl, before and after US
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be different, fluorescence emission spectra cannot 
evaluate the amount of drug inside the micelles. As 
US exerts pressure on micelles, population distribu-
tion changes from homogeneous to heterogeneous. 
Interestingly, upon ultrasound exposure, the distinct 
fluorescence peak of Dox reappears in the photolu-
minescence spectra, showing the release of drug from 
nanomicelles and breakage of polymer drug conjuga-
tion. Photoluminescence explains the energy transfer 
mechanism between the hDox and PmGCA, which 
occurs when a photon is released upon relaxation of 
an electron from excitation state. In previous study, 
scientists have correlated the change in photolumi-
nescence with the degree of chemical bonding of Dox 
to the salmon DNA molecule [37]. Huang et al. have 
explored the quenching mechanism involving Dox 
which binds with gold nanoclusters after accepting 
electrons from excited gold nanoclusters and quench-
ing their fluorescence through photoluminescence 
[38]. Based on this, we hypothesize that our polymer 
encapsulates hDox and quenches fluorescence.

Stability study

Palmitoyl glycol chitosan amphiphile micelles can 
encapsulate 210 ± 0.05 μg which is 70% of the ini-
tial hydrophobic doxorubicin quantity. This is due 
to the hydrophobic pendants of palmitoyl groups, 
which offer excellent encapsulation to the current 
hydrophobic drug system. Wet stability study at 
4 °C shows no significant changes in size and zeta 
potential up to 3 months (p < 0.001) (Fig. 3A). The 
hDox-NDS nanomicelles exhibit a small increase in 
average size (103 ± 1.3 nm), zeta potential (29.5 ± 
1.2 mV), and PDI (0.891 ± 0.06) after being treated 

with serum at 37 °C for 8 h (Table  2). This slight 
increase in size and PDI is also observed in 99m 
Technetium radio-labeled palmitoyl glycol chitosan 
by Zia et al. (2022) [16]. In several studies [36, 39, 
40], formulations including N-palmitoyl-N-mono-
methyl, N-N dimethyl, and N-N-N, trimethyl-6-O-
glycol chitosan were found to be stable.

Hemocompatibility of hDox‑NDS nanotheranostic 
micelles

When the concentration of nanomicelles is increased 
from 3, 6, 9, 12, and 18 μg, a reciprocal increase in 
hemolysis (%) is seen for hDox-NDS (0.5, 1.4, 3.0, 
3.8, and 4.7%) and for DoxHCl (1.5, 3.1, 6, 8.3, and 
12.4%) (Fig. 3B). As reported by Lu et al. doxorubicin 
accumulates in RBCs by increasing crystal osmotic 
pressure, which causes an increase in water movement 
inside the cells, resulting in the bursting of the cell 
membrane [41]. Blank PmGCA shows hemocompati-
ble with 0.69, 1.1, 2.8, 3.5, and 3.9% hemolysis against 
same concentrations (p < 0.05). The effects of hDox-
NDS are found to be non-hemolytic and very consist-
ent with the international standard of 5% toxicity as 
explained by Choi et  al. [42]. Cationic nanomicelle 
interactions with negatively charged cell membrane 
surfaces allow easy translocation across cell membrane 
and a high degree of cellular internalization. This prop-
erty makes cationic nanomicelles a preferable drug 
carrier. Several studies have confirmed the biocom-
patibility of polymer [17, 43]. The possible reported 
mechanism is that polymer inhibits breakage and solu-
bilization of the red blood cell membrane [17, 44]. So, 
hDox-NDS nanomicelles cause minimal damage to red 
blood cells, indicating safety for in vivo administration.

Table 1   Optimization 
parameters (size, zeta 
potential, PDI) of hDox-
NDS nanomicelles

No. of formulation 
(drug: polymer)

Size distribution  
(nm)

Zeta potential  
(mV)

Polydispersity  
index

300 μg:2 mg 90 ± 1.528 30 ± 2.082 0.226 ± 0.003
300 μg:1 mg 90.3 ± 2.066 33 ± 2.082 0.311 ± 0.010
700 μg:1.5 mg 95.8 ± 1.607 32 ± 2.517 0.363 ± 0.021
1.5 mg:1 mg 103.6 ± 1.528 31.4 ± 1.026 0.39 ± 0.025
1.5 mg:2 mg 109.8 ± 1.756 30.5 ± 1.258 0.418 ± 0.010
900 μg:1 mg 91 ± 2.0 30 ± 1.528 0.69 ± 0.010
0.5 mg:0.5 mg 102 ± 2.517 34.5 ± 2.255 0.471 ± 0.017
1.3 mg:1 mg 112.6 ± 2.517 29 ± 1.528 0.891 ± 0.010
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Ultrasound effect on release kinetics of doxorubicin

When hDox-NDS is stimulated by ultrasound, 
there is a noticeable increase in drug release. At 

stimulation points, ultrasound disrupts the nanomi-
celles and releases the payload. The cumulative 
release (%) at 0.5, 3, 6, and 24 h is 7.43, 17.62, 
29.59, and 52.22% without ultrasound and 12.54, 

Fig. 3   Wet stability, hemolysis, and in  vitro release study of 
hDox-NDS nanomicelles. A Wet stability study of Dox encap-
sulated PmGCA (hDox-NDS). B Hemolytic activity of Dox-

HCl; hDox-NDS, PmGCA against human RBCs (0.5–8 μg). 
C In vitro release profile of doxorubicin hDox-NDS (with and 
without US; p < 0.001) and DoxHCl

Table 2   Particle size, zeta potential, and PDI of nanomicelles in water and FBS

Sample                                                            Water                                                   10% FBS

Size (nm) Zeta potential (mV) PDI Size (nm) Zeta potential (mV) PDI

1 99 ± 1.2 +35.8 ± 1.03 0.224 ± 0.016 95 ± 2.0 +30.2 ± 1.2 0.246 ± 0.015
2 96 ± 4.2 +34.1 ± 2.1 0.227 ± 0.015 97 ± 3.1 +32.5 ± 1.1 0.278 ± 0.021
3 100 ± 1.5 +29.5 ± 1.2 0.235 ± 0.013 99 ± 1.3 +34.8 ± 1.02 0.28 ± 0.011
4 103 ± 1.3 +29.9 ± 1.9 0.291 ± 0.011 101 ± 4.5 +29.5 ± 2.1 0.891 ± 0.006
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28.73, 45.69, and 73.32% with ultrasound. The ini-
tial concentration of encapsulated nanomicelles is 
210 ± 0.05 μg. The measured concentrations are 
26.34, 60.35, 95.95, and 153.9 μg and 15.6, 37.01, 
62.14, and 109.6 μg with and without US, respec-
tively, at each time point. Following exposure to 
ultrasound, there is an increase in drug release of 
51.10, 47.93, 42.77, and 33.61% after 72 h (Fig. 3C). 
R square values for US-mediated hDox-NDS release 
vs no US–mediated release in six kinetic release 
models applied are as follows: zero order −1.0487 
vs −0.8080), Korsmeyer-Peppas (0.8826 vs 0.8464), 
Weibull (0.991 vs 0.997), Hixson-Crowell (0.5597 
vs −0.1961), Higuchi (0.5845 vs 0.6141), and first 
order (0.7856 vs 0.1138) (Table S3).

The Weibull model is found to be more appropri-
ate for US-mediated cumulative release from hDox-
NDS nanomicelles, which correlates to immediate 
and regulated drug release [45]. The observed β 
value of 0.500 (US) and 0.398 (no US) show imme-
diate release of drug. As indicated by Herdiana et al. 
value of β > 1 results in a sigmoidal release curve 
with a turning point in the initial phase, a value of 
β < 1 results in a sharper climb, and a value of β 
= 1 results in an exponential increase in the release 
slope [46]. Li et  al. have stated that micelles of a 
less hydrophilic character are more sensitive to 
ultrasound than more hydrophilic moieties [26, 47]. 
PmGCA cationic charge on surface of micelles ren-
dered by quaternary ammonium groups makes it 
more susceptible to ultrasound exposure. The hydro-
phobic core of palmitoyl pendants can cause low 
water activity within the core, thus offering stability 
to the hDox-NDS nanomicelles [48].

Higher fluorescence in RD cells corresponds to more 
Dox uptake after US exposure

A marked increase in fluorescence intensity in US-
exposed cells corresponds to higher drug uptake as 
compared to non-exposed cells. A 30-s exposure of 
2 MHz with MI of 1.2 significantly improves the 
penetration of nanotheranostic micelles in cell mon-
olayers in hDox-NDS+US group (p < 0.001). Fluo-
rescence intensity increases from 1.0 × 107 to 1.12 
× 107 which corresponds to ~10% increase. This 
increase in fluorescence may be explained due to 

enhanced penetration of hDox-NDS after exposure of 
cells to US, as demonstrated by fluorescence micros-
copy. Enhanced penetration of hDOx-NDS in cells 
is due to the application of ultrasound which created 
pores in the cell membrane for maximum release of 
the drug at the site of action. As less fluorescence is 
observed in cells without US exposure (Fig. 4A, B), 
DoxHCl shows 8.1 × 106 vs 4.5 × 105 fluorescence 
intensity in the US vs without US exposed cells (p 
< 0.001). According to Xiong et al. ultrasound may 
widen the intercellular gaps due to the disruption of 
desmosomes connecting the cells, thus enhancing 
penetration of hDox-NDS nanomicelles [49]. This 
also demonstrates hDox-NDS’s good dispersal sta-
bility, which helps to localized delivery. When com-
pared to DoxHCl, which was internalized by the cells 
through simple diffusion, hDox-NDS shows greater 
penetration, which improves its cytotoxicity toward 
tumor cells. The exposure to the US is thought to 
have caused the caveolae-mediated endocytosis. It 
is also assumed that ultrasonic waves may increase 
the rate of internalization of preformed caveolae 
via caveolin-1 phosphorylation. It is reported that 
numerous US-generated mechanical stresses may 
combine to produce effects that induce significant 
changes in the membrane and molecular structures 
of cells, thus causing internalization of nanoparti-
cles [48]. Besides that, a size of less than 100 nm has 
also demonstrated excellent endocytosis by cells, as 
reported by Afshari et al. [14].

Macrophage uptake of hDox‑NDS nanotheranostic 
micelles after US exposure

In human macrophage cells, our less than 100-
nm cationic hDox-NDS is poorly absorbed when 
exposed to US, whereas DoxHCl is readily absorbed 
regardless of exposure. Macrophages consider nano-
particles as foreign bodies if their particle size is 
greater than 200 nm. Nanomicelles with a size below 
100 nanometers are less likely to enter macrophage 
cells (Fig. 4A). It has been documented by Champion 
et  al. that endocytosis by macrophages is affected 
by the size and surface morphology of particles. 
hDox-NDS particle size and positive zeta potential 
contribute to its stability and prevent it from inter-
acting with phagocytic system of the body. It results 
in less uptake by macrophage defense system, thus 
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Fig. 4   Effects of ultrasound on Dox/hDox-NDS uptake in 
rhabdomyosarcoma cells and macrophages. A Enhanced 
uptake is observed after US exposure. Images taken at 20X 

transmitted/GFP filter using EVOS, FL cell imaging system. B 
Fluorescence intensity graph of cell uptake study
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improving circulation and nonspecific distribu-
tion in healthy organs. Using a receptor-mediated 
procedure, micron-size particles are picked up by 
macrophages in the liver and spleen and absorbed 
through an actin-driven process [50]. So larger size 
and hydrophobicity cause increase in phagocyto-
sis. According to Fang et  al. link between cell size 
and phagocytosis influences cell surface interaction, 
causing immunological response [51]. Interestingly, 
Jiang et  al. have reported sphere shape particles 
are internalized at a slower rate by macrophages as 
compared to rod shaped particles [50, 52]. Previous 
literature has shown more efficient uptake of larger 
particles than of small size particles of same compo-
sition and surface morphology. Gabizon et al. stated 
that nanoparticles of 50–200 nm are recommended 
for extending systemic circulation time, but nano-
particles larger than 500 nm are primarily eliminated 
via macrophages [6]. Due to their virtually spherical 
shape, hDox-NDs are therefore less likely to be swal-
lowed by macrophages. Alqahtani et  al. [53] stated 
larger gliadin nanoparticles of more than 406 nm 
± 11 have shown higher macrophage uptake, while 
smaller particles of size 127 nm ± 8 show minimal 
uptake. As a result, the drug will be available for 
absorption in the circulatory system for a longer 
period. So, less phagocytosis by macrophages gives 
nanomicelles longer circulation time [51, 53, 54].

Phantom model shows extravasation after ultrasound 
exposure

A clear, visible extravasation is recorded when 
ultrasound is applied to phantom channels after 
hDox-NDS injection. Sonograms reveal outflow of 
nanomicelles and seepage of Dox after ultrasound 
application in the form of white streaks at a depth of 
1.5 cm, while drug remains in channels when no US 
is applied (Fig. 5A–G). This indicates the penetration 
and rupture of cationic nanomicelles upon US appli-
cation. Our results are consistent with those of Nit-
tayacharn et  al. (2022) that reports gold nanocones 
help in substantial increase in penetration of thera-
peutic agent in a tissue-imitating phantom at a dis-
tance of more than 2 mm during the in vitro extrava-
sation studies. A similar outcome is anticipated 
in vivo. Possibly, ultrasound generates sound waves 
that can induce cavitation, which helps in the release 
of drugs from polymer at the site of action [55].

Ultrasound exposure lowers IC50 value of hDox‑NDS 
nanotheranostic micelles

The findings support a dose-dependent response of 
cells to hDox-NDS in reducing cancer cell proliferation. 
hDox-NDS exhibits 91.9–62.76% viability, whereas 
DoxHCl shows 98–59% viability against 0.5, 1, 1.5, 
2, 2.5, 3, 3.5, 4, 4.5, 4.9, and 5 μM concentration. Cell 
micrographs show fewer live cells in hDox-NDS group, 
as compared to more live cells at the same DoxHCl. 
When compared to DoxHCl, hDox-NDS is more toxic 
to cancer cells. hDox-NDS has an IC50 of 2.62 ± 1.2 
μM without US, whereas DoxHCl has an IC50 of 3.9 ± 
1.2 μM. Statistically significant decrease in IC50 values 
of hDox-NDS vs DoxHCl is observed after ultrasound 
exposure, i.e., 1.7 ± 0.05 μM vs 3.85 ± 0.3 μM (p < 
0.001), against RD cells (Fig. 6A, B). Fant C et al. also 
found lower cell viability in groups exposed to US. It is 
hypothesized that once internalized, nanomicelles will 
break down due to US exposure and release their pay-
load, increasing cytotoxicity [56].

Less cell survival is observed after US exposure

hDox-NDS + US treated group has less cell survival 
(17%) than no US-treated group (27.5%) at 2 MHz (1.2 
MI) for 30 s. DoxHCl + US shows 44% vs 66.3% cell 
survival in no US group. Under the aforementioned 
conditions, 97% of cells in control group survive after 
US exposure (Fig.  6C). Based on these results, we 
assume that the use of US is safe for use in cells. FDA 
has also established a threshold limit of less than 1.9 
MI for use in animal models [31]. The hDox-NDS + 
US group exhibits a considerable drop in cell count. 
Laing et al. reported a decrease in cell survival after 20 
s 1-MHz US exposure. They have also stated the recip-
rocal effects of intensity and exposure time of US on 
cell survival [57]. Jawaid et al. have reported that the 
US enhances the killing effects of platinum nanoparti-
cles at 1 MHz for 2 min of exposure upon internaliza-
tion in the cell. So, it can be speculated that US helps 
in drug penetration, resulting in drug efficacy [34].

In vivo biodistribution of hDox‑NDS nanotheranostic 
micelles

The biodistribution pattern of hDox-NDS group in 
terms of fluorescence measurements without US is less 
compared to ultrasound exposure. The fluorescence 
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intensity values of hDox-NDS with and without ultra-
sound are mentioned in Table  S4 and Fig.  7. Over-
all, this difference is statistically significant with p < 
0.001 in the US-exposed hDox-NDS group. Major 
issues of cardiotoxicity related to commercially avail-
able doxorubicin may be overcome by encapsulation 
in hDox-NDS which shows 84% less drug uptake in 
the heart (Fig. 8). Due to the presence of hydrophobic 
and hydrophilic group and ease of alteration in biodis-
tribution due to the availability of functional groups, 
PmGCA is one of the best nanocarriers [16, 39]. The 
change in the route of biodistribution of Dox is mostly 
due to a decrease in PmGCA polymer uptake in the 
liver. Ultimately, this reduced liver uptake and escape 

from enzymatic degradation will favor Dox distribu-
tion to the brain and later the kidney for clearance, 
because less than 100-nm particles are thought to be 
cleared through renal routes. In addition, when com-
bined with US hDox-NDS, nanomicelles (< 100 nm) 
become more penetrable to the target tissue. Foroozan-
deh and Aziz (2018) discovered that smaller molecules 
(< 200 nm) accumulate faster in the tumor cells [47]. 
According to Liu et  al. 60% of 100–200-nm parti-
cles are found in circulation, compared to only 20% 
of < 50-nm and > 250-nm particles. In line with the 
expected route of excretion for hydrophilic polymeric 
compounds, renal routes represent a primary route of 
excretion. One of our recently published studies found 

Fig. 5   Ultrasound-mediated enhanced penetration of hDox-
NDS in a gel phantom model. A Graphical presentation of cell 
uptake with ultrasound. B–D B-mode images of hDox-NDS 
injected gel phantom before 30 s of ultrasound exposure (top 

view). E–F B-mode images of hDox-NDS injected gel phan-
tom after 30 s of US exposure showing drug penetration (side 
view)



J Nanopart Res (2023) 25:194	

1 3

Page 15 of 19  194

Vol.: (0123456789)

a substantial amount of radioactivity-labeled polymer 
PmGCA in the bladder, which indicates that major 
excretion route is renal [16]. Our findings are sup-
ported by multiple studies with PmGCA where intrave-
nous distribution kinetics prevented the uptake by the 
liver and spleen [18, 58, 59]. Interestingly, hDox-NDS 
crosses blood-brain barrier, which otherwise remains 
impermeable to DoxHCl. This can be correlated to 
polymer’s ability to cross the blood-brain barrier, thus 
making it a good tool for carrying the drug to the glio-
mas. One of the previous studies has reported the pres-
ence of delta opioid receptors throughout the central 

nervous system, due to which PmGCA is internalized 
by brain cells. We therefore have adequate evidence 
to claim that intravenously administered nanoparticles 
coated with PmGCA will likewise be able to bind to 
delta opioid receptors [18].

In vivo histopathological examination

In all groups, no hemorrhage or other acute tissue 
damage is noticed in hematoxylin-eosin–stained 
specimens. There is no parenchymal distortion, 
fibrosis, or vascular anomaly in the hDox-NDS 

Fig. 6   Effect of ultrasound on viability of rhabdomyosarcoma 
cells treated with DoxHCl/hDox-NDS. A RD cells images with 
inverted microscope after incubation with hDox-NDS/Dox-

HCl. B Percent cell viability after 48 h of incubation. C Cell 
survival (%) through trypan blue assay of DoxHCl/hDox-NDS-
treated rhabdomyosarcoma cells
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group. No hepatic cell abnormality is being 
recorded in the liver with or without ultrasound 
exposure in hDox-NDS. Besides that, no heart 
damage or acute cardiotoxicity is observed in the 
ultrasound exposed hDox-NDS nanomicelle group. 
However, slight heart congestion is visible in the 
DoxHCl-exposed group compared to the hDox-
NDS group as well as from fluorescence imaging 
through the whole body imaging system. This is 

most likely due to a change in drug behavior caused 
by the nanomicellar carrier as well as an ultrasound 
trigger, which alters the route of drug distribution, 
as demonstrated by a biodistribution study. After 
treating mouse organs with hDox-NDS nanomi-
celles, no obvious tissue abnormalities or lesions 
are observed, demonstrating their low biotoxicity. 
Overall, no tissue damage is observed in any organ 
in the hDox-NDS group as seen in the photomicro-
graph (Fig. 9). The negligible toxicity values show 
that PmGCA nanoparticles are not recognized as 
foreign via the mammalian immune system [17]. 
Our results are in close agreement with that of 
Uchegbu et al., which also stated the biocompatible 
nature of palmitoyl glycol chitosan [36]. Further-
more, Lalatsa et  al. reported that this polymer has 
negligible toxicity toward healthy tissues [44].

Conclusion

In conclusion, we have developed a US-responsive 
nanomicelle drug delivery system (hDox-NDS) 
for highly effective chemotherapy. The PmGCA 
in the polymeric micelle structure can protect the 
adsorption of Dox in the blood circulation, retain-
ing a firm nanostructure for better tumor targeting 
and minimizing the harmful effects of Dox. More-
over, drug-loaded micelles can attain enhanced 
accumulation at the tumor site due to EPR effect. 
Following US application, the micelles at the tar-
get site underwent a responsive structural change, 

Fig. 7   Fluorescence intensities (FI) of mice organs after ultra-
sound exposure post DoxHCl/hDox-NDS injection. A Fluo-
rescence intensity without ultrasound. B Fluorescence inten-
sity with ultrasound. Images were taken at 535/45 excitation 

and 605/50 emission filter with imaging system UVP iBOX® 
Explorer2™ Imaging Microscope Analytik Jena, CA (USA). 
****p < 0.0001, ***p < 0.001, **p < 0.01,*p < 0.05

Fig. 8   Biodistribution of intravenously injected DoxHCl/
hDox-NDS, with/without ultrasound exposure through an opti-
cal imaging system in mice organs (injected dose 0.05/g). Flu-
orescence intensity of organs taken after intraperitoneal drug 
injection, without ultrasound stimulation (fluorescence inten-
sity range highest to lowest is 65535-0). Images were taken at 
535/45 excitation and 605/50 emission filter with Bioautomatic 
MultiSpectral Light Source using in vivo small animal imaging 
system UVP iBox® Explorer2™ Imaging Microscope Analytik 
Jena, CA (USA). FI is a corrected value by taking background 
noise into consideration
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peeling the PmGCA and promptly releasing the 
medication, facilitating doxorubicin easier uptake 
by the target cells, and enhancing chemothera-
peutic efficiency. The study’s findings showed 
that hDox-NDS has a stronger anticancer effect 
and sensitive US response characteristics, as 
well enhanced cellular absorption and favorable 
biosafety. The coherent design of US-responsive 
nanoparticles represents a promising model for 
very effective in vivo targeted distribution of anti-
cancer agents and potentially provides a comple-
mentary choice for better chemotherapy efficacy.
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