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Construction of glutathione-responsive paclitaxel
prodrug nanoparticles for image-guided targeted
delivery and breast cancer therapyf

Weiwei Ma, 2 * Qiufeng Zhao, Shilong Zhu, Xinyue Wang, Chuangchuang Zhang,
Daming Ma, Na Li* and Yanyan Yin*

Paclitaxel (PTX) remains an essential drug in the treatment of breast cancer. To improve metabolic stability
and real-time monitoring of drug location, we develop a visualized nano-prodrug. Novel hyaluronic acid
(HA)-coated glutathione (GSH)-sensitive chitosan (CS)-based nano-prodrug (HA/TPE-CS-SS-PTX NPs)
with aggregation-induced emission effects (AIE) were accomplished. The prodrug NPs (drug loading
29.32%, particle size 105 nm, regular sphericity) exhibit excellent fluorescence stability. The prodrug NPs
could target tumor cells with high expression of CD44 and decompose in the presence of high
concentrations of glutathione. In vitro evaluations revealed that the prodrug NPs have significant
cytotoxicity on 4T1 cells, and due to their excellent AIE characteristics, their position in cells can be
tracked. Moreover, the prodrug NPs also shown superior anti-tumor effects in vivo experimental. Overall,
the HA/TPE-CS-SS-PTX NPs we constructed have excellent bio-imaging capabilities and can be served
as a potential nanomedicine for PTX delivery against breast cancer.

1. Introduction

Paclitaxel (PTX) is a broad-spectrum and highly effective anti-
cancer drug™? that stabilizes microtubules during cell division,
inhibits microtubule depolymerization, and leads to tumor cell
apoptosis.>* As a broad-spectrum anti-cancer drug, paclitaxel
has therapeutic effects on ovarian cancer, lung cancer, breast
cancer, colon cancer, lymphoma, melanoma, and other
tumors.®” However, due to poor water solubility, low bioavail-
ability, allergic reactions, and significant side effects caused by
injection assisted solvents, the clinical application of paclitaxel
still faces many problems.®” In the past few decades, nano-
medicine has become a valid cancer treatment strategy to
overcome these issues.®®

Recent research on drug delivery system (nano-DDS)
emphasizes versatility, which enables targeted delivery and
triggered release of drugs within targeted cells, as well as real-
time monitoring of drug positioning.'>** Most nano-DDS are
designed to encapsulate chemotherapeutic drugs or fluorescent
dye into carrier for treatment and visualization. However, non-
covalent encapsulation has been criticized for its poor stability,
low drug delivery efficiency, and premature leakage of drug or
fluorescent dye in the systemic circulation.** Consequently,
these issues urge us to develop a particular visualized prodrug
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to improve metabolic stability and real-time monitoring of drug
location.

Polysaccharide based nano prodrugs have attracted wide-
spread attention due to their clear component, accurate struc-
ture, stable drug loading capacity, and efficient anti-tumor
activity."** Chitosan (CS) is a natural non-toxic polymer mate-
rial with good biodegradability and biocompatibility, which has
been widely used in the delivery of anti-tumor drugs for cancer
diagnosis and therapy.'*"” In addition, CS has a large number of
amino groups (-NH,) and hydroxyl groups (-OH), which are
excellent modification sites for functionalization.'® If hydro-
phobic anticancer drugs are directly coupled to hydrophilic
polymer chains through covalent bonds, it can greatly prevent
premature drug release. However, cationic nanoparticles
formed based on chitosan not only lack tumor targeting effects,
but also susceptible to serum protein-mediated aggregation and
elimination." Hyaluronic acid has natural electronegativity and
can be used to encapsulate cationic-based nanoparticles.
Meanwhile, hyaluronic acid has been used in drug delivery
systems due to its low immunogenicity, high biocompatibility
and targeting of tumor-specific expression receptors (cluster
determinant 44, CD44).*° Therefore, HA functionalized drug
delivery systems can actively target cancer cells.*"**

Traditional fluorescent dyes are greatly limited in biological
imaging because of the aggregation induced quenching effect
(ACQ).» Fortunately, the appearance of aggregation induced
emission (AIE) dyes, which have the opposite effect to aggrega-
tion induced quenching, provides a possibility to overcome this
defect.** Tang et al. reported the aggregation-induced emission

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation the intravenous delivery of HA-decorated nano-prodrug (HA/TPE-CS-SS-PTX NPs) and their GSH-triggered

drug release in cancer cells.

effect in 2001,> tetraphenylethene (TPE) is a typical group with
aggregation-induced emission effect, which has attracted great
attention recently.’>*” In recent years, fluorescent nanoparticles
based on AIE active chromophores have turn into a new gener-
ation of biological imaging nanoparticles.”® It will be very inter-
esting to develop fluorescent nano-prodrug composed of
luminophor with AIE characteristics as alternative fluorescent
materials for cell imaging and drug delivery monitoring.

In this work, we developed a simple and efficient nano-
prodrug. The HA-coated redox sensitive visualized nano-
prodrug HA/TPE-CS-SS-PTX were exploited in order to highly
efficient treatment of cancer and real-time monitoring of drug
localization. We choose chitosan as the skeleton to develop
a visualized GSH-activated prodrug of PTX. PTX was grafted
onto the chitosan skeleton via -S-S- bond (Fig. 1), which is
stable under normal physiologic conditions but decomposes at
high intracellular glutathione (GSH) concentrations. At the
same time, TPE is also attached to chitosan by covalent bonds.
The AIE-based prodrug self-assembles to form nanoparticles,
which were then coated with hyaluronic acid. The HA/TPE-CS-
SS-PTX NPs are expected to possess an outstanding AIE
feature, selectively gather in the tumor site, effectively inter-
nalized into tumor cells through CD44-mediated endocytosis
and complete glutathione triggering PTX release in the cyto-
plasm. Herein, the preparation, synthesis and characterization
of HA/TPE-CS-SS-PTX NPs were studied. In addition, a detailed
evaluation was conducted on the AIE active cell imaging, cell
uptake, and in vitro and in vivo anti-tumor efficacy of HA/TPE-
CS-SS-PTX NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2. Materials and methods

2.1. Materials

Chitosan (CS, 30 kDa, 95% deacetylated), 1-ethyl-3-(3-
(dimethylamino) propyl) carbodiimide hydrochloric acid salt
(EDC-HCIl), N-hydroxysuccinimide (NHS), 3,3'-dithiodipropionic
acid (DPA), and 4-dimethylaminopyridine (DMAP) were
purchased from Aladdin Reagent Co. Ltd. Sodium HA (molecular
weights 10 kDa) was purchased from Freda Biochem Co. Ltd.
Paclitaxel (PTX, purity of 99.9%) was purchased from Adamas Co.
Ltd. TPE-COOH was purchased from Alfa Chemical Co. Ltd.
The mouse breast cancer 4T1 cells were kindly provided by
the Department of Pharmacology, Xinxiang Medical University.
The Cells were cultured at 37 °C and 5% CO, in high-glucose
DMEM containing 10% fetal bovine serum (FBS), 1% peni-
cillin, and 1% streptomycin. Specific pathogen-free Kunming
mice (weighing 18-22 g, 5-6 weeks old) were supplied by
Laboratory Animal Center of Xinxiang Medical University.

2.2. Synthesis of TPE-CS-SS-PTX

The synthesis of conjugates is shown in Scheme 1. First, TPE
were introduced onto CS via the amidation reaction between
TPE-COOH and CS. Precisely, TPE-COOH (10 mg) in dry form-
amide (10 mL) was added EDC (15 mg) and NHS (10 mg) at
room temperature, then the reaction mixture was stirred 3 h
under inert atmosphere. Subsequently, the CS (100 mg) in N,N-
Dimethylformamide (DMF, 5 mL) solution was added slowly to
the TPE-COOH containing mixture and stirring for another 24 h
at room temperature. After the completion of the reaction, the
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Scheme 1 Synthetic route of TPE-CS-SS-PTX prodrug.

mixture was purified by dialysis (MW, 10 KD) against distilled
water for 2 days and freeze-dried to give TPE-CS.

Second, 3,3’-dithiodipropionic acid (DPA, 21 mg), 1-ethyl-3-
(3-(dimethylamino) propyl) carbodiimide hydrochloric acid
salt (EDC, 10 mg), 4-dimethylaminopyridine (DMAP, 12 mg)
dissolved in an appropriate amount of anhydrous DMF, the
mixture was stirred under nitrogen protection for 3 h. After
addition of TPE-CS (100 mg) in formamide (5 mL), the reaction
mixture was continuously stirred for 24 h at room temperature.
The residue was purified by dialysis (MW, 10 KD) against water
for 2 days and freeze-dried. Following, the lyophilized product,
EDC (10 mg), DMAP (12 mg) dissolved in an appropriate
amount of anhydrous DMF, the mixture was stirred under
nitrogen protection for 3 h. Then the solution of PTX (100 mg)
in anhydrous DMF (2 mL) was added slowly to the mixture. The
reaction mixture was continuously stirred at room temperature
for 24 hours. After the completion of the reaction, the mixture
was purified by dialysis (MW, 10 KD) against distilled water for 2
days and freeze-dried to give TPE-CS-SS-PTX.

The chemical structure and functional groups of TPE-CS-SS-
PTX were confirmed through FT-IR and 'H NMR. 'H NMR
spectra were recorded on Bruker Avance/400 (*H: 400 MHz at 25
°C) and TMS as internal standard. For FT-IR spectra, the
samples were mixed with KBr and pressed. IR spectra was
recorded from 500 to 4000 cm ™' at room temperature. The
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molecular weight of TPE-CS-SS-PTX were calculated using the
Gel Permeation Chromatography (GPC) method with Waters
GPC 1515 (Waters, America) (column: Waters Styragel HT4).
The mobile phase consisted of water and acetic acid (95:5 by

volume). The flow rate was 0.7 mL min ™.

2.3. Fabrication of HA/TPE-CS-SS-PTX nanoparticles

The nanoparticles were prepared by a probe-type ultrasonic
method. The TPE-CS-SS-PTX was placed in a beaker (100 mg
mL~*, PBS), stirred at room temperature for 0.5 hours, and then
ultrasonicated in an ice bath at 100 W with a probe ultrasound
for 0.5 hours. Then pass 0.45 uM filter membrane filtration
removes large aggregates to obtain a uniform precursor nano-
particle dispersion. The suspension was freeze-dried to obtain
the solid powder of TPE-CS-SS-PTX nanoparticles.

HA is coated outside the TPE-CS-SS-PTX nanoparticles
through electrostatic interactions. To put it simply, the TPE-CS-
SS-PTX nanoparticles is slowly added to the HA solution (1 mg
mL™") and vigorously stirred at different weight ratios. The
mixture was then maintained for 30 minutes at 37 °C.

2.4. Research on AIE features

The AIE characteristic of HA/TPE-CS-SS-PTX NPs in a series of
different contents was studied. With an excitation wavelength of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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321 nm, the fluorescence emission spectra were collected
within the range of 220-600 nm. In order to visually observe the
behavior of AIE, the sample was photographed under the
ultraviolet light of 365 nm. In addition, irradiate (365 nm) the
sample (0.1 mg mL ") continuously for 30 minutes, measure
the fluorescence intensity change, and examine the photo-
stability of HA/TPE-CS-SS-PTX NPs.

2.5. Description of HA/TPE-CS-SS-PTX NPs

The particle size, polymer dispersion index (PDI), and zeta
potential of HA/TPE-CS-SS-PTX prodrug nanoparticles were
measured by a Nano-ZS90 Malvern Mastersizer (Malvern
Instruments Ltd, Malvern, UK). The morphology of prodrug NPs
was observed by transmission electron microscopy (TEM)
(JEOL, Japan). The drug load (DL) is determined by HPLC
(Waters 2796, USA) (column: Waters Symmetry C;g). The mobile
phase consisted of acetonitrile and water (1.8: 1.2 by volume).
The concentration of PTX was measured at a wavelength of

230 nm with a flow rate of 1.0 mL min .

DL(%) = Weight of PTX in NPs

= 1 0,
Weight of PTX loaded NPs x 100%

2.6. Stability and hemolysis test

To investigate the storage stability, the solution of HA/TPE-CS-
SS-PTX NPs (1 mg mL ™" in PBS) was stored studied at 4 °C
and 37 °C. At the appropriate times (0, 2, 4, 6, 8, 10, 24 and 48 h),
the size distribution and PDI of HA/TPE-CS-SS-PTX NPs were
monitored by DLS at 25 °C.

The hemolysis test is a method for evaluating biocompati-
bility of the HA/TPE-CS-SS-PTX NPs on red blood cells. Appro-
priate amount of blood was centrifuged at 2000 rpm for 5 min to
separate the erythrocytes from plasma. The supernatant was
taken out and the precipitated erythrocyte pellet was washed
with PBS (pH 7.4) three times. In the following step, the eryth-
rocyte pellet was re-suspended in PBS in 1:10 ratio (erythro-
cytes: PBS, w/v). 0.5 mL of diluted erythrocyte pellet suspension
was added to each tube. The erythrocyte suspension dissolved
in water and PBS represented 100% and 0% hemolysis,
respectively. HA/TPE-CS-SS-PTX NPs with different concentra-
tions were added to the test tubes at the final concentration:
100, 200, 300, 400, and 500 pg mL~". After 4 hours of culture at
37 °C, the samples were centrifuged to remove the unlysed
erythrocytes.

Take out the supernatant of all samples and the optical
density (OD) of released hemoglobin were measured at A =
540 nm with ELISA-reader. The percent hemolysis was deter-
mined by the following equation:

Hemolysis (70) = (ODgumpie — ODg)/(OD g9 — ODy)
where ODg,mple is the supernatant absorbance of the sample,
OD,, and OD;, are the supernatant absorbance of a solution of
0% and 100% hemolysis, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7. Invitro PTX release behavior of nano-prodrug

2 mL of HA/TPE-CS-SS-PTX (1 mg mL ') prodrug NPs was added
to a dialysis bag, and then dipped into 50 mL of a pH 7.4 PBS
releasing medium with 0 or 10 mM GSH. The dialysis samples
were incubated in a constant temperature shaker at 37 °C and
200 rpm for 24 h. 2 mL volume of solution was taken out at the
given interval, and 2 mL of fresh medium was replenished. The
concentration of PTX released into medium was measured by
HPLC.

2.8. Cellular uptake test

The uptake of prodrug NPs into 4T1 cells was detected using
confocal laser scanning microscopy (CLSM) and flow cytometry.
For CLSM analysis, 4T1 cells (5 x 10* cells per mL) were inoc-
ulated in a glass plate and incubated for 24 hours. Then, the
cells were placed in a fresh medium containing HA/TPE-CS-SS-
PTX nanoparticles (100 pg mL ') and incubated for 1, 2, or 4
hours. Then the cells were washed three times with cold PBS.
Next, used Hoechst 33 342 (10 pg mL ') stained the nucleus for
10 min. The sample was observed under CLSM. In flow cytom-
etry analysis, the above cell groups were washed three times
with cold PBS, then suspended in PBS. Flow cytometry was used
to detect the fluorescence intensity of TPE in cell samples.

2.9. Cytotoxicity assay

The cytotoxicity of CS, TPE-CS, TPE-CS-SS-PTX and HA/TPE-CS-
SS-PTX NPs to 4T1 cells were determined by MTT methods. 4T1
cells were seeded in 96-well plates with a density of 8000 cells
per well. All the cells were added 100 puL. DMEM culture medium
and incubated at 37 °C in 5% CO, atmosphere for 24 h to induce
cells adherence. Then removing the culture medium, different
concentrations of CS, TPE-CS, TPE-CS-SS-PTX and HA/TPE-CS-
SS-PTX NPs solutions in culture medium were prepared and
added during cell inoculation, and the cells were incubated at
37 °C in 5% CO, atmosphere for another 24 hours.

Following, the culture media were removed, and 100 pL fresh
DMEM media (containing 20 uL MTT, 5 mg mL ') was added
into every well. After incubation at 37 °C for additional 4 h, the
MTT solution was removed, and 100 uL of DMSO was added to
dissolve formazan crystals. After the formazan was fully dis-
solved, the optical density of was measured at a wavelength of
490 nm. 4T1 cells cultured with culture media were chosen as
controls, their viabilities were considered as 100%. And the
relative cell viability (%) was indicated as a percentage relative
to the untreated control cells.

2.10. In vivo antitumor activity

The animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Xinxiang
Medical University (Henan, China), and the experiments were
approved by the Animal Ethics Committee of Xinxiang Medical
University. To evaluate the antitumor efficacy of HA/TPE-CS-SS-
PTX NPs, tumor model was established by subcutaneous
injection of 1 x 10° 4T1 cells into the right flank of Kunming
mice. When the tumor volume reached approximately 50 mm?,

RSC Adv, 2024, 14, 12796-12806 | 12799
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the mice were randomly divided into five groups (6 mice per
group) and intravenously injected with saline, TPE-CS (1 mg
kg~1), TPE-CS-SS-PTX (10 mg kg~ ! PTX), HA/TPE-CS-SS-PTX NPs
(10 mg kg~ ' PTX) and PTX (10 mg kg '), all samples were dis-
solved in PBS. The tumor volume (length x width?/2) and body
weight were monitored every two days.

After 21 days treatment, the mice were sacrificed, the tumors
and major organs including heart, kidney, liver, lung, spleen
were collected. Calculated the tumor weight inhibition rate (IR)
using the following equation:

IR = (Wcomrol - Wtest)/ Wcontrola

where Weontrol and Wi, represented the average tumor weight
of the saline group and the treated groups, respectively. In
addition, the tumor was subjected to H&E staining test for
histological evaluation.

3. Results and discussion

3.1. Synthesis of TPE-CS-SS-PTX

The GSH-sensitive CS-based visualized amphiphilic prodrug
was synthesized as following procedures (Scheme 1). First, the
carboxyl group of TPE-COOH and the amino group on chitosan
are linked together through amidation reaction to synthesize
TPE-CS in 85% yield. Then DPA with disulfide bond was used as
the GSH-sensitive linkage to conjugate TPE-CS to hydrophobic
PTX through the formation of amide bonds and ester bonds in
63% yield.

3.2. Characterization of TPE-CS-SS-PTX

"H NMR analysis demonstrated the fabrication of TPE-CS-SS-
PTX. As shown in Fig. 24, in the spectrum of TPE-CS, the
specific signal at 1.97 ppm was owed the methyl of acetyl groups

IQHQHQHQ}
1

i
CH%

abede
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of N-acetyl glucosamine. The signal observed at 1.30 ppm was
assigned to hydroxymethyl groups, and the signal 3.3 ppm was
ascribed to the protons of the backbone of CS.** The typical
signals of TPE were observed at 7.0-7.8 ppm, which confirmed
the introduction of TPE (Fig. S1}). Compared with TPE-CS,
several new signals appeared in the spectrum of TPE-CS-SS-
PTX. The resonance peaks at 7.30-8.14 ppm were correspond-
ing to the aromatic proton in PTX. The new signal at 2.5 ppm
attributed to the methylene (-CH,-) of 3,3'-dithiodipropionic
acid (Fig. S21). These results demonstrated PTX was success-
fully coupled with TPE-CS to form visualized prodrug TPE-CS-
SS-PTX.

Moreover, FTIR analysis further confirmed the formation of
TPE-CS-SS-PTX. As shown in Fig. 2B, in the spectrum of TPE-CS,
the associated changes in the amide band (from 1643 cm ™" to
1615 cm ') were due to a newly formed amide bond between
the carboxyl group of TPE-COOH and the amine group of CS,
indicating the formation of TPE-CS. In the spectrum of TPE-CS-
SS-PTX, the typical absorption bands of PTX (C=0 ester, C=0
amide at 1734 cm ', 1646 cm ™ ') were indicated the successful
fabrication of TPE-CS-SS-PTX.

To estimate the molecular weight distribution of TPE-CS-SS-
PTX, its weight-average molecular weight (M,,) and number-
average molecular weight (M,) were measured by GPC, the
results were shown in Table S1.1 The weight-average molecular
weight (M) of CS (M,, = 30.12 kDa, PDI = 1.10) by GPC was
lower than that of TPE-CS-SS-PTX (M,, = 44.85 kDa, PDI = 1.46).
The increased molecular weight signified the successful fabri-
cation of TPE-CS-SS-PTX.

3.3. Characterization of HA/TPE-CS-SS-PTX NPs

The obtained prodrugs were subsequently self-assembled
through probe ultrasonic. The hydrodynamic diameter of the
TPE-CS-SS-PTX NPs was determined as 90.44 + 0.821 nm (PDI =

L) L 3
= 1646"
N T
2

CS
w TPE-CS
1643
'\
1615
TPE-CS-SS-PTX
1734
] 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™1)

Fig. 2 'H NMR (A) and FT-IR (B) spectra of TPS-CS and TPE-CS-SS-PTX.

12800 | RSC Adv, 2024, 14, 12796-12806

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00610k

Open Access Article. Published on 19 April 2024. Downloaded on 7/29/2025 9:16:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

0.124) and the zeta potential was + 31.8 & 2.35 mV. Then the HA/
CS-TPE-SS-PTX nanoparticle was prepared through electrostatic
attraction. When the mass ratio of HA and TPE-CS-SS-PTX NPs
was fixed as 1/3, the particle size of HA/TPE-CS-SS-PTX nano-
particles was 105.3 + 1.569 nm (PDI = 0.238), the zeta potential
was +27.8 + 2.16 mV (Fig. 3A). The changes in particle size and
potential also demonstrated the successful decoration of

A

120 - - 100
100 - S HATPE-CS-SS-PTX
B TPE-CS-SS-PTX - 80
T 801
£ Leo &
& =
» %0+ 3
X
- 40
40 4
) . .\_20
P,
0 - Lo

—0.025 mg/mL
E 3 so00- ——0.05 mg/mL
0.1 mg/mL
i 0.2 mg/mL
4000 1.0 mg/mL

3000 4

2000 -

Fluorescence Intensity (a.u.)

1000 +

400 450 500 550 600 650 700 750 800
Wavelength (nm)

View Article Online

RSC Advances

hyaluronic acid on the TPE-CS-SS-PTX NPs. It is well known that
particles about 100 nm in diameter can accumulate at the
tumor tissue through enhanced permeability and retention
effects.®® In addition, due to the repulsive force between
charges, the high zeta potential could potentially increase
stability of the NPs. From HPLC analysis, the drug loading of
the HA/TPE-CS-SS-PTX NPs were calculated as 29.32%.

Time (h)

2

Fluorescence Intensity (a.u.)

0 T
350 400

450 500 550 600 650

Wavelength (nm)

Fig. 3 Particle size distribution and zeta potential of HA/TPE-CS-SS-PTX NPs and TPE-CS-SS-PTX NPs (A). TEM images of TPE-CS-SS-PTX NPs
(B). TEM images of HA/TPE-CS-SS-PTX NPs (C). Stability of HA/TPE-CS-SS-PTX NPs suspension for 0, 2, 4, 6, 8, 10, 24 and 48 h at 4 and 37 °C (D).
Fluorescence emission spectra of HA/TPE-CS-SS-PTX NPs (Ex = 321 nm). Photostability of the HA/TPE-CS-SS-PTX NPs under UV light exposure
at 365 nm (E). Fluorescence stability of HA/TPE-CS-SS-PTX NPs (0.1 mg mL™) for irradiated by UV at 365 nm for 30 minutes (F).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The TEM image shows spherical morphology of the core/
shell and uniform size distribution (~90 nm) of TPE-CS-SS-
PTX NPs (Fig. 3B) and HA/TPE-CS-SS-PTX NPs (Fig. 3C). The
particle size measured by TEM is smaller than that measured by
DLS, which is due to the collapse of micelles during TEM
sampling and drying.

3.4. Stability of prodrug NPs

The instability of nanomedicine delivery systems hinders their
usefulness in clinical applications.®® To obtain the storage
stability of HA/TPE-CS-SS-PTX NPs, their size distribution was
monitored over time after incubation at 4 °C and 37 °C. As
shown in Fig. 3D the NPs were stored at 4 °C for 48 h did not
significant changes in their size. Similar phenomenon was
observed when HA/TPE-CS-SS-PTX were stored at 37 °C. These
results indicated that the HA/TPE-CS-SS-PTX NPs had excellent
stability at 4 and 37 °C.

3.5. Optical spectra

TPE-CS-SS-PTX solid powder appears white under normal
indoor lighting and emits strong blue-green fluorescence under
UV irradiation (Fig. S37). Following the fluorescence properties
of HA/TPE-CS-SS-PTX NPs were studied qualitatively. As shown
in Fig. 3E, the fluorescence intensity (emission at about 475 nm)
increases with the concentration of HA/TPE-CS-SS-PTX NPs
aqueous solution, which is consistent with the image taken with
a handheld UV lamp under a 365 nm UV lamp (Fig. 3E). The
results indicate that the HA/TPE-CS-SS-PTX NPs exhibits AIE
characteristics, and the intramolecular rotation of the TPE
portion is blocked, resulting in enhanced emission.*

In order to further evaluate the fluorescence stability of the
nanoparticles, the nanoparticles (0.1 mg mL ") were continu-
ously irradiated by UV at 365 nm for 30 minutes, the results
were shown in the Fig. 3F. After UV irradiation, it is clear that
only a negligible change in fluorescence intensity was observed,
indicating that the HA/TPE-CS-SS-PTX NPs exhibit excellently
stable fluorescence properties. This characteristic makes HA/
TPE-CS-SS-PTX NPs a promising candidate for biological
imaging and can be used for biomedical applications.

3.6. Hemolysis evaluation

To evaluate the safety of the prodrug NPs, a hemolysis analysis
was performed. As shown in Fig. 4A, after 4 h of incubation,
although hemolysis levels increase in a dose-dependent
manner, the maximum value of prodrug NPs was still less
than 5%, (only 3.95 + 0.05% at 500 pg mL '), which was
acceptable for intravenous administration.*® These results
indicate that the prodrug NPs have good blood compatibility
and potential for its use in cell imaging and cancer treatment.

3.7. Invitro drug release of prodrug NPs

In vitro release of PTX from HA/TPE-CS-SS-PTX NPs was
investigated under simulated redox environments of cancer
cells. The PTX content was measured by HPLC. High expres-
sion of GSH in tumor cells has been reported to accelerate
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drug release.** In the presence or absence of 10 mM GSH, the
drug release behavior of prodrug NPs was studied by dialysis.
The result is shown in Fig. 4B, GSH increased the release rate
of PTX, and the drug release rate was about 80.35% within
24 h, while the release rate of PTX without GSH was only
17.55%. GSH can break disulfide bonds in prodrug, thus
promoting drug release. The results showed that the drug
release of prodrug NPs was inhibited in the normal physio-
logical environment, but accelerated in the reducing micro-
environment intracellular. Therefore, the redox sensitive
prodrug NPs with disulfide bonds can decrease drug leakage in
low-reducing environments (blood circulation), while trig-
gering drug release in high-reducing environments can
increase target drug concentration.

3.8. Cytotoxicity and apoptosis assay

In order to preliminarily evaluate the anti-tumor activity of HA/
TPE-CS-SS-PTX NPs, it's in vitro cytotoxicity to 4T1 cells was
measured using MTT assay. TPE-CS and CS also performed
cytotoxicity tests to evaluate the biocompatibility of the system.
As shown in Fig. 4C, the TPE-CS did not exhibit any cytotoxicity,
and the cell viability was greater than 90%, proving that TPE-CS
have good biocompatibility. However, HA/TPE-CS-SS-PTX pro-
drug NPs can effectively inhibit the proliferation of 4T1 cells,
with the increase of drug concentration, cell viability decreased
significantly in the investigated range (Fig. 4D). In addition, the
cytotoxicity of TPE-CS-SS-PTX NPs were slightly stronger than
that of paclitaxel. This can be explained by the passive diffusion
of paclitaxel into cells. On the contrary, due to the coated of HA,
more HA/TPE-CS-SS-PTX NPs can be internalized into 4T1 cells
through receptor mediated endocytosis, therefore exhibiting
higher cytotoxicity. All the results indicate that HA/TPE-CS-SS-
PTX NPs has greater potential in safe and effective drug
delivery. Due to its good biocompatibility, AIE characteristics,
and ability to inhibit tumor cells, HA/TPE-CS-SS-PTX NPs will be
very suitable for bioimaging and cancer treatment.

3.9. Cellular uptake

To investigate whether AIE prodrug NPs exhibit self-tracking
during drug administration, we conducted CLSM observations
and further evaluated the cellular uptake behavior of HA/TPE-
CS-SS-PTX NPs on 4T1 cells. Hoechst (blue) was employed to
visualize the cell nucleus. As shown in Fig. 5A, 4T1 cells showed
clear red fluorescence after incubation with HA/TPE-CS-SS-PTX
NPs, which may be due to the excellent AIE properties of the
prodrug NPs. The results show that the prodrug NPs has good
biological imaging performance. In addition, the fluorescence
intensity was enhanced as the culture time increased from 1 to
4 h, indicating the prodrug NPs were efficiently internalized
into the breast cancer cells and the uptake process of the cells
was carried out in a time-dependent manner. Quantitative
evaluation of TPE fluorescence intensity through flow cytometry
also validated the delivery of his prodrug NPs. Consistent with
CLSM results, the fluorescence intensity of 4T1 cells treated
with HA/TPE-CS-SS-PTX NPs increased over time (Fig. 5B).
Based on the above results, it can be reasonably inferred that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Triplicate experiments were performed each time.

HA/TPE-CS-SS-PTX NPs are promising for targeted drug delivery
and bioimaging.

3.10. In vivo antitumor efficacy study

By conducting tumor growth inhibition studies on 4T1 tumor
bearing mice, the anti-tumor activity of HA/TPE-CS-SS-PTX NPs
were further evaluated. As shown in Fig. 6A, tumor growth was
rapid in the PBS and TPE-CS group, while PTX, TPE-CS-SS-PTX
and HA/TPE-CS-SS-PTX NPs showed considerable tumor
suppression effect. However, HA/TPE-CS-SS-PTX NPs led to even
smaller tumor sizes than those in the paclitaxel and TPE-CS-SS-
PTX group.

After 21 days of treatment, the relative tumor size of the HA/
TPE-CS-SS-PTX NPs group was 0.61 while the paclitaxel group
was 2.05. The design of HA/TPE-CS-SS-PTX NPs is an important
reason for the good anti-tumor effect of prodrug. Specifically,
HA/TPE-CS-SS-PTX NPs can accumulate in tumors through EPR

© 2024 The Author(s). Published by the Royal Society of Chemistry

effects due to their nano-size of approximately 100 nm. Hya-
luronic acid encapsulation can promote the entry of nano-
particles into tumor cells through receptor-mediated
endocytosis. At the same time, the positive charge can bind the
particles to the tumor surface (which is negatively charged)
through electrostatic interactions. In tumor tissue, high
concentrations of GSH trigger disulfide bond breaking in
nanoparticles, which promotes drug release.*® In conclusion,
HA/TPE-CS-SS-PTX NPs showed excellent anti-tumor effects. In
addition, as shown in Fig. 6B, similar to the PBS group, mice
treated with HA/TPE-CS-SS-PTX NPs did not lose weight, indi-
cating high biocompatibility of the prodrug nanoparticles,
proving the prodrug NPs caused no harm to the mice and
implied that prodrug NPs is a very promising tumor-targeting
drug for cancer chemotherapy. The histological examination
of the tumors was evaluated after 21 days of treatment. As
shown in Fig. 6C, H&E staining of tumor tissues showed that
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increased apoptosis of tumor cells was observed in the HA/TPE-
CS-SS-PTX NPs group compared with other groups, further
indicating the superior antitumor therapeutic efficacy of HA/
TPE-CS-SS-PTX NPs.

4. Conclusion

In this study, we synthesized a novel visualized prodrug nano-
particle (HA/TPE- CS-SS-PTX NPs) with positive tumor targeting

12804 | RSC Adv, 2024, 14, 12796-12806

and GSH reaction properties. The prodrug NPs exhibited
appropriate drug loading (29.32%), acceptable particle size (105
nm), regular sphericity, and excellent fluorescence stability. As
expected, the prodrug NPs have good AIE characteristics, the
fluorescence intensity gradually increased with the increase of
concentration. In vitro drug release studies showed that GSH
triggered the release pattern of the prodrug NPs (~80% within
24 h). In vitro and in vivo experiments proved the strongest
antitumor efficacy of HA/TPE-CS-SS-PTX NPs compared with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PTX control. In a word, the conjugate prodrug NPs with
aggregation-induced emission will be a potential candidate for
biological imaging and cancer therapy.
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