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(artesunate-tetraphenylethylene, Art-TPE), which eliminates the sensitive linkers. Notably, such a functional
conjugate not only retains effective anti-tumor activity, but renders a 2-fold aggregation-induced emission (AIE)
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1. Introduction

Malignant tumors, particularly breast cancer, represent a pressing
global health challenge due to their escalating incidence and the
complexity of therapeutic interventions [1-4]. Conventional chemo-
therapeutic agents, such as paclitaxel and doxorubicin, despite their
extensive clinical utilization, are plagued by inherent limitations,
including inadequate targeting specificity and severe systemic toxicity,
which significantly compromise patients’ quality of life [5]. In recent
years, the natural compound artesunate (Art) has garnered substantial
scientific interest owing to its distinctive anti-tumor mechanisms, such
as the induction of oxidative stress and regulation of apoptotic path-
ways, demonstrating therapeutic potential in the management of breast
cancer [6,7]. Nevertheless, the clinical translation of Art is hindered by
its intrinsic physicochemical limitations, including poor aqueous solu-
bility, short plasma half-life, and insufficient tumor-targeting capability,
which collectively undermine its therapeutic efficacy [8-11]. Address-
ing these challenges through rational drug delivery strategies, while
enabling real-time monitoring of drug distribution and release, has
emerged as a critical frontier in advancing the precision and effective-
ness of anticancer therapies.

In recent years, small-molecule self-assembled nanomedicines have
emerged as a promising strategy to optimize drug delivery, addressing
the inherent complexities and systemic toxicity associated with con-
ventional nanoassembly-based systems [12-15]. Despite their signifi-
cant advantages in tumor-targeting specificity and controlled drug
release, conventional small-molecule self-assembly systems invariably
necessitate a tripartite configuration comprising a therapeutic module,
an assembly module, and an activation module, all of which are indis-
pensable for functional integrity. Besides, the precise quantification of
targeting efficiency and the synchronization of drug release kinetics
remain formidable challenges, which impede the achievement of ther-
apeutic precision. Previous studies have employed fluorescent probes to
achieve precise drug quantification and tracking. However, this
approach is limited by synthetic complexities and insufficient drug-
loading efficiency, thereby failing to resolve the longstanding chal-
lenge of unclear intracellular and in vivo migration trajectories of
nanodrugs. The advent of aggregation-induced emission (AIE) technol-
ogy has introduced a paradigm-shifting solution to these limitations
[16-18]. AIE-active molecules, leveraging their characteristic restricted
intramolecular motion (RIM) mechanism, demonstrate a measurable
exponential enhancement in fluorescence intensity upon the formation
of nanoassemblies (NAs) [19-21]. This distinctive property facilitates
real-time, in situ monitoring of nanomedicine dynamics: robust fluo-
rescence signals delineate the transport trajectory of intact NAs, while
fluorescence attenuation serves as a reliable indicator of drug release
during nanostructure disassembly. In contrast to aggregation-caused
quenching (ACQ) molecules, which suffer from fluorescence quench-
ing upon aggregation, AIE technology enables “in situ, real-time, and
quantitative” tracking of NAs disassembly through dynamic fluores-
cence signal modulation [22,23]. This technical refinement not only
enhances the precision of drug delivery monitoring but also provides a
robust platform for advancing the development of next-generation
nanomedicines.

Owing to the rigid molecular architecture of Art, its intrinsic self-
assembly capability is severely constrained, posing a significant
obstacle to the direct construction of Art-based self-delivery system
[24]. To address this limitation, the incorporation of modular groups
endowed with programmable assembly properties is essential to facili-
tate nanoscale drug delivery. Tetraphenylethylene (TPE), a prototypical
AIE luminogen, not only confers fluorescence tracing functionality to the
nanostructure but also augments Art’s intermolecular interactions
through its distinctive non-planar, propeller-like conformation, thereby
markedly enhancing the self-assembly propensity of Art [25,26].
Nevertheless, conventional strategies for connecting drug and assembly
modules predominantly rely on the intricate “active drug-linker-
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assembly module” ternary composite design, which entails laborious
synthetic procedures and is susceptible to premature drug release or off-
target toxicity due to the inherent chemical lability of the linker.
Intriguingly, we discovered that the direct conjugation of Art with TPE
does not compromise its pharmacological activity [27]. The molecular
framework of Art incorporates a peroxide bridge, a critical pharmaco-
phoric element that remains stable throughout the self-assembly pro-
cess, obviating the need for a linker and thereby preserving the drug’s
bioactivity [28]. This methodological improvement not only provides a
systematic framework for streamlining nanomedicine design but also
offers a theoretical foundation for the efficient delivery and functional
retention of Art, paving the way for the development of advanced
therapeutic platforms.

Building upon this foundation, we proposed a differentially engi-
neered nano-tracker that seamlessly integrates the dual functionalities
of “efficient drug loading” and “real-time tracking” (Fig. 1). By directly
conjugating Art with TPE, we successfully constructed an Art-TPE con-
jugate molecule without the necessity of a linker. Significantly, the Art-
TPE conjugate demonstrated the ability to spontaneously self-assemble
into uniform NAs through a straightforward one-step nano-
precipitation method [29]. This approach significantly enhanced the
assembly efficiency of Art, reducing the particle size from 342 nm to 188
nm, while simultaneously doubling the fluorescence intensity compared
to TPE alone. To further optimize the system, DSPE-SS-PEGyx was
employed for surface modification to enhance NAs’ stability during
systemic circulation and facilitate disulfide bond cleavage in the high-
glutathione (GSH) tumor microenvironment, thereby enabling tumor-
specific drug release and synchronized fluorescence signal feedback
[30-34]. This engineered design addressed the critical limitation of
conventional systems, which lack the capability to monitor intracellular
drug release in real time. The effective anti-tumor efficacy of Art-TPE
was further validated in 4T1 tumor-bearing mice model, underscoring
its therapeutic potential. This strategy not only provides an integrated
design principle for the precise delivery of small-molecule self-assem-
bled nanomedicines but also establishes a robust framework for efficient
diagnostic and therapeutic strategies, representing a methodological
progression in the field of nanomedicine.

2. Materials and methods
2.1. Materials

Both Art and TPE were purchased from Shanghai Bide Pharmaceu-
tical Technology Co., Ltd. DSPE-PEGgx was purchased from AVT
(Shanghai) Pharmaceutical Tech Co., Ltd. EDCI (1-Ethyl-3-(3-dimethy-
laminopropyl) hydrochloride), HoBt (1-Hydroxybenzotriazole), and
DMAP (4-Dimethylaminopyridine) were purchased from Energy
Chemical (Anhui, China). DSPE-SS-PEGk was obtained from Xi’an Ruixi
Biotechnology Co., Ltd. RPMI 1640 cell culture medium, DMEM cell
culture medium, phosphate-buffered saline (PBS), fetal bovine serum
(FBS), penicillin streptomycin, and trypsin-EDTA, and 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were obtained
from Dalian Meilun Biotechnology Co., Ltd., China. The live/dead cell
staining kit was from Shanghai Beibo Biotechnology Co., Ltd. A reactive
oxygen species (ROS) assay kit (DCFH-DA) was purchased from Glen-
view. All vessels for cell culture were supplied by Wuxi NEST Biotech-
nology Co., Ltd., China, and any other solvents and chemicals are
analytical grade or HPLC grade.

2.2. Design and synthesis of Art-TPE

Art (0.83 mmol) and TPE (0.83 mmol) were dissolved in 10 mL of
dichloromethane. Subsequently, EDCI (2 mmol), HoBt (1 mmol), and
DMAP (0.2 mmol) were added sequentially, and the reaction mixture
was stirred at 25 °C under a nitrogen atmosphere for 48 h. The reaction
progress was monitored by thin-layer chromatography (TLC). After 48 h,
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I. Art-TPE’s Modular Configuration Design

Journal of Colloid And Interface Science 699 (2025) 138199

Assembly capacity ¢ 2 -
AIE fmb &L

« %
High cytotoxicity

Self-assembly  Art-TPE NAs

Il. Release of Intracellular Nanoassembly and Changes in Fluorescence Intensity

DSPE-PEG2«

Art-TPE p NAs

B

DSPE-SS-PEG2«

Art-TPE sp NAs

I%— Real-time monitoring of in vitro release and uptake of nanc bly S|

lll. In Vivo Anti-tumor Mechanisms of Nanoassembly

Normal Cell

 4h 8h

12h

/4 e

/4

Art-TPE p NAs
— Art-TPE sp NAs|
T T T

6 10 14

e | >/Change in intracellular flourescence

Z

High GSH level

Endocytosis —3\

=

==

e
RoS” | |

a || p—

Art-TPE Disassembly

Fig. 1. Schematic representation of tumor therapeutic strategy employing Art-TPE NAs endowed with intracellular tracking functionality. I. Synthesis of Art-TPE and
assembly procedure of Art-TPE NAs; II. The utilization of DSPE-PEG.x and DSPE-SS-PEGok as PEG-based modifiers, a differentially engineered nano-tracker was
prepared to monitor the release of intracellular NAs and the change of fluorescence intensity. III. In vivo anti-tumor mechanisms of NAs.

the yellow powdery product (Art-TPE) was purified via preparative
liquid chromatography using an organic/aqueous phase ratio of 90:10
(v/v), yielding 62.5 % of the target compound. The resulting product
was confirmed by mass spectrometry (FT-MS, solariX, Bruker, Germany)
and nuclear magnetic resonance spectroscopy (600 MHz 'H NMR,
Bruker AV-400).

2.3. Preparation and characterization of Art-TPE NAs

The small-molecule self-assembled NAs were prepared via a one-step
nanoprecipitation method. Specifically, Art-TPE (1 mg) was dissolved in
tetrahydrofuran (THF)/absolute ethanol (1:1, v/v). The solution was
then added dropwise to 1 mL of deionized water under continuous
stirring (800 rpm) at room temperature. Subsequently, THF and ethanol
were evaporated under reduced pressure at 25 °C, and the volume of Art-
TPE NAs was supplemented to 1 mL. In addition, DSPE-PEGk (20 %, w/
w) and DSPE-SS-PEGok (20 %, w/w) were added to Art-TPE NAs to
prepare the Art-TPE p NAs and Art-TPE sp NAs. The particle size and zeta
potential of the NAs were measured by the ZetaSizer (Nano ZS, Malvern
Co., UK). The morphology of NAs was observed by a transmission
electron microscope (TEM, Hitachi, HT7700, Japan) with 2 % phos-
photungstic acid staining.

2.4. Exploration of the self-assembly mechanism

The molecular interactions governing the self-assembly of TPE NAs
and Art-TPE NAs were systematically investigated through a dual-
methodological approach. Initially, computational molecular docking
simulations were performed using the AutoDock Vina software (version
1.2.3) to elucidate binding affinities and predominant interaction
modes. Complementing these theoretical predictions, the presence of
intermolecular forces in NAs was further verified via chemical destruc-
tion with sodium chloride (NaCl) for electrostatic screening, sodium
dodecyl sulfate (SDS) for hydrophobic interaction disruption, and urea
as a hydrogen-bond competitor. Briefly, TPE NAs and Art-TPE NAs were
dispersed into NaCl, SDS, and urea at a concentration of 10 mM, and
incubated at 37 °C thermostatically controlled shaking incubator (Noki,
CHA-S, China) (100 rpm). At the predefined time points, the particle size
changes of NAs were measured by the ZetaSizer.

2.5. Invitro colloidal stability

To assess the colloidal stability of Art-TPE NAs (1 mg/mL), Art-TPE p
NAs (1 mg/mL), and Art-TPE sp NAs (1 mg/mL), the NAs were incubated
in PBS (pH 7.4) and PBS (pH 7.4) supplemented with 10 % FBS at 37 °C
in a thermostatically controlled shaking incubator. Fluorescence
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intensity, average particle size, and zeta potential were measured peri-
odically using a microplate reader (Thermo Scientific, HIM, USA) and
ZetaSizer to monitor temporal changes. In addition to this, we also
supplemented the storage stability of NAs (at 4 °C). Art-TPE NAs (1 mg/
mL), Art-TPE p NAs (1 mg/mL), and Art-TPE sp NAs (1 mg/mL) were
stored at 4 °C, and their particle size and zeta potential were measured
ondays 1, 2, 5,7, 15, and 30 (n = 3).

2.6. Interpretation and mechanism validation of ACQ and AIE

The fluorescence intensity of the photosensitizer pyrodemagnesium
chlorophyllin a (PPa), which exhibits an ACQ effect, was assessed in
varying ratios of THF/aqueous solutions under 409 nm ultraviolet light
irradiation. Fluorescence measurements were performed using a
microplate reader with excitation and emission wavelengths set to 400
nm and 670 nm, respectively. Similarly, the fluorescence intensity of
TPE was evaluated under identical experimental conditions [35]. Sub-
sequently, the fluorescence behavior of Art-TPE was characterized with
excitation at 320 nm and emission detection at 460 nm. The observed
fluorescence enhancement was further validated through molecular
dynamics simulations [36,37]. All geometric structures were optimized
using the Gaussian 16 program package. The M06-2X hybrid functional
was used for geometry optimization of the ground state and S1 excited
state. While in ORCA 6.0.0, the TPSSh hybrid functional was used during
TD-DFT calculations. The def2-SVP basis set was used during optimi-
zation, and the Def2-TZVP was used during fluorescence spectra. The
solvent effect of THF was modeled using the polarizable continuum
model during geometry optimization and single molecule detection
during single-point calculations. The excitation properties were ana-
lysed by the Multiwfn software package 3.8 Dev and visualized by visual
molecular dynamics (VMD). To further investigate the underlying mo-
lecular mechanisms, the average fluorescence lifetimes of TPE and Art-
TPE were determined through fluorescence lifetime measurements,
respectively. The calculation procedure is described as follows:

Fitting with a first-order exponential function, the average lifetime
equation Tiy¢ = Blr%/Blrl.

Fitting with a second-order exponential function, the average life-
time equation Tint = Bﬂ.‘% + BzT%/BlTl + Bato.

2.7. In vitro reduction-triggered disassembly of NAs

The reduction-stimulator dithiothreitol (DTT) was utilized to induce
the disassembly of reduction-sensitive drugs, facilitating the investiga-
tion of changes in fluorescence intensity and particle size of Art-TPE sp
NAs incubated with DTT at different concentrations (0, 5, 10, and 20
mM). The release study was conducted using PBS (pH 7.4) with 20 %
absolute ethanol as the release medium. First, 1 mL of Art-TPE sp NAs (1
mg/mL) were placed in dialysis bags (MW = 8000-12000) and exposed
to 29 mL of blank release media (0 mM DTT), as well as release media
containing 5, 10, 20 mM DTT. Art-TPE sp NAs in the media were sub-
sequently incubated at a thermostatically controlled shaking incubator
(100 rpm). Samples of 200 pL of release medium were collected at 0, 2,
4, 6, and 8 h, with an equal volume of fresh release medium added back
each time (n = 3). The cumulative release of Art-TPE sp NAs was
determined by high-performance liquid chromatography (HPLC) (n =
3). The chromatographic conditions were as follows: a C18 column (4.6
x 250 mm, 5 pm), with a mobile phase of acetonitrile/water (100:0, v/
v), a flow rate of 1.0 mL/min, and a detection wavelength of 214 nm.

2.8. Release and uptake of intracellular NAs

4T1 cells were seeded into 24-well plates at a density of 5 x 10*
cells/well and incubated for 12 h. The medium was then aspirated and
replaced with fresh medium containing Art-TPE p NAs and Art-TPE sp
NAs, followed by incubation for 1, 2, 4, 8, 12, and 16 h (n = 3). After
treatment, cells were washed three times with ice-cold PBS (pH 7.4) and
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fixed with 500 pL of 4 % paraformaldehyde (PFA). Release and uptake of
intracellular NAs were visualized using confocal laser scanning micro-
scopy (Nikon, C2, CLSM, Japan). To achieve precise intracellular
localization, the cell membrane was labeled using DiR, followed by
CLSM observation of nanotracer internalization. While maintaining
identical cell densities and administration protocols as described pre-
viously, the experimental modifications were as follows: DiR was diluted
in serum-free medium to a final working concentration of 1 pM. Sub-
sequently, 15 pL of this solution was added per well and incubated for
30 min. Following incubation, cells were washed three times with ice-
cold PBS (pH 7.4) and fixed with 500 pL of 4 % PFA. Intracellular NAs
uptake dynamics were then visualized via CLSM at 1, 2, 4, 8, 12, and 16
h. In addition, for quantitative detection, the 4T1 cells were seeded into
12-well plates at a density of 2 x 10° cells/well for 1, 2, 4, 8, 12, and 16
h. Subsequently, cells were treated with the same method and washed,
harvested, and suspended in PBS (pH 7.4) for analysis via FACS Calibur
flow cytometer (FCM).

2.9. Invitro cytotoxicity assay

For cytotoxicity evaluation, the MTT assay was conducted. The 4T1
cells were cultured in RPMI 1640 culture medium supplemented with 1
% penicillin—streptomycin (100 pg/mL) and 10 % FBS in a cell incubator
at 37 °C with 5 % CO,. To assess biocompatibility, mouse NIH/3T3
murine embryonic fibroblast cells (3T3) were treated with the same
formulations under identical experimental conditions (n = 3). The
cytotoxicity of each group is calculated by the ICsy value. IC5y was
calculated using the following formula:

Cell viability = (Ay — Ag)/(Ab — Ag) x 100 %

The UV absorbance of the experimental, blank, and control groups
was designated A,, Ao, and Ay, respectively.

2.10. Cellular ROS detection

DCFH-DA was utilized to detect intracellular ROS levels. First, 4T1
cells were seeded into 24-well plates at a density of 5 x 10* cells/well
and incubated at 37 °C and 5 % CO; for 12 h. Subsequently, the cells
were treated with Art Sol, Art-TPE NAs, Art-TPE p NAs, and Art-TPE sp
NAs (one control group was designated as the untreated cell cohort
without any pharmacological intervention) (n = 3). After 4 h of incu-
bation, cells were washed three times with ice-cold PBS (pH 7.4) and
incubated with 10 pM DCFH-DA for 30 min. Following three additional
washes with PBS (pH 7.4), the fluorescence intensity of DCF in the green
channel was analyzed using CLSM. Additionally, the fluorescence in-
tensity of ROS was quantified using FCM (n = 3).

In addition to intracellular ROS measurement, the antitumor efficacy
was further validated through live/dead cell assays. While maintaining
consistent cell densities and drug administration parameters as
described previously, the experimental protocol was modified as fol-
lows: Dead cells were labeled with propidium iodide (PI, excitation: 488
nm, emission: 617 nm). The drug-containing medium was first removed,
followed by washing the cells 3-4 times with ice-cold PBS (pH 7.4).
Subsequently, sequential staining was performed by incubating the cells
with 150 pL of PI staining solution, under light-protected conditions for
30 min. Unbound dyes were then removed through a final PBS (pH 7.4)
wash. Proportion of dead cells was ultimately visualized via microplate
reader and CLSM (n = 3).

2.11. Animal study

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shenyang Phar-
maceutical University and approved by the Animal Ethics Committee of
Shenyang Pharmaceutical University (No. SYPU-IACUC-2024-0311-
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070).

2.12. Anti-tumor efficacy in vivo

A 4T1 tumor-bearing mouse model was established using female 11-
week-old mice to evaluate the in vivo anti-tumor efficacy of the NAs.
When the average tumor volume of mice reached approximately 100
mm?, they were randomly divided into 6 groups: control group, Art Sol,
Art-TPE Sol, Art-TPE NAs, Art-TPE p NAs, and Art-TPE sp NAs (n = 5).
All formulations were administered via the tail vein every other day at
an equivalent Art dose of 10 mg/kg for a total of five doses. Tumor
volumes and body weights were measured every two days. Two days
after the last treatment, blood samples were collected (The blood sam-
ples in collection tubes were centrifuged at 4000 rpm for 15 min, fol-
lowed by supernatant collection), and major organs (heart, liver, spleen,
lung, kidney) and tumors were harvested and fixed in 4 % PFA. The
tumor was photographed, and the blood was centrifuged for hepatic and
renal function analysis. The main organs and tumor tissues were stained
with hematoxylin and eosin (H&E) staining for histopathology and
TUNEL staining for apoptosis detection. To evaluate the long-term safety
of NAs, a BALB/c female mouse model (body weight 20-22 g) was
employed. Different concentrations of Art Sol (with high, medium, and
low doses of 20, 10, and 5 mg/mL, respectively) and Art-TPE sp NAs

A

Vs

o0
—~ Art Art-TPE
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(with high, medium, and low doses of 1, 0.5, and 0.25 mg/mL, respec-
tively) were intravenously administered via the tail vein every other day
for a total of four doses. Body weight changes and survival rates were
monitored over a 40-day observation period.

2.13. Statistical analysis

All data were analyzed with GraphPad Prism and presented as mean
+ standard deviation (SD). Significant differences between groups were
assessed using either a T-test or a one-way analysis of variance
(ANOVA). The exact P value is provided in the corresponding figure,
with P values less than 0.05 considered statistically significant.

3. Results
3.1. Elaborate fabrication of nano-tracker

This project began with an interesting attempt to modularize the
design of functional drugs (Fig. 2A), abandoning the traditional active-
tumor-reactive chemical linker-assembly module for an active drug-
functional assembly module (TPE), which greatly reduced the
complexity of the synthesis reaction. Specifically, we successfully syn-
thesized Art-TPE by the covalent attachment method (Figs. S1 and S2),
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Fig. 2. Elaborate fabrication and characterization of NAs. (A) Enhancement of Art assembly capability via covalent conjugation with TPE and PEGylation modifi-
cation of Art-TPE NAs. (B-D) TEM images and size distribution profiles of Art-TPE NAs, Art-TPE p NAs, and Art-TPE sp NAs. Scale bar = 200 nm. (E) Molecular
docking simulation diagrams of TPE and Art-TPE NAs; (F) Changes in particle size of Art-TPE NAs treated with NaCl (10 mM), SDS (10 mM), and urea (10 mM). Data
were presented as the mean + SD (n = 3).
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and proposed that the addition of TPE can not only promote molecular
nanoassembly but also endow the Art-TPE with AIE properties. Inter-
estingly, we found that Art-TPE had better assembly properties (particle
size of 188 nm) compared to Art and TPE (Figs. S3 and S4, Fig. 2B). To
improve colloidal stability and promote tumor-specific drug release,
PEGylated NAs (Art-TPE sp NAs) were prepared by using DSPE-SS-
PEGyx containing disulfide bonds as release-activating module, and Art-
TPE p NAs were prepared with DSPE-PEGyy as surface modifiers, which
were used as control groups. As shown in Fig. 2C-D, and Table S1, Art-
TPE p NAs and Art-TPE sp NAs have very similar particle size distribu-
tions (~130 nm) and zeta potential (~ — 30 mV). We then investigated
the mechanisms underlying Art-TPE NAs. Given the assembly driving
force provided by TPE, we also studied the driving force of TPE NAs.
Firstly, we explored the intermolecular forces using computer molecular
docking techniques. As shown in Fig. 2E, two primary forces were
identified as pivotal in the assembly process, including hydrophobic
forces and n-x stacking interactions. Subsequently, we conducted addi-
tional experiments to validate the presence of these intermolecular
forces through NAs destruction tests. As shown in Fig. 2F and Fig. S5, the
particle size of NAs increased following incubation with SDS, indicating
the predominance of hydrophobic interactions in nanoassembly. In
contrast, no significant change in particle size occurred after separate
incubation with NaCl or urea, indicating that electrostatic interactions
and hydrogen bonding played secondary roles in molecular
nanoassembly.

Journal of Colloid And Interface Science 699 (2025) 138199
3.2. Investigation of the in vitro stability of NAs

The excellent nanoassembly properties are a prerequisite for the
formation of NAs, but the stability of NAs is essential for achieving ideal
delivery. To comprehensively evaluate the colloidal stability of NAs,
systematic investigations were conducted on Art-TPE NAs, Art-TPE p
NAs, and Art-TPE sp NAs (Fig. 3A). The three NAs were subjected to
incubation in two distinct media: PBS (pH 7.4) and PBS (pH 7.4) con-
taining FBS (10 %), simulating both simple physiological buffers and
complex biological environments containing serum proteins. It was
worth noting that Art-TPE p NAs and Art-TPE sp NAs showed good
stability with negligibly changed fluorescence intensity, particle size,
and zeta potential after incubation in PBS (pH 7.4) and PBS (pH 7.4)
containing FBS (10 %) (Fig. 3C-D, Fig. 3F-I, Figs. S6 and S7), while the
fluorescence intensity, particle size and zeta potential of non-PEGylated
NAs (Art-TPE NAs) significantly changed under the same conditions
(Fig. 3B and E, H-I, Figs. S6 and S7). In addition, we conducted storage
stability test on the formulations at 4°C. The storage stability result
demonstrated that the non-PEGylated NAs were unstable, with changes
in particle size and zeta potential beginning to occur on the second day
of storage, whereas the PEGylated NAs group exhibited consistent
storage stability (Fig. S8 and S9). These results underscored the critical
role of PEGylation in enhancing the colloidal stability of Art-TPE p NAs
and Art-TPE sp NAs.
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3.3. Advantages of AlEgens and verification of its luminescence principle

Firstly, we systematically compared the fluorescence behavior of the
organic fluorescent dye PPa with the ACQ phenomenon and the classical
AIE luminophore TPE in different solvent environments. As shown in
Fig. 4A, PPa exhibited a high fluorescence intensity in THF solution, but
the fluorescence intensity decreased as the moisture content in the sol-
vent increased. This was due to the low solubility of PPa in water, the
easy aggregation between molecules, and the increase of non-radiative
transitions, which severely limited its performance in high-brightness
fluorescence applications. In contrast, TPE could rotate freely around
a single bond in THF (a good solvent), consuming excited-state energy
via non-radiative transitions and resulting in weak fluorescence. How-
ever, as the solvent environment gradually changed from good to poor,
the intramolecular rotation was restricted, leading to enhanced fluo-
rescence (Fig. 4B).

To test our hypothesis, the same method was used to investigate the
AIE properties of Art-TPE. As shown in Fig. 4C, the AIE performance of
Art-TPE was significantly enhanced compared with that of TPE, which
may be attributed to the further intensification of the RIM effect of Art
structure on TPE molecules during aggregation, thereby increasing their

A

ater fraction (vol%) PPa
0% 10% 20% 40% 60% 90%

Ll Ll

=l

Water fraction (vol%)

0% 10% 20% 40% 60% 90%

ST TS =

§

Journal of Colloid And Interface Science 699 (2025) 138199

fluorescence intensity. To further explore the enhancement mechanism,
quantum chemical calculations were used to analyze the energy level
transition characteristics of TPE and Art-TPE. The results showed that at
specific wavelengths, the molar absorbance coefficient and oscillation
intensity of Art-TPE were significantly higher than that of TPE
(Fig. 4D-E), which significantly improved the photon absorption ca-
pacity of Art-TPE and enhanced the fluorescence intensity. Overall,
integrating TPE and the covalent Art-conjugation strategy not only
enhanced Art’s self-assembly capability but also endowed Art-TPE NAs
with intrinsic fluorescence, enabling real-time cellular tracking of NAs.
Furthermore, the measured average fluorescence lifetimes demonstrated
distinct values of 4.6 ns for TPE and 5.9 ns for Art-TPE (Fig. 4F-G,
Tables S2-S5). This result was consistent with the previous fluorescence
intensity results and provided support for the increase of fluorescence
intensity.

3.4. Disintegration of NAs in vitro

While the nanoassembly properties and stability of NAs are critical
for efficient delivery, tumor-specific delivery is essential to achieve
effective intracellular drug tracking and anti-tumor efficacy. As
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previously mentioned, DSPE-SS-PEGox containing disulfide bonds was
used to prepare reduction-responsive NAs. To assess their redox
responsiveness, we investigated the changes of fluorescence intensity,
particle size, and drug release of NAs upon varying concentrations of
DTT (Fig. 5A). As shown in Fig. 5B-G, the fluorescence intensity and
particle size of Art-TPE sp NAs changed significantly upon exposure to 5,
10, and 20 mM DTT compared to the blank medium (0 mM DTT). In
addition, it showed time- and DTT concentration-dependent release. On
the contrary, given that there were no reduction- sensitive bonds in Art-
TPE p NAs, the changes of fluorescence intensity and particle size in the
presence of DTT were negligible (Figs. S10 and S11). In addition to the
changes of fluorescence intensity and particle size, we systematically
analyzed the release behavior of Art-TPE sp NAs at different concen-
trations of DTT (0, 5, 10, 20 mM DTT) (Fig. 5H). The release profiles
demonstrated that cumulative release under 0 mM DTT plateaued at
15.2 % after 4 h, with no subsequent increase. In contrast, cumulative
release at 4 h exhibited a progressive increase at concentrations of 5, 10,
and 20 mM DTT. Significantly, the 20 mM DTT group achieved 78.3 %
cumulative release at 4 h, peaked at 81.6 % by 6 h, followed by a plateau
phase in the release curve. These results indicated that the DSPE-SS-
PEGok modified Art-TPE sp NAs had the characteristics of reduction-
responsive release, which had the potential to achieve specific release
within tumor cells.

3.5. Tracing the intracellular fate of NAs

Leveraging the intrinsic AIE fluorescence properties of Art-TPE NAs,
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the cellular uptake and intracellular release characteristics were inves-
tigated by comparing fluorescence intensity variations between two
PEGylated NAs. As shown in Fig. 6B-C, Figs. S12 and S13, the results
demonstrated that both NAs exhibited a gradual increase in fluorescence
intensity within the initial 8 h, indicating time-dependent cellular up-
take, which suggested a higher uptake rate relative to the release rate.
However, beyond 8 h, the fluorescence intensity of Art-TPE p NAs
remained stable, whereas that of Art-TPE sp NAs declined, exhibiting
gradual reduced fluorescence intensity to 16 h. These findings imply that
both NAs reached peak cellular uptake at 8 h. Notably, the post-8 h
fluorescence divergence arose from disassembly and release of Art-TPE
sp NAs, leading to attenuation of AIE and subsequent fluorescence
reduction.

3.6. In vitro cytotoxicity and ROS evaluation

Given the favorable anti-tumor activity of Art, the MTT assay was
used to investigate the cytotoxicity of NAs in 4T1 cells. As shown in
Fig. 6D, the cytotoxicity of TPE Sol at the concentration of 0.2-5 pM was
negligible, and Art-TPE Sol exhibited cytotoxicity comparable to Art Sol,
confirming that the introduction of TPE did not affect the activity of Art.
In contrast, Art Sol and Art-TPE Sol exhibited poor cytotoxicity, which
could be due to their poor cellular uptake capacity (Fig. 6D). In addition,
due to the poor colloidal stability of Art-TPE NAs, there was no signif-
icant increase in cytotoxicity compared to Art-TPE Sol (Fig. 6D).
Compared with Art-TPE Sol, Art-TPE p NAs and Art-TPE sp NAs showed
stronger cytotoxicity due to good cellular uptake (Fig. 6D). The
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Fig. 6. Insight into intracellular fate and mechanism. (A) Schematic illustration of intracellular fluorescence changes in Art-TPE p NAs and Art-TPE sp NAs. (B-C)
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< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

enhanced cytotoxicity of Art-TPE sp NAs might be attributed to their
effective uptake and rapid release in cells with reductive reactivity. In
addition, compared with Art Sol and Art-TPE Sol, Art-TPE p NAs and Art-
TPE sp NAs showed negligible cytotoxicity to 3T3 cells, indicating good
biocompatibility of NAs(Fig. 6E). Overall, Art-TPE sp NAs not only
exhibited good anti-tumor effect, but also provided good therapeutic
selectivity through tumor-specific nanostructure disassembly.

The anti-tumor efficacy of Art primarily stems from the peroxide
bridge within its molecular structure. This distinctive moiety reacts with
intracellular ferrous iron, triggering the cleavage of the peroxide bridge
and generating carbon-centered free radicals or ROS. Based on this,
intracellular ROS levels after treatment with Art Sol, Art-TPE NAs, Art-
TPE p NAs, and Art-TPE sp NAs were validated using CLSM and FCM. As
shown in Fig. 6F-G, Art-TPE sp NAs produced more ROS than Art Sol,
resulting in tumor cell death. These results indicated improvements in

precisely prepared NAs are associated with enhanced anti-tumor effi-
cacy. In addition to intracellular ROS detection, the antitumor efficacy
was further validated through live/dead cell viability assays. As
demonstrated in Fig. 6F and Fig. S14, Art-TPE sp NAs-treated 4T1 cells
exhibited an increased proportion of dead cells, correlating with anti-
tumor activity.

3.7. Anti-tumor activity in vivo

To investigate the anti-tumor activity in vivo, a 4T1 breast tumor
mouse model was established. Saline, Art Sol, Art-TPE Sol, Art-TPE NAs,
Art-TPE p NAs, and Art-TPE sp NAs were administered intravenously to
tumor-bearing mice every other day for a total of five intravenous in-
jections (Fig. 7A). Two days after the final injection, the major organs as
well as tumors were harvested to evaluate therapeutic effects. As shown
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Fig. 7. In vivo anti-tumor activity. (A) Schematic illustration of the treatment schedule. (B) Images of tumors after the last treatment (n = 5). (C) Tumor growth
curves of 4T1 tumor-bearing mice receiving different treatments (n = 5). (D) Tumor burden in 4T1 tumor-bearing mice after different treatments (n = 5). (E) Change
in body weight during treatment (n = 5). Data of C-E were presented as the mean + SD (n = 5). (F) H&E and TUNEL staining images of tumors after various
treatments. Scale bar = 100 pm. (G) Hepatic and renal function indicators of mice-bearing tumor after the last treatment (n = 3). Data of G were presented as the
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in Fig. 7B-D, Art Sol, TPE Sol, and Art-TPE Sol exhibited poor anti-tumor
effects, mainly due to their rapid clearance after intravenous injection.
Similarly, Art-TPE NAs showed limited inhibitory effect on tumors due
to their instability (Fig. 7B-D). On the contrary, Art-TPE p NAs and Art-
TPE sp NAs exhibited significant tumor suppressive effects (Fig. 7B-D).
Notably, Art-TPE sp NAs exhibited optimal tumor suppression effects
due to their reactive release at the tumor site (Fig. 7B-D). In addition,
TUNEL and H&E staining results correlated with tumor suppression
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outcomes, further supporting the antitumor efficacy of Art-TPE sp NAs
(Fig. 7F). Finally, the in vivo safety profile of Art-TPE NAs was charac-
terized. As shown in Fig. 7E and G, and Fig. S15, multiple treatments did
not lead to significant abnormalities in body weight and hepatorenal
function parameters, with no organ damage observed. Long-term
toxicity experiments examined the weight changes and survival curves
of mice at different doses of NAs. The results showed that Art Sol had a
significant decrease in weight at medium and high doses, and a slight
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increase in weight at different doses of Art-TPE sp NAs, indicating that
Art Sol might have potential toxicity when the dose reached a certain
concentration, while Art-TPE sp NAs did not show potential toxicity
under the same conditions (Fig. S16). In addition, the survival rate curve
also confirmed (Fig. S17).

4. Conclusion

In summary, we designed differentiated nanotrackers with promising
antitumor activity for investigating intracellular drug uptake and
release. Conventional nano-delivery systems often require efficient drug
delivery through carriers [38], and small molecule prodrug self-
assembly technology usually consists of three parts: assembly module,
response module, and treatment module [39]. Differently, the carrier-
free NAs we designed directly coupled Art to TPE, discarding the
response module, reducing the difficulty of synthesis and maintaining
effective antitumor activity. Moreover, the cellular uptake and release
mechanisms of traditional tumor-responsive nanomedicines are not well
understood [40]. In this project, TPE molecule with AIE properties were
introduced as functional side chains, which not only endowed antitumor
nanodrugs with luminescence properties but also unexpectedly discov-
ered their fluorescence enhancement after synthesis. For further opti-
mization, we chose DEPE-SS-PEGy as a response module to modify in
NAs to enhance the stability of NAs during systemic circulation and
promote disulfide bond cleavage in the redox tumor microenvironment,
thereby enabling tumor-specific drug release and synchronous fluores-
cence signal feedback. The effective anti-tumor efficacy of Art-TPE has
been further validated in a 4T1 tumor-bearing mouse model, high-
lighting its therapeutic potential. This bifunctional nanotracker not only
provides a new paradigm for the effective antitumor therapy of small-
molecule self-assembled nanomedicines, but also establishes a good
platform for real-time imaging of intracellular drug uptake and release.

In the future, we hope to combine advanced materials with excellent
anti-tumor drugs and nano-delivery technology to achieve the integra-
tion of diagnosis and treatment and amplify the efficacy. The TPE de-
rivative Art-TPE exhibited a short emission wavelength, which
intrinsically limited its tissue penetration capacity, thereby restricting
its application in real-time monitoring for in vivo imaging modalities.
Future efforts are anticipated to focus on selecting AIE groups with
longer wavelengths and linking them with drugs to achieve real-time
visualization in both in vitro and in vivo therapy.
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