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A Self-assembled Nanomicelle for Realizing Tumor Photodynamic
Therapy via Increasing Drug Accumulation and
Prolonging Retention Time
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Abstract A nanomicelle(denoted as TPGS/Ppa) was fabricated via the coassembly of the amphiphilic D-a-tocopheryl
polyethylene glycol 1000 succinate (TPGS) and the hydrophobic photosensitizer pyropheophorbide a (Ppa) for
photodynamic therapy (PDT). The obtained nanomicelle possessed a spherical structure with a diameter of
(18.0+2.2) nm and a zeta potential of approximately — 18 mV. Besides, the nanomicelle exhibited excellent
photostability, biocompatibility, and phototoxicity, and could effectively reach the tumor region via the enhanced
permeability and retention effect. Additionally, it could be found that the TPGS/Ppa nanomicelle exhibited
higher phototoxicity against 4T1 murine mammary cancer cells than free Ppa. In the 4T1 tumor-bearing mouse
model, the nanomicelle showed an excellent antitumor therapeutic effect. This study develops a new type of
photodynamic nanomicelle TPGS/Ppa, which can increase the accumulation of drugs and prolong their tumor
retention time, providing a feasible strategy for realizing the delivery of small-molecule hydrophobic drugs and

tumor PDT.
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1 Introduction

The three fundamental components of photodynamic therapy (PDT) encompass light, photosensitizer
(PS), and oxygen'". Upon illumination with a particular wavelength of light, the PS embedded in the tumor
tissue absorbs energy and initiates photochemical reactions that generate reactive oxygen species (ROS) >,
The resulting ROS induce oxidative stress within the tumor cells, compromising their membranes and leading
to cellular destruction and damage'>?’. Over the past decades, as a noninvasive method for treating tumors,
PDT has made significant progress in the treatment of various cancers, including cancers of lung, bladder,

head and neck, esophagus, pancreas, and prostate'*’.

PDT provides several advantages in anticancer treat-
ment**'. First, PDT rapidly generates ROS within a short time. Second, PSs only produce ROS that induce
cell apoptosis after exposure to light, which can thus realize the precise control over the time and location of
light exposure to minimize toxicity to healthy tissues. Third, PDT can detect and treat microscopic lesions that
are not visible to the naked eye during surgery. Last, PDT can be effectively combined with other therapies
such as chemotherapy, radiotherapy, and gene therapy, providing targeted and minimally invasive treatment
options for cancer patients'’.

Pyropheophorbide a(Ppa), as a widely used PS in PDT, has found limited clinical applications due to its
poor water solubility, aggregation-induced fluorescence quenching, and lack of selectivity for target

10,11]

cells'"" To address these challenges, we use D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS,
a Food and Drug Administration-approved biocompatible excipient'>’ and a derivative of vitamin E) as a
carrier for solving the problem of the poor water solubility of Ppa. TPGS has a unique amphiphilic structure
with a hydrophilic polyethylene glycol segment and a lipophilic vitamin E moiety. Its hydrophilic-lipophilic
balance of 13.2 and low critical micelle concentration (CMC) of 0. 02% (or 0. 02 mmol/L.) make it an ideal
solubilizer and emulsifier in drug delivery systems''*. TPGS can reduce the activity of P-glycoprotein (P-gp)

15—17]

ATPase ™'* | thereby reversing multidrug resistance (MDR) mediated by P-gp' This contributes to

increased drug concentration within multidrug-resistant cancer cells, enhancing anticancer therapeutic

efficacy'"*'".

TPGS can also serve as a drug penetration enhancer to facilitate drug permeation through

207221 " which is crucial for drug absorption and treatment effective-

the skin, gastrointestinal mucosa, or cornea
ness. Besides, TPGS plays a significant role in the production of ROS and the apoptosis of cancer cells".
TPGS may also have the potential to suppress tumor metastasis by downregulating proteins associated with
tumor migration, such as matrix metalloproteinase-9'*' , Snail ', epidermal growth factor receptor®’,
Twist®', and urokinase-type plasminogen activator?”. Therefore, as a safe and effective drug carrier, TPGS
is widely used to improve drug efficacy, reverse MDR, and inhibit tumor metastasis.

In this work, to improve tumor targeting efficiency and PDT efficacy of Ppa, we construct a tumor-
penetrating and TPGS-enhanced antitumor nanomicelle for realizing the targeted delivery of the PS (Ppa)
into the tumor microenvironment, thereby achieving effective PDT. In this research, TPGS serves as the
carrier of the hydrophobic small-molecule Ppa, which is encapsulated within the TPGS micelle via
self-assembly, while Ppa can generate ROS under an appropriate light irradiation condition to effectively kill
tumor cells (Scheme 1). This study develops the TPGS/Ppa nanomicelle which can increase the accumulation

of drugs and prolong their retention time in the tumor region, providing a feasible strategy for the delivery of

small-molecule hydrophobic drugs and tumor PDT.
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Scheme 1 Scheme illustrating the fabrication of TPGS/Ppa nanomicelle(A) and its application
for antitumor PDT(B)

2 Experimental

2.1 Materials and Measurements

Dimethyl sulfoxide(DMSO) , TPGS, genistein, and 5-(N, N-dimethyl)amiloride hydrochloride (amiloride)
were obtained from Aladdin Chemistry Co., Ltd. (Shanghai, China). Ppa was purchased from Frontier
Scientifc, Inc. Chloroform (CHCI,), disodium hydrogen phosphate (Na,HPO,) , sodium dihydrogen phosphate
(NaH,PO,) , hydrochloric acid (HCl) , and ethanol were bought from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Dulbecco’ s modified Eagle” s medium (DMEM) , 4T1 mouse breast cancer cells,
endoplasmic reticulum (ER) -Tracker Green (ER-Tracker) , and rhodamine 123 (Rhod 123) were ordered
from KeyGen Biotech Co., Ltd. (Nanjing, China). Fetal bovine serum (FBS), 0.25% trypsin-ethylenediami-
netetraacetic acid disodium salt dihydrate (0. 25% trypsin-EDTA) , and LysoTracker Green (LysoTracker)
were obtained from Thermo Fisher Scientific, Inc. (USA). 3-(4, 5-Dimethyl-2-thiazolyl) -2, 5-diphenyl-2H-
tetrazolium bromide (MTT) was purchased from Heowns (Tianjin, China). Dichlorodihydrofluorescein diace-
tate(DCFH-DA ) was from Beyotime Institute Biotechnology (Shanghai, China). Chlorpromazine hydrochloride
(CPZ) and methyl-B-cyclodextrin (MBCD) were bought from Sigma-Aldrich (Shanghai, China). Phosphate-
buffered solution(PBS) was obtained from Servicebio Technology Co., Ltd. (Wuhan, China).

The size and morphology of the TPGS/Ppa nanomicelle were characterized using a transmission electron
microscope (JEM2100, JEOL Ltd., Japan). The hydrodynamic size and zeta potential of TPGS/Ppa were
measured by a zetasizer instrument (Nano ZS, Malvern Instruments, UK). The ultraviolet-visible (UV-Vis)
absorption spectra of Ppa and TPGS/Ppa were obtained by using a Shimadzu UV-2600 spectrophotometer.
Fluorescence spectra of Ppa and TPGS/Ppa were obtained using a spectrofluorophotometer (RF-5301PC,
Shimadzu, Japan). UV-Vis absorption spectra of Ppa and TPGS/Ppa under 671 nm laser continuous illumina-
tion (1 mW/cm?) were recorded using a Shimadzu UV-2600 spectrophotometer. The surface tension values of

TPGS at various concentrations were measured using an optical tensiometer (Theta Lite, Biolin Scientific).
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2.2 Preparation of TPGS/Ppa Nanomicelle

To prepare the TPGS/Ppa nanomicelle, 0. 53 mg of Ppa and 15. 13 mg of TPGS (with a Ppa/TPGS molar
ratio of 1:10) were separately dissolved in 300 L of chloroform. The mixtures were thoroughly dissolved
within a test tube using ultrasound and vortex oscillation. Subsequently, the fully dissolved Ppa and TPGS
solutions were combined, and further mixed using ultrasound and vortex oscillation. Next, nitrogen gas was
used to evaporate the chloroform from the mixture until a non-flowing film formed at the bottom of the test
tube. The resulting film was then vacuum-dried overnight to remove residual organic solvent. Finally, the
obtained TPGS/Ppa was dissolved in 1 mL of deionized water. All the sample preparation steps were

conducted at room temperature.

3 Results and Discussion

3.1 Fabrication and Characterization of TPGS/Ppa Nanomicelles

TPGS/Ppa nanomicelles were prepared using TPGS and Ppa via a self-assembly method. The transmi-
ssion electron microscopy (TEM) image and the corresponding statistical histogram [ Fig.1(A) | revealed that
the TPGS/Ppa nanomicelles had a spherical structure with a diameter of (18.0+2.2) nm. Dynamic light
scattering (DLS) revealed that the hydrodynamic size and polydispersity index (PDI) of the nanomicelles were
(32.9+10.9) nm and 0. 502, respectively [Fig.1(B) ]. The hydrodynamic size of TPGS/Ppa is larger than
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Fig.1 TEM image and corresponding size distribution histogram of TPGS/Ppa nanomicelles(A), hydrodynamic
size and PDI value of TPGS/Ppa nanomicelles measured by DLS(B), zeta potentials of TPGS and TPGS/
Ppa(in PBS, pH 7. 4)(C), UV-Vis absorption spectrum of TPGS/Ppa(in DMSO)(D), fluorescence emission
spectrum(A =608 nm) of TPGS/Ppa(in DMSO)(E), UV-Vis absorption spectra of Ppa(F) and TPGS/Ppa
(G)(in PBS with 1% DMSO) under continuous laser irradiation(671 nm and 1 mW/cm?)
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that obtained from TEM, which may be attributed to the presence of a hydration layer of the micelle. The zeta

potential of the TPGS/Ppa nanomicelles was approximately —18 mV [Fig.1(C) ], and its absolute value was
higher than that of TPGS[Fig.1(C) J. The negative zeta potential of the nanomicelles was probably due to the
presence of the carboxyl group of Ppa.

The UV-Vis absorption of TPGS/Ppa(in DMSO) [ Fig.1(D) ] revealed the presence of an absorption peak
at ~670 nm attributed to Ppa®’. The fluorescence emission spectrum of TPGS/Ppa (in DMSO) indicated that
the maximum emission wavelength was 678 nm|[Fig.1(E) ]. To observe the photostability of Ppa and TPGS/
Ppa nanomicelles, we performed the continuous illumination (671 nm, 1 mW/cm®) and measured the
absorbance of the Ppa and TPGS/Ppa suspensions in the UV-Vis region. The photostability curves of Ppa and
TPGS/Ppa are shown in Fig.1(F) and (G). After 20 min of continuous laser irradiation, there was no signifi-
cant change in the absorbance of Ppa and TPGS/Ppa samples, indicating that they would not cause significant
photobleaching after 20 min illumination, which was beneficial for tumor PDT. Next, we confirmed that TPGS/
Ppa was stable after storage in PBS at room temperature for at least 7 days, since during the 7-day storage
period, no significant change in hydrodynamic diameter was observed [ Fig.S1(A), see the Supporting Informa-
tion of this paper]. Meanwhile, TPGS/Ppa also exhibited good stability in serum at room temperature for
4 days[ Fig.S1(B) ].

3.2 Biocompatibility, Cellular ROS Generation and Cellular Uptake of TPGS/Ppa Nanomicelles

To evaluate the cytotoxicity of TPGS, Ppa, and TPGS/Ppa, an MTT assay was conducted, and the results
are shown in Fig.2 (A) and (B). Without laser irradiation, as the drug concentration increased, the cell
survival rates of both TPGS and Ppa groups did not have noticeable changes [ Fig.2 (A) ], indicating the low
cytotoxicity of the two reagents. As the drug concentration increased, the cell survival rate of TPGS/Ppa
gradually decreased. For example, when the concentration of Ppa (in the TPGS/Ppa group) was 0. 5 wmol/L,
the cell survival rate was ca. 75%, and when the concentration of Ppa(in the TPGS/Ppa group) was 1 pmol/L,
the cell survival rate was already below 50%. Under laser irradiation, as the drug concentration increased, the
cytotoxicity of TPGS did not show a significant change [Fig.2 (B) |. However, as the drug concentration
increased, the cell survival rates of Ppa and TPGS/Ppa significantly decreased. Specifically, when the concen-
tration of Ppa was 0. 5 pmol/L, the cell survival rate of TPGS was ca. 94%, while that of Ppa and TPGS/Ppa
was ca. 82% and ca. 6%, respectively, indicating that the cytotoxicity of TPGS/Ppa was significantly higher
than those of Ppa and TPGS under laser illumination.

To investigate the ROS levels of the TPGS-, Ppa-, and TPGS/Ppa-treated 4T1 cells [ Fig.2 (C) ] under
laser irradiation, we further employed the 2’ , 7" -dichlorodihydrofluorescein diacetate cellular ROS detection
assay. The results demonstrated that the TPGS/Ppa-treated cells exhibited significantly a higher ROS level
compared with either the TPGS-treated cells or the Ppa-treated cells under laser illumination. Besides, under
laser conditions, the ROS level of Ppa-treated cells was higher than that of TPGS-treated cells or untreated
cells, as Ppa could produce ROS under laser irradiation. These findings suggested that TPGS/Ppa and Ppa
could induce cell apoptosis by elevating intracellular ROS levels in the cells. To investigate cellular uptake
behavior and determine the optimal drug incubation time for subsequent cellular experiments, we separately
studied the cellular uptake behavior of Ppa and TPGS/Ppa[Fig.2(D)—(F) ]. From Fig.2(D) and (F), we
could see that Ppa reached its highest fluorescence intensity at 3 h and the fluorescence gradually decreased
over the next 21 h. Similarly, Fig.2(E) and (F) showed that TPGS/Ppa reached its first fluorescence peak at
4 h, followed by a slight decrease in fluorescence intensity, and then a slow upward trend of the fluorescence
change. These results indicated that TPGS could enhance the cellular uptake of Ppa, possibly due to its role

as a P-gp inhibitor, which can suppress drug efflux. In addition, different cellular uptake amounts of free Ppa
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Fig.2 Relative viabilities of the 4T1 cells treated with different concentrations of TPGS, Ppa, or TPGS/Ppa
for 24 h under dark(A) and laser conditions(660 nm, 2 mW/cm?, 2 min)(B); ROS levels of TPGS-, Ppa-,
or TPGS/Ppa - treated 4T1 cells under laser condition(Ppa=0.5 pmol/L, laser: 660 nm, 2 mW/cm?,
1 min)(C); fluorescence intensities of the 4T1 cells incubated with Ppa(D) or TPGS/Ppa(E) for different
periods as measured by flow cytometry; fluorescence intensity—time curves of the 4T1 cells incubated
with Ppa or TPGS/Ppa for different periods(Ppa=2 pmol/L)(F); flow cytometric results of the 4T1 cells
that were treated with culture medium(control), TPGS/Ppa+one endocytic inhibitor(amiloride, MBCD,
genistein, or CPZ), or TPGS/Ppa under 4 °C(G); and confocal fluorescence images of the 4T1 cells after
incubation with Ppa or TPGS/Ppa(Ppa=2 pmol/L) for various periods as indicated(H)

and Ppa in TPGS/Ppa may be due to their different cellular uptake mechanisms. To investigate the cellular
uptake mechanisms of drugs, we treated the cells with one of the four common endocytic inhibitors (i. e.,
amiloride hydrochloride, MBCD, genistein, and CPZ) at 37 ‘C or conducted the cellular uptake experiment
at 4 ‘C[Fig.2(G) ]. Notably, the fluorescence intensity of TPGS/Ppa-treated cells at 4 “C was significantly
lower than that of the untreated group (control ) , indicating the reduced drug uptake at this temperature, which
was possibly due to the decreased cellular activity. The above 4 °C treatment experiment revealed that the
endocytosis of TPGS/Ppa was energy-dependent. Interestingly, the fluorescence of the TPGS/Ppa-treated cells
did not exhibit significant changes when coincubated with one of the four endocytic inhibitors. This suggested
that the TPGS/Ppa nanomicelles did not rely on macropinocytosis-, lipid raft-, caveolae-, or clathrin-mediated
endocytosis to enter the 4T1 cells. Thus, we hypothesize that TPGS/Ppa employs an alternative pathway for
cellular internalization beyond the aforementioned pathways. To visualize the cellular uptake behavior more

intuitively, we observed the intracellular fluorescence of Ppa and TPGS/Ppa at different time points using
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confocal fluorescence microscopy [ Fig.2(H) ]. Based on the confocal imaging results, both TPGS/Ppa nanomi-
celles and free Ppa exhibited an increase in fluorescence intensity within 24 h in 4T1 cells. At an equivalent
Ppa concentration and the same incubation time, TPGS/Ppa showed a slightly higher fluorescence intensity
compared with free Ppa, further demonstrating that TPGS could enhance the cellular internalization of Ppa to
some extent.
3.3 Intracellular Distribution and Cell Apoptosis Assay

To further investigate the intracellular localization of Ppa and TPGS/Ppa and explore whether they
can target certain cellular organelles, ER-Tracker, LysoTracker, and Rhod 123 were separately introduced

to the 4T1 cells to visualize the ER (Fig.3) , lysosome (Fig.4) , and mitochondrion (Fig.5) , respectively.

ER-Tracker Ppa Merged

| oLC=60.7%
PCC=41.9%

f OLC-58.3%
PCC=41.1%

Fig. 3 Confocal fluorescence images of Ppa- or TPGS/Ppa-treated 4T1 cells stained with ER-Tracker

The images in the last column illustrate the intensity correlations of Ppa(or TPGS/Ppa) and ER-Tracker.

LysoTracker Ppa Merged

| OLC=38.9%
| PCC=26.7%

LysoTracker

| OLC=36.8%
PCC=22.9%

Fig.4 Confocal fluorescence images of Ppa- or TPGS/Ppa-treated 4T1 cells stained with LysoTracker

The images in the last column illustrate the intensity correlation of the Ppa(or TPGS/Ppa) and LysoTracker.
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l;ﬂ"“ 8 OLC=53.6%
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Fig.5 Confocal fluorescence images of Ppa- or TPGS/Ppa-treated 4T1 cells stained with Rhod 123

The images in the last column illustrate the intensity correlation of the Ppa(or TPGS/Ppa) and Rhod 123.

Additionally, we analyzed the Pearson’s correlation coefficient(PCC) and overlap coefficient (OLC) of Ppa(or
TPGS/Ppa) with ER, lysosome, and mitochondrion. The PLC and OLC values indicated that there was no
significant colocalization of Ppa(or TPGS/Ppa) with ER, lysosome, and mitochondrion.

To investigate the impact of TPGS/Ppa or Ppa on cell apoptosis under laser and dark conditions, we
conducted the annexin V-fluorescein isothiocyanate (FITC )/propidium iodide (PI) dual staining assay (Fig.6).
According to the results of the apoptosis assay, TPGS/Ppa significantly induced cell apoptosis under laser
conditions. Compared with the single drug, TPGS/Ppa caused a higher apoptotic rate of cells under laser
exposure. Some cells were in the early apoptotic stage due to insufficient post-illumination incubation time or

inadequate duration of laser exposure.

Control Ppa

0.32% . 3.45% 0.58%

Ppa+laser TPGS/Ppa+laser
0.14% 235%| | 0.08% _6:14%

PI

94.44% .- 1.79% 942‘3%’_ . 2.64% 7.76% 22.02%

Annexin V-FITC
Fig. 6 Flow cytometric results of 4T1 cells after treatment with culture medium(control), Ppa, TPGS/Ppa,
Ppa+laser, or TPGS/Ppa+laser(660 nm, 2 mW/cm’, 1 min)
After drug/laser treatment, the cells were subjected to the annexin V-FITC/PI dual staining.
3.4 Intracellular Distribution and Cell Apoptosis Assay
We further conducted animal experiments to investigate the distribution of drugs in various major organs
and the tumor regions. After intravenous (i. v.) injection of TPGS/Ppa or Ppa, the 4T1 tumor-bearing
mice were euthanized at 0 h, 6 h, 12 h, 24 h, 3 d, and 7 d[Fig.7(A) ]. The tumors, hearts, kidneys,
livers, spleens, and lungs were dissected, and the fluorescence intensity of each tissue was measured by
flow cytometry. To conduct subsequent in vivo therapeutic experiments in the mice, we investigated the

distribution of TPGS/Ppa or Ppa in various major organs and the tumor regions at different time points
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Fig.7 Timeline of the in vivo therapeutic evaluation experiments(A), ex vivo fluorescence images of tumor
tissues and major organs of the 4T1 tumor-bearing mice sacrificed before injection(control) and at
different time points after i. v. injection with Ppa or TPGS/Ppa(Ppa=4 mg/kg) (B), experimental
outline of various treatment steps for evaluating the anticancer efficiencies of different drugs in tumor-
bearing mice(C), relative tumor volumes(D) and body weights of the tumor-bearing mice after differ-
ent treatments(E), H&E - stained tissue slices of major organs(hearts, livers, spleens, lungs, and
kidneys) and tumors of the mice sacrificed on the 20th day after treatment with PBS or “TPGS/Ppa+
laser” (F), TUNEL assay results of the tumor tissues collected from the mice after treatment with PBS
or “TPGS/Ppa+laser”(G)

(B) From top to bottom in each image: heart, liver, spleen, lung, kidneys, and tumor; (C) for phototherapy, 671 nm

laser irradiation (15 mW/cm?, 15 min) was carried out at 1 d after i.v. injection of Ppa and TPGS/Ppa (Ppa=4 mg/kg) ;

(D) statistical significance was calculated via one-way analysis of variance (ANOVA) with a Tukey s post-hoc test. The P

values of less than 0.05 were considered significant. ***P < 0.001; ns: non-significant difference. (D, E) The statistical

data were expressed as mean#standard deviation(n=3).
[Fig.7(B) ]. The results revealed that the TPGS/Ppa group exhibited a higher fluorescence intensity in the
tumor regions at 6, 12, and 24 h compared with the group treated with Ppa alone, indicating better tumor
accumulation in the TPGS/Ppa group. Additionally, the experimental results demonstrated that TPGS/Ppa
still exhibited fluorescence in the tumor region at 24 h after injection, whereas there was no fluorescence in

the Ppa group, suggesting that compared with free Ppa, TPGS/Ppa exhibited higher drug accumulation
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and longer retention time in the tumor region. Besides, TPGS/Ppa did not show fluorescence in the tumor

region at 3 and 7 d, implying that TPGS/Ppa was completely cleared within 3 days, indicating its excellent
biosafety.

To investigate the antitumor PDT efficacy of TPGS/Ppa, we conducted in vivo therapeutic evaluations in
mice [Fig.7 (C) ]. Based on the treatment results, there were no significant differences in the tumor volume
among the PBS group, TPGS group, Ppa group, TPGS/Ppa group, and “Ppa+laser” group [Fig.7 (D) |.
However, the tumor volume in the “TPGS/Ppa+laser” group was lower than the tumor volumes in the other
groups, suggesting that “TPGS/Ppa+laser” can markedly inhibit tumor growth. Additionally, the body weight
of the mice in each group did not show significant changes[ Fig.7(E) |, suggesting that none of the therapeutic
strategies elicited severe adverse effects. To investigate the impact of TPGS/Ppa on various organs in mice, we
collected the main organs (including hearts, livers, spleens, lungs, kidneys, and tumors) from the mice
treated with PBS or “TPGS/Ppa+laser” , and performed hematoxylin and eosin (H&E) staining for the tissue
slices from these organs [Fig.7 (F) ]. The results revealed that in the “TPGS/Ppa+laser” group, the tumor
region in the mice exhibited significant cell damage due to the drug treatment and laser exposure. However,
the structures of the organs such as the heart, liver, spleen, lung, and kidney in the mice remained
normal, implying that TPGS/Ppa exhibited excellent biocompatibility. To investigate the biological mechanism
underlying the inhibition of tumor growth by TPGS/Ppatlaser, we performed terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay on the tissues from the “TPGS/Ppa+laser”
group of mice [Fig. 7 (G) ]. We compared the TUNEL assay results of the tissue slices from the PBS
and “TPGS/Ppa+laser” groups to explore the impact of “TPGS/Ppa+laser” treatment on cellular apoptosis
at the tissue level. In the “TPGS/Ppatlaser” group, the tumor region in the mice exhibited abundant
green fluorescence, indicating significant DNA damage and exposure of 3’-OH ends® (which are typical
characteristics of apoptotic cells). Additionally, the green fluorescence was more pronounced at the nuclear
membrane periphery than at other regions, consistent with the characteristic chromatin condensation near
the nuclear membrane in apoptotic cells. In contrast, the PBS group showed almost no green fluorescence,
suggesting that this group consisted primarily of viable cells. In summary, the results of the TUNEL assay
provided evidence that “TPGS/Ppa+laser” treatment could effectively inhibit tumor growth by inducing

apoptosis in tumor cells.

4 Conclusions

TPGS/Ppa nanomicelles with excellent photostability, biocompatibility, and phototoxicity were prepared
via the self-assembly of TPGS and Ppa for realizing antitumor PDT, providing a new way for the delivery of
small-molecule hydrophobic drugs. The obtained TPGS/Ppa nanomicelle exhibits low cytotoxicity under dark
conditions, but shows significantly enhanced cytotoxicity under laser exposure. Compared with free Ppa,
TPGS/Ppa demonstrates higher intracellular uptake in 4T1 tumor cells. Moreover, under laser exposure,
TPGS/Ppa generates a substantial amount of ROS, effectively inducing cell apoptosis and achieving efficient
tumor cell destruction. Furthermore, in wvivo therapeutic experiments demonstrate that TPGS/Ppa shows
enhanced drug accumulation and prolonged retention in the tumor region, and can thus achieve efficacious
antitumor PDT in vivo. Finally, since the PS loaded in the nanomicelle possesses both photoresponsive and
sonoresponsive properties, we believe that such a nanomicelle may also hold the potential for realizing sonody-

namic therapy to overcome the poor light penetration issue.

The supporting information of this paper see http ://www. cjcu. jlu. edu. en/CN/10. 7503/cjcu20240331.
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