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Abstract: Background: Albumin-bound paclitaxel (nab-PTX) nanoparticles have been proven effec-
tive in treating advanced pancreatic cancer. However, the clinical application of nab-PTX nanopar-
ticles is often associated with suboptimal outcomes and severe side effects due to its non-specific
distribution and rapid clearance. This study aims to develop a novel nanoplatform that integrates
sonodynamic therapy (SDT) and chemotherapy to enhance treatment efficacy and reduce systemic
side effects. Methods: Bovine serum albumin (BSA) was conjugated with chlorin e6 and paclitaxel
(PTX) to form stable nanoparticles (NPs). These NPs were then incorporated into a biodegradable
poly(lactic-co-glycolic acid)–b-polyethylene glycol–b–poly(lactic-co-glycolic acid) hydrogel for tar-
geted drug delivery. The system’s stability and drug release profile were analyzed, followed by
in vitro studies to evaluate cellular uptake and cancer cell killing efficacy. In vivo evaluation was
performed using pancreatic cancer xenograft models, with intratumoral injection of the drug-loaded
hydrogel. Results: The developed hydrogel system demonstrated enhanced stability and sustained
release of PTX. In vitro analyses revealed significant cellular uptake and synergistic cancer cell
killing effects through combined SDT and chemotherapy. In vivo studies showed prolonged intratu-
moral retention of the drug and remarkable inhibition of tumor growth. Conclusions: This novel
nanoplatform offers a promising approach for improving pancreatic cancer treatment by enhancing
intratumoral drug retention and minimizing systemic side effects. The synergistic effects of SDT and
chemotherapy demonstrate the potential of this strategy in achieving better therapeutic outcomes.

Keywords: pancreatic cancer; chemotherapy; sonodynamic therapy; thermosensitive hydrogel

1. Introduction

Pancreatic cancer has high fatality rates, and early detection is challenging. In ad-
dition, chemotherapy is often required as a primary intervention for tumors that cannot
be surgically removed [1–3]. The Food and Drug Administration (FDA) has approved
albumin-bound paclitaxel (nab-PTX) NPs as a primary treatment for advanced pancreatic
cancer, and nab-PTX NPs show high treatment efficacy [4,5]. However, in the clinical
setting, conventional systemic chemotherapy often results in suboptimal outcomes and
severe side effects because of the drugs’ non-selective distribution and quick elimination [6].
Therefore, innovative therapeutic approaches to enhance the effectiveness of pancreatic
cancer chemotherapy while simultaneously mitigating systemic side effects are required.

In recent years, there has been growing interest in combination cancer therapies that
synergistically enhance each treatment modality [7,8]. Among these, the use of a single
nanoplatform integrating sonodynamic therapy (SDT) and chemotherapy has emerged as
a promising strategy [8–12]. This approach aims to boost therapeutic efficacy, address drug
resistance, and minimize undesirable side effects [13–15]. SDT, a noninvasive therapeutic
modality, employs low-frequency, low-intensity ultrasound (US) to irradiate tumor areas
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where sonosensitizers have accumulated. This irradiation generates reactive oxygen species
(ROS), thus triggering antitumor effects, including the direct killing and apoptosis of tumor
cells [16–18]. Chlorin e6 (Ce6) is an FDA-approved second-generation photosensitizer and is
also an effective and safe sonosensitizer for SDT [19–21]. However, challenges such as poor
solubility leading to aggregation in aqueous solution, as well as issues with phototoxicity
and low tumor accumulation after venous administration, must be addressed [22,23].

Localized drug administration at the tumor site by means of interventional radiology
or within the resection cavity produced by surgery offers a promising and potentially
superior alternative to venous administration, facilitating concentrated drug delivery to
the tumor and reducing toxicity in healthy tissues [24–28]. An emerging trend in this
domain is the use of biodegradable, thermosensitive, on-site developing hydrogels; the
FDA-approved triblock copolymer poly(lactic-co-glycolic acid)–b-polyethylene glycol–b–
poly(lactic-co-glycolic acid) (PLGA–PEG–PLGA), which is both biodegradable and bio-
compatible, has emerged as a flexible carrier suitable for delivering both hydrophobic
and hydrophilic drugs [29,30]. A distinctive characteristic of PLGA–PEG–PLGA is its
thermosensitive nature, enabling a transition from a liquid solution to a hydrogel (sol–gel)
phase when exposed to temperature variations. Initially, at ambient temperature, the
copolymer is a free-flowing liquid, simplifying the process of drug incorporation through
straightforward mixing. Upon administration into the body, it responds to the physiological
temperatures at the targeted site by transforming from liquid to a semi-solid gel. This
transition is critical as the resultant gel serves as a sustained-release depot, methodically
dispensing the encapsulated drug over an extended duration. This mechanism ensures a
steady therapeutic effect, crucial for effective cancer treatment [31,32].

Based on these considerations, we present an innovative bovine serum albumin (BSA)-
based nanoparticle (NP) delivery system using an injectable thermosensitive hydrogel for
the local delivery of BSA-Ce6-PTX (denoted as BCP) NPs, aimed at promoting synergistic
combination therapy for pancreatic cancer. BSA was pre-modified with Ce6 (denoted
as BC) and subsequently combined with PTX to form NPs. The BCPs were strategically
integrated into a PLGA-PEG-PLGA hydrogel for targeted delivery to the tumor site. When
administered as a solution, the thermosensitive hydrogel undergoes a phase transition
to form a semisolid gel in response to body temperature, ensuring sustained NP release
and the prolonged exposure of cancer cells to the drug. The combination of SDT and
chemotherapy within this nanoplatform had a synergistic effect, enhancing therapeutic
efficacy while minimizing systemic side effects. Further, in vitro experiments revealed a
superior cancer-cell-killing efficacy, which was attributed to the sustained release of NPs.
Further, in vivo studies on pancreatic cancer xenograft models demonstrated a significant
inhibition of tumor growth with minimal systemic toxicity (Figure 1).
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the protein aggregation triggered by PTX. Noteworthy is the observation that both BC and 
BCP exhibited negative surface charges, which almost doubled after nanoparticle for-
mation (Figure 2B). Additionally, the NPs preserved the distinctive absorption peaks of 
Ce6 at 404 and 650 nm in their UV-vis–NIR absorption spectra (Figure A1). In addition, 
the drug loading efficiencies for Ce6 and PTX were substantial, reaching 36.11% for Ce6 
and 29.43% for PTX, as validated through UV-vis absorbance spectra and HPLC analysis. 

PLGA is a copolymer of lactic acid (LA) and glycolic acid (GA), with a ratio of LA:GA 
of 75:25. The PLGA1654(75:25)-PEG1500-PLGA1654(75:25) hydrogel, comprising a central 
PEG block flanked by PLGA blocks, displayed a reversible temperature-dependent sol–
gel–sol transition attributed to micelle aggregation. The number-averaged molecular 
weight (Mn) of the copolymers, as determined by 1H NMR spectroscopy, was calculated 
to be 4808, with a PEG/PLGA ratio of 1500:3308. Usefully, the BCP NPs could be effectively 
integrated into the PLGA-PEG-PLGA hydrogel via a straightforward mixing process at 
room temperature. These hydrogels exhibited both sol and gel states, which were both 
responsive to temperature variations. Notably, both the BCP/PLGA-PEG-PLGA and pure 
PLGA-PEG-PLGA hydrogels maintained a non-flowing state for at least 1 min at 37 °C, 
indicating that gelation at physiological temperatures is possible (Figure 2C). SEM imag-
ing unveiled a distinctive cross-linked surface network in the hydrogel composites, indic-
ative of nanoparticle integration (Figure 2D). 
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Figure 1. Schematic showing the preparation of the BCP/PLGA-PEG-PLGA hydrogel for synergistic
SDT and chemotherapy.

2. Results

TEM imaging revealed that BCP NPs have a spherical morphology and an average
diameter of approximately 100 nm. This was confirmed by dynamic light scattering (DLS)
measurements, which revealed the hydrodynamic size of the NPs to be 114.2 ± 3.2 nm
(Figure 2A). The size discrepancy observed among BSA, BC, and BCP NPs is likely due to
the protein aggregation triggered by PTX. Noteworthy is the observation that both BC and
BCP exhibited negative surface charges, which almost doubled after nanoparticle formation
(Figure 2B). Additionally, the NPs preserved the distinctive absorption peaks of Ce6 at
404 and 650 nm in their UV-vis–NIR absorption spectra (Figure A1). In addition, the drug
loading efficiencies for Ce6 and PTX were substantial, reaching 36.11% for Ce6 and 29.43%
for PTX, as validated through UV-vis absorbance spectra and HPLC analysis.

PLGA is a copolymer of lactic acid (LA) and glycolic acid (GA), with a ratio of LA:GA
of 75:25. The PLGA1654(75:25)-PEG1500-PLGA1654(75:25) hydrogel, comprising a central
PEG block flanked by PLGA blocks, displayed a reversible temperature-dependent sol–gel–
sol transition attributed to micelle aggregation. The number-averaged molecular weight
(Mn) of the copolymers, as determined by 1H NMR spectroscopy, was calculated to be
4808, with a PEG/PLGA ratio of 1500:3308. Usefully, the BCP NPs could be effectively
integrated into the PLGA-PEG-PLGA hydrogel via a straightforward mixing process at
room temperature. These hydrogels exhibited both sol and gel states, which were both
responsive to temperature variations. Notably, both the BCP/PLGA-PEG-PLGA and pure
PLGA-PEG-PLGA hydrogels maintained a non-flowing state for at least 1 min at 37 ◦C,
indicating that gelation at physiological temperatures is possible (Figure 2C). SEM imaging
unveiled a distinctive cross-linked surface network in the hydrogel composites, indicative
of nanoparticle integration (Figure 2D).
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Figure 2. Characterization of NP hydrogel: (A) Hydrodynamic diameters of BSA, BC, BCP measured
by DLS, and TEM image of BCP. (B) Zeta potentials of BC and BCP. (C) Observation of reversible
sol–gel phase transition in BCP/PLGA-PEG-PLGA (left) and PLGA-PEG-PLGA (right) hydrogel
across temperatures of 25 and 37 ◦C. (D) SEM image of hydrogels. (E) Examination of the viscosity
changes in both the PLGA-PEG-PLGA and BCP/ PLGA-PEG-PLGA when subjected to heating.
(F) Assessment of the variations in storage modulus (G’) and loss modulus (G”) for the BCP/PLGA-
PEG-PLGA as temperature changes. Scale bar: 100 nm (A) and 5 µm (D).

The hydrogels’ thermosensitive transitions were further explored via rheological
assessments. The rheological properties of the BCP/PLGA-PEG-PLGA and PLGA-PEG-
PLGA composites were comparable, exhibiting similar viscosity changes upon gelation
(Figure 2E). Below or at room temperature, BCP/PLGA-PEG-PLGA exhibited low storage
(G’) and loss (G”) moduli, indicating high flowability and injectability. Heating to approxi-
mately 37 ◦C resulted in a significant rise (over three orders of magnitude) in both G’ and
G”, signifying the creation of a cross-linked physical hydrogel (Figure 2F). In vitro drug
release experiments under acidic conditions (PBS, pH 6.8) to mimic the tumor environment
showed distinct cumulative release patterns for PTX and Ce6 (PBS, pH 6.8) revealed distinct
cumulative release profiles of PTX and Ce6 (Figure A2). Within the initial 48 h, 75% of
PTX was released for the BCP group and 36% was released for the BCP/PLGA-PEG-PLGA
group, compared to 63% and 26% for Ce6, respectively. Both PTX and Ce6 exhibited
sustained release even after 150 h in the BCP/PLGA-PEG-PLGA group. Specifically, PTX
was released more rapidly than Ce6; this variance in release rates is ascribed to PTX’s non-
covalent bonding. These findings suggest that the hydrogels’ three-dimensional framework
effectively delays or inhibits premature drug release while enhancing drug concentration
at tumor sites.

The generation of singlet oxygen (1O2) during SDT was examined using DPBF as a probe.
DPBF reacts with 1O2, leading to a reduction in its absorbance at 410 nm in UV-vis absorbance
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spectra. A marked decrease in DPBF absorbance was noted following US irradiation in
the presence of BCP (Figure 3A), signifying effective 1O2 production. For a more detailed
investigation into the formation of 1O2 and hydroxyl radicals (·OH), ESR spectroscopy was
utilized. Spin-trapping agents, specifically TEMP for 1O2 and DMPO for ·OH, were used to
detect and visualize the signals associated with these ROS generated by the combination of
US and BCP. The ESR spectra exhibited distinct signals characteristic of 1O2/·OH production
when BCP was subjected to US (Figures 3B and A3). To quantify the intracellular production of
ROS in PANC-1 cells, 2′,7′-dichlorofluorescein diacetate (DCFH-DA), a commonly used ROS
indicator, was employed. Notably, the highest DCF fluorescence signals, indicating increased
ROS levels, were observed in cells treated with BCP and subsequent US irradiation. These
findings were corroborated by fluorescence microscopy and flow cytometry (Figure 3C–E).
The most intense DCF fluorescence signals were seen in cells pre-incubated with BCP and
then treated with US. This underscores the potent ability of BCP to boost intracellular ROS
production when activated by ultrasound during SDT.
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Figure 3. Sonodynamic and in vitro ROS generation efficacy. (A) Sonodynamic effect of Ce6. DPBF
is oxidized by 1O2, resulting in a reduced absorbance intensity at 410 nm in the UV-vis absorbance
spectra. (B) ESR spectra of BC irradiated by US for different periods. TEMP was used as the spin-
trapping agent for 1O2 for detection by ESR. (C) Fluorescence images of ROS levels in PANC-1 cells
stained with DCFH-DA after various treatments. (D,E) Quantitative analysis of fluorescent intensity
of DCFH-DA determined by flow cytometry. Scale bar: 50 µm (C). *** p < 0.001 and ns: not significant
by one-way ANOVA.
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The cellular uptake efficiency of BCP NPs was analyzed in PANC-1 cells. Cells were
incubated with Ce6, BC, or BCP for 2 h at 37 ◦C and then washed with PBS to eliminate
extracellular NPs. Fluorescence microscopy and flow cytometry results demonstrated
significant Ce6 fluorescence in cells treated with BCP (as shown in Figure 4A–C), confirming
effective cellular uptake. In comparison, cells exposed to free Ce6 and BC exhibited weaker
fluorescence signals. The influence of US irradiation on cellular membrane permeability
and subsequent NP uptake was also examined. Post-incubation with the NPs, cells were
subjected to US irradiation. Flow cytometry analysis revealed an almost twofold increase
in fluorescence intensity in US-treated groups, indicating enhanced NP internalization
(Figure A4). This confirms the efficient cellular uptake of BCP, facilitated by their size and
BSA coating, with US further improving their delivery into tumor cells.

The cytotoxic effects of various PTX formulations were also evaluated in vitro on
PANC-1 cells treated with free PTX (in DMSO), BSA-PTX, or BCP for 48 h. Cell viability
was assessed using the MTT assay. The cytotoxicity of the BCP formulation was found to
be superior to that of free PTX and BSA-PTX (Figure 4D), likely due to BCP’s increased
cellular uptake efficiency.

For evaluating the efficacy of SDT, various Ce6 formulations were tested on PANC-
1 cells with or without US irradiation. After 4 h of incubation, cells were exposed to
US (1 MHz, 1 W/cm2, for 2 min), followed by an additional 24 h of incubation. Cell
viability was again determined using the MTT assay. A pronounced synergistic effect
from combined SDT and chemotherapy was observed in BCP NPs-treated cells post-US
irradiation, showing enhanced cancer cell killing efficacy (Figure A5).

To confirm that the results were due to Ce6 and not just US, PANC-1 cells were treated
with BSA-PTX or BCP with or without US irradiation. After 48 h of incubation, cell viability
was assessed via the MTT assay. Compared to BSA-PTX alone, BSA-PTX+US showed a minor
reduction in cell activity, attributed to improved nanoparticle distribution facilitated by US.
However, BCP+US demonstrated a significant decrease in cell viability, indicating substantial
damage to tumor cells by ROS generated from Ce6 under US irradiation (Figure A6).

The drug-loaded PLGA-PEG-PLGA hydrogel system’s cytotoxicity was assessed over
various incubation periods using the MTT assay. A Transwell co-culture system simulated a
drug storage and release environment, with medium replacement every 24 h. The viability of
PANC-1 cells was measured after 24, 48, and 72 h of incubation with free PLGA-PEG-PLGA,
BCP, and BCP/PLGA-PEG-PLGA (Figure 4E). During the initial period, US irradiation was
applied to the BCP and BCP/PLGA-PEG-PLGA groups. The PLGA-PEG-PLGA hydrogel
exhibited minimal cytotoxicity, confirming its biocompatibility. BCP/PLGA-PEG-PLGA+US
initially showed lower cytotoxicity than BCP+US, likely due to delayed drug release. Over
time, a decrease in cell viability was noted, especially in the BCP/PLGA-PEG-PLGA+US
group, indicating sustained drug release and a significant synergistic therapeutic effect.

To understand the mechanism behind this synergistic effect, confocal fluorescence mi-
croscopy was conducted before and after US irradiation (Figure 4F). Prior to US, Ce6 fluorescence
significantly co-localized with endo/lysosomes, marked by LysoTracker (green). Following
US treatment, there was a noticeable decrease in LysoTracker fluorescence and a broader dis-
tribution of Ce6 fluorescence within the cytoplasm. This implies that the sonodynamic effect
facilitates the degradation of endo/lysosomes and assists in the endosomal release of NPs.

An in vivo imaging experiment utilized a subdermal pancreatic cancer graft model in
nude mice to evaluate the sustained release properties of the PLGA-PEG-PLGA hydrogel.
BCP and BCP/PLGA-PEG-PLGA were administered locally to tumors, and the intratumoral
persistence of Ce6 was monitored in real-time using an IVIS imaging system. (Figure 5A).
The fluorescence intensity from BCP diminished significantly within 48 h, reflecting rapid
in vivo clearance. Conversely, the group injected with BCP/PLGA-PEG-PLGA exhibited
prolonged and steady Ce6 dispersion within the tumor area for more than 120 h. This
underscores the effectiveness of the PLGA-PEG-PLGA hydrogel as a system for direct
tumor-targeted drug delivery, guaranteeing increased drug concentrations, specifically at
the tumor location, and regulated drug dissemination.
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Figure 4. In vitro cell uptake and cytotoxicity experiments. (A) Observation of Ce6 fluorescence in
PANC-1 cells following 4 h of incubation with free Ce6, BC, and BCP. (B,C) Flow cytometry data showing
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the accumulation of Ce6 in different groups. (D) Relative viabilities of PANC-1 cells after incubation
with various concentrations of free PTX, BSA-PTX NPs, or BCP for 48 h. (E) Relative viabilities of
PANC-1 cells after incubation with PLGA-PEG-PLGA, BCP, and BCP/PLGA-PEG-PLGA with or with-
out US irradiation. (F) Confocal fluorescence microscopy was used to image PANC-1 cells before and
after US exposure, incubated with BCP NPs. In these images, green represents LysoTracker-stained en-
dosomes/lysosomes, red indicates Ce6 fluorescence, and blue marks the Hoechst-stained cell nuclei.
Scale bar: 25 µm (A) and 10 µm (F). * p < 0.05, ** p < 0.01 and *** p < 0.001 by one-way ANOVA.
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Figure 5. In vivo fluorescence imaging and evaluation of antitumor efficacy. (A) Real-time intravital
images showcasing the retention of Ce6 within the tumor. (B) Schematic representation of evaluating
antitumor efficacy through treatment of tumors with NPs/hydrogels and US irradiation. (C) Tumor
volume changes over time. (D) Changes in the body weight of mice over time. Every data point
indicates the average value ± standard deviation (S.D.), with a sample size of four mice (n = 4).
* p < 0.05, *** p < 0.001 and ns: not significant by one-way ANOVA.
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Inspired by the successful in vitro cellular uptake, therapeutic effectiveness, and
favorable in vivo retention, combination therapy in pancreatic cancer xenograft models
was evaluated. Mice with tumors were treated with a single dose, either intratumorally (i.t.)
or intravenously (i.v.), as depicted in Figure 5B. Subsequent changes in tumor volume were
monitored over 24 days (Figure 5C). Tumor size escalated rapidly in the PBS-treated group.
Following i.v. administration of BSA-PTX, tumor growth was modestly inhibited, likely due
to limited drug accumulation within the tumor. Local injection of BCP with US irradiation
initially impeded tumor growth, but this was followed by rapid tumor progression, likely
due to swift drug clearance. Remarkably, intratumoral injection of the BCP/PLGA-PEG-
PLGA composites into the tumor notably hindered tumor expansion compared to BSA-PTX,
demonstrating sustained drug release within the tumor region. Additionally, mice receiving
BCP/PLGA-PEG-PLGA combined with US treatment exhibited the furthest reduced tumor
growth rate, leading to the smallest tumors at the end of the 24 days (Figure 6A). These
findings indicate the promise of the thermosensitive hydrogel system as a vehicle for
extended drug delivery to specific tumor areas, with the addition of sonodynamic therapy
enhancing the therapeutic impact.

Furthermore, alterations in the body weight of the mice were recorded to assess
systemic toxicity in reaction to various treatment methods (Figure 5D). Compared to
the PBS control group, mice treated with either BCP or BCP/PLGA-PEG-PLGA showed
no significant changes in body weight or clinical indications, affirming the safety and
appropriateness of these formulations for intratumoral administration.
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Figure 6. Tumors and histological images. (A) Photographs of tumors extracted from mice in different
groups on the final day of treatments (day 24). (B,C) Histological sections of PANC-1 xenografts from
different treatment groups stained with H&E and dual-stained for Ki-67, TUNEL and DAPI. Scale
bar: 1 cm (A), 100 µm (B,C).

H&E staining and Ki-67/TUNEL dual-labeling experiments were conducted to eval-
uate morphological integrity and to assess the effects on cell proliferation and apoptosis
across different treatment groups. H&E staining revealed normal cell structures and den-
sities in the PBS control group (Figure 6B). The BSA-PTX and BCP/PLGA-PEG-PLGA
groups displayed no significant morphological changes compared to the control, likely
due to the limited effect of chemotherapy alone. In contrast, the BCP ultrasound and
BCP/PLGA-PEG-PLGA ultrasound groups showed looser tissue structures and reduced
cell densities, indicating increased cell death.

In Ki-67 and TUNEL dual staining (Figure 6C), baseline levels of proliferation and
apoptosis matched untreated tumor cell behavior. Ki-67 expression was slightly reduced in
the BSA-PTX group, reflecting PTX’s antiproliferative effect. The BCP/PLGA-PEG-PLGA
group showed further Ki-67 reduction, likely due to the sustained release from the hydrogel
system. In the BCP ultrasound and BCP/PLGA-PEG-PLGA ultrasound groups, significant
Ki-67 reduction with increased TUNEL staining suggested that sonodynamic therapy with
chemotherapy effectively inhibited proliferation and induced apoptosis, with the hydrogel
enabling more stable drug release (Figure 5D).

Histopathological examination of critical organs (heart, liver, spleen, lungs, and kid-
neys) was also performed on day 24 post-treatment. Tissue sections from mice treated with
the BCP/PLGA-PEG-PLGA displayed histological characteristics akin to those treated with
PBS (Figure A7), implying that localized delivery of BCP/PLGA-PEG-PLGA is associated
with minimal systemic toxicity.
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3. Discussion

Our study presents a novel approach to addressing the challenges in pancreatic cancer
treatment by combining albumin-based nanoparticles (BCP) with a thermosensitive PLGA-
PEG-PLGA hydrogel for localized drug delivery. The findings highlight the therapeutic
potential of integrating SDT and chemotherapy into a single nanoplatform, demonstrating
significant tumor inhibition and reduced systemic side effects.

The results demonstrate the synergistic effect of SDT and chemotherapy, where Ce6,
acting as a sonosensitizer, effectively generates ROS under US irradiation. This ROS pro-
duction amplifies the cytotoxicity of PTX, leading to enhanced cancer cell apoptosis. The
hydrogel’s sustained release properties ensured prolonged intratumoral drug retention, sig-
nificantly inhibiting tumor growth in vivo while minimizing systemic toxicity. Compared
with conventional systemic chemotherapy, which often suffers from rapid clearance and
widespread toxicity [6], this nanoplatform achieves superior tumor drug accumulation and
therapeutic efficacy.

In comparison to existing monotherapies or standard chemotherapy regimens [1],
this integrated system provides a dual-mode mechanism that effectively overcomes the
limitations of rapid drug elimination and insufficient tumor targeting. The localized
application of PLGA-PEG-PLGA hydrogel, combined with US-triggered SDT, represents
a significant improvement over previous nanoparticle systems, as it offers sustained and
controlled drug release. These findings align with and extend recent advancements in
sonodynamic therapy and hydrogel-based drug delivery platforms [33].

Mechanistically, US irradiation facilitates the endosomal escape of Ce6-loaded nanopar-
ticles, as evidenced by fluorescence imaging. This process enhances intracellular drug
availability, boosting the overall therapeutic impact. Furthermore, the ROS generated
by Ce6 under US irradiation induces oxidative damage, which complements the cyto-
toxic effects of PTX. This dual action underscores the rationale for combining SDT and
chemotherapy within a single nanoplatform.

One of the study’s key strengths is its use of FDA-approved components, such as Ce6
and PLGA-PEG-PLGA hydrogel, enhancing the translational potential of this approach.
Additionally, the comprehensive evaluation, including in vitro, in vivo, and mechanistic
studies, strengthens the reliability of the findings.

Nevertheless, our study has certain limitations. The use of intratumoral injection, while
effective for localized delivery, is invasive and may limit clinical applicability. However,
interventional medicine offers a promising solution by enabling precise and minimally
invasive drug delivery. Through advanced imaging guidance, interventional techniques
can ensure accurate hydrogel placement within tumors, potentially bridging the gap
between efficacy and clinical feasibility [34]. Furthermore, the study did not explore
potential immune responses or the long-term biocompatibility of the hydrogel system.
The efficacy of the system against metastases or in combination with immune therapies
also remains unexplored and warrants further investigation. Future studies should focus
on optimizing the system for non-invasive delivery methods, such as ultrasound-guided
systemic targeting, to improve clinical feasibility. Additionally, exploring the platform’s
compatibility with other therapeutic agents, including immune checkpoint inhibitors or
anti-angiogenic drugs, could enhance its efficacy. Long-term studies evaluating tumor
recurrence and overall survival in animal models will provide further insights into the
durability and translational potential of this approach.

In conclusion, our study offers a promising therapeutic strategy for pancreatic cancer
by integrating SDT and chemotherapy within a biodegradable, thermosensitive hydrogel
system. The synergistic effects, coupled with localized drug delivery and reduced systemic
toxicity, represent a significant advancement in nanoplatform-based cancer therapies. With
further refinement and validation, this approach holds substantial potential for clinical
translation, offering a new avenue for improving outcomes in pancreatic cancer treatment.
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4. Materials and Methods
4.1. Material

Bovine Serum Albumin (BSA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
N-hydroxysuccinimide (NHS), Ce6, methanol, dimethyl sulfoxide (DMSO), 25% glu-
taraldehyde, phosphate-buffered saline (PBS), Tween-80, Dichloromethane (DCM), and
PLGA-PEG-PLGA hydrogel were obtained from Tanshtech (Tanshui Technology Co., Ltd.,
Guangzhou, China).

4.2. Preparation and Characterization of BCP NPs
4.2.1. Synthesis of BC NPs

Ce6 was initially dispersed in DMSO (200 µL). Then, a mixture of Ce6, EDC, and NHS
was stirred in darkness for 2 h at room temperature to synthesize a Ce6–NHS complex.
This complex was subsequently incorporated into the BSA solution in PBS.

The mixture was stirred overnight in the dark. To purify BC, the mixture was cen-
trifuged at 14,800 rpm for 5 min to remove aggregates, followed by three cycles of ultrafil-
tration (molecular weight cut-off (MWCO): 10 kDa) to isolate free Ce6.

4.2.2. Synthesis of BCP NPs

BC (20 mg) was dissolved in PBS (10 mL) with constant stirring. Then, PTX solution
(200 µL, 10 mg/mL in methanol) was incrementally introduced. The formation of an
emulsion was observed, and 25% glutaraldehyde (10 µL) was added. The mixture was
then left to stir throughout the night at room temperature. Excess PTX was removed by
centrifugation at 5000 rpm for 5 min. Ultrafiltration centrifugation (MWCO = 100 kDa) was
used to remove the residual BSA, methanol, and glutaraldehyde.

4.2.3. Synthesis of BSA-PTX NPs

The methodology for synthesizing BSA-PTX NPs was analogous to that for BCP, but
BC was substituted with BSA.

4.2.4. Characterization of BCP

The morphology and structure of BCP NPs stained with 1 wt.% phosphotungstic acid
were observed by transmission electron microscopy (TEM; FEI Tecnai F20).

Absorbance spectra in the UV-vis-NIR range were captured with a PerkinElmer
Lambda 750 spectrophotometer.

The hydrodynamic diameters and zeta potential of the samples were measured using
a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK).

To quantify singlet oxygen (1O2) and hydroxyl radicals (·OH), an electron spin resonance
(ESR) spectrometer (Bruker EMXplus) was employed using 2,2,6,6-tetramethylpiperidine
(TEMP) and dimethylpyridine N-oxide (DMPO) as spin-trapping agents. The presence of
1O2 was confirmed using 1,3-diphenyliso-benzofuran (DPBF). Subsequently, the sample
solutions were treated with US at a power density of 1 W/cm2 and a frequency of 1 MHz
for varying periods (0–5 min). The reduction in the fluorescence intensity of DPBF was
measured at a wavelength of 410 nm.

4.3. Preparation and Sol–Gel Phase Transition Properties of BCP/PLGA-PEG-PLGA
4.3.1. Preparation of PLGA-PEG-PLGA and BCP/PLGA-PEG-PLGA

First, PLGA-PEG-PLGA (1 mg) was dissolved in PBS (4 mL) at pH 7.4 and room
temperature and stirred continuously until it was completely dissolved. The resulting
solution had a PLGA-PEG-PLGA concentration of 25%. After sterilization through a
0.22 µm filter membrane, BCP NPs were integrated into the PLGA-PEG-PLGA hydrogel.
The hydrogel–NP mixture was preserved at 4 ◦C for later application.
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4.3.2. Phase Diagram Assessment

The thermosensitive sol–gel transition of the BCP/PLGA-PEG-PLGA hydrogel was
evaluated using the test tube inversion method. A 4 mL aliquot of the hydrogel was
gradually heated from 25 ◦C, with observations of the sol-to-gel phase change being made.
This transition was noted when no substantial flow occurred upon inverting the vial for
1 min. Moreover, the phase transition characteristics of the PLGA-PEG-PLGA hydrogel in
isolation were also recorded.

4.3.3. Characterization of BCP/PLGA-PEG-PLGA

Scanning electron microscopy (SEM) of the hydrogels was performed using a Regu-
lus8220 instrument. The dynamic rheological properties of BCP/PLGA-PEG-PLGA (25 wt.%)
and PLGA-PEG-PLGA (25 wt.%) were analyzed using a HAAKE MARS 60 rheometer
equipped with parallel plates (diameter: 35 mm). The samples were subjected to tempera-
ture variations from 10 to 60 ◦C at a heating rate of 1 ◦C/min, and the storage modulus
(G’), loss modulus (G”), and viscosity were recorded at a frequency of 1 Hz.

4.4. Drug Release

The in vitro release kinetics of PTX and Ce6 from the hydrogel were assessed using a
24-well Transwell system. Each lower chamber was filled with PBS (1 mL) containing 1%
Tween-80. The upper inserts were loaded with either BCP/PLGA-PEG-PLGA (25 wt.%)
or BCP (200 µL). The inserts were subsequently kept at 37 ◦C for 15 min to facilitate
the formation of the hydrogel. The entire assembly was incubated at 37 ◦C with gentle
shaking at 60 rpm. The release medium was collected and replaced with prewarmed PBS
containing 1% Tween-80 at predetermined intervals. The released Ce6 was quantified using
a UV-Vis–NIR spectrophotometer. For PTX quantification, the drug was extracted using
dichloromethane (DCM) and analyzed using high-performance liquid chromatography
(HPLC) at 227 nm. The mobile phase was administered at a flow rate of 1 mL/min.

4.5. Cell Experiments
4.5.1. Cell Culture

PANC-1 cells were obtained from the National Collection of Authenticated Cell Cul-
tures and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 1% penicillin, and streptomycin. The cells were maintained
in a humidified incubator at 37 ◦C with 5% CO2.

4.5.2. Cellular Uptake

To examine the cellular uptake of BCP NPs with or without US irradiation, PANC-1
cells were seeded in 12-well plates and exposed to free Ce6, BC, and BCP at a concentration
of 10 µg/mL (n.b., this is the Ce6 equivalent concentration). Following this, the cells
were either treated with US (1.0 MHz, 1 W/cm2, 2 min) or left untreated, followed by
incubation for an additional 2 h. Subsequently, cells were washed with PBS for fluorescence
microscopy and flow cytometry measurements.

4.5.3. Intracellular Reactive Oxygen Species

To assess the levels of reactive oxygen species (ROS) in cells, PANC-1 cells were seeded
in 12-well plates and treated with free Ce6, BSA-PTX, and BCP with or without US at a
concentration of 10 µg/mL (Ce6 equivalent concentration) for 4 h. Following this, the cells
were washed with PBS, and 2′,7′-dichlorofluorescein diacetate (DCFH-DA) was added
for an additional 4 h. After US irradiation, flow cytometry and fluorescence microscopy
experiments were carried out, and the DCF fluorescence signals were measured.

4.5.4. In Vitro Cytotoxicity

To evaluate the cytotoxic effects of various PTX formulations, PANC-1 cells were
cultivated in 96-well plates and then treated with different concentrations of free PTX, BSA-
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PTX NPs, or BCP NPs for a duration of 48 h. Cell survival rates, compared to those of the
untreated controls, were determined using a standard thiazolyl tetrazolium (MTT) assay.

For SDT, PANC-1 cells in 96-well plates were combined with varying amounts of
free Ce6, BC, or BCP NPs. Following a 4 h incubation period, these cells underwent US
irradiation (1.0 MHz, 1 W/cm2, 2 min). The culture medium was then replaced with a
fresh one, and the cells underwent an additional 24 h of incubation. Similarly, PANC-1
cells were treated with BSA-PTX, or BCP at a PTX-equivalent concentration of 0.8 µg/mL.
After 4 h of incubation, these cells were either exposed to US (1.0 MHz, 1 W/cm2, 2 min)
or left untreated. Post-irradiation, the culture medium was refreshed, and the cells were
incubated for another 48 h. Cell viability was then assessed using a standard MTT assay.

Regarding combination therapy, PANC-1 cells were seeded in a 96-well Transwell
(Corning) co-culture system and mixed with different concentrations of PLGA-PEG-PLGA,
BCP, or BCP/PLGA-PEG-PLGA. In this process, 200 µL of the PANC-1 cell suspension was
added to the lower chambers, while 100 µL of PLGA-PEG-PLGA, BCP, or BCP/PLGA-PEG-
PLGA solutions was introduced into the upper inserts. After 4 h of incubation, groups
treated with BCP and BCP/PLGA-PEG-PLGA were exposed to US (1.0 MHz, 1 W/cm2,
2 min). The medium in all groups was renewed every 24 h. Cell viability was then
determined using the MTT assay at 24, 48, and 72 h post-incubation.

4.5.5. Organelle Localization

To explore the underlying processes of combined SDT and chemotherapy, PANC-1
cells underwent treatment with BCP for 4 h. Post-treatment, these cells were washed with
PBS to eliminate any residual nanoparticles. This was followed by a 5 min ultrasonic
irradiation session (1.0 MHz, 1 W/cm2, 2 min). Subsequently, the cells were maintained at
37 ◦C for an additional 4 h. Prior to confocal microscopy, specific organelle labeling was
conducted: LysoTracker (green) was used to highlight endosomes/lysosomes, and Hoechst
(blue) was applied to visualize the nuclei.

4.6. In Vivo Antitumor Experiments
4.6.1. Pancreatic Cancer Xenograft Models

BALB/c nude mice (female, 20 ± 2 g) were purchased from Gempharmatech Co., Ltd.
(Nanjing, China). Mice were kept in a pathogen-free (SPF) environment with unrestricted
access to both food and water. All procedures involving animals were performed in
compliance with ethical standards and received approval from the relevant institutional
review board. To establish pancreatic cancer xenografts, 1 × 106 PANC-1 cells suspended
in 50 µL of a matrigel were subcutaneously injected into the dorsal region of each mouse.
The mice were included in the study once their tumor volumes reached between 100 and
150 mm3.

4.6.2. In Vivo Imaging

For the purpose of conducting in vivo imaging studies, a volume of 100 µL containing
either BCP or BCP/PLGA-PEG-PLGA (with a Ce6 equivalent concentration of 10 µg/mL)
was injected directly into the tumors. Imaging was carried out utilizing an in vivo imaging
system (IVIS; Lumina III, Perkin Elmer, Caliper Life Sciences, Hopkinton, MA, USA).
During the imaging process, the mice were under anesthesia, and fluorescence images
were captured at specific time intervals, 0.5, 3, 9, 24, 48, and 120 h, post-injection. The
analysis of these images was performed using the integrated software (Living Image
Version: 4.7.4.21053) of the imaging system.

4.6.3. In Vivo Anti-Tumor Efficiency

Nude mice with subcutaneous PANC-1 tumors were allocated into five distinct groups,
each comprising four animals: (a) a control group receiving PBS, (b) a group receiving
BSA-PTX administered intravenously (i.v.), (c) a group receiving BCP with intratumoral
ultrasound (US) application (i.t.), (d) a group with BCP/PLGA-PEG-PLGA administered
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i.t., and (e) a group administered BCP/PLGA-PEG-PLGA combined with US treatment
i.t. The dosages of Ce6 and PTX were standardized at 0.3 and 0.2 mg/mL, respectively.
US was applied to the relevant groups at a frequency of 1.0 MHz and a power density
of 1 W/cm2 for 2 min, 24 h after the injection. Tumor dimensions were measured twice
weekly using digital calipers to record length and width. Tumor volumes were calculated
using the formula width2 × length/2. Comparative tumor volumes and body weights
were assessed against the PBS group values noted on day 24. On the 24th day following
treatment, the mice were humanely euthanized. The tumors and key organs were then
extracted, weighed, preserved in 4% PBS-buffered paraformaldehyde, and subsequently
embedded in paraffin wax for additional analysis.

4.6.4. Histology

Tumor tissues and vital organs (including the heart, liver, spleen, lungs, and kidneys)
were fixed in 4% paraformaldehyde, subjected to a graded ethanol dehydration process,
and then embedded in paraffin. Tissue sections, each 5 µm thick, were prepared and stained
with hematoxylin and eosin (H&E) for microscopic histopathological evaluation.

4.7. Statistical Analysis

Statistical analysis of the data was conducted using R software (version 4.0.1). The
data are displayed as mean values ± standard deviation (S.D.). Group comparisons were
performed using a one-way ANOVA. A p-value less than 0.05 was considered to indicate
statistical significance.

5. Conclusions

We present a compelling strategy for the treatment of advanced pancreatic cancer
using innovative albumin-based NPs (BCP NPs) and a biodegradable PLGA-PEG-PLGA
hydrogel system. BCP, which is designed to achieve targeted drug delivery, effectively
addresses the challenges associated with pancreatic cancer treatment, including the inherent
poor solubility of Ce6 and rapid clearance of therapeutic agents. The combination of SDT
and chemotherapy within a single nanoplatform resulted in a synergistic effect, enhancing
therapeutic efficacy while mitigating systemic side effects. Further, the integration of Ce6
as a sonosensitizer proved to be a crucial element that contributed to enhanced intracellular
ROS production and reinforced the therapeutic impact of SDT. In addition, the sustained
release of NPs from the thermosensitive hydrogel ensured prolonged exposure to cancer
cells, yielding a significant inhibition of tumor growth in in vivo experiments. Importantly,
localized administration of the drug-loaded hydrogel minimized systemic toxicity, as
evidenced by stable body weights and the histological assessment of vital organs. Overall,
the proposed combination therapy, facilitated by novel albumin-based NPs and a PLGA-
PEG-PLGA hydrogel, represents a promising advancement in pancreatic cancer treatment,
offering a balance between therapeutic effectiveness and reduced systemic impact. Further
exploration and clinical translation of this innovative approach has the potential to improve
the outcomes of patients with pancreatic cancer.

Author Contributions: H.L. and Y.C.: conceptualization. J.W., N.Y. and Y.T.: data curation and
methodology. J.W.: writing—original draft. H.L. and Y.C.: writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: We gratefully acknowledge the National Natural Science Foundation of China for funding
our research (Grant No. 82471975).

Institutional Review Board Statement: All procedures involving animals were performed in com-
pliance with ethical standards and received approval from the Animal Care and Experimentation
Committee of Shanghai Sixth People’s Hospital, Shanghai Jiao Tong University, officially registered
as No: 2024−1029.



Pharmaceuticals 2024, 17, 1666 16 of 20

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors appreciate all the efforts contributed by Xihui Gao from the School
of Basic Medical Sciences, Fudan University, for the valuable support provided for this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 17 of 21 
 

 

Institutional Review Board Statement: All procedures involving animals were performed in com-
pliance with ethical standards and received approval from the Animal Care and Experimentation 
Committee of Shanghai Sixth People’s Hospital, Shanghai Jiao Tong University, officially registered 
as No: 2024−1029. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are contained within the article. 

Acknowledgments: The authors appreciate all the efforts contributed by Xihui Gao from the School 
of Basic Medical Sciences, Fudan University, for the valuable support provided for this article. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Appendix A 

 
Figure A1. UV–vis–NIR absorption spectra of Ce6 and BCP. 

 
Figure A2. Drug release curve of PTX and Ce6 from BCP or BCP/gel. 

Figure A1. UV–vis–NIR absorption spectra of Ce6 and BCP.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 17 of 21 
 

 

Institutional Review Board Statement: All procedures involving animals were performed in com-
pliance with ethical standards and received approval from the Animal Care and Experimentation 
Committee of Shanghai Sixth People’s Hospital, Shanghai Jiao Tong University, officially registered 
as No: 2024−1029. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are contained within the article. 

Acknowledgments: The authors appreciate all the efforts contributed by Xihui Gao from the School 
of Basic Medical Sciences, Fudan University, for the valuable support provided for this article. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Appendix A 

 
Figure A1. UV–vis–NIR absorption spectra of Ce6 and BCP. 

 
Figure A2. Drug release curve of PTX and Ce6 from BCP or BCP/gel. 

Figure A2. Drug release curve of PTX and Ce6 from BCP or BCP/gel.



Pharmaceuticals 2024, 17, 1666 17 of 20

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 18 of 21 
 

 

 
Figure A3. ESR spectra of BC irradiated by US for different periods. DMPO was used as the spin-
trapping agent for ·OH for detection by ESR. 

 
Figure A4. Flow cytometry data showing the accumulation of Ce6 in different groups irradiated by 
US. * p < 0.05, ** p < 0.01 and *** p < 0.001 by one-way ANOVA. 

Figure A3. ESR spectra of BC irradiated by US for different periods. DMPO was used as the
spin-trapping agent for ·OH for detection by ESR.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 18 of 21 
 

 

 

Figure A3. ESR spectra of BC irradiated by US for different periods. DMPO was used as the spin-

trapping agent for ·OH for detection by ESR. 

 

Figure A4. Flow cytometry data showing the accumulation of Ce6 in different groups irradiated by 

US. *** p < 0.001 by one-way ANOVA. 

Figure A4. Flow cytometry data showing the accumulation of Ce6 in different groups irradiated by
US. *** p < 0.001 by one-way ANOVA.



Pharmaceuticals 2024, 17, 1666 18 of 20

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 19 of 21 
 

 

 
Figure A5. Relative viabilities of PANC-1 cells after incubation with free Ce6, BC, and BCP with or 
without US irradiation. 

 

Figure A5. Relative viabilities of PANC-1 cells after incubation with free Ce6, BC, and BCP with or
without US irradiation.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 19 of 21 
 

 

 
Figure A5. Relative viabilities of PANC-1 cells after incubation with free Ce6, BC, and BCP with or 
without US irradiation. 

 
Figure A6. Relative viabilities of PANC-1 cells after incubation with BSA-PTX and BCP with or
without US irradiation.



Pharmaceuticals 2024, 17, 1666 19 of 20

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 20 of 21 
 

 

Figure A6. Relative viabilities of PANC-1 cells after incubation with BSA-PTX and BCP with or with-
out US irradiation. 

 
Figure A7. Histological images, with H&E staining, of key organs from tumor-bearing mice follow-
ing different treatments at day 24. Scale bar: 100 µm. 

References 
1. Mizrahi, J.D.; Surana, R.; Valle, J.W.; Shroff, R.T. Pancreatic cancer. Lancet 2020, 395, 2008–2020. 
2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. 
3. Halbrook, C.J.; Lyssiotis, C.A.; Pasca di Magliano, M.; Maitra, A. Pancreatic cancer: Advances and challenges. Cell 2023, 186, 

1729–1754. 
4. Yardley, D.A. nab-Paclitaxel mechanisms of action and delivery. J. Control Release 2013, 170, 365–372. 
5. Elstad, N.L.; Fowers, K.D. OncoGel (ReGel/paclitaxel)–clinical applications for a novel paclitaxel delivery system. Adv. Drug 

Deliv. Rev. 2009, 61, 785–794. 
6. Xin, J.; Deng, C.; Aras, O.; Zhou, M.; Wu, C.; An, F. Chemodynamic nanomaterials for cancer theranostics. J. Nanobiotechnol. 

2021, 19, 192. 
7. Zhang, Z.; Zhou, Y.; Zhao, S.; Ding, L.; Chen, B.; Chen, Y. Nanomedicine-Enabled/Augmented Cell Pyroptosis for Efficient Tu-

mor Nanotherapy. Adv. Sci. 2022, 9, e2203583. 
8. Gao, H.; Cao, Z.; Liu, H.; Chen, L.; Bai, Y.; Wu, Q.; Yu, X.; Wei, W.; Wang, M. Multifunctional nanomedicines-enabled chemo-

dynamic-synergized multimodal tumor therapy via Fenton and Fenton-like reactions. Theranostics 2023, 13, 1974–2014. 
9. Wu, W.; Pu, Y.; Shi, J. Nanomedicine-enabled chemotherapy-based synergetic cancer treatments. J. Nanobiotechnol. 2022, 20, 4. 
10. Browning, R.J.; Able, S.; Ruan, J.L.; Bau, L.; Allen, P.D.; Kersemans, V.; Wallington, S.; Kinchesh, P.; Smart, S.; Kartsonaki, C.; et 

al. Combining sonodynamic therapy with chemoradiation for the treatment of pancreatic cancer. J. Control Release 2021, 337, 
371–377. 

11. Li, R.; Ng, T.S.C.; Wang, S.J.; Prytyskach, M.; Rodell, C.B.; Mikula, H.; Kohler, R.H.; Garlin, M.A.; Lauffenburger, D.A.; Parangi, 
S.; et al. Therapeutically reprogrammed nutrient signalling enhances nanoparticulate albumin bound drug uptake and efficacy 
in KRAS-mutant cancer. Nat. Nanotechnol. 2021, 16, 830–839. 

Figure A7. Histological images, with H&E staining, of key organs from tumor-bearing mice following
different treatments at day 24. Scale bar: 100 µm.

References
1. Mizrahi, J.D.; Surana, R.; Valle, J.W.; Shroff, R.T. Pancreatic cancer. Lancet 2020, 395, 2008–2020. [CrossRef] [PubMed]
2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef] [PubMed]
3. Halbrook, C.J.; Lyssiotis, C.A.; Pasca di Magliano, M.; Maitra, A. Pancreatic cancer: Advances and challenges. Cell 2023, 186,

1729–1754. [CrossRef] [PubMed]
4. Yardley, D.A. nab-Paclitaxel mechanisms of action and delivery. J. Control Release 2013, 170, 365–372. [CrossRef]
5. Elstad, N.L.; Fowers, K.D. OncoGel (ReGel/paclitaxel)–clinical applications for a novel paclitaxel delivery system. Adv. Drug

Deliv. Rev. 2009, 61, 785–794. [CrossRef]
6. Xin, J.; Deng, C.; Aras, O.; Zhou, M.; Wu, C.; An, F. Chemodynamic nanomaterials for cancer theranostics. J. Nanobiotechnol. 2021,

19, 192. [CrossRef]
7. Zhang, Z.; Zhou, Y.; Zhao, S.; Ding, L.; Chen, B.; Chen, Y. Nanomedicine-Enabled/Augmented Cell Pyroptosis for Efficient Tumor

Nanotherapy. Adv. Sci. 2022, 9, e2203583. [CrossRef]
8. Gao, H.; Cao, Z.; Liu, H.; Chen, L.; Bai, Y.; Wu, Q.; Yu, X.; Wei, W.; Wang, M. Multifunctional nanomedicines-enabled

chemodynamic-synergized multimodal tumor therapy via Fenton and Fenton-like reactions. Theranostics 2023, 13, 1974–2014.
[CrossRef]

9. Wu, W.; Pu, Y.; Shi, J. Nanomedicine-enabled chemotherapy-based synergetic cancer treatments. J. Nanobiotechnol. 2022, 20, 4.
[CrossRef]

10. Browning, R.J.; Able, S.; Ruan, J.L.; Bau, L.; Allen, P.D.; Kersemans, V.; Wallington, S.; Kinchesh, P.; Smart, S.; Kartsonaki, C.; et al.
Combining sonodynamic therapy with chemoradiation for the treatment of pancreatic cancer. J. Control Release 2021, 337, 371–377.
[CrossRef]

11. Li, R.; Ng, T.S.C.; Wang, S.J.; Prytyskach, M.; Rodell, C.B.; Mikula, H.; Kohler, R.H.; Garlin, M.A.; Lauffenburger, D.A.;
Parangi, S.; et al. Therapeutically reprogrammed nutrient signalling enhances nanoparticulate albumin bound drug uptake and
efficacy in KRAS-mutant cancer. Nat. Nanotechnol. 2021, 16, 830–839. [CrossRef] [PubMed]

12. Li, X.; Hsu, J.C.; Son, M.H.; Ha, L.N.; Cai, W. Cancer photodynamic therapy with chlorin e6-loaded, goat milk-derived extracellular
vesicles: [(18)F]FDG lights up the way. Eur. J. Nucl. Med. Mol. Imaging 2023, 50, 247–250. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(20)30974-0
https://www.ncbi.nlm.nih.gov/pubmed/32593337
https://doi.org/10.3322/caac.21590
https://www.ncbi.nlm.nih.gov/pubmed/31912902
https://doi.org/10.1016/j.cell.2023.02.014
https://www.ncbi.nlm.nih.gov/pubmed/37059070
https://doi.org/10.1016/j.jconrel.2013.05.041
https://doi.org/10.1016/j.addr.2009.04.010
https://doi.org/10.1186/s12951-021-00936-y
https://doi.org/10.1002/advs.202203583
https://doi.org/10.7150/thno.80887
https://doi.org/10.1186/s12951-021-01181-z
https://doi.org/10.1016/j.jconrel.2021.07.020
https://doi.org/10.1038/s41565-021-00897-1
https://www.ncbi.nlm.nih.gov/pubmed/33958764
https://doi.org/10.1007/s00259-022-06031-0
https://www.ncbi.nlm.nih.gov/pubmed/36357594


Pharmaceuticals 2024, 17, 1666 20 of 20

13. Lee, J.H.; Song, J.; Kim, I.G.; You, G.; Kim, H.; Ahn, J.H.; Mok, H. Exosome-mediated delivery of transforming growth factor-β
receptor 1 kinase inhibitors and toll-like receptor 7/8 agonists for combination therapy of tumors. Acta Biomater. 2022, 141,
354–363. [CrossRef]

14. Sharma, M.; Bakshi, A.K.; Mittapelly, N.; Gautam, S.; Marwaha, D.; Rai, N.; Singh, N.; Tiwari, P.; Agarwal, N.; Kumar, A.; et al.
Recent updates on innovative approaches to overcome drug resistance for better outcomes in cancer. J. Control Release 2022, 346,
43–70. [CrossRef]

15. Chehelgerdi, M.; Chehelgerdi, M.; Allela, O.Q.B.; Pecho, R.D.C.; Jayasankar, N.; Rao, D.P.; Thamaraikani, T.; Vasanthan, M.;
Viktor, P.; Lakshmaiya, N.; et al. Progressing nanotechnology to improve targeted cancer treatment: Overcoming hurdles in its
clinical implementation. Mol. Cancer 2023, 22, 169. [CrossRef]

16. Geng, B.; Hu, J.; Li, Y.; Feng, S.; Pan, D.; Feng, L.; Shen, L. Near-infrared phosphorescent carbon dots for sonodynamic precision
tumor therapy. Nat. Commun. 2022, 13, 5735. [CrossRef]

17. Yang, Y.; Huang, J.; Liu, M.; Qiu, Y.; Chen, Q.; Zhao, T.; Xiao, Z.; Yang, Y.; Jiang, Y.; Huang, Q.; et al. Emerging Sonodynamic
Therapy-Based Nanomedicines for Cancer Immunotherapy. Adv. Sci. 2023, 10, e2204365. [CrossRef] [PubMed]

18. Zhang, Y.; Zhang, X.; Yang, H.; Yu, L.; Xu, Y.; Sharma, A.; Yin, P.; Li, X.; Kim, J.S.; Sun, Y. Advanced biotechnology-assisted precise
sonodynamic therapy. Chem. Soc. Rev. 2021, 50, 11227–11248. [CrossRef]

19. Hak, A.; Ali, M.S.; Sankaranarayanan, S.A.; Shinde, V.R.; Rengan, A.K. Chlorin e6: A Promising Photosensitizer in Photo-Based
Cancer Nanomedicine. ACS Appl. Bio Mater. 2023, 6, 349–364. [CrossRef]

20. Guo, R.; Jiang, D.; Gai, Y.; Qian, R.; Zhu, Z.; Gao, Y.; Jing, B.; Yang, B.; Lan, X.; An, R. Chlorin e6-loaded goat milk-derived
extracellular vesicles for Cerenkov luminescence-induced photodynamic therapy. Eur. J. Nucl. Med. Mol. Imaging 2023, 50,
508–524. [CrossRef]

21. Zhu, L.; You, Y.; Zhu, M.; Song, Y.; Zhang, J.; Hu, J.; Xu, X.; Xu, X.; Du, Y.; Ji, J. Ferritin-Hijacking Nanoparticles Spatiotemporally
Directing Endogenous Ferroptosis for Synergistic Anticancer Therapy. Adv. Mater. 2022, 34, e2207174. [CrossRef]

22. Shi, H.; Liu, Q.; Qin, X.; Wang, P.; Wang, X. Pharmacokinetic study of a novel sonosensitizer chlorin-e6 and its sonodynamic
anti-cancer activity in hepatoma-22 tumor-bearing mice. Biopharm. Drug Dispos. 2011, 32, 319–332. [CrossRef]

23. Shu, M.; Tang, J.; Chen, L.; Zeng, Q.; Li, C.; Xiao, S.; Jiang, Z.; Liu, J. Tumor microenvironment triple-responsive nanoparticles
enable enhanced tumor penetration and synergetic chemo-photodynamic therapy. Biomaterials 2021, 268, 120574. [CrossRef]

24. Shang, Q.; Dong, Y.; Su, Y.; Leslie, F.; Sun, M.; Wang, F. Local scaffold-assisted delivery of immunotherapeutic agents for improved
cancer immunotherapy. Adv. Drug Deliv. Rev. 2022, 185, 114308. [CrossRef]

25. Zhang, J.; Chen, C.; Li, A.; Jing, W.; Sun, P.; Huang, X.; Liu, Y.; Zhang, S.; Du, W.; Zhang, R.; et al. Immunostimulant hydrogel for
the inhibition of malignant glioma relapse post-resection. Nat. Nanotechnol. 2021, 16, 538–548. [CrossRef]

26. van Solinge, T.S.; Nieland, L.; Chiocca, E.A.; Broekman, M.L.D. Advances in local therapy for glioblastoma—Taking the fight to
the tumour. Nat. Rev. Neurol. 2022, 18, 221–236. [CrossRef]

27. Wang, F.; Xie, M.; Huang, Y.; Liu, Y.; Liu, X.; Zhu, L.; Zhu, X.; Guo, Y.; Zhang, C. In Situ Vaccination with An Injectable Nucleic
Acid Hydrogel for Synergistic Cancer Immunotherapy. Angew. Chem. Int. Ed. Engl. 2023, 63, e202315282. [CrossRef]

28. Liu, X.; Zhuang, Y.; Huang, W.; Wu, Z.; Chen, Y.; Shan, Q.; Zhang, Y.; Wu, Z.; Ding, X.; Qiu, Z.; et al. Interventional hydrogel
microsphere vaccine as an immune amplifier for activated antitumour immunity after ablation therapy. Nat. Commun. 2023,
14, 4106. [CrossRef]

29. Geng, S.; Zhao, H.; Zhan, G.; Zhao, Y.; Yang, X. Injectable in Situ Forming Hydrogels of Thermosensitive Polypyrrole Nanoplat-
forms for Precisely Synergistic Photothermo-Chemotherapy. ACS Appl. Mater. Interfaces 2020, 12, 7995–8005. [CrossRef]

30. Chen, M.; Tan, Y.; Hu, J.; Jiang, Y.; Wang, Z.; Liu, Z.; Chen, Q. Injectable Immunotherapeutic Thermogel for Enhanced
Immunotherapy Post Tumor Radiofrequency Ablation. Small 2021, 17, e2104773. [CrossRef]

31. Yuan, B.; Zhang, Y.; Wang, Q.; Ren, G.; Wang, Y.; Zhou, S.; Wang, Q.; Peng, C.; Cheng, X. Thermosensitive vancomycin@PLGA-
PEG-PLGA/HA hydrogel as an all-in-one treatment for osteomyelitis. Int. J. Pharm. 2022, 627, 122225. [CrossRef] [PubMed]

32. Yang, D.; Ning, J.; Liao, X.; Jiang, H.; Qin, S. Local Sustained Chemotherapy of Pancreatic Cancer Using Endoscopic Ultrasound-
Guided Injection of Biodegradable Thermo-Sensitive Hydrogel. Int. J. Nanomed. 2023, 18, 3989–4005. [CrossRef] [PubMed]

33. Song, X.; Zhang, Q.; Chang, M.; Ding, L.; Huang, H.; Feng, W.; Xu, T.; Chen, Y. Nanomedicine-Enabled Sonomechanical,
Sonopiezoelectric, Sonodynamic, and Sonothermal Therapy. Adv. Mater. 2023, 35, e2212259. [CrossRef]

34. Kan, X.; Zhang, F.; Zhou, G.; Ji, H.; Monsky, W.; Ingraham, C.; Zheng, C.; Yang, X. Interventional real-time optical imaging
guidance for complete tumor ablation. Proc. Natl. Acad. Sci. USA 2021, 118, e2113028118. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.actbio.2022.01.005
https://doi.org/10.1016/j.jconrel.2022.04.007
https://doi.org/10.1186/s12943-023-01865-0
https://doi.org/10.1038/s41467-022-33474-8
https://doi.org/10.1002/advs.202204365
https://www.ncbi.nlm.nih.gov/pubmed/36437106
https://doi.org/10.1039/D1CS00403D
https://doi.org/10.1021/acsabm.2c00891
https://doi.org/10.1007/s00259-022-05978-4
https://doi.org/10.1002/adma.202207174
https://doi.org/10.1002/bdd.761
https://doi.org/10.1016/j.biomaterials.2020.120574
https://doi.org/10.1016/j.addr.2022.114308
https://doi.org/10.1038/s41565-020-00843-7
https://doi.org/10.1038/s41582-022-00621-0
https://doi.org/10.1002/anie.202315282
https://doi.org/10.1038/s41467-023-39759-w
https://doi.org/10.1021/acsami.9b22654
https://doi.org/10.1002/smll.202104773
https://doi.org/10.1016/j.ijpharm.2022.122225
https://www.ncbi.nlm.nih.gov/pubmed/36155793
https://doi.org/10.2147/IJN.S417445
https://www.ncbi.nlm.nih.gov/pubmed/37496690
https://doi.org/10.1002/adma.202212259
https://doi.org/10.1073/pnas.2113028118
https://www.ncbi.nlm.nih.gov/pubmed/34611022

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Material 
	Preparation and Characterization of BCP NPs 
	Synthesis of BC NPs 
	Synthesis of BCP NPs 
	Synthesis of BSA-PTX NPs 
	Characterization of BCP 

	Preparation and Sol–Gel Phase Transition Properties of BCP/PLGA-PEG-PLGA 
	Preparation of PLGA-PEG-PLGA and BCP/PLGA-PEG-PLGA 
	Phase Diagram Assessment 
	Characterization of BCP/PLGA-PEG-PLGA 

	Drug Release 
	Cell Experiments 
	Cell Culture 
	Cellular Uptake 
	Intracellular Reactive Oxygen Species 
	In Vitro Cytotoxicity 
	Organelle Localization 

	In Vivo Antitumor Experiments 
	Pancreatic Cancer Xenograft Models 
	In Vivo Imaging 
	In Vivo Anti-Tumor Efficiency 
	Histology 

	Statistical Analysis 

	Conclusions 
	Appendix A
	References

