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A B S T R A C T

Pancreatic cancer (PC) is a highly lethal malignancy with rapid progression and poor prognosis. Despite the
widespread use of gemcitabine (Gem)-based chemotherapy as the first-line treatment for PC, its efficacy is often
compromised by significant drug resistance. 1,2,3,4,6-Pentagaloyl glucose (PGG), a natural polyphenol, has
demonstrated potential in sensitizing PC cells to Gem. However, its clinical application is limited by poor water
solubility and bioavailability. In this study, we developed a novel PGG-based nanocarrier (FP) using a
straightforward, one-step self-assembly method with Pluronic F127 and PGG. Our results showed that FP induced
DNA damage and immunogenic cell death (ICD) in both in vitro cell experiments and patient-derived organoid
models, exhibiting potent anti-tumor effects. Furthermore, in mouse KPC and PDX models, FP, when combined
with Gem, showed enhanced Gem sensitization compared to pure PGG, largely due to increased DNA damage
and ICD induction. These findings demonstrate the potential of FP to improve the stability and utilization of PGG
as effective Gem sensitizers in the treatment of pancreatic cancer, providing a promising pathway for clinical
application and translational research.

1. Introduction

Tumor treatment has always been a crucial topic in the field of
medicine, and the challenges it faces are severe and persistent [1].
Although traditional treatment methods, such as chemotherapy and
radiotherapy, have made certain progress to some extent, these methods
are often accompanied by many serious side effects and limited efficacy
[2,3]. Therefore, finding more effective and safe tumor treatment stra-
tegies has become an urgent task.

Natural products have attracted much attention due to their unique
chemical structures and biological activities. Among them, natural
polyphenols such as 1,2,3,4,6-pentagalloyl glucose (PGG) have been
shown to possess anti-oxidation, anti-diabetes, anti-inflammatory and
potential antitumor activity [4–6]. Several studies have demonstrated

that PGG can induce apoptosis in lung cancer cells by upregulating DNA
damage proteins such as γ-H2AX, pCHK2 and p53. PGG can also inhibit
DNA replication by directly inhibiting one or more DNA polymerases [7,
8]. Our previous work has shown that PGG not only has good anti-tumor
function, but also serves an effective gemcitabine (Gem) sensitizer. The
combination of Gem and PGG can effectively inhibit the growth of
pancreatic cancer (PC) and improve survival rates [9]. The good
biocompatibility, low biotoxicity and strong anti-tumor function of PGG
make it a promising candidate for the inhibition of pancreatic cancer.

However, the unique chemical structure of PGG, characterized by
features such as more phenolic hydroxyl groups, large topological polar
surface area and ester bonds, makes it lowwater solubility, tends to form
gels by self-association in water, difficult to penetrate cell membranes
and leads to rapid degradation and clearance in vivo after entering the
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bloodstream, which severely limits its clinical applicability [10,11].
Thus, rational enhancement of PGG’s bioavailability is crucial for
improving its susceptibility to Gem and enhancing the therapeutic
efficacy.

Nano drug delivery systems (Nano-DDS) have received increasing
attention due to their potential to address existing challenges [12–14]. By
encapsulating drugs in nanocarriers, the solubility, stability, and targeting
of drugs can be significantly improved, thereby enhancing their thera-
peutic effects. The advantage of nano-DDS is that it can more precisely
deliver drugs to tumor sites, minimize damage to normal tissues, and
increase drug concentration to enhance anti-tumor efficacy. Researchers
have designed and constructed various stimulus-responsive nano-DDS
based on the characteristics of the tumor microenvironment and the
structural characteristics of polyphenol compounds, such as
metal-phenolic network films and capsules, which have diverse applica-
tions, including drug delivery, cell encapsulation, and in vivo imaging [15,
16]. Pluronic F-127 (F127), a polymer composed of hydrophilic poly-
ethylene oxide (PEO) and hydrophobic polypropylene oxide (PPO), which
has been approved by the FDA as a pharmaceutical excipient due to its
non-toxic, biocompatible and bioabsorbable properties. Previous studies
have demonstrated that F127 can self-assemble to form a nano-DDS by
interacting with polyphenol compounds, such as TA or EGCG, which have
similar structures to PGG [17–19]. Shi et al. designed Fe3+ cross-linked
nanoparticles assembled from epigallocatechin gallate (EGCG) and
F127, which were then loaded with DOX to create a nano-drug carrier for
synergistic photothermal/chemodynamic/chemotherapy [20]. Shi et al.
designed a multi-responsive nano-DDS through self-assembly of F127, TA
and cystamine with loaded DOX exhibiting good biocompatibility,
adequate intracellular delivery, enhanced tumor retention/penetration,
and superior anti-cancer efficacy [21]. Therefore, utilizing the interaction
between F127 and polyphenols to construct a nano-DDS has significant
potential in improving the stability of drugs in blood circulation,
increasing local concentration at the tumor site, and enhancing thera-
peutic effects.

Herein, we present a straightforward and efficient self-assembly
strategy for the construction of PGG-based nanocarriers FP using
F127. This approach enabled the development of FP that exhibit excel-
lent biocompatibility and significantly enhance the bioavailability of
PGG, as confirmed by in vitro cellular and patient-derived organoid
(PDOs) experiments. Notably, FP demonstrates a superior ability of
sensitize to Gem in mouse KPC and PDX models compared to free PGG.
This advanced formulation not only improves drug efficacy but also
offers a promising new avenue for enhancing Gem-based therapy in
pancreatic cancer.

2. Experimental section

2.1. Preparation of F127-PGG nanoparticles (FPn)

50 mg F127 was dissolved in 5 mL DMSO, and PGG of different mass
was dissolved in DMSO at a concentration of 10 mg/mL, respectively.
Then, the PGG solution was added to the F127 solution and stirred for
12 h. The resulting mixture was transferred to a dialysis bag (MW =

1000) and dialyzed against ultra-pure water for 72 h. After freeze-
drying, white or off-white powder products FPn (n = 1, 2, 3, 4) were
obtained.

2.2. PGG contents in FPn

The PGG contents in FPn were measured by UV–vis spectrometry
method and 1H NMR spectrometry method. The experimental details
were attached in supporting information.

2.3. Study on the stability of FP3

The stability of FP3 was evaluated using DLS after disperse in pH 7.4

phosphate-buffered saline (PBS) or pH 5.0 acetate buffered solution
(ABS) for 50 h.

2.4. In vitro cytotoxicity

In vitro cytotoxicity: PANC-1 or Panc02 cells were seeded in 96-well
plate (4 × 103/well), different concentrations of free PGG or FP3 (the
equivalent concentrations of PGG were 0, 0.78125, 1.5625, 3.125, 6.25,
12.5, 25, 50, and 100 μM) were added into the wells separately and
incubated for 72 h. The cell viability was measured by CCK-8 assay.

Cell proliferation ability: PANC-1 or Panc02 cells were seeded in
confocal glass petri dishes (4 × 104/dish) and incubated with free PGG
or FP3 (PGG equivalent concentration of 10 μM) for 48 h, respectively.
After incubation, the cells were washed, fixed with 4% para-
formaldehyde, blocked with 1% BSA and incubated with anti-Ki67
antibody (ab15580, 1:200) overnight. The cell nucleus was stained
with CoraLite® Plus 594 secondary antibody and DAPI in dark. The
immunofluorescence images of intracellular Ki67 were taken by
confocal laser scan microscope (CLSM).

Immunogenic cell death (ICD) induction of FP3: The effect of FP3-
induced ICD was detected by measuring the ATP content with the ATP
assay kit and the immunofluorescence signals of CRT and HMGB1.
PANC-1 cells were incubated with free PGG or FP3 (equivalent PGG
concentration was 10 μM) for 48 h. Then the cells were washed, fixed
with 4% paraformaldehyde, and sequentially stained with anti-CRT or
anti-HMGB1 primary antibody overnight, then CoraLite® Plus 594
secondary antibody and DAPI were added before being imaged with
CLSM. To test the extracellular secretion of ATP, PANC-1 cells (2 × 105

cells/well) were seeded in a 6-well plate and cultured for 24 h. Then the
free PGG or FP3 (equivalent PGG concentration was 10 μM) was added
and incubated for another 48 h. Subsequently, the supernatant of each
well was gathered, and the ATP concentration was measured by ATP
assay kit according to the manufacturer’s guidelines.

DNA damage detection: The degree of DNA damage induced by FP3
was assessed by evaluating the intensity of immunofluorescence signals
from DNA damage biomarkers γ-H2AX. Briefly, PANC-1 cells were
seeded in dishes (5 × 104 cells/dish), free PGG or FP3 (the equivalent
PGG concentration was 10 μM) was added and incubated for 48 h. The
cells were fixed, permeabilized, blocked and incubation with γ-H2AX
primary antibody (1:250), Alexa Fluor® 647 secondary antibody
(1:200) and DAPI. The immunofluorescence images were observed with
CLSM.

Flow cytometry for apoptosis: The apoptosis induced by PGG and
FP3 were investigated by flow cytometry using Annexin V-APC/7-AAD
apoptosis kit. PANC-1 cells were seeded in dishes (1 × 105/dish) and
incubated with free PGG or FP3 (the equivalent PGG concentration was
10 μM) for 48 h. The cells were washed and resuspended in cold binding
buffer. Then the cells were treated with Annexin V-APC/7-AAD kit ac-
cording to manufacturer’s protocol and analyzed by flow cytometry.

2.5. Patient-derived organoids (PDOs) viability

For viability detection of PC PDOs after treatment of free PGG and
FP3, about 100 spheroids/well were seeded in 96-well plates. Different
equivalent concentrations of free PGG or FP3 (0, 0.0001, 0.001, 0.01,
0.1, 1.0, 10.0, 100.00 μM) were added and cultured for 72 h, the
viability of PDOs was detected by CellTiter-Glo® 3D Cell Viability Assay
Kit (Promega, #G9683).

In order to observe the effect of FP3 on organoid growth more
directly, free PGG or FP3 (the equivalent concentration of PGG was 10
μM) was added when PDOs were growing well. Bright field photos of
PDOs were captured with fluorescence microscope at preset intervals,
the growth rate of PDOs was evaluated by measuring the area and
morphology of PDOs in 6 days.
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2.6. Animal experiment

The in vivo antitumor efficacy evaluation of FP3 was conducted in
KPC and PDX xenografted tumor models. The construction method of
KPC (LSL-KrasG12D/+, LSL-Trp53R172H/+, Pdx1-Cre) and PC Patient-
Derived Xenograft (PDX) mice used in this experiment referred to our
previous work [9].

Establishment of KPC xenografted tumor mice: Tumor tissues
derived from KPCmice were cut into small pieces and implanted into the
axilla of C57BL/6JGpt mice. Monitored the tumor volumes regularly
until the tumor volume reached 100 mm3, the tumor-bearing mice were
divided into five groups (n = 6) randomly: Ctrl, PGG (p.o., 20 mg/kg,
administered every 2 days), FP3 (p.o., equivalent concentration of PGG
20 mg/kg, administered every 2 days), PGG+Gem (i.p., Gem 50 mg/kg/
week, p.o., PGG 20 mg/kg, administered every 2 days) and FP3+Gem (i.
p., Gem 50 mg/kg/week, p.o., equivalent concentration of PGG 20 mg/
kg, administered every 2 days).

Any tumor tissue volume reaching 1500 mm³ was considered to be
the endpoint of the experiment. The tumor tissues were harvested, fixed
in 4% paraformaldehyde, dehydrated and subjected to immunohisto-
chemistry staining.

Ki67 and γ-H2AX in PC tumor tissues were detected by immuno-
histochemical staining. The tumor tissue was sliced into 4 μm thick
sections. After dewaxing, gradient alcohol hydration and citrate antigen
repair, these tissues were staining with the Ultrasensitive SP (Mouse/
Rabbit) immunohistochemical kit (MXB, # KIT-9710). The sections were
dehydrated, sealed and scanned with TISSUE FAXS PLUS (Tissue
Gnostics, Austria).

To evaluate the ICD effect of the mice after treatment, the embedded

tumor tissues were sliced and stained with anti-CRT primary antibody
overnight, then CoraLite® Plus 594 secondary antibody and DAPI were
added, the immunofluorescence imaged were taken by CLSM.

Establishment of PDX mouse model: The tumor tissue of the PC pa-
tient was surgically removed and cut into pieces and implanted in the
axillary of NCGmice. After three generations of tumors were transmitted
to mice, the third generation of mice was used for drug therapy.

When the tumor volume of mice reached to 100 mm3, the mice were
divided into 5 groups (n = 3). The frequency and dose of administration
were consistent with that of KPC mice. Tumor volumes and mouse
weights were recorded every 2 days. Once reached to ethical endpoint,
the mice were euthanized, the tumor tissues and main organs (heart,
liver, spleen, lung and kidney) were harvested and paraffin embedding.
H&E staining of main organs, IHC staining (Ki67, PCNA and γ-H2AX)
and immunofluorescence staining (CRT) of tumor tissues were also
performed.

Survival Assay of PDXs: Tumor tissue from PC patients were cut into
small pieces and implanted into the axilla of NCG mice. When the tumor
volume reached 100 mm3, the mice were divided into five groups (n =

6), the frequency and dose of administration were consistent with that of
KPC mice. Tumor volumes were measured every two days until the end
point (tumor volume reach to 1500 mm3) and the number of days each
mouse lived was recorded.

2.7. Statistical analysis

All the data were presented as mean± SD. Groups comparisons were
analyzed using Student’s t-test (two tailed) and one-way analysis of
variance (ANOVA). Tumor volume comparisons were performed with

Fig. 1. Schematic diagram of F127-PGG nanoparticles (FP) prepared by one-step method and its mediated mechanism of synergistic enhancement of Gem
chemotherapy through ICD and DNA damage effects.

Table 1
Parameters of the F127-PGG nanoparticles (FPn).

Samples F127 (mg) PGG (mg) Particle Sizea (nm) Dhb (nm) PGG content (%) PGG content (%)

UV–vis 1HNMR Theoretical

FP1 50 10 116 167 14.57 12.98 16.67
FP2 50 25 146 176 28.42 32.65 33.33
FP3 50 50 170 207 48.25 48.29 50.00
FP4 50 75 226 297 52.18 56.48 60.00
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two-way ANOVAwhile the Log-rank test was used for survival rates. The
p-value less than 0.05 was considered statistically significant (*p< 0.05,
**p < 0.01, ***p < 0.001).

3. Results and discussion

Fig. 1 illustrates the self-assembly mechanism of FP between poly-
phenol PGG and F127. The assembly process is driven by the intermo-
lecular interaction of phenolic hydroxyl groups (-OH) in PGG and the -O-
group in the PEO chain of F127 through hydrogen bonding, resulting in
the transformation from a transparent solution to a milky white

suspension (Fig. S1). By controlling the mass ratio of F127 to PGG, The
samples were obtained and named as FPn (n = 1, 2, 3, 4, respectively).
We further investigate the detailed parameters of FPn in detail, as shown
in Table 1. Transmission electron microscopy (TEM) and dynamic light
scattering (DLS) were used to characterize the morphology and hydro-
dynamic diameter of FPn (Fig. 2a–i). All FPn exhibit a uniform spherical
structure with diameter increasing from 116 to 226 nm with the PGG
contents increment. The hydrodynamic diameter of FP1 to FP4 were
measured to be 167 nm, 176 nm, 207 nm and 297 nm, respectively,
which parallels the trend observed in the TEM results (Table 1).

During the assembly process of F127 and PGG, hydrogen bonding

Fig. 2. Physicochemical characterization of FPn. TEM images of (a) FP1, (b) FP2, (c) FP3, and (d) FP4, scale bar: 1 μm. Hydrodynamic diameter of (e) FP1, (f)
FP2, (g) FP3, and (h) FP4. (i) Particles size of FP1, FP2, FP3, and FP4 measured by TEM. (j) Zeta potential of FP1, FP2, FP3, and FP4. (k) UV–vis spectra of PGG, F127
and FP3 in DMSO. (l) FT-IR spectra of PGG, F127 and FP3.
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occurs between the PGG and PEG chain segments in F127. The phenolic
hydroxyl group of PGG provides a predominantly negative charge. As
the amount of PGG increases, the negative charge also increases, ranging
from − 13.5 mV to − 25.4 mV (Fig. 2j). The UV–vis spectrophotometer
was used to investigate the characteristic absorption peak of F127, PGG
and FP3. The UV absorption spectrum of FP3 shows the characteristic
absorption peak of free PGG at 285 nm, confirming the successful
encapsulation of PGG (Fig. 2k). In addition, Fourier transform infrared
spectrophotometry (FT-IR) was employed to investigate the hydrogen
bond between polyethylene glycol chain in F127 and the phenolic hy-
droxyl groups in PGG (Fig. 2l). The carbonyl group (C=O) stretching
vibration in PGG shifts from 1709 to 1737 cm− 1, while the C-H
stretching in F127 shifts from 2886 to 2922 cm− 1, providing evidence of
this interaction. In order to determine the chemical constitution of the
FP series, 1H NMR spectra of FP3 and its precursor were characterized
(Fig. S2). The FP3 spectrum displays both the characteristic proton
signals of -CH3 in F127 at δ = 1.00 ppm and of Ar-OH in PGG at δ =

6.75–7.00 ppm, indicating the successful incorporation of PGG into the
nanoparticles. Furthermore, drug load contents (DLCs) of PGG in FPn
series were calculated using UV–vis spectra and 1HNMR spectrum, a
detailed description of the method is in the supporting information. The
results were summarized in Table 1 (Figs. S3–S7). As the feed amount of
PGG increased, the DLC of FPn (n = 1–4) also increased, eventually
approaching the theoretical maximum. We assessed degradation
behavior and the stability of FP3 nanoparticles (NPs) under conditions
simulating the tumor microenvironment (TME) at pH 5.0 (ABS) and the
physiological environment at pH 7.4 (PBS). In pH 7.4 PBS, the FP3 NPs
exhibited minimal size fluctuations over 50 h, the reason due to the
combination of various non-covalent interactions such as hydrophobic

of PGG and hydrogen bonds formed by FP3 NP ensures excellent uni-
formity, dispersion and stability of FP3 (Fig. S8) [17,22]. As the solu-
tion’s acidity increases, the phenolic hydroxyl group may become
protonated, leading to a decrease in its hydrogen bond donor capacity.
This change in hydrogen bonding ability is a key factor affecting the
stability of PGG in acidic environments (Fig. S8) [21]. The afore
mentioned findings demonstrate that FP3 possess a moderate drug
content of 48.25% and a particle size of 170 nm. Subsequently, the
physiological activity of FP3 was utilized as target nano-DDS to evaluate
its cytotoxicity in PANC-1 and Panc02 PC cells using the CCK-8 assay. As
shown in Fig. 3a and Fig. S9a, FP3 exhibited higher cytotoxicity against
these cancer cells compared to an equivalent concentration of free PGG.
Furthermore, we investigated the effect of nuclear Ki67 labeled by
immunofluorescence on the proliferation of tumor cells. The results
revealed that FP3 had stronger inhibition of cell proliferation than free
PGG (Fig. 3b–c and Figs. S9b–c). We then utilized flow cytometry to
detect the apoptosis of PANC-1 cells caused by free PGG or FP3. The
results indicate that FP3 can increase the apoptosis rates of tumor cells
(8.07%) compared to free PGG (3.8 %) (Fig. 3d–e). These results suggest
that FP3 can effectively enhance the uptake level of PGG by PC cells,
improve the effective concentration and bioavailability of PGG within
cells, and promote PC cells apoptosis.

In light of the positive effects of PGG and FP3 on cell activity and
apoptosis, we further investigated their impact on DNA damage in
PANC-1 cells. The immunofluorescence and statistical results of fluo-
rescence intensity of γ-H2AX treated with PGG and FP3 are presented in
Fig. 4a and d. Notably, FP3 can cause significant DNA damage in PANC-
1 cell, while free PGG only can result in DNA damage to a certain extent.
Previous studies have shown that certain chemotherapeutic agents not

Fig. 3. The inhibitory ability of free PGG and FP3 to PC PANC-1 cell proliferation. (a) The cytotoxicity of free PGG and FP3 to PANC-1 cells by the CCK-8 assay.
The data are given as the mean ± SD (n = 6). (b, c) Ki67 immunofluorescence staining image and its statistical graph of PANC-1 (Scale bar: 50 μm). (d, e) The
apoptosis of PANC-1 after different treatments measured by flow cytometry.
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only inhibit cell proliferation but also enhance the immunogenicity of
tumor cells by inducing ICD [23]. During this process, dying tumor cells
release damage-associated molecular patterns (DAMPs), such as calre-
ticulin (CRT), high mobility group box 1 (HMGB1) and adenosine

triphosphate (ATP), which activate the innate immune response and
trigger tumor-specific adaptive immunity [24,25]. Compared to free
PGG, cells in the FP3 group exhibited CRT immunofluorescence staining
on the cell membrane, indicating the exposure of CRT and the release of

Fig. 4. Confocal microscopic observation and statistical results of fluorescence intensity of γ-H2AX levels (a, d), HMGB1 release (b, e), CRT expression (c, f) and ATP
secretion (g) of PANC-1 cells after various treatments as indicated (Scale bar: 20 μm).

Fig. 5. The inhibitory ability of FP3 to PDOs growth in pancreatic cancer. (a) Bright field photos of PC PDOs at different time points for Ctrl, PGG and FP3 group
treatment (n = 6). (b) The cytotoxicity of free PGG and FP3 to PDOs. (c) Growth area curve of PC PDOs treated by different groups.
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Fig. 6. Inhibitory effect of FP3 on transplanted PC in KPC mouse model. (a) Schematic diagram of the generation and treatment of KPC model. (b, c) The tumor
growth curves in KPC mice following the treatments (n = 6, mean ± s.d., **p < 0.01). (d) Body weight curves of mice after treatment in different groups. (e, f) Ki67
immunohistochemistry and positive area statistics of tumor tissue sections (scale bar: 100 μm). (g, h) CRT immunofluorescence images (scale bar: 20 μm) and
fluorescence intensity statistics of tumor tissue sections.
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Fig. 7. The combination of FP3 and Gem diminishes tumor growth and improves survival in PDX models of PC. (a) Schematic diagram of the generation and
treatment of PC PDX model. Tumor tissues photos (b), tumor volume (c), tumor weight (d), body weight (e) of the PDX mice progress group treated with Ctrl, PGG,
PGG + Gem, FP3, FP3 + Gem (n = 6). (f) IHC staining images of tumor tissues and statistical data of Ki67, PCNA, γ-H2AX after different treatments. Kaplan-Meier
analysis (g) and tumor volume (h) of PDX mice survival group treated with Ctrl, PGG, PGG + Gem, FP3, FP3 + Gem.
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the “eat me” signal, a key mediator of antitumor immunity (Fig. 4c, f).
Additionally, HMGB1 intracellular expression was reduced in FP3
treated cells (Fig. 4b, e). The extracellular release of HMGB1 during
apoptotic cell death will recruits immature dendritic cells (DCs) to the
tumor site, binds to Toll-like receptor 2 (TLR2) on the DC surface,
stimulates receptor-mediated signaling, induces DC maturation, en-
hances the expression of major histocompatibility complex class II
(MHC-II) to facilitate tumor antigen presentation [26]. Moreover, ATP
levels in the cell supernatant were elevated (Fig. 4g), and its release acts
as a “find me” signal, rapidly recruiting myeloid cells, including DCs, to
the tumor microenvironment [23]. These results indicate that FP3 ex-
hibits greater ICD induction efficiency, which may activate an autoim-
mune response in vivo.

Organoids derived from tumor tissue have emerged as a promising
model system in biomedical research, drawing significant attention
[27–29]. To better evaluate the effectiveness of drug treatment in PC
and predict patient response, tumor tissues from patients with PC were
used to generate patient derived organoids (PC PDOs) to assess the
therapeutic effects of free PGG or FP3 treatments. Notably, the IC50
value of FP3 for PC PDOs was 3.80 μM, representing a 2.74-fold decrease
compared to free PGG (10.42 μM) (Fig. 5b). The size of PDOs treated
with indicated concentrations of free PGG and FP3 were observed over a
period of 6 days, and inhibitory ability was evaluated based on PDOs
area. As can be seen from bright field photos (Fig. 5a,c), in contrast to
the clear outline and gradually increasing area of control group orga-
noids, the growth trend of PDOs in both the free PGG and FP3 inter-
vention groups was effectively controlled. Notably, significant cell death
was observed in FP3-treated organoids, displaying evident indicators
such as rupture. These findings suggest that PC PDOs are more sensitive
to FP3 than free PGG.

The KPC mouse model, harboring mutations in both p53 and KRAS
genes, closely mimics the characteristics of human PC [30]. Despite Gem
being the standard chemotherapy for PC, its efficacy is limited due to
inherent resistance [31]. To explore alternative therapeutic strategies,
we utilized KPC mouse models to evaluate the therapeutic effects of FP3
and its combination with Gem. Treatments were randomly assigned to
different groups when tumor volume reached 100 mm3 until euthanasia
was required. The administration routes and frequencies of PGG, FP3
and Gem are shown in Fig. 6a. While PGG monotherapy was ineffective
in KPC, FP3 monotherapy only modestly inhibited tumor growth, the
combined therapy of PGG+Gem and FP3+Gem led to significant tumor
regression (Fig. 6b-c). Notably, FP3 demonstrated a stronger Gem
sensitization capability than free PGG alone. The IHC staining of Ki67
confirmed that the combination therapy of FP3+Gem significantly
reduced proliferation in KPC compared to PGG+Gem (Fig. 6e-f). We
then evaluated the degree of DNA damage in tumor cells of KPC mice
treated with different groups by immunohistochemical staining with
γ-H2AX. The results showed that PGG and FP3 alone caused limited DNA
damage in KPC mice. However, when combined with Gem, the FP3
showed stronger DNA damage capacity than the PGG group (Figs. S10a
and b). Furthermore, we assessed the ICD indexes in tumor tissues of
KPC mouse models treated with different regimens. Gem, a chemo-
therapy drug, has the ability to induce ICD effect [32]. When combined
with PGG or FP3, it results in enhanced ICD effects. Notably, the com-
bination of Gem and FP3 produced a more potent ICD effect (Fig. 6g and
h).

The PDX model has demonstrated its ability to better reflect the
genetic diversity of tumors, simulate patient situations more realisti-
cally, and predict tumor responses to various drugs. Therefore, we
established a PDX mouse model of pancreatic cancer to evaluate the
effectiveness of PGG, FP3, and their combination with Gem in treating
pancreatic cancer (Fig. 7a) [29,33]. PGG or FP3 monotherapy was
ineffective in the PDX model. By contrast, the combined therapy of
PGG+Gem can modestly inhibited tumor growth. Obviously, the com-
bined therapy of FP3+Gem can result in significant tumor regression
(Fig. 7b–e). Furthermore, IHC staining images and statistical data of

Ki67, PCNA, γ-H2AX and immunofluorescence staining of CRT in PDX
mice confirmed that FP3 significantly enhanced the therapeutic effect of
Gem compared to PGG (Fig. 7f, Fig. S10a and c, Fig. S11, S12). HE
staining was then used to examine the major organs of mice treated in
different groups, all groups caused no obvious pathological organ
damage (Fig. S13).

Furthermore, 4-week-old PDXmice were administered with PGG and
FP3 alone or in combination with Gem to evaluate the effect of com-
bined therapy on PC survival. No significant differences in survival were
observed between the PGG and FP3 groups (median OS, 38 vs. 42 days),
but a modest improvement was seen in the PGG+Gem therapy group
(median OS, 46 days). Notably, the combination group treated with FP3
and Gem showed optimal survival outcomes (median OS, 52 days)
(Fig. 7g), confirming that FP3 enhanced the therapeutic effect of Gem in
the PC PDX model (Fig. 7h). Upon combining the results from both the
PDX mouse progression and survival groups, it was found that the
sensitization effect of FP3 on Gem was weaker than that of KPC mouse
model. The reason is speculated that PDX, as a severely immunodeficient
mouse, could not effectively activate the relevant immune system and
exert immunotherapy except chemotherapy. Therefore, in addition to
the anti-tumor effect of PGG induced DNA damage, its influence on anti-
tumor immunity should not be ignored, and the work in this aspect has
been carried out in our research. In summary, these results indicate that
the combination of FP3 and Gem may serve as a promising therapeutic
approach for the management of PC by significantly reducing tumor
growth.

4. Conclusion

In conclusion, we have successfully developed a novel nanocarrier FP
by using a one-step self-assembly method with F127 and PGG. FP has
demonstrated potent anti-tumor effects through inducing DNA damage
and ICD effect in both in vitro cell experiments and PDOs models.
Furthermore, when combined with Gem, FP showed enhanced Gem
sensitization compared to pure PGG in mouse KPC and PDX models,
primarily due to increased DNA damage and ICD induction. These
findings highlight the potential of FP as effective Gem sensitizers for
pancreatic cancer therapy, providing promising avenues for clinical
application and translational research.
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