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A B S T R A C T

In the field of cancer therapy, inhibiting autophagy has emerged as a promising strategy. However, pharma-
cological disruption of autophagy can lead to the upregulation of programmed death-ligand 1 (PD-L1), enabling 
tumor immune evasion. To address this issue, we developed innovative ROS-responsive cationic poly(ethylene 
imine) (PEI) nanogels using selenol chemistry-mediated multicomponent reaction (MCR) technology. This pro-
cedure involved simple mixing of low-molecular-weight PEI (LMW PEI), γ-selenobutylacetone (γ-SBL), and poly 
(ethylene glycol) methacrylate (PEGMA). Through high-throughput screening, we constructed a library of 
AxSeyOz nanogels and identified the optimized A1.8Se3O0.5/siPD-L1 nanogels, which exhibited a size of 
approximately 200 nm, excellent colloidal stability, and the most effective PD-L1 silencing efficacy. These 
nanogels demonstrated enhanced uptake by tumor cells, excellent oxidative degradation ability, and inhibited 
autophagy by alkalinizing lysosomes. The A1.8Se3O0.5/siPD-L1 nanogels significantly downregulated PD-L1 
expression and increased the expression of major histocompatibility complex class I (MHC-I), resulting in 
robust proliferation of specific CD8+ T cells and a decrease in MC38 tumor growth. As a result, the A1.8Se3O0.5/ 
siPD-L1 nanogels inhibited tumor growth through self-inhibition of autophagy, upregulation of MHC-I, and 
downregulation of PD-L1. Designed with dynamic diselenide bonds, the A1.8Se3O0.5/siPD-L1 nanogels showed 
synergistic antitumor efficacy through self-inhibition of autophagy and prevention of immune escape.

1. Introduction

Autophagy plays a critical role in development and metastasis by 
removing damaged cells and degrading immune-activating molecules, 
such as major histocompatibility complex class I (MHC-I) [1,2]. In 
cancer therapy, strategies based on autophagy inhibition have been 

widely used to prevent tumor progression and metastasis [3–7]. Despite 
demonstrating promising antitumor efficacy in vitro, the effectiveness of 
autophagy inhibition in vivo remains unsatisfactory [8–11]. One sig-
nificant reason for this difference is that inhibiting autophagy leads to an 
increase in the expression of PD-L1 on the surface of tumor cells. This 
upregulated PD-L1 exacerbates immunosuppression and immune 
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tolerance within cancer cells, leading to significant immune evasion 
[12]. Therefore, developing a feasible strategy capable of simulta-
neously inhibiting both autophagy and upregulating PD-L1 is crucial 
[13–15].

Polyethylenimine (PEI) has significant pH-responsive "proton 
sponge" effects, leading to alkalization and impairment of lysosomal 
function, suggesting that it is an effective autophagy inhibitor [16,17]. 
Additionally, PEI is widely utilized as a transfection agent for gene de-
livery [15,18,19]. Therefore, condensing PEI with siRNA targeting 
PD-L1 (siPD-L1) has the potential to downregulate PD-L1 by blocking 
the PD-1/PD-L1 immune checkpoint and synergistically inhibiting 
autophagy, thereby enhancing antitumor therapy via autophagy inhi-
bition. Low-molecular-weight PEI has reduced transfection efficiency 
due to its relatively low molecular weight [20]. However, this drawback 
is offset by its enhanced metabolic clearance and elimination within the 
body, which results in comparatively superior biocompatibility and 
reduced cellular toxicity [21]. On the other hand, 
high-molecular-weight PEI, due to its larger molecular weight, facili-
tates more efficient formation of nucleic acid complexes and enables 
effective gene delivery within cells, leading to heightened transfection 
efficiency [15]. It is important to note that the greater molecular weight 
and polycationic properties of high-molecular-weight PEI may induce 
greater cellular membrane disruption, consequently increasing cellular 
toxicity [17,22,23]. To address this limitation, intelligent degradable 
cationic polymers with sufficient charge density and the ability to 

decompose into small fragments in a physiological environment are 
desirable. These polymers are expected to exhibit high gene transfection 
efficiency and low cytotoxicity [24]. In the tumor microenvironment 
(TME), there is an excess of reactive oxygen species (ROS), such as H2O2, 
superoxide anions (O2

− ), and hydroxyl radicals [25–28]. Leveraging this 
characteristic, several ROS stimulus-responsive polymers based on PEI 
modification have been designed to specifically target tumors for gene 
transfection [29–31]. However, the complex synthesis steps of func-
tional PEI present technical and manufacturing challenges, making it 
desirable to streamline the synthesis process.

In this study, we present the development of a new diselenide- 
crosslinked PEI nanogel using a simple selenol-based combinatorial 
synthesis method [32]. This nanogel effectively condenses siPD-L1 to 
enhance antitumor efficacy by inhibiting autophagy while simulta-
neously knocking down PD-L1 to overcome autophagy-induced immune 
escape. We created a library of ROS-sensitive cationic nanogels 
(AxSeyOz) using a rapid one-pot two-step multicomponent reaction 
(MCR) with selenol generated by γ-selenobutyrolactone (SBL) in situ. 
Due to the presence of dynamic diselenide bonds, nanogels could be 
formed upon ultrasound stimulation for subsequent RNA encapsulation. 
To determine the efficiency of siRNA transfection in the tumor micro-
environment, siPD-L1 was condensed into nanogels through electro-
static adsorption of the numerous amine groups of PEI under 
physiological conditions (pH~7.4) (Scheme 1A). Upon entering the 
tumor microenvironment, the optimized A1.8Se3O0.5/siPD-L1 nanogels 

Scheme 1. Schematic illustration of the preparation and antitumor mechanisms of the A1.8Se3O0.5/siPD-L1 nanogels. Nanogels with three features (ROS sensitivity, 
proton sponge ability, and biocompatibility) were synthesized using selenol chemistry-mediated multicomponent reaction (MCR) technology with LMW PEI, γ-SBL, 
and PEGMA. After electrostatic complexation with siRNA, A1.8Se3O0.5/siPD-L1 nanogels were formed. These nanogels demonstrated improved uptake by tumor cells 
and underwent endosomal escape and siRNA release in an intracellular oxidative environment, resulting in the downregulation of PD-L1 and increased expression of 
major histocompatibility complex class I (MHC-I). Ultimately, CD8+ T cells are activated and induce tumor cell death by secreting granzyme B.
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exhibit endosomal escape and release siRNA due to nanogel degradation 
via ROS stimulation and the proton sponge effects of PEI. PEI 
self-inhibited autophagy and degraded MHC-I through alkalinized ly-
sosomes, while siRD-L1 efficiently knocked down PD-L1 to prevent 
immune escape (Scheme 1B). The A1.8Se3O0.5/siPD-L1 nanogels signif-
icantly inhibited tumor growth, enhancing autophagy inhibition and 
PD-L1 downregulation-based therapeutic efficacy through 
self-inhibition of autophagy, upregulation of MHC-I, and down-
regulation of PD-L1 to prevent immune escape. Therefore, PD-L1 siR-
NA-loaded PEI nanogels, which are designed with dynamic diselenide 
bonds, could show synergistic antitumor efficacy through self-inhibition 
of autophagy and prevention of immune escape. Tumor-derived PD-L1 
plays a key role in immunosuppression, and PD-L1 on MC38 colorectal 
adenocarcinoma cells is sufficient to suppress antitumor immunity 
compared to that on tumor cells such as B16 melanoma cells [33]. In 
immunogenic MC38 tumors, PD-L1 plays a dominant role in suppressing 
tumor immunity, and PD-L1 on tumor cells suppresses tumor immunity 
mainly by inhibiting the cytotoxicity of CD8+ T cells [34]. Therefore, we 
selected MC38 cells to evaluate the efficacy of siPD-L1. Given the sig-
nificant role of PD-L1 in modulating immune reactions, we chose MC38 
cells as a model to assess the therapeutic potential of siPD-L1, a strategy 
aimed at silencing PD-L1 expression and thereby enhancing the immune 
system’s capacity to combat cancer [33–36].

2. Results and discussion

2.1. Preparation and characterization of AxSeyOz nanogels through a 
multicomponent reaction (MCR)

To create an efficient siRNA delivery platform, we developed a 
selenol chemistry-mediated multicomponent reaction (MCR) for the 
simultaneous coupling of LMW-PEI, poly(ethylene glycol) methacrylate 
(PEGMA), and γ-selenobutyrolactone (SBL) (Scheme 1, Fig. 1A). With its 
excess amino groups, LMW-PEI was found to be alkaline in aqueous 

solution (2 wt% PEI-1800, pH > 12), significantly enhancing the 
nucleophilic aminolysis reaction of SBL, as well as the subsequent 
selenol oxidation coupling reaction and nucleophilic selenol-ene reac-
tion. This process facilitated the exclusive ring-opening reaction of SBL 
with PEI in aqueous media. Notably, the reaction proceeded rapidly 
without the need for any additives or specific reaction conditions, with 
complete conversion of SBL achieved in just 10 min of shaking at room 
temperature (Table S1, Figs. S1 and S3).

PEGMA was used as a representative functional acrylate component 
in MCR for high-throughput screening of siRNA vectors owing to its 
reduced toxicity and prolonged blood circulation time during trans-
fection [37]. A molar ratio of 1:3:1 was used for the three building blocks 
PEI1800, SBL, and PEGMA500, and the reaction process was monitored 
via 1H NMR spectroscopy (Fig. S1). The methylene proton signals on SBL 
shifted completely from 3.52, 2.46, and 2.25 ppm to 3.33, 2.30, and 
1.92 ppm, respectively, while the acrylate proton signals of PEGMA500 
vanished completely with adjacent methyl signals shifting from 1.96 
ppm to 1.28 ppm, indicating the complete conversion of SBL to 
PEGMA500. Additionally, the remaining selenols spontaneously couple 
in air to form diselenide dynamic covalent bonds, allowing LMW PEI to 
cross-link to the hydrogel. The A1.8Se3O0.5 cationic polymer structure 
was also further verified by FT-IR spectroscopy (Fig. S2). This MCR 
approach represents an innovative and versatile synthesis toolkit that 
enables easy and rapid synthesis of a diverse library of nanogels, thereby 
avoiding intricate experimental procedures, additional unfriendly re-
agents, and laborious postprocessing steps (Fig. S3). Furthermore, 
various functional groups, such as fluorophores, can be easily intro-
duced (Fig. S4). Accordingly, this strategy facilitated the design of a 
combinatorial chemistry experiment in which three molecular weights 
of PEI, three molecular weights of PEGMA, and four different pro-
portions of SBL were used to directly synthesize 36 kinds of hydrogels in 
a 48-well plate in 10 min.

The stability and biocompatibility of nanogels in biological fluids 
have been demonstrated by numerous studies, highlighting their 

Fig. 1. Schematic illustration of selenol chemistry-mediated MCR for high-throughput synthesis of nanogels. (A) Proposed reaction process of selenol chemistry- 
mediated MCR. (B) Structures of the three components of LMW PEI, PEGMA and SBL used for the synthesis library of nanogels, which were defined as AxSeyOz 
(x denotes the MW (kDa) of the PEI, y denotes the molar ratio of SBL/PEI, and z denotes the MW (kDa) of the PEGMA). (C) The dispersion-ultrasonic dilution 
approach for nanogel preparation. (D) Representative TEM image and DLS size distribution of the A1.8Se3O0.5 nanogels; scale bars = 500 nm.
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flexibility and pliability, which render them more permeable than rigid 
nanoparticles [38–43]. However, the preparation of nanogels is also 
relatively intricate, and the postfunctionalization modification process 
is cumbersome, thereby impeding large-scale screening [44–46]. With 
our technology, nanogels can be readily prepared through the dynamic 
exchange of diselenide covalent bonds by dispersing the hydrogel in 
water and ultrasonication (Fig. 1C). Dynamic light scattering (DLS) 
showed that only nanoparticles were present in the dispersion system 
without significant aggregation (Fig. 1D). This result was also confirmed 
by transmission electron microscopy (TEM), which did not affect the 
subsequent letrostastic complexation with siRNA, although the nano-
particles were not uniformly distributed (Fig. 2G). Thus, we present the 
first instance of nanogel preparation through a dynamic covalent bond 

exchange reaction. The straightforward and highly efficient preparation 
process renders this method particularly suitable for the comprehensive 
assessment of carrier properties on a large scale.

The nanogel naturally exhibited a highly sensitive redox response in 
the presence of (di)selenide, and its responsiveness was confirmed by a 
variety of characterizations. In the 1H NMR spectra, proton signals at 
6.4 ppm and 5.8 ppm originating from the PEGMA building block were 
clearly evident upon treatment with hydrogen peroxide (100 μM). After 
the oxidation process using hydrogen peroxide for GPC analysis, the 
results indicated that the polymer’s molecular weight was 3300 g mol− 1, 
slightly higher than that of PEI before the reaction. (Fig. S5). The results 
suggest that the oxidative degradation of the nanogels can be initiated 
by a low concentration of hydrogen peroxide close to the environment of 

Fig. 2. Throughput screening of the AxSeyOz nanogel for in vitro siPD-L1 delivery and characterization of the optimized A1.8Se3O0.5/siPD-L1 nanogels. (A) Schematic 
illustrating the workflow for screening and (B) preparation of the nanogels. (C) Dynamic light scattering measurements (n = 3) for AxSeyO0.5/siPD-L1 nanogels 
(PEI1800, PEI3500 or PEI600; PEGMA500; y = 2–5) and (D) A1.8SeyO0.5/siPD-L1 nanogels (PEI1800, PEGMA500; y = 2–5; N/P = 0.5–30). (E) Excerpted gel electrophoresis 
assay for A1.8SeyO0.5/siPD-L1, y = 2–5, N/P = 2 or 5. The results of the full gel electrophoresis assay are shown in Fig. S10. (F) Gene silencing of optimized 
A1.8Se3O0.5/siPD-L1, N/P = 20–40. (G) TEM image and DLS image of the top siPD-L1-expressing nanogel (A1.8Se3O0.5/siPD-L1, N/P = 30); scale bar = 200 nm. (H) 
Stability of the A1.8Se3O0.5/siPD-L1 nanogel in 10 % FBS-PBS at pH 7.4 and pH 6.8 and ultrapure water demonstrated by DLS within 24 h, N/P = 30. The data are 
presented as the means ± SDs (n = 3).
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tumor cells, leading to subsequent release of PEGMA and retaining 
attachment of selenium fragments to the PEI main chain [47]. The 77Se 
NMR spectra revealed that the original coexisting selenide and dis-
elenide exhibited peak positions at 136 and 292 ppm, respectively 
(Fig. S6). Upon oxidation, the products undergo complete degradation 
to yield selenite acid with a signal at 1181 ppm. Furthermore, diselenide 
can be reduced to selenol by treatment with dithiothreitol, resulting in a 
shift of the selenium signal peak to − 165 ppm. The TEM results also 
showed that there was no obvious aggregation (Fig. S7). All this evi-
dence indicated that the nanogels were degraded under either oxidative 
or reducing conditions (Fig. S8), which is beneficial for promoting 
cellular uptake and reducing the toxicity of PEI nanogels [48].

2.2. Transfection efficiency through screening of AxSeyOz nanogels

The degradation of siRNA by serum nucleases can be reduced by 
using cationic delivery vehicles [49]. PEI has been suggested to prevent 
endosomal degradation by acting as a "proton sponge" and can bind with 
negatively charged siRNA through electrostatic interactions, forming 
stable nanoscale colloidal complexes [20]. In this study, we used 
AxSeyOz as a vehicle for optimizing siRNA delivery vectors via a 
combinatorial chemistry throughput screening strategy, considering the 
good biocompatibility of PEG. The screening process involved evalu-
ating the particle size, gel retardation, and gene silencing efficiency 
(Fig. 2A), and the optimization was performed based on the nanoparticle 
size, transfection efficiency, toxicity, and stability to determine the best 
formulation.

The influence of the PEI molecular weight and crosslinking density 
on the efficiency of the siRNA complex was first examined. When the 
molecular weight of PEI was 1800 g mol− 1, the particle size of the 
nanogel remained consistent within 200 nm regardless of the Se molar 
ratio (2–5) or N/P ratio (10–30) (Fig. 2B and C). On the other hand, 
when the molecular weight of PEI was 600 or 3500 g mol− 1, the particle 
size was significantly larger or did not meet the DLS test requirements 
directly (Tables S2, S3, S4 and S5). This indicated that the PEI molecular 
weight significantly affected siRNA electrostatic complexation, likely 
due to the length of the hydrophilic chains and the charge distribution 
within the cationic nanogels. Additionally, siRNA nanogels with a 
suitable particle size (approximately 200 nm or smaller) were more 
likely to be obtained with a PEG molecular weight of 500 g mol− 1 than 
with 300 or 950 g mol− 1 (Figs. 2D and S9, Table S5). The retardation 
assays showed excellent condensation by the vehicles when the N/P 
ratio exceeded 10 after incubation with siRNA at varying N/P ratios 
(Figs. 2E and S10). At an N/P ratio of 20, complete condensation of the 
siRNA was achieved by A1.8SeyO0.5 (y = 2–5), as confirmed by a gel 
retardation assay. Notably, as shown in Fig. 2F, compared with that of 
commercial Jet PEI, the vehicle architecture of A1.8Se3O0.5 had a 29 % 
greater gene silencing efficiency (48 %) (Fig. S11).

The optimized A1.8Se3O0.5/siPD-L1 nanogel had a hydrated particle 
size of 141 nm, with a narrow particle size distribution and a zeta po-
tential of 30.8 mV (Figs. 2G and S12). TEM analysis revealed a reduced 
particle size of approximately 70 nm. Electrostatic complexation with 
siPD-L1 promoted a homogeneous distribution of nanoparticles 
compared with that of the naked nanogel. Furthermore, this nanogel 
demonstrated excellent colloidal stability for 24 h in both 10 % FBS and 
ultrapure water (Fig. 2H). Even after storage in ultrapure water for 21 
days, the optimized nanogel maintained its superior colloidal stability, 
highlighting the robust interaction between the vehicle and siRNA 
(Fig. S13). Additionally, the results demonstrated that the nanogels 
exhibited moderate expansion in 10 % fetal bovine serum at pH 7.4 and 
6.8 within a 24-h period. This observation suggested that nanogels can 
be stably transported within the body and maintain structural and 
functional integrity in the tumor microenvironment. When simulating 
the intracellular reactive oxygen species (ROS) concentration in tumor 
cells (100 μM H2O2), we observed that siRNA release approached 80 % 
within 4 h, whereas in the absence of oxidants, the release did not 

exceed 25 %. These findings are consistent with those reported in the 
literature [48,50]. (Fig. S14). TEM images of A1.8Se3O0.5/siPD-L1 
nanogels treated with H2O2 were used to visualize the dissociation of the 
complexes (Fig. S15). These results suggest that the nanocomplexes 
exhibit a sensitive oxidative response.

2.3. A1.8Se3O0.5/siPD-L1 inhibits autophagy through alkaline lysosomes 
and ultimately upregulates MHC-1 expression

In our initial investigation, we examined the uptake efficiency of 
A1.8Se3O0.5/siRNA nanogels in MC38 colon tumor cells using Cy3- 
labeled siRNA to track cellular uptake. The A1.8Se3O0.5/Cy3 siRNA 
group demonstrated significantly greater cellular uptake efficiency than 
did the PEI 25 kDa/Cy3 siRNA group, as depicted in Fig. 3A and B (P <
0.05). As the positively charged amino groups of PEI can potentially 
increase lysosomal pH [51], we further explored the effect of the 
A1.8Se3O0.5/siRNA nanogels on lysosomal pH by staining with Lyso-
Sensor Green DND-189, a fluorescent pH indicator. As shown in Fig. 3C 
and D, compared with control cells, A1.8Se3O0.5/siNC or A1.8Se3O0.5/-
siPD-L1 significantly increased the lysosomal pH, as indicated by the 
markedly decreased fluorescence intensity. Additionally, damage to ly-
sosomes by chloroquine (CQ), a lysosomal inhibitor, was evident 
through an increase in lysosomal pH. Subsequently, we utilized the 
adeno-associated virus mRFP-GFP-LC3 to monitor autophagic flux 
(Fig. 3E). As shown in Fig. 3F, exposure to A1.8Se3O0.5/siNC or 
A1.8Se3O0.5/siPD-L1 substantially increased the number of autophago-
somes (APs) and decreased the accumulation of autolysosomes (ALs), 
suggesting dysfunctional autophagic flux in cells incubated with the 
nanogels. Furthermore, we investigated the impact of A1.8Se3O0.5/-
siRNA nanogels on autophagy-related proteins, including LC3 and 
P62/SQSTM1. The total amount of LC3 protein or the LC3-II/LC3-I ratio 
can reflect the level of autophagy. P62/SQSTM1 (P62), a versatile 
adaptor protein, is a selective autophagy receptor [52–54]. Western 
blotting analysis (Fig. 3G and H) revealed elevated expression levels of 
lipid-bound LC3-II and the autophagy substrate SQSTM1/p62 in cells 
treated with A1.8Se3O0.5/siNC or A1.8Se3O0.5/siPD-L1, indicating the 
inhibition of autophagic flux. The accumulation of LC3-II and 
SQSTM1/p62 after nanogel treatment was also confirmed by fluores-
cence microscopy (Fig. S17). In addition, we observed the LC3-I/LC3-II 
ratio in cells treated with both CQ and A1.8Se3O0.5 to determine the 
changes in cellular autophagy under different interventions. Using 
Western blot analysis of cell lysates, we observed that the combined 
application of CQ and A1.8Se3O0.5, as well as the application of 
A1.8Se3O0.5/siPD-L1, did not significantly influence the conversion of 
LC3-I to LC3-II. These findings suggest that the concurrent administra-
tion of two drugs with overlapping mechanisms may not confer an ad-
ditive therapeutic benefit (Fig. S18). In conclusion, our findings 
demonstrate that A1.8Se3O0.5/siRNA nanogels efficiently enter tumor 
cells, induce lysosome alkalinization, and inhibit autophagic flux, sug-
gesting their potential for modulating cellular processes and potentially 
serving as therapeutic tools in cancer treatment.

Previous studies have demonstrated that MHC-I molecules in tumor 
cells are targeted for lysosomal degradation through an autophagy- 
dependent mechanism, resulting in decreased expression of MHC-I on 
the cell surface and predominant localization within autophagosomes 
and lysosomes [1]. Importantly, inhibiting autophagy has been shown to 
restore the levels of MHC-I on the cell surface and enhance antigen 
presentation [55]. Based on these findings, we hypothesized that the 
autophagy inhibitory effects of the A1.8Se3O0.5 nanogels could lead to 
the restoration of MHC-I expression in MC38 cells. As depicted in Fig. 3I 
and J, the flow cytometry results demonstrated that RAP decreased the 
expression of MHC-I, while the nanogels and CQ significantly upregu-
lated the expression of MHC-I molecules.

Our findings indicate that A1.8Se3O0.5/siRNA nanogels efficiently 
enter tumor cells, inducing lysosome alkalinization, inhibiting auto-
phagy, and upregulating MHC-I expression. Additionally, the nanogels 
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inhibited autophagic flux by inducing lysosome alkalinization, as evi-
denced by the increased accumulation of autophagosomes and 
decreased accumulation of autolysosomes. Notably, the A1.8Se3O0.5/ 
siRNA nanogels were able to restore MHC-I expression in tumor cells. 
This is particularly significant because tumor cells often exhibit reduced 

MHC-I expression, which impairs antigen presentation and immune 
recognition [1]. The restoration of MHC-I expression by the nanogels 
suggests their potential for enhancing antigen presentation and 
improving immune responses against tumors.

Fig. 3. A1.8Se3O0.5/siPD-L1 alkalizes lysosomes, inhibits autophagy, and upregulates MHC-1 expression. (A) Comparison of cellular uptake rates between the product 
and PEI 25 kDa-labeled fluorescent siRNA. Scale bars = 100 μm. (B) Quantitative analysis of the cellular uptake efficiency of PEI 25 kDa/siRNA and A1.8Se3O0.5/ 
siRNA. (C) Fluorescence images of LysoSensor Green DND-189-stained MC38 cells. Scale bars = 200 μm. (D) Quantitative analysis of LysoSensor Green DND-189- 
stained MC38 cells. (E) and (F) Representative immunofluorescence images and quantitative analysis of the number of yellow autophagosomes and red autolyso-
somes among mRFP-GFP-LC3 puncta in MC38 cells. Scale bars = 20 μm. (G) Autophagy was detected by western blotting. (H) Semiquantitative analysis of the 
western blot data. (I) Flow cytometry analysis of MHC-1 expression in MC38 cells. (J) Quantitative analysis of flow cytometry data. The data are expressed as the 
mean ± SD (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001.
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2.4. A1.8Se3O0.5/siPD-L1 effectively downregulated PD-L1 expression, 
leading to T-cell activation

The data presented thus far reveal a previously unreported link be-
tween PD-L1 and autophagy, indicating that autophagy blockade could 
lead to the upregulation of PD-L1 expression [56]. This upregulated 
PD-L1 exacerbates immunosuppression and immune tolerance within 
cancer cells, contributing to significant immune evasion [57]. To facil-
itate the knockdown of PD-L1 expression, PD-L1 siRNA was integrated 
into the nanogels to generate A1.8Se3O0.5/siPD-L1. As anticipated, the 
protein expression of PD-L1 significantly increased in cells treated with 
A1.8Se3O0.5/siNC, whereas A1.8Se3O0.5/siPD-L1 markedly decreased the 
expression of PD-L1 (Fig. 4A and B). The role of A1.8Se3O0.5 in this 
phenomenon was better demonstrated by treatment with free siPD-L1 as 
a control. Similar results were obtained through flow cytometry (Fig. 4C 
and D), RT‒PCR analysis (Fig. S19), and immunofluorescence assays 
(Fig. S17). Overall, the PD-L1 protein and gene knockdown efficiencies 
were 56 % and 65 %, respectively, indicating that A1.8Se3O0.5/siPD-L1 
exhibits high efficacy in gene silencing.

Successful endosomal escape and release of siRNA into the cytoplasm 
are crucial prerequisites for effective siRNA delivery and subsequent 
knockdown of specific proteins [58]. Therefore, we verified the endo-
somal escape efficiency of A1.8Se3O0.5/siPD-L1. To test this possibility, 
we used LysoTracker Green to stain lysosomes and Cy3-labeled siRNA to 
study the endosomal escape behavior of A1.8Se3O0.5/siRNA in MC38 
cells. As depicted in Fig. 4E, PEI25 kDa/cy3siRNA and A1.8Se3O0.5/-
cy3siRNA were incubated with MC38 cells for 6 h. The yellow 
fluorescence-stained dots indicate the overlap of Cy3-labeled siRNA-s-
tained nanogels with LysoTracker Green-stained lysosomes. The overlap 
coefficient, defined as the area under the two probability density func-
tions simultaneously, of PEI25 kDa/cy3siRNA was significantly greater 
than that of A1.8Se3O0.5/siRNA, suggesting that the endosomal escape 
efficiency of A1.8Se3O0.5/siPD-L1 was high (Fig. 4F). The exceptional 
endosomal escape efficiency of A1.8Se3O0.5/siPD-L1 is largely attributed 
to the "proton sponge" effect of polyethyleneimine (PEI), a phenomenon 
that enhances the capacity of the drug to traverse the endosomal barrier. 
Additionally, endosomes contain a high concentration of reducing 
molecules, such as glutathione (GSH), or a high level of reactive oxygen 
species (ROS), which is significantly greater than that in the cytoplasm. 
GSH or ROS can promote the cleavage of diselenide bonds, thereby 
increasing the instability of nanogels [50,59]. The diselenide-cleaved 
complexes were postulated to be susceptible to dissociation when 
A1.8Se3O0.5/siPD-L1 approached the negatively charged and lipophilic 
endosomal membrane, consequently eliciting TEM A1.8Se3O0.5/siPD-L1 
association with the endosomal membrane (due to electrostatic re-
actions and hydrophobic interactions) and the liberation of siRNA from 
the ruptured endosomal compartment. These findings underscore the 
promising application of A1.8Se3O0.5/siPD-L1 in achieving 
ROS-mediated endosomal escape of nanogels, a critical step in 
enhancing the therapeutic efficacy of siRNA delivery systems [60–62]. 
In our investigation, we investigated the impact of PD-L1 down-
regulation on the activation of CD8+ T cells. Tumor cells often exhibit 
high PD-L1 expression to reinforce the PD-1/PD-L1 pathway, leading to 
T-cell exhaustion and enabling tumor cells to evade immune surveil-
lance [63,64]. By downregulating PD-L1 on cancer cells, we can 
potentially prevent the interaction between PD-1 and PD-L1, thereby 
reactivating the antitumor immune response of cytotoxic T cells [41]. 
Additionally, inhibiting autophagy could lead to an increase in MHC-I 
expression in tumor cells, ultimately enhancing antigen presentation 
and promoting antitumor T-cell responses [65]. Given these insights, we 
hypothesize that A1.8Se3O0.5/siPD-L1 may activate the antitumor T-cell 
response through PD-L1 downregulation and MHC-I upregulation.

We evaluated the ability of A1.8Se3O0.5/siPD-L1 to stimulate immune 
responses. First, to investigate the potential of A1.8Se3O0.5/siPD-L1 in 
eliciting T-cell activation, we performed an OVA-specific T-cell assay 
using 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) 

dilution (Fig. 4G). Initially, we immunized OT-1 mice with OVA peptide 
combined with Freund’s complete adjuvant (CFA). After 21 days of 
immune stimulation, OVA-specific CTLs were isolated from the spleens 
of the mice and restimulated with OVA peptide and IL-2. These CTLs 
were then labeled with CFSE and cocultured with the MC38 cell line 
overexpressing OVA (MC38-OVA), which had been treated with either 
A1.8Se3O0.5/siNC or A1.8Se3O0.5/siPD-L1, to assess their proliferation. 
A1.8Se3O0.5/siPD-L1-treated MC38-OVA cells exhibited robust T-cell 
proliferation (20 %), significantly surpassing the proliferation induced 
by A1.8Se3O0.5/siNC-treated MC38-OVA cells (5.2 %) (Fig. 4H and I). 
These findings strongly suggest that A1.8Se3O0.5/siPD-L1-treated cancer 
cells can efficiently induce T-cell activation. Subsequently, the ability of 
A1.8Se3O0.5/siPD-L1 to activate and induce the maturation of spleen- 
derived dendritic cells was analyzed. After incubation with PBS, free 
siPD-L1, A1.8Se3O0.5/siNC, or A1.8Se3O0.5/siPD-L1 for 24 h, CD86 and 
CD80 expression on DCs was measured via flow cytometry. The 
expression of DC activation markers (CD80 and CD86) in both the 
A1.8Se3O0.5/siNC and A1.8Se3O0.5/siPD-L1 groups was significantly 
upregulated (Fig. S20). Encouraged by a good immune activation effect, 
we proceeded to assess the cytotoxic function of the activated splenic 
lymphocytes. The treated DCs were subsequently cocultured with 
splenic T cells. The T cells from each group were then harvested and 
cocultured with MC38 cells. The absorbance of the MC38 cells in the 
A1.8Se3O0.5/siPD-L1 group was lower than that in the other groups 
(Fig. 4J), indicating a greater rate of cell death in the A1.8Se3O0.5/siPD- 
L1 treatment group (Fig. 4K). Intriguingly, the observed cytotoxicity 
may not be solely attributed to the inhibition of PD-L1 and activation of 
DCs by A1.8Se3O0.5/siPD-L1. The nanogel is capable of generating 
selenic acid under the influence of reactive oxygen species (ROS). 
Emerging evidence supports the significant antitumor potential of 
selenite, which can render tumor cells susceptible to NK cells. Gao et al. 
reported that the diselenide monomer DSeOH was noncytotoxic to DOX- 
resistant breast cancer cells (MCF-7-ADR) and triple-negative breast 
cancer cells (MDA-MB-231). However, the seleninic acid oxidation 
product RSeOOH had a marked antitumor effect. The strategy of Pan 
et al. to use seleninic acid and cetuximab in combination therapy opens a 
new avenue to improve the therapeutic effect of NK cell-based immu-
notherapy. Li et al. reported that diselenide bonds can be cleaved to form 
seleninic acid under 5 Gy of g-radiation, which activates cancer immu-
nity in NK cells by inhibiting the expression of the HLA-E protein. 
Similarly, Xianyu et al. reported that intracellular ROS oxidize dis-
elenide bonds in nanocomplexes to seleninic acid, which blocks the 
expression of another checkpoint receptor, human leukocyte antigen E. 
This multifaceted approach underscores the therapeutic potential of 
A1.8Se3O0.5/siPD-L1 in modulating the immune response and enhancing 
the susceptibility of tumor cells to immune-mediated clearance [66–70].

Our study revealed a previously unreported connection between PD- 
L1 and autophagy, shedding light on how autophagy blockade can 
upregulate PD-L1 expression. By integrating PD-L1 siRNA into 
A1.8Se3O0.5/siPD-L1 nanogels, we effectively achieved PD-L1 down-
regulation and demonstrated high endosomal escape efficiency. More-
over, our findings indicate that A1.8Se3O0.5/siPD-L1 treatment can 
induce T-cell activation, suggesting its potential for enhancing anti-
tumor immune responses. These discoveries offer valuable insights into 
the intricate interplay between PD-L1, autophagy, and immune evasion 
in cancer. The A1.8Se3O0.5/siPD-L1 nanogels show promise as a thera-
peutic approach to counter immune suppression and bolster antitumor 
immunity. Further research is warranted to evaluate the in vivo efficacy 
and safety of A1.8Se3O0.5/siPD-L1, bringing us closer to developing 
innovative immunotherapeutic strategies targeting PD-L1 and auto-
phagy for cancer treatment.

2.5. Tissue distribution and antitumor activity of A1.8Se3O0.5/siPD-L1

To investigate the distribution of A1.8Se3O0.5/Cy5.5 siRNA in tumor- 
bearing mice, we utilized an MC38 tumor model and administered 
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Fig. 4. A1.8Se3O0.5/siPD-L1 inhibits autophagy and downregulates PD-L1 to activate CD8+ T cells. (A) Validation of PD-L1 protein expression by Western blot. (B) 
Semiquantitative analysis of the Western blot data. (C) Flow cytometry analysis of PD-L1 expression in A1.8Se3O0.5/siNC- or siPD-L1-treated MC38 cells. (D) 
Quantitative analysis of flow cytometry data. (E) Confocal images of endosomal disruption of MC38 cells cultured with A1.8Se3O0.5/cy3siRNA and PEI 25 kDa/ 
Cy3siRNA for 6 h siRNA (red) was labeled with Cy3, and lysosomes were dyed green with LysoGreen. Scale bar = 10 μm. (F) The degree of colocalization of red (Cy3 
siRNA) and green (LysoGreen-stained lysosomes) fluorescence was determined using the overlap coefficient R calculated from the confocal images in E. (G) 
Schematic illustrating the in vitro proliferation study of OVA-specific CTLs coincubated with OVA-MC38 cells after PD-L1 knockdown. (H) MC38 cells transfected 
with A1.8Se3O0.5/siPD-L1 were cocultured with CFSE-labeled OVA-specific CD8+ T cells for 3 days. CTL proliferation was examined via flow cytometry analysis. (I) 
Quantitative analysis of flow cytometry data. (J) The absorbance of MC38 cells after they were killed by CTLs. (K) Cell viability of MC38 cells after killing by CTLs. 
The data are expressed as the mean ± SD (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001.
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A1.8Se3O0.5/Cy5.5 siRNA intratumorally. Fig. 5A shows that the cumu-
lative fluorescence intensity in the tumor increased over time, peaking at 
6 h postinjection. The fluorescence intensities in the tumors of the 
A1.8Se3O0.5/Cy5.5 siRNA-treated animals were significantly greater 
than those in the tumors of the naked siRNA-treated animals. This 
finding suggested that the nanogels efficiently accumulated at the tumor 
site and that abundant siRNAs escaped from the endosome and lyso-
some, were released from the polyplexes, and entered cancer cells. This 
finding was further supported by the semiquantitative analysis shown in 
Fig. 5B. This effect reduced the elimination of A1.8Se3O0.5/Cy5.5 siRNA 
complexes from tumor tissues to the circulation and kidneys, especially 
at the early stage after injection, which in turn enhanced their accu-
mulation and retention at the local site. Analysis of tissues collected at 6 
h postinjection revealed that A1.8Se3O0.5/Cy5.5 siRNA was predomi-
nantly distributed in tumors and kidneys, and no or very weak signals 
were detected in the spleen, lung or liver. The fluorescence signal in 
kidneys treated with free Cy5.5 siRNA was weaker than that in kidneys 
treated with A1.8Se3O0.5/Cy5.5 siRNA (Fig. 5C and D), which was 
attributed to the much faster elimination of free siRNA from the body 
than from the polyplexes. To confirm the enhanced accumulation of 
A1.8Se3O0.5/Cy5.5 siRNA in tumor tissues, we examined frozen sections 
of tumor tissues using fluorescence microscopy. The A1.8Se3O0.5/Cy5.5 
siRNA group exhibited greater fluorescence accumulation than the free 
Cy5.5 siRNA group (Fig. 5E and F). These results demonstrated the su-
perior tumor accumulation of A1.8Se3O0.5/Cy5.5 siRNA, laying a strong 
foundation for subsequent treatment efforts.

The antitumor efficacy of A1.8Se3O0.5/siPD-L1 was evaluated in 
C57BL/6J tumor-bearing mice (Fig. 5G). After 10 days, after the sub-
cutaneous inoculation of MC38 cells, the tumor volume reached 100 
mm3. Subsequently, A1.8Se3O0.5/siPD-L1 was administered a total of 8 
times (twice a week). Throughout the treatment, the mice did not 
exhibit any signs of overt toxicity, as evidenced by the absence of 
changes in body weight and behavior (Fig. 5K). Additionally, histolog-
ical examination of the heart, liver, spleen, lung, and kidney revealed no 
significant organ damage in any of the groups (Fig. S21). As shown in 
Fig. 5H, J, and 5I, treatment with the A1.8Se3O0.5/siNC nanogels mini-
mally suppressed tumor growth, whereas treatment with the 
A1.8Se3O0.5/siPD-L1 nanogels significantly inhibited tumor growth, 
achieving a suppression rate of 69.5 %. These findings collectively 
indicate that the combination of A1.8Se3O0.5 with PD-L1 effectively en-
hances antitumor efficacy. H&E-stained tumor sections revealed 
increased numbers of necrotic and apoptotic tumor cells and decreased 
Ki67 staining in the A1.8Se3O0.5/siPD-L1 group (Fig. 5L and M, and 5 N).

The results demonstrated the efficient biodistribution and tumor 
accumulation of A1.8Se3O0.5/Cy5.5 siRNA in an MC38 tumor-bearing 
mouse model. Furthermore, treatment with A1.8Se3O0.5/siPD-L1 signif-
icantly suppressed tumor growth. Overall, the results highlight the po-
tential of A1.8Se3O0.5/siPD-L1 for targeted drug delivery and the 
downregulation of PD-L1 as a promising strategy for enhancing anti-
tumor immune responses.

2.6. Mechanistic analysis of A1.8Se3O0.5/siPD-L1 for in vivo antitumor 
assays

To gain a more comprehensive understanding of the impact of 
A1.8Se3O0.5/siPD-L1 on tumor immunity, a multicolor immunofluores-
cence system was used to simultaneously monitor changes in various 
immune cell populations. CD4 and CD8 (T cells), Granzyme B, and PD- 
L1 were utilized as markers for this analysis. Representative fluores-
cence images (Fig. 6A) were quantified for each selected marker. 
Quantitative analysis of signal intensities revealed significant differ-
ences in immune cell counts among tumors treated with PBS, 
A1.8Se3O0.5/siNC, or A1.8Se3O0.5/siPD-L1 (Fig. 6B). Notably, 
A1.8Se3O0.5/siPD-L1-treated tumors exhibited overall increases in the 
numbers of T cells and Granzyme B.

Subsequently, the effects of A1.8Se3O0.5/siPD-L1 on autophagic flux, 

MHC-I expression, and PD-L1 fluctuations in vivo were investigated. In 
vivo experiments were also conducted to assess the impact of 
A1.8Se3O0.5/siPD-L1 on autophagic flux, MHC-1 expression, and PD-L1 
expression. Immunohistochemistry (IHC) analysis of LC3B and P62 
expression revealed significantly greater staining intensity in the 
A1.8Se3O0.5 group than in the PBS-treated group (Fig. 7A and B). 
Notably, the A1.8Se3O0.5 group exhibited a 2-3-fold increase in staining 
intensity (Fig. 7C and D). Immunoblotting analysis further confirmed 
the ability of A1.8Se3O0.5 to increase the LC3-II/I ratio, increase p62 
accumulation, and increase MHC-1 and PD-L1 expression (Fig. 7E and 
F). Importantly, the combination of A1.8Se3O0.5 with siPD-L1 resulted in 
decreased PD-L1 protein levels in tumor tissue (Fig. 7E and F). These 
findings provide additional evidence of the multifaceted effects of 
A1.8Se3O0.5/siPD-L1 in modulating autophagy, MHC-1 expression, and 
PD-L1 levels within the tumor microenvironment.

To better understand the mechanisms underlying A1.8Se3O0.5/siPD- 
L1 immunotherapy, we utilized flow cytometry analysis to examine the 
immune profiles of the tumor-draining lymph nodes (TDLNs) and the 
tumor microenvironment. Lymphocytes in the TDLN are essential for 
initiating immune responses, with mature dendritic cells (DCs) serving 
as the main antigen-presenting cells (APCs) [5,71]. Our results demon-
strated that A1.8Se3O0.5 effectively increased the frequency of CD11c +

CD80+ dendritic cells and CD11c+CD86+ dendritic cells in the TDLN, 
reaching 2- to 3-fold greater levels than those in the PBS group (Fig. 7G 
and H). This finding suggested that A1.8Se3O0.5 promotes the maturation 
of DCs in TDLNs. Furthermore, immune cells within the tumor micro-
environment play vital roles in antitumor activity. To investigate the 
impact of A1.8Se3O0.5/siPD-L1 on tumor immune escape, we analyzed 
the immune profiles of tumor tissues using flow cytometry [72,73]. As 
depicted in Fig. 7I and J, A1.8Se3O0.5/siPD-L1 treatment significantly 
enhanced the infiltration of CD4+ and CD8+ T cells, particularly CD8+ T 
cells, into tumors, exhibiting an approximately 2.4-fold increase 
compared to that in the PBS control group. Moreover, A1.8Se3O0.5/siNC 
slightly induced the infiltration of CD8+ T cells into the tumor (Fig. 7J). 
We also evaluated the expression of Granzyme B, a serine protease 
secreted by CTLs that induces tumor cell apoptosis. Flow cytometry 
analysis revealed that A1.8Se3O0.5/siPD-L1 significantly facilitated the 
recruitment of granzyme B, which was approximately 5-fold greater 
than that in the PBS group and A1.8Se3O0.5/siNC group (Fig. 7K). These 
findings shed light on the mechanisms by which A1.8Se3O0.5/siPD-L1 
immunotherapy modulates the immune landscape, promotes the 
maturation of DCs and enhances the recruitment of CD8+ T cells and 
granzyme B to the tumor microenvironment.

In summary, these results provide valuable insights into the mech-
anisms of A1.8Se3O0.5/siPD-L1-induced immunotherapy. We observed 
changes in immune cell populations and markers associated with tumor 
immunity. In TDLNs, A1.8Se3O0.5 treatment increased the percentage of 
CD11c + CD80+ and CD11c+CD86+ DCs, indicating a stronger DC-based 
immune response in TDLNs. In the tumor microenvironment, 
A1.8Se3O0.5/siPD-L1 treatment increased the frequency of CD4+ and 
CD8+ T cells, particularly CD8+ T cells, suggesting that enhanced anti-
tumor activity was initiated by A1.8Se3O0.5/siPD-L1. A1.8Se3O0.5/siNC 
inhibited autophagy by disrupting lysosomal function and restoring 
MHC-I expression, whereas A1.8Se3O0.5/siPD-L1 not only restored MHC- 
I expression but also effectively inhibited PD-L1 expression, resulting in 
the effective prevention of immune escape by effectively promoting DC 
maturation and recruitment of CD8+ T cells.

3. Conclusion

In conclusion, our study successfully developed a straightforward 
combinatorial selenol chemistry strategy to produce a diverse library of 
diselenide-crosslinked cationic nanogels for siRNA delivery. Through a 
rigorous high-throughput screening process, we identified the 
A1.8Se3O0.5 nanogels as the optimal candidates for efficient delivery of 
PD-L1 siRNA. These nanogels exhibited enhanced internalization by 

J. Gao et al.                                                                                                                                                                                                                                      Bioactive Materials 41 (2024) 597–610 

605 



Fig. 5. In vivo and in vitro experiments were conducted to evaluate the infiltration and antitumor effects of A1.8Se3O0.5/siPD-L1. (A, B) The distribution of 
A1.8Se3O0.5/Cy5.5 siRNA and free Cy5.5 siRNA in MC38 tumor-bearing mice was assessed at 1 h, 6 h, 12 h, 24 h, and 48 h postadministration. (C, D) Major organs 
and tumors in mice were isolated and imaged, and their mean fluorescence intensity was quantified. (E, F) Frozen sections of tumor tissues were examined via 
fluorescence microscopy. (G) A schematic diagram depicting the process of constructing C57BL/6J tumor-bearing mice. (H) Tumor growth curves following 
treatment with various therapeutics. (I, J, K) Images of tumors (I), tumor weights (J), and weights of mice (K) following various treatments. (L, M, N) H&E, Ki67, and 
TUNEL analyses of tumor tissues were also conducted. Scale bars = 100 μm. The data are expressed as the mean ± SD. (B), (D), (F), (M) and (N), n = 3; (H–K), n = 9; 
*P < 0.05, **P < 0.01, ***P < 0.001.
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tumor cells and demonstrated exceptional oxidative degradation ca-
pacity, leading to the inhibition of autophagy through lysosomal alka-
linization. Importantly, the A1.8Se3O0.5/siPD-L1 nanogels significantly 
reduced PD-L1 expression and increased the level of major histocom-
patibility complex class I (MHC-I), resulting in enhanced proliferation of 
specific CD8+ T cells and slowed MC38 tumor growth. Consequently, the 
A1.8Se3O0.5/siPD-L1 nanogels effectively restrained tumor growth 
through autophagy inhibition, upregulation of MHC-I, and down-
regulation of PD-L1. Thus, these nanogels, which incorporate dynamic 
diselenide bonds, demonstrated potential for synergistic antitumor ef-
ficacy by simultaneously inhibiting autophagy and preventing immune 
evasion. We anticipate that the facile and generalizable combinatorial 
reaction functionalization methodology described in this study can be 
extended to a wide range of cationic polymers with primary, secondary, 
and tertiary amine groups, opening up new avenues for the development 

of nanogel-based gene therapeutics.
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analysis of mature DCs (CD11c+CD80+ and CD11c+CD86+) in TDLNs. (I), (J) and (K) Representative flow cytometry plots and quantitative analysis of CD3+CD4+, 
CD3+CD8+ and CD8+Granzyme B+ T cells in tumors. Scale bars = 50 μm. The data are expressed as the mean ± SD (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001.
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