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Supramolecular polyrotaxane-based nano-
theranostics enable cancer-cell stiffening for
enhanced T-cell-mediated anticancer
immunotherapy

Haifen Luo, Jingqi Lv, Peiye Wen, Shan Zhang, Wen Ma & Zhen Yang

Despite the tremendous therapeutic promise of activating stimulators of
interferon genes (STING) enable to prime robust de novo T-cell responses,
biomechanics-mediated immune inhibitory pathways hinder the cytotoxicity
of T cells against tumor cells. Blocking cancer cell biomechanics-mediated
evasion provides a feasible strategy for augmenting STING activation-
mediated anti-tumor therapeutic efficacy. Here, we fabricate a redox-
responsive Methyl-β-cyclodextrin (MeβCD)-based supramolecular poly-
rotaxanes (MSPs), where the amphiphilic diselenide-bridged axle polymer
loads MeβCD by the host-guest interaction and end-caping with two near-
infrared (NIR) fluorescence probes IR783. The MSPs self-assemble with STING
agonists diABZIs into nanoparticles (RDPNs@diABZIs), which enable simulta-
neous release of MeβCD and diABZIs in the redox tumor microenvironment.
After the released diABZIs activate STING on antigen-presenting cells (APCs),
de novo T-cell responses are initiated. Meanwhile, the released MeβCD
depletes membrane cholesterol to overcome cancer-cell mechanical softness,
which enhances the CTL-mediated killing of cancer cells. In the female tumor-
bearing mouse model, we demonstrate that RDPNs@diABZIs lead to effective
tumor regression and generate long-term immunological memory. Further-
more, RDPNs@diABZIs can achieve significant tumor eradication, with these
mice remaining survival for at least 2 months.

Pharmacological activation of stimulator of interferon genes (STING)
via STING agonists solves the inherent shortcomings of endogenous
STINGmessenger 2’,3’-cyclic-GMP-AMP (cGAMP) andprimes robust de
novo T-cell responses, revolutionizing the cancer treatment1–6. T cells
sensemechanical environments and exert forces at the immunological
synapse to assist perforin drilling pores in the cell membrane, poten-
tiating cytotoxicity against cancer cells7. Despite the tremendous
therapeutic promise of STING agonists, cancer cells generally hamper

T cells-mediated cytotoxicity by softening the cortical stiffness
through membrane cholesterol enrichment and F-actin levels down-
regulation to achieve biomechanics-mediated immune inhibitory
pathways8–10. Thus, manipulating cholesterol levels in the membrane
lipid bilayer of cancer cells contributes to T-cell-mediated cancer
treatments. Regulation of cholesterol levels often utilizes pharmaco-
logical or genetic interventions, such as statins and targeted silencing
genes using short hairpin or small interfering RNA11,12. However, non-
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specific side effects and the cumbersome operation of these technol-
ogies limit the regulation of cancer cell stiffness at the in vivo level.

Macrocyclic methyl-β-cyclodextrin (MeβCD) has an intrinsic host-
guest recognition with cholesterol, exhibiting special cholesterol-
depleting capabilities in cell membranes13–15. Unfortunately, MeβCD is
not specific to tumor cells and is rapidly cleared during circulation,
thereby reducing their effectiveness in increasing the cancer-cell
stiffness16–18. Thus, it is crucial to deliver plenty of MeβCD into the
tumor microenvironment (TME) to turn the mechanical property of
tumor cells and reinforce the T-cell-mediated killing of cancer cells.
MeβCD-based supramolecular polyrotaxanes (MSPs) contain amphi-
philic polymers that act as the axle, and plentiful macrocyclic MeβCD
act as thewheels, driven by the host-guest interaction19–22. After sealing
the MeβCD into MSPs, the MSPs enable self-assembling into nano-
platforms with high stability/biocompatibility for encapsulating

therapeutic drugs for cancer theranostics23–26. However, to achieve the
effective delivery and burst release of MeβCD into TME, the axle of
MSPs is required to be cleavable in response to the acid or redox in
TME27,28.

Herein, we fabricate redox-responsive MSPs with diselenide-
bridged axle polymer by end-capping with two near-infrared (NIR)
fluorescence probes IR78329–32. TheMSPs further self-assembledwith a
STING agonist diABZIs into nanoparticles (RDPNs@diABZIs), which
enabled simultaneous release of MeβCD and diABZIs in response to
the redox TME33–35. The in vivo therapeutic process and the biodis-
tribution of the RDPNs@diABZIs are visualized by fluorescence ima-
ging (Fig. 1). After the accumulation of RDPNs@diABZIs in TME, the
released diABZIs elicit STING activation on antigen-presenting cells
(APCs) and then priming T-cell-mediated anti-tumor response. Mean-
while, the released MeβCD depletes membrane cholesterol to
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Fig. 1 | Schematic of cancer-cell stiffening using RDPNs@diABZIs boosts T-
force-mediated killing for anticancer STING immunotherapy. RDPNs@diABZIs
nanoparticles, composed of the diselenide-bridged polyrotaxanes loaded with
agonists diABZIs, generate robust anti-tumor immunity by synergistically
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Lymphocyte, DC Dendritic cell, STING stimulator of interferon genes, IFN
Interferon.
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overcome cancer-cell mechanical softness, which enhances the cyto-
toxic T lymphocytes (CTLs)-mediated killing of cancer cells. In the
tumor-bearing mouse model, we successfully demonstrate that
RDPNs@diABZIs lead to effective tumor regression and generate long-
term immunological memory. Furthermore, RDPNs@diABZIs can
achieve significant tumor eradication, with these mice remaining sur-
vival for at least 2 months.

Results
Synthesis and characterization of RDPNs@diABZIs
MeβCD-based supramolecular polyrotaxanes (MSPs) with diselenide-
bridged axle polymer by end-capping with two NIR fluorescence
probes IR783 (IR783-PEG-MeβCD-PDS) was synthesized, as detailed in
the experimental section (Supplementary Fig. 1)36,37. As a control, MSPs
with dicarbonyl-bridged axle polymer by end-capping with two NIR
fluorescence probes IR783 (IR783-PEG-MeβCD-PTD) were also syn-
thesized. H nuclearmagnetic resonance (1HNMR) spectrawereused to
characterize the successful synthesis of polyrotaxane (Supplementary
Figs. 2–6). By comparing the integration of the proton signals from

MeβCD with those from the PEG segment, the average number of
MeβCD units in the polyrotaxane was calculated to be 16.8 (Supple-
mentary Fig. 6). Gel permeation chromatography (GPC) curves were
shown that the average molecular weight (Mn) of IR783-PEG-MeβCD-
PDSwas determined to be 39.4 kDa, 22.6 kDahigher thanPEG-PDS (Mn
= 16.8 kDa), providing direct evidence for the formation of a poly-
rotaxane with approximately 17 MeβCD units (Fig. 2a). Additionally,
thermogravimetric analysis confirmed that MeβCD is incorporated
within the polymer PEG-PDS (Fig. 2b). The Fourier-transform infrared
(FT-IR) spectrum of PEG-MeβCD-PDS displayed double characteristic
peaks at 3433 cm-1 and at 3274 cm-1, corresponding to the N-H
stretching of -NH2 groups (Supplementary Fig. 7). In contrast, the FT-
IR spectrum of IR783-PEG-MeβCD-PDS showed the disappearance of
the peak at 3274 cm-1, indicating the conversionof -NH2 to -NHRduring
the coupling reaction. These changes confirmed the successful cou-
plingof IR783 to PEG-MeβCD-PDS.Moreover, the absorption spectrum
of IR783 showed slightly red-shifting comparedwith thatof IR783-PEG-
MeβCD-PDS, indicating that IR783 is present on PEG-MeβCD-PDS
(Fig. 2c). Under the same IR783 concentrations, the fluorescence
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Fig. 2 | Characterization of RDPNs. a GPC curves of PEG-PDS and IR783-PEG-
MeβCD-PDS. GPC was performed using N,N-dimethylformamide as the eluent.
bTGAcurves ofMeβCD, PEG-PDSand IR783-PEG-MeβCD-PDS from30 °C to800 °C
at a rate of 10 °C min-1 under nitrogen atmosphere. c Absorbance spectra of IR-783
and IR783-PEG-MeβCD-PDS.d, eThe hydrodynamicdiameters and zetapotential of
NPNs, RDPNs, and RDPNs@diABZIs. n = 3 biologically independent samples per
group, repeated three times. f The average hydrodynamic diameter of

RDPNs@diABZIs were measured in PBS buffer over 2 weeks. n = 3 biologically
independent samples per group, repeated three times. g, h TEM images and
hydrodynamic diameters of RDPNs in different treatments with hydrogen peroxide
(H2O2). Scale bar, 400 nm. i In vitro diABZIs release profile of RDPNs@diABZIs co-
cultured with or without different concentrations of H2O2. n = 3 biologically inde-
pendent samples per group, repeated three times. Data were expressed as
means ± SD.
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intensity of IR783-PEG-MeβCD-PDS increased compared to that of free
IR783 (Supplementary Fig. 8). These results suggested that IR783-PEG-
MeβCD-PDS was successfully prepared, with IR783 capped into the
polymer acting as a stopper. Eventually, polyrotaxane IR783-PEG-
MeβCD-PDS was self-assembled into redox-responsive diselenide-
bridged polyrotaxanes nanoformulations (RDPNs) in aqueous solu-
tion, with nonresponsive polyrotaxanes nanoparticles (NPNs) as con-
trol. STING agonists diABZIs were further encapsulated into the
hydrophobic core of the nanoparticles (RDPNs@diABZIs) through
simple ultrasonication38. The diABZIs-loaded RDPNs (RDPNs@diAB-
ZIs) were prepared with a diABZIs loading efficiency of 5.67% (Sup-
plementary Fig. 13). Dynamic light scattering (DLS) results revealed
that the hydrodynamic sizes of RDPNs, NPNs, and RDPNs@diABZIs
were 94.09 ± 6.8 nm, 131.71 ± 9.4 nm, and 142.7 ± 8.5 nm, respectively
(Fig. 2d). Additionally, the surface zeta potentials of these constructed
NPs were found to be negatively charged, which were -1.05 ± 0.17mV,
-0.58 ±0.12mV, and -1.19 ± 0.35mV, respectively (Fig. 2e). Moreover,
RDPNs@diABZIs remained stable in various buffers for two weeks,
demonstrating their stability in physiological systems, which provided
assurance for subsequent experiments (Fig. 2e and Supplementary
Figs. 9–11). The degradation behavior ofRDPNswas investigated under
oxidative conditions (H2O2), mimicking the in vivo TME condition39–41.
As revealed by transmission electron microscopy (TEM) images,
compared with the uniform spherical structure of RDPNs under PBS
conditions, RPDNs aggregated and swelled after 12 h of exposure to
H2O2 solution and fully collapsed into small fragments within 24 h.
(Fig. 2g). Additionally, DLS results also revealed that as the con-
centration of hydrogen peroxide increased, the hydrodynamic sizes
were gradually increased, indicating the RPDNs aggregated and swel-
led (Fig. 2h). On the contrary, the nonresponsive poly-MeβCD nano-
particles (NPNs) showed negligible changes in morphology and
hydrodynamic sizes, and no degradation in the oxidative condition
after 24 h of incubation (Supplementary Fig. 12). To investigate whe-
ther the degradation of RPDNs can induce the release of diABZIs, high-
performance liquid chromatography (HPLC) was used to monitor the
releasebehavior.RPDNs showedan increasing releaseofdiABZIs as the
concentration of hydrogen peroxide increased (Fig. 2i and Supple-
mentary Fig. 13). They showed a burst release of approximately 78.5%
of the cumulative total diABZIs in the oxidative condition after 6 h of
incubation, fitting well with the degradation behavior.

Cancer-cell stiffness is enhanced by depletion of cholesterol
with RDPNs
Contributing to abnormal generation and cross-linking of extracellular
matrix proteins, tumors are typically harder than their corresponding
normal tissues42. Interestingly, membranes of cancer cells are often
softer than non-malignant cells43–45. Cancer cells soften cell mem-
branes via increasing cholesterol, which reduces the force exerted by
T-cell synapses to help cancer cells evade T-cell killing. MeβCD, a
cholesterol-depletion molecule, could increase cancer cell membrane
stiffness (Fig. 3a). Compared to HC11 cells (murine breast epithelial
cells), 4T1 cells (murine breast cancer cells) showed a significant
increase in cholesterol levels (Fig. 3b and Supplementary Fig. 14). We
further quantified the cholesterol levels in tumor tissues and normal
tissues isolated from4T1-bearingmice. The cholesterol levels in tumor
tissues increased by 2.67 times compared to adjacent muscle tissues
(Fig. 3c). Additionally, elevated cholesterol levels were analyzed in
different types of tumor tissues (Supplementary Fig. 15). These results
provide evidence that a common feature of cholesterol levels in var-
ious types of cancer cells was higher than those of normal cells.

To investigate the optimal therapeutic window for MeβCD in
deleting membrane cholesterol, we quantified the cholesterol levels in
4T1 cells andTcells co-culturedwithdifferent concentrationsofMeβCD
in vitro. The half-maximal effective concentration (EC50) of MeβCD for
cholesterol depletion in tumor cells was 3.85mM, while no significant

change was observed in the membrane cholesterol levels of T cells
(Supplementary Fig. 16). The results indicated that T cells have a higher
tolerance to MeβCD than 4T1 tumor cells. Additionally, the membrane
cholesterol level of various cancer cells was reduced after co-culturing
with MeβCD, while the intracellular cholesterol level showed negligible
changes (Supplementary Fig. 17). Therefore, plasma membrane cho-
lesterol levels could be controlled via MeβCD in various cancer cells.

Subsequently, we assessed the cell viability of 4T1 cells, T cell, or
L929 (mouse fibroblast cell line) cells co-cultured with different drugs
for 24 h. The changes in L929 cells and T cells treatedwith RDPNswere
negligible (Supplementary Fig. 18). In contrast, the viability of 4T1 cells
was significantly decreased. Moreover, no obvious change in the via-
bility of 4T1 cells was observed after treatment with NPNs (Supple-
mentary Fig. 19). Further, the analysis of live/dead staining and
Annexin V-FITC/propidium iodide (PI) flow cytometry were consistent
with the above results (Supplementary Figs. 20, 21). These results
demonstrate that RDPNs exhibit selective cytotoxicity against cancer
cells, while causing no damage to T cells and normal cells.

To verify whether RDPNs also can reduce membrane cholesterol
levels, 4T1 tumor-bearing mice were used as models that were treated
with MeβCD, RDPNs, or NPNs intratumorally (i.t). We found that the
membrane cholesterol level of cancer cells treated with RDPNs drop-
pedmarkedly to only 47.8% relative to PBS group (G1). In contrast, the
membrane cholesterol level of 4T1 cancer cells treated with NPNs
showed negligible changes (Fig. 3e). Additionally, similar results were
obtained by intravenous injection (Supplementary Fig. 22). Moreover,
the results in vitro were consistent with in vivo (Fig. 3d). Further, the
membrane cholesterol level of 4T1 cancer cells were visualized or
quantitatively analyzed via staining the Filipin III, a fluorescent dye that
specifically binds to cholesterol (Fig. 3f, g and Supplementary Fig. 23).
The fluorescence images and the flow cytometry analysis all revealed
theoutstanding cholesterol-depleting capability of RDPNs comparable
to the same concentration of MeβCD. To further investigate whether
RDPNs influence themembrane cholesterol levels of tumor-infiltrating
T cells, we quantified the levels in cells in vitro and in vivo. The results
showed that RDPNs had a negligible decrease on the membrane cho-
lesterol levels of tumor-infiltrating T cells (Supplementary Fig. 24). We
further investigated the functionality of tumor-infiltrating T cells after
treating with RDPN. Compared to the PBS group, the population of
tumor-infiltrating CD8+ T cells showed no significant change after
RDPNs treatment (Supplementary Fig. 25). Additionally, the popula-
tion of CD8+IFN-γ+ T cells and CD8+GzmB+ T cells also remained
unchanged. These results demonstrate that RDPNs show a burst
release of MeβCD in tumors, reducingmembrane cholesterol levels of
tumor cells while having negligible effects on membrane cholesterol
levels and functionality of tumor-infiltrating T cells.

To investigate whether cancer-cell stiffness could be enhanced by
depleting membrane cholesterol, we directly measured single-cell cor-
tical stiffnessusingAtomic ForceMicroscopy (AFM)46 (Fig. 3h).We found
that the cortical stiffness of 4T1 cancer cells treated with MeβCD and
RDPNs decreased by 3.02 times and 2.89 times, respectively, relative to
PBS group (G1). Moreover, similar results were observed in other cancer
cells (Supplementary Fig. 26). These results demonstrated that choles-
terol depletion in the cell membrane contributes to cancer cell stiffness.

Cancer-cell stiffness by RDPNs enhances T-cell-mediated cyto-
toxicity through T-cell forces
Cancer-cell softness impairs T-cell forces further preventingmembrane
pore formation by perforin47, which subsequently prevents the entry of
granzyme B to initiate apoptosis. Cancer-cell stiffening via cholesterol
depletion allowed for accelerating the speed of pore formation by
synergistic mechanical force and perforin (Fig. 3i). To investigate whe-
ther cytotoxicity of different stiffness of cancer cells is related to per-
forin concentrations in the absence of activated T cells, differently pre-
treated 4T1 cells were co-cultured with varying concentrations of
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Fig. 3 | Controlling cancer-cell stiffness to modulate T-cell force-mediated
cytotoxicity through membrane cholesterol depletion. a Illustrations of
mechanical immuno-suppression induced by the softened cancer cells and
mechanical immuno-activation induced by the stiffened cancer cells resulting from
membrane cholesterol depletion. b Cholesterol levels in different cells. n = 3 bio-
logically independent samplesper group, repeated three times. cCholesterol levels
in 4T1 tumor tissues or the adjacent muscle tissues. n = 3 biologically independent
samples per group, repeated three times. d, e Relative intracellular and plasma
membrane levels of cholesterol in 4T1 cancer cells treated with PBS,MeβCD, NPNs,
or RDPNs in vivo (d) and in vitro (e). n = 3 biologically independent samples per
group, repeated three times. f, g The Filipin III staining of 4T1 tumor cells after
different treatments. Experiments were performed three times with similar results.

Scale bar, 100nm. h Relative cortical stiffness of 4T1 cancer cells treated with
different treatments. n = 6 biologically independent samples per group, repeated
three times. i The schematic diagram of perforin forming pores in native cancer
cells or stiffness cancer cells. j Viability of pre-treated 4T1 cancer cells after incu-
bation with perforin at indicated concentrations at 37 °C for 20min. n = 3 biologi-
cally independent samples per group, repeated three times. k Lysis percentage of
4T1 cancer cells pre-treatedwith activatedCD8+ T cells at an E: T ratio of 10:1 for 5 h.
n = 4 biologically independent samples per group. Data were expressed as
means ± SD. G1: PBS, G2: MeβCD, G3: NPNs, G4: RDPNs. One-way ANOVA with
Tukey’s post hoc test (b, d, e, h, k) or Two-tailed Student’s t-test (c). *P <0.05,
**P <0.01, ***P <0.001, and ****P <0.0001.
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perforin (Fig. 3j). Interestingly, in the absence of activated T cells, the
cell viability of cancer cells of different stiffness was independent of the
concentration of perforin. Next, we co-cultured activated CD8+ T cells
with pre-treated 4T1 cells. Similar to pre-treated with MeβCD, RDPNs-
pretreated 4T1 cells accelerated the speed of pore formation compared
tonative 4T1 cells (G1) (Fig. 3k). Thesefindings indicated that cancer cell
stiffening enhances T cell force-mediated cytotoxicity, mediated by
increased membrane pore formation by perforin.

Activation of cGAS-STING Pathway by RDPNs@diABZIs in vitro
STING agonists diABZIs can activate the cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING) pathway (Fig. 4b)48,49. To
monitored the cytotoxicity of RDPNs@diABZIs, we co-cultured
4T1 cells and L929 cells with RDPNs@diABZIs. The result revealed
that RDPNs@diABZIs exhibits selective toxicity towards cancer cells
(Fig. 4a). To verify whether RDPNs@diABZIs enhance secretion of
type-I Interferon (IFN-I) in APCs, we detected the levels of IFN-β
secretion. cGAMP, as a second messenger to activate STING, rarely
elicited the secretion of IFN-β with a half-maximum effective con-
centration (EC50) of 84.61 ± 3.11 µM in THP-1 (Fig. 4c). This can con-
tribute to its acts as a negatively charged molecule. Interestingly,
similar to EC50 of 5.15 ± 0.59 µM of STING agonists diABZIs,
RDPNs@diABZIs also induced a concentration-dependent secretion of
IFN-β in THP-1 cells with EC50 of 5.70 ±0.71 µM (Fig. 4c). Compared
with cGAMP, the delivery of diABZIs or RDPNs@diABZIs increased the
IFN-β secretion levels by order of magnitude. Similarly, an enhance-
ment in stimulating IFN-β secretion was observed in Bone Marrow
Dendritic Cells (BMDCs), the EC50 of diABZIs, RDPNs@diABZIs, and
cGAMP was 5.71 ± 0.12 µM, 6.42 ± 0.21 µM, 92.36 ± 6.90 µM (Fig. 4d).
Compared to cells treated with free cGAMP, BMDCs stimulated by
RDPNs@diABZIs exhibited significantly increasing expression of co-
stimulatory molecules CD80 and CD86 (Fig. 4e–h). Western blot ana-
lysis revealed a noticeable phosphorylation of STING (p-STING) and
IRF-3 (p-IRF-3) in response to diABZIs and RDPNs@diABZIs (Fig. 4i, j).
The expression levels of pro-inflammatory cytokines tumor necrosis
factor-alpha (TNF-α), interleukin-6 (IL-6), and IL-1β also significantly
increased (Fig. 4k-m). These results suggested that RDPNs@diABZIs
can activate the cGAS-STING pathway and have the potential to sti-
mulate T-cell activation.

Biodistribution and pharmacokinetic analysis
We evaluated the pharmacokinetics profiles by measuring the con-
centration of IR783. The elimination half-life (t1/2) of RDPNs and free
IR783, calculated were 1.40h and 0.31 h, respectively (Fig. 5a). Similarly,
t1/2 of RDPNs@diABZIs and diABZIs were 1.5 h and 0.25 h, respectively
(Fig. 5b). These provide evidence that nanomaterials can extend the
bloodcirculation timeof IR783compared to free IR783.Additionally, the
area under the curve (AUC) for RDPNs was about 10 times than IR783
(Fig. 5c). The concentration of IR783 in tumors sacrificed from injected
withRDPNswas significantly enhancedcomparedwith that injectedwith
free IR783 (Fig. 5d). Therefore, we have reason to believe that RDPNs
exhibit long-term retention characteristics in the tumor tissue.

Further, to investigate the biodistribution of RDPNs in the tumor-
bearing mice model, we intravenously injected RDPNs or NPNs and
monitored the fluorescence of IR783 using small animal in vivo ima-
ging. In vivofluorescence images andquantitative analysis all indicated
enhanced tumor fluorescence signal with a peak at 12 h post-injection
of RDPNs or NPNs (Fig. 5e, g). The fluorescence intensity gradually
decreases after 24 h, but fluorescence is still visible at the tumor site at
48 h. The above results indicated a strong drug retention effect of
RDPNs orNPNs. Furthermore, ex vivo images sacrificed at 48 h showed
significant nanomedicines accumulation in the tumor site and little
accumulation in the major organ (heart, liver, spleen, lung, Kidney),
which indicated that nanomedicines were selectively accumulated to
tumors (Fig. 5f, h).

RDPNs@diABZIs shift tumor immune microenvironment
The activation of the cGAS-STING pathway can prime innate and
adaptive immune responses, which is beneficial for anti-tumor sys-
temic immune responses50–52. An orthotropic 4T1 mouse breast tumor
model was established. Surface expression of CD86 of dendritic cells
(DCs, CD45+CD11c+CD86+) of the tumor-draining lymph node (TDLN)
in RDPNs@diABZIs-treated mice was increased (Fig. 6a and Supple-
mentary Fig. 27). Additionally, the total cell number and the fraction of
activated DCs also were markedly increased, which exhibited
approximately 2.23-fold activated DCs than those treated with PBS.
(Fig. 6b and Supplementary Figs. 27, 28). The total cell number and the
fraction of M1-likemacrophages (CD11b+F4/80+CD86+) in the TMEwas
significantly increased in mice-treated RDPNs@diABZIs than other
groups (Fig. 6c, d and Supplementary Figs. 29, 30). On the contrary,
RDPNs@diABZIs decreased the total cell number and the fraction of
M2-like macrophages (CD11b+F4/80+CD206+) in TME compared with
that received PBS only (Fig. 6e, h and Supplementary Figs. 31, 32).
These results indicated repolarization or recruitment of macrophages
with reduced immunosuppressive capacity. Notably, compared with
those treated with others, the tumors in mice that received
RDPNs@diABZIs increased the total number and the fraction of nat-
ural killer cells infiltrated (Fig. 6i and Supplementary Figs. 34-35). We
further verified whether downregulating immune cells with immuno-
suppressive capacity and upregulating that with immune-activated
capacity in TME can potentiate anti-tumor immune responses.
RDPNs@diABZIs led to cytotoxic CD8+ T cells in TDLN increased
comparedwith other groups (Fig. 6f, j and Supplementary Figs. 36-38).
Immunofluorescence staining of the CD8 marker in tumor slices
retrieved after mice treated with RDPNs@diABZIs showed enhanced
infiltration of CD8+ T cells (Supplementary Fig. 40). The mice that
receivedRDPNs@diABZIs elicited 2.43-foldmoreCD8+ T cells and 1.85-
fold more CD4+ T cells than that treated PBS only. The expansion of
CD8+IFN-γ+ T cells inmice receiving RDPNs did not exceed the baseline
level, while diABZIs treatment resulted in a 2.67-fold increase in IFN-γ-
secreting CTLs (Fig. 6g, k and Supplementary Fig. 39). Notably,
RDPNs@diABZIs further elevated the frequency, with the expression
level of CD8+IFN-γ+ T cells in TDLNs being 4.84 times higher than that
of the PBS control group. We further measured a kinetics study over
7 days of pro-inflammatory cytokines in serum. The concentration of
IFN-γ, TNF-α, and Granzyme B in serum increased rapidly, peaking at
72 h post-treatment with RDPNs@diABZIs (Fig. 6l and Supplementary
Figs. 41-43). Subsequently, the concentration of pro-inflammatory
cytokines decreased and returned close to benchmark level by 7 days
after treatment. These findings indicate that RDPNs@diABZIs can
initiate systemic T-cell immune responses, with the associated sys-
temic inflammation being transient, which is essential to ensuring its
safety.

RDPNs@diABZIs trigger robust anti-tumor therapeutic efficacy
Based on the above results, we next evaluated the anti-tumor effect of
RDPNs@diABZIs in vivo. An orthotropic 4T1-luc mouse breast tumor
model was established, and mice were randomly divided into five
groups: PBS (G1), NPNs (G2), RDPNs (G3), diABZIs (G4), and
RDPNs@diABZIs (G5). Mice were treated when the tumor volume
reached approximately 100mm3 and were intravenously injected with
indicated formulations on days 0, 2, and 4. Mice treated with NPNs did
not suppress tumor growth (Fig. 7a–d). On the contrary, the tumor
volume of mice treated with RDPNs was inhibited. These demon-
strated that MeβCD released from RDPNs reducing membrane cho-
lesterol promotes cancer cell stiffness and induces its apoptosis, but it
can’t be released from NPNs. Undoubtedly, tumor growth rates
markedly were inhibited in mice that received diABZIs only, which
contributed to enhanced anti-tumor immune responses induced by
diABZIs-activated cGAS-STING pathway. Notably, mice treated with
RDPNs@diAZBIs showed robust tumor regression and long-term
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samples per group, repeated three times. b Schematic illustration of the activation
of the GAS-STING pathway in dendritic cells (DCs). c, d Dose-dependent levels of
secretion of IFN-β elicited by indicated formations in THP-1 and BMDCs. n = 3
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survival of at least 2 months in about 83.3%. Consistent with the above
results, mice treated with RDPNs@diAZBIs obtained more efficient
therapeutic effects than other group according to the hematoxylin-
eosin (H&E) and TUNEL staining results (Supplementary Figs. 44, 45).
Next, blood chemistry analysis, including alanine aminotransferase
(ALT), lactate dehydrogenase (LDH), aspartate transaminase (AST),
urine acid (UA), creatine kinase (CK), and creatinine (CRE) were per-
formed for long-term toxicity evaluation after treatments. The results
showed all treatments did not induce significant side effects in the
mice (Supplementary Fig. 46). Additionally, there were no significant
pathological changes in major organs (heart, liver, spleen, lung, Kid-
ney) H&E slices images (Supplementary Fig. 47).

We next explored the mechanism of tumor regression and dur-
able anti-tumor effect in mice-treated RDPNs@diAZBIs. To test the
immunological memory, the memory T cells (CD8+CD44highCD62Llow)
of the spleen retrieved from mice-treated indicated treatments were
analyzed using flow cytometry. Compared to the PBS group (G1), mice
treated with RDPNs@diABZIs exhibited a 2.33-fold increase in the

fraction of memory T cells, a better result than other groups (Fig. 7e, f
and Supplementary Fig. 48). This evidence suggested that mice
established strong immunememory after RDPNs@diABZIs treatment.
To further determine whether the anti-tumor immune responses
induced by RDPNs@diABZIs were durable, the mice that survived
following the first inoculation were re-challenged with 4T1-luc tumor
cells by intravenous administration. Noticeable tumor nodules biolu-
minescence in lung in vivo and ex vivo was observed in mice of the
control group (Fig. 7g–j and Supplementary Fig. 49). In contrast, mice
treated with RDPNs@diABZIs showed no tumor nodules biolumines-
cence in lung, indicating the establishment of durable anti-tumor
immune responses. These results provided evidence that
RDPNs@diABZIs elicited robust anti-tumor efficacy and induced dur-
able anti-tumor immunological memory.

Discussion
In summary, we have developed redox-responsive diselenide-bridged
supramolecular polyrotaxanes nanoformulations to augment anti-
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tumor T-cell killing by overcoming cancer-cell mechanical softness.
The redox-responsive supramolecular polyrotaxanes comprise the
amphiphilic diselenide-bridged axle polymer loaded with MeβCD by
the host-guest interaction and end-capped with two NIR fluorescence
probes IR783. The supramolecular polyrotaxanes self-assemble with
STING agonists diABZIs into nanoparticles. After RDPNs@diABZIs
accumulate in the TME, MeβCD and diABZIs enable simultaneous

release in response to the redox TME. The released diABZIs activate
STING on APCs, and de novo T-cell responses are initiated. Meanwhile,
the released MeβCD depletes membrane cholesterol to overcome
cancer-cell mechanical softness, which enhances the T-cell-mediated
killing of cancer cells. Overall, the strategy described here provides a
feasible approach to initiate robust T-cell-mediated anti-tumor killing
for cancer immunotherapy.
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Methods
The research presented here complies with all relevant ethical reg-
ulations. The animal experiment procedures were conducted follow-
ing an approved protocol (IACUC-20230035) by the Institutional
Animal Care and Use Committee (IACUC) of Fujian Normal University.
All the maximal tumor size/burden in our experiments did not exceed

the maximal tumor size/burden permitted (2000 mm3). The all cells,
including 4T1 cells, 4T1-Luc cells, B16-F10 cells, MC-38 (mouse colon
cancer cell line, CBP60825), HC-11 cells, THP-1, and L929 cells were
purchased from American Type Culture Collection (ATCC, Rockville
MD). The materials and methods used in this study are described in
detail in Supplementary.
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Materials
Cell Counting Kit-8 was purchased from GLPBIO. Amplex Red choles-
terol assay kit (Invitrogen)was purchased fromThermoFisher Scientific.
The Calcein-AM/PI staining kit was obtained fromKeyGEN BioTECHCo.,
Ltd. (China). Annexin V-FITC/PI staining kit and D-Luciferin sodium salt
were purchased from Yeasen Biotechnology (Shanghai) Co., Ltd.
(China). All the antibody was purchased from BD Bioscience, Tonbo,
Biolegend, Abcam, or Cell Signaling Technology. Dulbecco’s modified
eagle medium was from Pricella Life Science & Technology Co., Ltd.
Penicillin-Streptomycin Solution was from Beijing Solarbio Science &
Technology Co., Ltd. Fetal Bovine Serum (FBS) was form ExCell Bio,
China. Cell culture dishes/plates, round coverslips, 20-mmglass-bottom
dishes, and centrifuge tubes were obtained from NEST Biotechnology
Co. Ltd. (Wuxi, China). The ELISA kits were obtained from Elabscience®
Biotechnology Co., Ltd. (China). Granulocyte–macrophage colony-
stimulating factor (GM-CSF) was obtained from Beijing T&L Biological
Technology Co., Ltd. Filipin III was obtained from MedChemExpress
(Monmouth Junction, NJ, USA). All other reagents and solvents were
purchased from Sigma-Aldrich. Ultrapure water from the Milli-Q® Pure
water machine was used throughout the experiment.

Synthesis of IR783-PEG-PDS-MeβCD
The diselenide group was first introduced into a diol structure through
the reaction of disodium diselenide (1.3mmol, 0.265 g) and 6-Bromo-1-
Hexanol (1.3mmol, 0.235 g). The diselenide-contained blocks were syn-
thesized via polymerization in a slight excess of toluene diisocyanate
(TDI, 1.43mmol, 0.2mL) and diselenide-containing diols (1.3mmol,
0.468g). Then, the reactive TDI-terminated diselenide-containing poly-
urethane blocks (0.05mmol, 0.086g) were terminated by polyethylene
glycol (PEG, 0.15mmol, 0.75 g) denoted by PEG-PDS. PEG-PDS
(0.05mmol, 0.84 g) and IR783 (0.15mmol, 0.012 g) were dissolved in
DMF and allowed to stir for 2 h at room temperature. The abovemixture
was added dropwise into the saturated aqueous solution of MeβCD
(50mg/mL). The final mixture was allowed to stir for an additional 24 h
at room temperature toobtain IR783-PEG-PDS-MeβCD. The solutionwas
dialysed against deionized water for 2 d in a presoaked dialysis tubing
((MWCO) = 35,000Da) to remove the residual DMF and free drug.

Preparation of RDPNs@diABZIs
The polymer RDPNs (100mg) and agonists diABZIs (100μg) were
dissolved in DMF. The solution was added dropwise into water/DMF
(10/1, v/v) solution in an ultrasonic vibrator (100Hz). Then, the nano-
particles were dialyzed (molecular weight cut-off (MWCO) = 35,000
Da) against purified deionized water to remove the free drug for 48 h.
The diABZIs content in RDPNs@diABZIs is quantitative analyzed by
HPLC. The drug-loading content of diABZIs is calculated using the DLC
formula. DLC were calculated as follows:

DLC ðwt:%Þ= Weight of Drug in NPs
Weight of Drug� Loaded+ Polymer Added

× 100%

Cell lines and animals
Bonemarrow cells were harvested from the femurs of male C57BL/6
mice and tibiae of mice and cultured in DMEM supplemented with

fetal bovine serum and GM-CSF31. 4T1 cells (murine mammary car-
cinoma cell line, CBP60352), 4T1-Luc cells (murine mammary car-
cinoma cell line, CBP30102L), B16-F10 cells (mouse skin melanoma
cell line, CBP60337), MC-38 (mouse colon cancer cell line,
CBP60825), HC-11 cells (mouse mammary epithelium cell line,
CBP61438), THP-1 (Human monocytic leukemia cells, CBP60518),
and L929(mouse fibroblasts cell line, CBP60878) were purchased
from American Type Culture Collection (ATCC, Rockville MD). The
animal experiment procedures were conducted following an
approved protocol (IACUC-20230035) by the Institutional Animal
Care and Use Committee (IACUC) of Fujian Normal University. The
mice are maintained under a 12-h light/12-h dark cycle at 18–23 °C
and 50% humidity.

Quantification of the total cholesterol levels
Tumor tissues and muscle tissues near the tumor were collected from
tumor-bearingmice anddigestedwith collagenase IV for 1 h. Cells were
extracted from the tissue fluid through a cell filter. Tumor cells were
incubated with different treatments at 37 °C, and washed twice with
PBS to consume cholesterol on the plasma membrane. Methanol/
chloroform (1:2, v/v) was added for cholesterol extraction and shaken
at room temperature for 2 h. Then, the organic phase containing
cholesterol is collected and then is evaporated under a vacuum.
Finally, the Amplex Red cholesterol assay kit was used to quantify the
cholesterol in each sample.

Quantification of plasma membrane cholesterol levels
To quantify intracellular cholesterol, tumor cells were treated with
cholesterol oxidase before extraction, oxidizing plasma membrane
cholesterol. Plasma membrane cholesterol levels were calculated by
subtracting intracellular cholesterol levels from total cellular choles-
terol levels.

RDPNs@diABZIs promote the maturation of BMDCs through
cGAS-STING pathway
BMDCs were generated by culturing bone marrow cells flushed from
the femurs of C57BL/6 mice in BMDC medium: RPMI-1640 containing
10% FBS, penicillin/streptomycin, 20 ng/mL GM-CSF. The culture
medium was half-replaced every 2 days, and the non-adherent and
loosely adherent immature DCs were collected on day 8 and pheno-
typedbydetermining theexpressionofmarkersCD45 andCD11c. After
being cultured with different treatments for 4-6 h, BMDCs were col-
lected to analyze the surface markers CD86 and CD80 by flow
cytometry.

Western blot analysis
After gel electrophoresis and protein transfer, anti-p-STING antibody
(dilution ratio 1: 1000, cell signaling technology, 19781), anti-pIRF3
antibody (dilution ratio 1: 1000, cell signaling technology, 4947), anti-
GADPH antibody (dilution ratio 1: 5000, cell signaling technology, 5174)
at 4 °C overnight followed by incubation with anti-rabbit IGG-HRP sec-
ondary antibody (dilution ratio 1: 8000, cell signaling technology, 7076)
Incubate at room temperature for 1 h. The blots were detected by
Immobilon Western Chemiluminescent HRP Substrate (Millipore,
WBKLS0100) and captured using ChemiDoc Imaging System (Bio-Rad).

Fig. 7 | Antitumor effect of RDPNs@diABZIs-augmented immunotherapy in
subcutaneous tumor models. a Respective bioluminescence images of tumors in
mice on day 0, day 5, day 10, and day 15. b, c Individual and average tumor volume
curves with indicated treatments. n = 6 biologically independent animals per
group. d Survival curves after treatments. n = 6 biologically independent animals
per group. e, f Representative flow cytometric analysis and quantification of
memory T cells (CD3+CD8+CD44highCD62Llow, gated on CD3+CD8+ T cells) in the
spleen.n = 4biologically independent animals per group, repeated twice.g Survival

curves after subcutaneous rechallenge. n = 5 biologically independent samples per
group. h, i Bioluminescent images and fluorescence intensity of lung in BALB/C
mice. n = 3 biologically independent animals per group. j Relative fluorescence
intensity of ex vivo lungs.n = 3biologically independent animalsper group.G1: PBS,
G2: NPNs, G3: RDPNs, G4: diABZIs, G5: RDPNs@diABZIs. Data are presented as
mean ± s.d. One-way ANOVAwith Tukey’s post hoc test (e) or two-tailed Student’s t-
test (i, j). *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001.
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Flow cytometry analysis of the immune cell population
Isolated tumor tissue, lymph node tissue, and spleen were digested into
single-cell suspension and pre-incubated with anti-CD16/32 for 15min at
4 °C. Monoclonal antibodies block non-specific binding and then stain
the antibody with a diluted fluorescent dye. The antibodies involved in
the experiment include anti-CD45-FITC、anti-CD3-APC、anti-CD4-APC-
Cy7、anti-CD8-PE、anti-CD11b-PE-cy7、anti-CD11c-PE、 anti-F4/ 80-PE,
anti-CD86-PE-cy7, anti-CD206-BV421, anti-CD49b-APC, anti-CD62L-FITC
and anti-CD44-PE. The stained cells were detected using flow cytometry.

In vivo anti-tumor activity
The animal experiment procedures were conducted following an
approvedprotocol (IACUC-20230035) by the Institutional Animal Care
and Use Committee (IACUC) of Fujian Normal University. The objec-
tive of the first tumor inoculation, 4T1-Luc cells (1 × 106) were sub-
cutaneously injected into the right chest/flank of each female BALB/c
mouse. Seven days later, the tumor-bearing mice were divided into 5
groups randomly: PBS (G1), NPNs (G2), RDPNs (G4), diABZIs (G4),
RDPNs@diABZIs (G5). Mice in different groups were intravenously
injected with indicated formulations on days 0, 2, and 4. The tumor
volume was calculated according to the following formula: W2 × L / 2.
Based on animal ethics, the mice with tumors exceeding 2000 mm3

would be euthanized in this study.
To establish the lungmetastasismodel, 4T1-Luc cells (1 × 105) were

intravenously injected in naive mice or mice showing complete tumor
regression after RDPNs@diABZIs treatment.

Statistical analysis
All quantitative data are expressed as mean± standard deviation (SD)
unless otherwise indicated. The significance between two groups was
analyzed by two-tailed Student’s t-test. Formultiple comparisons, one-
way analysis of variance (ANOVA) with Tukey’s post hoc test was used.
Statistical analysis was performed using Graph Pad Prism 9.0. P-values
of <0.05were considered significant. * P <0.05, **P <0.01, ***P <0.001,
and ****P <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this
article, its Supplementary information files, and source data files. All
data underlying this study are available from the corresponding author
upon request. Source data are provided with this paper.
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