Research Highlight

Control cell death by endosomal trafficking of proton
transistor nanophotosensitizers

Regulated cell death plays an essential role in embryonic
development, tissue homeostasis, inflammation, immunity, and
various pathophysiological events. Drug-induced cell death is
also important in the treatment of diseases. Increasing efforts
have been dedicated to the development of medicines that can
selectively target distinct cell death pathways for efficacious
therapy in the diseased tissues with low toxicity in healthy tissues.

In cancer therapy, emerging evidence has shown that pro-
grammed cell necrosis, including necroptosis, ferroptosis, and
pyroptosis, exhibits higher therapeutic potential including favor-
able immune response, than apoptosis, because of the intrinsic
or acquired apoptotic resistance [1]. As a unique form of necrosis
mediated by specific caspases, pyroptosis has been recognized
as a critical effector mechanism in innate and adaptive immune
responses in recent years. It is still challenging to develop control-
lable and tumor-specific pyroptosis inducer for safe and effective
cancer therapy. Since the identification of gasdermin family as
the executor of pyroptosis by Shao Lab [2], several nanoparticle-
based strategies have been developed for the induction of
pyroptosis in cancer cells. Recently, reported nanoparticles mainly
trigger pyroptosis by eliciting reactive oxygen species (ROS)
stress in lysosomes (Ly) [3], and little attention has been paid to
investigating the ROS stress and the consequent pyroptotic effi-
cacy in the early endocytic organelles.

Endocytic organelles play a critical role in many cellular
physiological processes such as protein/lipid metabolism, nutri-
ent sensing, and cell survival. Along the endocytic pathway, pro-
gressive acidification separates uncoupling of receptor-ligand
pairs (e.g. at pH 6.5) and activation of proteases for protein/
lipid degradation (e.g. pH < 5.0) into endosomes and Ly, respec-
tively. Luminal pH is a hallmark of endosome/Ly maturation that
impact cellular and physiological functions at different stages of
maturation.

Recently, a small acid-activatable nanophotosensitizer
(ANPS) library that can spatiotemporally deliver ROS into dis-
tinct endocytic organelles was reported to selectively evoke
pyroptotic cancer cell death while sparing normal tissues [4].
The library was built on the proton transistor concept mani-
fested by ultra-pH-sensitive (UPS) nanoparticles [5], which
demonstrate sharp micelle-to-unimer phase transitions across a
narrow pH range, enabling discrete amplification of acidotic sig-
nals into a binary threshold output (Fig. 1A). Previous work has
shown the digitization of endosomal/lysosomal pH at a single
organelle resolution [6], and image and perturbation strategy

to investigate lysosomal and autophagy biology [7]. These
ANPS nanoprobes were further functionalized with a series of
photosensitizer-conjugated UPS copolymers that exhibited
300-fold singlet oxygen generation amplification at distinct pH
transitions (pH,) from 6.9 to 5.3. Therefore, the ANPS with dif-
ferent pH, can temporally activate in early endosomes (EEs),
late endosomes (LEs), and Ly, respectively, succeeded to divide
the entire endosome maturation pathway into 10 regions (pH
ranging from 7.0 to 5.0), and precisely induced ROS stress in
specific endocytic organelles. Enabled by the ANPS nanotech-
nology, this study reveals that the endosome maturation pro-
cess can regulate the cell death pattern and pyroptosis-inducing
activity of nanomedicine-derived ROS stress (Fig. 1B). EEs dis-
played dramatically higher sensitivity to ROS stress than other
endocytic organelles. The pyroptotic cell killing ability of ROS
in EE was up to 40-fold higher than that of equal dose of ROS
in LE and Ly with broad applicability in a series of cancer cells.
Moreover, the ROS stress generated in LE and Ly tended to
induce apoptosis instead of pyroptosis.

The subcellular components, including different endocytic
organelles, exhibits heterogeneous sensitivity to ROS stress due
to the location-dependent signaling. Many membrane receptors
are transported to the EE membranes through cellular internal-
ization, whereas these receptors are quickly attenuated on mem-
brane of LEs and Ly due to the receptor recycling and lysosomal
degradation [8]. Hence, the EE is an essential target for ROS
stress and signal transduction. However, it is extremely hard to
probe the signaling events in EEs because of the preceded sig-
naling events on the plasma membrane and very short duration
in this organelle (10-30 min). Although, optogenetics and con-
formational activation-based methodologies have been exploited
to distinguish the signal pathways in EEs from those on plasma
membrane [9, 10], there has been no study reported to differen-
tiate the signal transduction among the whole endosome matu-
ration pathway.

A vast range of studies have revealed that the
photo-induced ROS can trigger several cellular stresses
and lead to cell apoptosis or necrosis. However, the underly-
ing mechanism of the cell death pathway remains unknown.
Because of the Always-On design, previous nanomaterials can
induce persistent signaling transduction on plasma membrane,
which conceals the following signaling events on the endosome
maturation pathway. Due to the tunable pH, (6.9-5.3), ultra-pH

responsiveness (ApH, . < 0.25 pH), ultra-fast pH-induced
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Figure 1. The tunable pyroptosis and apoptosis evoked by ANPS through endosome maturation.
(A) Schematic illustration of proton transistor nanophotosensitizers enabling discrete amplification of acidotic signals into a binary output of

singlet oxygen. (B) The ANPS with different pH transition can spatiotemporally target and induce ROS stress in distinct endocytic organelles (0.2

pH interval) during endosome maturation. ROS stress in different endocytic organelles can evoke distinct cell death patterns. The EE-targeted

ROS stress prefers to induce robust pyroptosis, while ROS stress in LEs and Ly trends to evoke apoptosis.

activation (5 ms), and super-high ROS amplification (~300-
fold), the ANPS platform provides a suitable toolkit to clarify the
signal transduction elicited by ROS stress in each tiny region
of the entire endosome maturation pathway. Combined with the
pulse-chase method, this in-depth investigation demonstrated
that the phospholipase C (PLC) in plasma membrane could
transport into EE along with the internalization of ANPS, and
thus specially activated by the ROS-induced lipid peroxidation
on the membrane of EE. The activated PLC signaling further ini-
tiated the mitochondria-based caspase-3 pathway, and cleaved
gasdermin E (GSDME) to execute robust pyroptosis. Whereas,
the GSDME-mediated pyroptosis was diminished in LE and Ly
due to the quick sorting of PLC during endosome maturation.
Instead, the LE/Ly-located ROS stress can promote lysosome
membrane permeabilization to release lysosomal cathepsins
and trigger cell apoptosis. Furthermore, the pyroptosis-inducing
activity and tunability of this nanotuner displayed a positive cor-
relation with the GSDME expression of tumor cells, and upregu-
lation of GSDME expression by demethylation further facilitated
the ANPS-mediated pyroptosis. Altogether, the ANPS-based
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pyroptosis nanotuner efficiently controls the cell death via endo-
some maturation.

This pyroptosis-tunable nanotechnology exhibits great poten-
tial for safe and effective cancer therapy. On one hand, the high
internalization capacity of cancer cells and pH-activatable design
of ANPS can induce much higher level of ROS stress in tumor
tissues than the surrounding healthy tissues. On the other hand,
the final accumulation of the nanoprobe into Ly can efficiently
reduce the toxicity to normal tissues due to the poor induction
of pyroptotic cell death by ROS stress in LE/Ly. In consideration
of the nonbiodegradability of the ANPS, more effort needs to be
paid to develop safe and biodegradable pyroptosis nanotuners for
clinical application. This study uncovers that EE is the most appro-
priate target for organelle stress-based cell death, and fills the gap
that endosome maturation pathway plays an important role in cell
death signaling. It not only provides guidelines for ROS stress-
based cancer therapy, especially for photodynamic therapy, but
also offers new insights into how to engineer nanocarriers to reg-
ulate specific signaling transduction in endocytic organelle, such
as the toll-like receptor and neurokinin 1 receptor.
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