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Abstract

The strategic integration of micro/nano-engineering with controlled optical responses is pivotal for advancing solid
tumor therapy. We have constructed a biomimetic nanosystem via the precise encapsulation of a flexible-chain iridium
complex (IrC8) within giant plasma membrane vesicles (GPMVs) derived from tumor cells. This micro/nano-scale
design leverages the endogenous structure of GPMVs to achieve superior biocompatibility and enhance homologous
targeting, resulting in a 4.7% increase in cellular uptake compared to the free complex. The encapsulated IrC8 complex
serves as a highly efficient photosensitizer, exhibiting a strong optical response characterized by an aggregation-
induced emission enhancement factor (I/lp) > 10 and a high singlet-oxygen quantum vyield (DA = 0.18). Upon
photoactivation, this system generates reactive oxygen species (ROS) with an 18-fold increase in yield, leading to
potent phototoxicity with over 90% tumor cell apoptosis. Furthermore, the systematic integration of the vesicular
carrier and the photosensitizer initiates a cascade reaction: the photodynamic effect not only directly eradicates tumor
cells but also triggers immunogenic cell death (ICD), leading to potent immune activation. This synergistic
combination of targeted delivery, photodynamic therapy, and immune stimulation within a single nanosystem
demonstrates a remarkable synergistic therapeutic effect against solid tumors.

Introduction
The development of integrated nanosystems that com-
bine precise drug delivery with controlled therapeutic

Among these, Giant Plasma Membrane Vesicles
(GPMVs) represent an exceptionally versatile micro/
nano-scale vehicle®. Their straightforward isolation from

activation is a central challenge in oncology. While syn-
thetic nanoparticles have been widely explored, their
clinical translation is often hampered by intrinsic limita-
tions in biocompatibility and off-target effects'. In con-
trast, endogenous carriers, particularly cell-derived
vesicles, offer a promising platform for system integration
due to their native biological composition and
functions™”.
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parent cells yields vesicles that preserve the original
membrane composition and targeting motifs, while their
size (typically several hundred nanometers to microns) is
ideal for drug encapsulation and cellular uptake®®. This
makes GPMVs an optimal biomimetic building block for
constructing targeted delivery systems.

The therapeutic efficacy of such a system critically
depends on its core functional unit’. Iridium complexes
have emerged as potent alternatives to traditional pho-
tosensitizers. Their rigid three-dimensional configuration
facilitates efficient intersystem crossing, a key photo-
physical process that underpins a strong optical response
and enables superior reactive oxygen species (ROS) gen-
eration for photodynamic therapy (PDT)*’.

Herein, we report a seamlessly integrated nanosystem
designed to synergize these components. We encapsu-
lated a custom-synthesized, flexible-chain cationic iridium
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complex (IrC8) into GPMVs derived from B16 tumor cells
to form G-IrC8. Our design strategy is tripartite: First, the
GPMV carrier provides homologous targeting and
enhances biocompatibility at the micro/nano-scale'®.
Second, the IrC8 payload is engineered for an aggressive
optical response, featuring aggregation-induced emission
(AIE) for localized signal amplification and efficient multi-
photon absorption for deep-tissue PDT potential. Third,
the inherent mitochondrial targeting of the cationic
complex allows for precise subcellular localization,
ensuring that the optical response is directed to a critical
organelle to maximize therapeutic efficacy. We demon-
strate that this integrated system not only achieves tar-
geted photodynamic tumor cell killing but also, through
the system-level function of induced immunogenic cell
death, initiates a potent adaptive immune response
(Scheme 1). This work highlights the power of converging
biomimetic nano-design, advanced optical materials, and
systematic functional integration into a unified ther-
apeutic platform.

Results and discussion
Synthesis and photodynamic characterization of the
biomimetic nanosystem G-IrC8

To construct an effective biomimetic nanosystem for
photodynamic therapy (PDT), we synthesized a cationic
iridium complex (IrC8) and encapsulated it within giant
plasma membrane vesicles (GPMVs) derived from tumor
parental cells. The preparation process of G-IrC8 is out-
lined in Fig. 1a, illustrating sequential steps including
treatment of cells with DTT/PFA, isolation of GPMVs via
centrifugation, and subsequent IrC8 loading to form the
final nanosystem, G-IrC8.

The successful encapsulation of IrC8 into GPMVs was
confirmed through microscopic analysis. Confocal fluor-
escence microscopy (Fig. 1b, left panel) revealed strong
yellow fluorescence within GPMVs, corresponding to
encapsulated IrC8. Transmission electron microscopy
(TEM) images (Fig. 1c) further confirmed the spherical
core-shell structure of G-IrC8, with higher magnification
clearly showing the uniform encapsulation of IrC8. The
merged fluorescence and transmission image (Fig. 1b,
right panel) demonstrated spatial co-localization of
GPMVs and IrC8, providing direct evidence for successful
nanosystem construction.

The synthesis method is outlined in the supporting
materials, with detailed explanations of each step
involved. (Figs. S1-S2). The fundamental chemical prop-
erties of the IrC8 provided a solid foundation for the
successful encapsulation process. As shown in Fig. 1d and
h, the consistent fluorescence signal upon excitation
suggests that the probe has not been degraded or released
prematurely, thereby supporting the successful and effi-
cient encapsulation into GPMVs. Furthermore, the
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fluorescence intensity of IrC8 was significantly enhanced
upon interaction with biomimetic components such as
liposomes, as demonstrated in Fig. le, highlighting its
potential for selective targeting in membrane environ-
ments. Meanwhile, IrC8 demonstrates stability across a
range of pH environments. (Fig. S3)

The aggregation-induced emission (AIE) properties of
IrC8 were also assessed, as this is a critical feature for both
its photodynamic performance and its potential in vivo
applications''. As shown in Fig. 1f, the fluorescence
intensity of IrC8 increased significantly in the aggregated
state compared to its dispersed state, with statistical
analysis confirming this enhancement (p < 0.00001). This
AIE property ensures high fluorescence stability and
sensitivity in complex biological environments. Impor-
tantly, this feature is advantageous for localized accumu-
lation and enhanced photodynamic activity, maximizing
therapeutic efficacy while minimizing off-target effects.

Dynamic light scattering (DLS) analysis was employed to
characterize the nanosystem’s hydrodynamic properties. As
shown in Fig. 1g, compared to the free IrC8, encapsulating
the IrC8 into GPMVs substantially altered its size dis-
tribution and stability. The encapsulation process led to a
marked shift in the particle size distribution, with the
resulting GPMVs showing a more uniform size range,
G-IrC8 exhibited an average size of approximately 200 nm
with a narrow distribution, making it suitable for drug
delivery applications. Additionally, the stability of IrC8 was
significantly enhanced within the GPMVs, as evidenced by
its prolonged retention and reduced susceptibility to
environmental degradation, as highlighted in the inset
image. Zeta potential analysis revealed that the surface of
G-IrC8 exhibited a negative charge close to —20 mV (Fig.
1i), ensuring colloidal stability in physiological environ-
ments, which is crucial for their potential biomedical or
nanomaterial applications'?. Surprisingly, GPMVs derived
from B16 cells themselves were found to effectively pro-
mote cell death in B16 cells, while having no significant
effect on the non-homologous Bend3 cells (Fig. S4). This
selective toxicity suggests that the GPMVs may interact
specifically with B16 cell receptors or pathways involved in
cell death, while remaining inert or ineffective in Bend3
cells'®. These findings highlight the potential for targeted
therapeutic applications, where GPMVs could selectively
induce cell death in specific cell types.

Collectively, these results establish that G-IrC8 not only
retains the structural and fundamental chemical proper-
ties of IrC8 but also achieves compatibility with GPMVs,
making it a promising candidate for therapeutic applica-
tions, including peritumoral administration, due to its
enhanced stability, fluorescence intensity, and localized
activation. Having established the successful construction
and basic photophysical properties of the G-IrC8 nano-
system, we next sought to verify that its design conferred
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Fig. 1 Characterization of G-IrC8 encapsulated in giant plasma membrane vesicles (GPMVs). a Schematic representation of the preparation
process of G-IrC8, showing cell treatment with DTT and PFA to release GPMVs, followed by centrifugation and IrC8 loading. b Fluorescence
microscopy images of G-IrC8 (left), brightfield microscopy images of G-IrC8 (middle), and their merged view (right), showing encapsulation of IrC8
and co-localization within GPMVs. ¢ Transmission electron microscopy (TEM) image of G-IrC8 (left) and high-magnification TEM image (right),
showing the spherical core-shell structure of GPMVs and encapsulation of IrC8. d UV-vis absorption (blue line, left axis) and fluorescence emission
(orange line, right axis) spectra of IrC8 in PBS (10 uM). e Fluorescence intensity ratio (I/lo) of IrC8 under different conditions, including interactions with
DNA, BSA, liposomes, cardiolipin, and amino acids. f Aggregation-induced emission (AIE) property of IrC8. Statistical significance: **** (p < 0.0001).
g Dynamic light scattering (DLS) analysis showing the size distribution of G-IrC8 (~200 nm) compared to free IrC8. The inset shows photographs of
G-IrC8 and IrC8 solutions. h Fluorescence emission spectra of G-IrC8 and free IrC8. i Zeta potential measurements of G-IrC8 and free IrC8
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the intended homologous targeting behavior at the
cellular level.

Verification of cell adhesion molecules and homologous
targeting of cells

Homotypic aggregation of tumor cells relies on cell-
surface interactions mediated by tumor-specific adhesion

molecules, binding proteins, and membrane recognition
molecules'®. To evaluate the successful functionalization
of G-IrC8 with tumor-specific adhesion molecules, we
examined key proteins such as Na/K-ATPase and CD146.
Na/K-ATPase, a cell membrane-specific protein, and
CD146, a self-marker for B16 cells, are critical for tumor-
specific adhesion and recognition'>'®, Western blotting
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and Coomassie blue staining confirmed that G-IrC8
retained membrane-associated proteins from B16 cells,
including Na/K-ATPase and CD146 (Fig. S5).

The homologous targeting ability of G-IrC8 was further
assessed by fluorescence imaging and flow cytometry. B16
cells incubated with G-IrC8 exhibited significantly higher
fluorescence intensity compared to cells treated with free
IrC8 at the same concentration, as shown in Fig. S6. This
difference became more pronounced with prolonged
incubation, consistent with flow cytometry results. After
encapsulation into GPMVs, the uptake rate of IrC8 by B16
cells increased by 4.7% within a short incubation period,
confirming the enhanced homologous targeting capability
of G-IrC8 (Fig. S7).

Exploration of photodynamic induced apoptosis in vitro

Reactive oxygen species (ROS), as a product of oxidative
stress, play a crucial role in tumor cell proliferation and
apoptosis. To evaluate the ROS generation capacity of G-
IrC8, we first measured fluorescence intensity changes of
the ROS indicator DCFH in PBS. Upon 365nm laser
irradiation for 1 min, the fluorescence intensity at 520 nm
increased by 17-fold in the presence of G-IrC8 compared
to the laser-only group (Fig. 2a). Further analysis revealed
that the primary ROS generated by G-IrC8 was singlet
oxygen, with a higher singlet oxygen conversion efficiency
(® = 0.18) compared to the commercial photosensitizer
[Ru(bpy)s]** (Fig. 2b).

To verify intracellular photodynamic effects, B16 cells
were incubated with G-IrC8 and exposed to 365nm
laser irradiation. As shown in Fig. 2¢, rapid cell death
was observed within 1 hour only in the G-IrC8 + Laser
group, which was consistent with the extracellular
results. After 24 h, a significant amount of cell death was
observed in the G-IrC8 group (Fig. 2d), suggesting that
G-IrC8 not only exhibits an excellent photodynamic
effect but also effectively induces tumor cell apoptosis,
thereby providing a promising avenue for the integration
of photodynamic therapy with chemotherapy (Fig. 2d).
ROS imaging further confirmed these findings, as sig-
nificant ROS fluorescence was detected exclusively in
the G-IrC8 + Laser group after just 1 min of irradiation
(Fig. 2e).

The efficacy of photodynamic therapy (PDT) was fur-
ther explored using Calcein AM/PI staining. B16 cells
treated with G-IrC8 exhibited extensive cell death (PI,
red) following laser irradiation, as shown in Fig. 2e. Flow
cytometry analysis revealed that most of the cells showed
late apoptosis (Q2), and the apoptosis rate was more than
90% in the G-IrC8 + Laser group (Fig. 2f). Finally, the
photodynamic effects of G-IrC8 were validated in 3D
tumor spheroid models. Confocal imaging showed sig-
nificant disruption of spheroids and extensive cell death in
the G-IrC8 + Laser group (Fig. 2g), highlighting the
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ability of G-IrC8 to induce apoptosis and achieve effective
tumor suppression.

Mechanisms of subcellular targeting and cellular death

Targeted delivery of drugs can improve bioavailability,
bypass drug resistance, and enhance therapeutic efficacy.
The subcellular distribution of G-IrC8 in B16 cells was
analyzed by confocal microscopy. As shown in Fig. 3a, G-
IrC8 exhibited strong co-localization with MitoTracker
Deep Red, a mitochondria-specific dye, in both live and
fixed cells, with Pearson’s correlation coefficients (Rr) of
0.92 and 0.82, respectively. These results confirm that
G-IrC8 preferentially accumulates in mitochondria, likely
through an embedding mechanism. Moreover, at con-
centrations as low as 1 pM, clear mitochondrial targeting
was achieved, with the compound demonstrating sig-
nificantly better photostability compared to the mito-
chondrial dye MTDR. This enhanced stability allows for
more reliable and prolonged imaging, facilitating accurate
tracking of mitochondrial changes over time (Figs. S8-S9).

To further understand the effects of G-IrC8 on mito-
chondrial morphology, time-lapse imaging was performed
using G-IrC8 as a fluorescent marker. As shown in Fig. 3b,
G-IrC8 fluorescence revealed a time-dependent increase
in mitochondrial fragmentation upon laser activation.
Over 210s, mitochondria transitioned from elongated,
tubular structures to fragmented, punctate forms, indi-
cating PDT-induced mitochondrial damage.

In addition to mitochondrial fragmentation, the effect of
G-IrC8 on mitochondrial membrane potential was ana-
lyzed using MitoRed, a dye sensitive to mitochondrial
membrane potential. Confocal imaging revealed that the
G-IrC8 + Laser group exhibited a significant reduction in
MitoRed fluorescence intensity compared to other groups
(Fig. 3¢). Quantitative analysis confirmed that mitochon-
drial membrane potential was significantly disrupted in
the G-IrC8 + Laser group, suggesting that G-IrC8-
induced mitochondrial dysfunction plays a key role in
apoptosis initiation.

Beyond mitochondrial damage, ROS production was
accompanied by significant DNA damage and assessed by
DNA Comet assays. As shown in Fig. 3d, the G-IrC8 +
Laser group exhibited extensive DNA tailing, indicative of
severe ROS-induced DNA strand breaks. Quantification
of tail DNA percentage revealed a significant increase in
the G-IrC8 + Laser group compared to all other groups
(p<0.01). This cascade of mitochondrial damage and
nuclear DNA disruption highlights the dual-targeting
photodynamic effects of G-IrC8.

At the molecular level, the apoptotic mechanism
induced by G-IrC8 was further explored using Western
blotting. As shown in Figs. 3e and S10, key apoptosis-
related proteins, including Bax, Bcl2, Caspase 3, and
cleaved-Caspase 3, were analyzed. The Bax/Bcl2 ratio, an



Xiaohui et al. Microsystems & Nanoengineering (2026)12:33 Page 5 of 12

'd \
b 1-hr incubation 24-hr incubation
a 40 — 0.20 (o e d
] .
] — 150 ns 150 ’7
q = 1 1 ns
il 1 ns 1
30 g 0.15 b b *hkk
1 £ o *Te T
] 3 £ 100+ . < 100 o~
= < <
= 1 ] z i 2z '
< 20+ g 010 z 1 3 1
c © i © 4
1 S > ] > ]
] g T 50 8 50
8 S [$) b [$)
10 4 5 0.05 , .
B k= i i
<
] 2 ] 1
0- % 0.00 ) 0 % L& 0- ® L&
) * 2 D\
RSN \% © RSN szf’a \?%e L& & sz?e'
& (o ) [ & X X &
& N & S S S
§o 3 §o 0'\ ° 0%
W S N
«© «° «©
& & &
e DCFH-DA Pl: Dead f
(Green: DCFH) Calcein AM: Live Q2: Late apoptosis
|
10" a1 Q2
. 11.08 » "om
10" 1
_ 1079
: %
£ 10° 4 @
(&}
10°
0%Q4 Q:&
10 4965 L 1‘.66 \
0 10° 10° 10° 10
Q83: Early apoptosis
10" a1 Q2
. 1103 1.53
10" 4
© 10° 4
8 &
& 10" 4
10°
01Q4 Q3
_1o° § 609 i 36.5:
0 10* 10° 10° 10’
10" {1 Q2
MERRE] @ 072
10" 4
10° 4
p E
] 10" 4 @
- E|
10°
0sQ4 Q3
10° 98.0 0.19
0 10' 10° 10° 10
10" {a1 [ =% a2
. j272 i 83.1
10" o
o]
§ 10° 4
; . &~
8 10° 4
= y
& 10° 4
01Q4 Q3 X
_10° 3640 i 7.771
0 10" 10° 10° 10’ z 100 um
Fig. 2 Intracellular and extracellular photodynamic effects of G-IrC8. a Fluorescence intensity ratio (I/lo) of DCFH for ROS generation by G-IrC8
compared to the Blank group. b Singlet oxygen quantum yield (®) of G-rC8 and [Ru(bpy)s**, showing enhanced ROS generation efficiency. ¢, d Cell viability
of B16 cells after different treatments (Blank, Probe, Laser, Probe+-Laser) measured using MTT assay. e Confocal imaging of intracellular ROS generation (Green:
DCFH fluorescence) and live/dead cell staining (Green: Calcein AM; Red: PI) after various treatments. f Flow cytometry analysis of cell death patterns, with Q2
(late apoptosis) and Q3 (early apoptosis)). g 3D tumor spheroid models treated with G-IrC8, showing significant cell death (Red: PI) after laser irradiation
|




Xiaohui et al. Microsystems & Nanoengineering (2026)12:33 Page 6 of 12

1Y

G-IrC8 Mitotracker C Mito-red (A¥M)

Control *
ns
d
ns
15

Pre-fixed cells
A¥YM independent

G-IrC8
Ouerlay Rri=0.82
K%} : —
] 1
[ : °
2 R 1
S Laser Z
= 5
£
(3
b 2
o 05
[}
G-IrC8+Laser g
irradiati i 0.0 > ) X X
aser irradiation S 9 9
: : — & O &S
Mitochondrial fragmentation ) @ OQ)X
N
&
f a0
7
7 *hkk
7
q *k
20
2 ]
20>lm <Zt -
8 |
G-IrC8+Laser w 10+
[ |
0 -
A
: > CESL S
DNA damaging 000 [CHEE
@‘b
N
&
£ o 3.0
< 8
X
©
[o4]
% g 25
© @
o % 2.0
] —
O e . Q
#
o 4 1.5
4 <
© 5
E
. 1.0
1%}
I
Q
(&)

Control G-IrC8 Laser G-IrC8+Laser

—= - v o
L0 N o 0\ g
O g o \SITy J.& A
@) <
G-IrC8 Mitochondrial targeting AYM disruption DNA damaging & apoptosis

Fig. 3 (See legend on next page.)




Xiaohui et al. Microsystems & Nanoengineering (2026)12:33 Page 7 of 12

(see figure on previous page)

Fig. 3 Subcellular targeting and cellular death mechanisms of G-IrC8. a Confocal microscopy showing G-IrC8 co-localized with mitochondria-
specific dye MitoTracker Deep Red in fixed and live cells. Green: G-IrC8; Red: MitoTracker Deep Red; Rr: Pearson'’s correlation coefficient. b Time-lapse
imaging of mitochondrial morphology changes after G-IrC8 pretreatment and laser activation. G-IrC8 fluorescence highlights the transition from
tubular to fragmented mitochondrial structures over 210 seconds. ¢, d Quantification of mitochondrial membrane potential changes in different
treatment groups, measured using MitoRed. Statistical analysis shows a significant reduction in membrane potential in the G-IrC8 + Laser group
compared to other groups (*p < 0.05). e, f DNA Comet assay showing ROS-induced nuclear DNA tailing. Quantification of tail DNA percentage
indicates significantly higher DNA damage in the G-IrC8 + Laser group compared to the Control, G-IrC8, and Laser groups (**p < 0.01; ****p < 0.0001).
g Western blot analysis of Bax, Bcl2, Caspase 3, and cleaved-Caspase 3 in different groups. Heatmap on the right shows Bax/Bcl2 and cleaved-Caspase
3/Caspase 3 ratios, with significant increases in the G-IrC8 + Laser group compared to the Control group (p < 0.05). h Schematic illustrating the
proposed mechanism of G-IrC8-induced apoptosis via mitochondrial targeting, fragmentation, ROS generation, and DNA damage
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indicator of mitochondrial-mediated apoptosis, was dysfunction and caspase activation, with laser irradiation

17,18

markedly increased in the G-IrC8 + Laser group, reaching
a value of 3.2 compared to 1.2 in the Control group.
Similarly, the cleaved-Caspase 3/Caspase 3 ratio, a hall-
mark of caspase-dependent apoptosis, increased to 2.8 in
the G-IrC8 + Laser group compared to 0.9 in the Control
group. Meanwhile, no significant changes were observed
in either the imaging co-localization coefficient for
mitochondria and lysosomes or the protein ratio of LC3lI
to LC3l (Fig. S11-S12). These findings confirm that
G-IrC8 promotes apoptosis via  mitochondrial

significantly enhancing these effects

Finally, the proposed mechanism of G-IrC8-induced
apoptosis is summarized in a schematic (Fig. 3f).
G-IrC8 first localizes to mitochondria, where it disrupts
membrane integrity, induces ROS generation, and
promotes mitochondrial fragmentation upon laser
activation. This cascade of mitochondrial dysfunction
leads to nuclear DNA damage and activates caspase-
dependent apoptotic pathways, ultimately inducing cell
death. Scheme 1.
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Photodynamic-triggered immune activation in vitro

Reactive oxygen species (ROS) play a crucial role in
inducing immunogenic cell death (ICD), which is essential
for activating adaptive immune responses against tumors'®.
To investigate whether G-IrC8 induces ICD, we analyzed
the translocation of key damage-associated molecular
patterns (DAMPs), including high mobility group protein
B1 (HMGBI) and calreticulin (CRT), in B16 cells*’.

Confocal microscopy analysis demonstrated that
HMGB1 was predominantly localized in the nucleus of
untreated B16 cells (Fig. 4a). However, in the G-IrC8 +
Laser-treated group, HMGBI1 translocated from the
nucleus to the cytoplasm and extracellular space (Fig. 4a,
right). Quantification of the nuclear-to-cytoplasmic
fluorescence ratio confirmed a significant reduction in
the G-IrC8 + Laser group compared to other groups
(p < 0.05; Fig. 4b), indicating the active release of HMGBI,
a hallmark of ICD.

Similarly, CRT exposure was examined by confocal
microscopy (Fig. 4c). In untreated cells, CRT fluorescence
was primarily localized in the cytoplasm. Following
G-IrC8 + Laser treatment, CRT redistributed to the cell
membrane, as indicated by white arrows, suggesting its
extracellular exposure (Fig. 4c, right). This CRT translo-
cation is another critical marker of ICD, as membrane-
bound CRT acts as an “eat me” signal, enhancing antigen
presentation by dendritic cells (DCs). Quantitative ana-
lysis (Fig. 4d) confirmed a significant increase in
membrane-bound CRT in the G-IrC8 + Laser-treated
group compared to other groups (p < 0.05).

To evaluate the immunostimulatory effects of DAMP
release, the maturation of bone marrow-derived dendritic
cells (BMDCs) was assessed via flow cytometry (Fig. 4e).
Representative flow cytometry plots highlight the pro-
portion of mature DCs (CD80*CD86%), which was sig-
nificantly increased in the G-IrC8 + Laser-treated group
compared to control groups. Quantification of
CD80'CD86" DCs (Fig. 4f) demonstrated a substantial
increase in the proportion of fully mature antigen-
presenting cells following treatment (****p <0.0001),
reinforcing the conclusion that photodynamic activation
of G-IrC8 effectively triggers ICD and promotes adaptive
immune activation. These results demonstrate that the
optical response of G-IrC8, upon precise photoactivation,
is functionally translated into a potent immunogenic
signal. The induction of ICD is not merely a bystander
effect but a direct and intended system-level output,
which programs the tumor microenvironment for sub-
sequent immune recognition.

Secondary activation of adaptive and innate immunity:
CD8" T cell activation and immune modulation

To investigate the immunomodulatory effects of G-IrC8
combined with photodynamic therapy (PDT), CD8* T cell
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activation was assessed using flow cytometry after differ-
ent treatment conditions (Fig. 5a-c). Murine splenocytes
were obtained by mechanical dissociation, and leukocytes
were further isolated using Ficoll gradient centrifuga-
tion*"*2, The isolated cells were plated in six-well plates
and cultured in complete medium, supernatant from
untreated B16 cells (B16 supernatant), GPMVs from B16
cells, or supernatant from G-IrC8 + Laser-treated B16
cells. Cells were incubated for 3 and 7 days, followed by
flow cytometry analysis of CD8* T cell populations.

At day 3, flow cytometry analysis (Figs. 5a and S13)
revealed that CD8" T cell activation was not significantly
induced in any treatment group. Surprisingly, the G-IrC8 +
Laser-treated supernatant group showed a transient sup-
pression of CD8* T cell activation, suggesting a possible
early-phase inhibitory effect. This immunosuppressive
effect may be attributed to the presence of high levels of
inflammatory cytokines and stress signals in the super-
natant, potentially leading to immune cell apoptosis or
functional exhaustion.

At day 7, the CD8* T cell population in the G-IrC8 +
Laser-treated group exhibited a significant increase, sur-
passing all other groups, including the control (Figs.
5b and S14). In contrast, CD8* T cell activation in the
other treatment groups either remained suppressed or
showed signs of immune exhaustion. This delayed yet
robust activation of CD8* T cells suggests that G-IrC8-
induced ICD effectively primes an adaptive immune
response, leading to a sustained anti-tumor immune
activation.

To further assess the impact on innate immunity,
macrophage activation and polarization were analyzed via
flow cytometry (Fig. 5c¢). CD86, a marker of M1 pro-
inflammatory macrophages, was significantly upregulated
in the G-IrC8 + Laser-treated group, suggesting
enhanced macrophage activation and antigen-presenting
capability. These findings suggest that G-IrC8 treatment
not only activates macrophages but also reprograms the
tumor microenvironment toward an anti-tumor immune
response.

Tumor Microenvironment Remodeling in vivo

To further validate the immunomodulatory effects
in vivo, a B16 melanoma-bearing C57BL/6 mouse model
was established, and immunohistochemical and immu-
nofluorescence analyses were performed on tumor tissues
(Fig. 5d, e). Based on the excellent biocompatibility of
G-IrC8 (Fig. S15), mice were treated with either PBS
(control) or G-IrC8 + PDT for three cycles, followed by
tumor collection and staining for various immune
markers.

HMGB1 and CRT immunofluorescence staining (Fig.
5d, left panel) revealed a substantial increase in the
G-IrC8 + Laser-treated tumors, confirming the induction
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of immunogenic cell death (ICD) and the release of
DAMPs. Ki67 staining (Fig. 5d, right panel) indicated
significantly reduced tumor cell proliferation in the
treatment group, consistent with tumor regression. CD86*
macrophages and CD4*/CD8"* T cells (Fig. 5d, bottom left
and Fig. S15) were more abundant in treated tumors,
highlighting the recruitment and activation of immune
effector cells.

To further assess tumor apoptosis and tissue integrity,
HE and TUNEL staining were performed (Fig. 5e). The
G-IrC8 + Laser-treated tumors exhibited extensive
nuclear fragmentation and apoptotic cell death, support-
ing the efficacy of the combinational treatment.

The data presented in Figs. 4 and 5 collectively show
that the localized photoactivation of G-IrC8 triggers a
cascade of cellular state changes, from initial DAMPs
release to the ultimate activation and recruitment of
effector T cells and pro-inflammatory macrophages. This
remodeling of the tumor microenvironmental properties
from ‘cold’ to ‘hot’ stands as central functional evidence
for the success of our integrated nanosystem design.

Systemic immune activation and tumor-specific immunity

To determine whether the localized immune response
translated into a systemic effect, immune cell popula-
tions in the blood and tumors were analyzed via flow
cytometry (Figs. 5f and S17). Tumors from the G-IrC8 +
Laser-treated mice showed increased mature dendritic
cell (DC) populations, indicating enhanced antigen
presentation. Higher frequencies of CD8* T cells sug-
gested sustained tumor-specific immune responses.
There was also a shift in macrophage polarization
towards M1-like phenotypes, as evidenced by higher
CD86 expression, confirming a transition to a pro-
inflammatory immune environment. These findings
collectively suggest that G-IrC8-based PDT not only
induces direct tumor cell death but also triggers an
adaptive immune response, leading to immune memory
formation.

Conclusion

In summary, we have established a robust biomimetic
nanosystem, G-IrC8, through the rational integration of a
tumor-homing vesicular carrier and a potent photo-
sensitizer. This micro/nano-scale design effectively mer-
ges the biological targeting of GPMVs with the
engineered optical response of the iridium complex. The
system’s core function relies on the precise mitochondrial
localization of IrC8 and its subsequent, potent ROS
generation upon photoactivation. This direct photo-
dynamic effect is seamlessly integrated with an indirect
immune-activating pathway. The system-level synergy is
evidenced by the triggered immunogenic cell death,
which reprograms the tumor microenvironment and
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activates a sustained anti-tumor immunity. This work
underscores a general strategy for cancer therapy: the
construction of integrated nanosystems that combine
targeted delivery, controlled physical activation (e.g.,
optics), and multi-faceted therapeutic modalities. The
G-IrC8 platform exemplifies how micro/nano-engineer-
ing can be harnessed to create sophisticated, multi-
functional systems with enhanced therapeutic potential
and specificity.
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