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a b s t r a c t 

There is growing interest in the effect of innate immune silencing in “cold” tumors, which always fail 

in the immune checkpoint blockade monotherapy using PD-L1 monoclonal antibodies (aPD-L1). Combi- 

nation of aPD-L1 with photodynamic therapy, i.e., photoimmunotherapy, is a promising strategy to im- 

prove the mono immunotherapy. Nuclear-targeting nanoparticles could elicit a type I interferon (IFN)- 

mediated innate immune response and reverse the immunosuppressive microenvironment for long-term 

immunotherapy of “cold” tumors. Photosensitizers such as zinc phthalocyanine (ZnPc) have limited ability 

to target the nucleus and activate innate sensing pathways to minimize tumor recurrence. Additionally, 

the relationship between nanoparticle size and nuclear entry capacity remains unclear. Herein, graphene 

quantum dots (GQDs) were employed as aPD-L1 and ZnPc carriers. Three particle sizes (200 nm, 32 

nm and 5 nm) of aPD-L1/ZnPc/GQD-PEG (PZGE) were synthesized and tested. The 5 nm nanoparticles 

achieved the best nuclear enrichment capacity contributing to their ultrasmall size. Notably, 5 nm PZGE- 

based photodynamic therapy enabled an amplification of the type I IFN-mediated innate immune re- 

sponse and could convert “immune-cold” tumors into “immune-hot” ones. Utilizing their size advantage 

to target the nucleus, 5 nm nanoparticles induced DNA damage and activated the type I IFN-mediated 

innate immune response, subsequently promoting cytotoxic T-lymphocyte infiltration and reversing neg- 

ative PD-L1 expression. Furthermore, the nanoplatform we designed is promising for the effective sup- 

pression of distant oral squamous cell carcinoma. Thus, for the first time, this study presents a size design 

strategy for nuclear-targeted photo-controlled immune adjuvants and the nuclear-targeted phototherapy- 

mediated immunomodulatory functions of type I IFN innate immune signalling for “immune-cold”

tumors. 

Statement of Significance 

The potential of commonly used photosensitizers to activate innate sensing pathways for producing type 

I IFNs is limited due to the lack of nuclear targeting. Facilitating the nuclear-targeting of photosensitizers 

to enhance innate immune response and execute long-term tumor killing effect would be a promising 

strategy for “cold” tumor photoimmunotherapy. Herein, we report an optimal size of PZGE nanoparticles 

that enable the nuclear-targeting of ZnPc, which reinforces the type I IFN-mediated innate immune re- 

sponse, synergistically reversing “cold tumors” to “hot tumors” for effective primary and distant tumor 

photoimmunotherapy. This work highlights the marked efficacy of ultrasmall nuclear-located nanocarriers 

and offers new insight into “immune-cold tumors” via prominent innate immune activation mediated by 

nuclear-targeting photoimmunotherapy. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Immunotherapy is an active field for the development of antitu- 

or therapies [ 1 , 2 ]. Today, only a small proportion of patients ben-

fit from immunotherapies, mostly those involving immune check- 

oint blockades (ICBs), especially programmed death-ligand 1 (PD- 

1) [3] . A “cold” tumor microenvironment, which lacks infiltrated 

ytotoxic T lymphocytes (CTLs) and immune checkpoints expres- 

ions, intrinsically limits the efficacy of ICBs therapies [ 4 , 5 ]. Hence,

xploring effective approaches to convert “immune cold” tumors 

nto “hot” ones is urgently needed. 

Innate immune silencing results in the absence of tumor- 

nfiltrating lymphocytes and negative expression of immune check- 

oint [6] . Type I interferons (IFNs) can promote the maturation 

f dendritic cells (DCs) and cross-presentation of antigens, medi- 

ting a wide range of innate immune stimuli [7] . Type I IFNs in-

rease the local concentration of CXCL10, recruiting CD8 + T cells 

nto the tumor bed and enhancing the antitumor T-cell response 

8] . Growing evidence indicates that type I IFN-mediated cellular 

ensor pathway activation can trigger adaptive responses and CTL 

ctivity [ 9 , 10 ]. Such innate immune signals play an essential role

n recognizing exogenous nucleic acids, especially in the form of 

ytosolic DNA sensing by the cGAS/STING pathway [ 11 , 12 ]. 

Among the varieties of remote-control stimuli, photodynamic 

herapy (PDT) is an archetypical low-toxicity, noninvasive, high- 

patiotemporal-controllability method [13–15] . Advancements in 

anoplatforms have shown the enhanced permeability and re- 

ention effect of photoactivation agents for antitumor photother- 

py [ 16 , 17 ]. Nucleus-targeted photosensitizers can exert replication 

ressure, promote tumor cell apoptosis, and secrete a variety of 

roinflammatory factors to activate inflammatory cells and induce 

n antitumor immune response [ 18 , 19 ]. Commonly used photosen- 

itizers are limited in the nuclear targeting and activation of innate 

ensing pathways for producing type I IFNs [ 20 , 21 ]. Therefore, con-

tructing nuclear-targeting photosensitizers to engage the innate 

mmune response and maximize the long-term tumor killing effect 

s a potential strategy for “cold” tumor immunotherapy [ 22 , 23 ]. 

As the regulatory centre of cellular heredity and metabolism, 

he cell nucleus is a promising subcellular therapeutic location, as 

n imbalance in metabolism can contribute to the aggressiveness 

nd resistance of cancers [24] . Approaches to target the tumor and 

ell nucleus could unlock the full potential of tumor photother- 

py with limited penetration [25] . Utilizing the quantum dots with 

mall size may be an effective strategy to achieve nuclear target- 

ng. Compared with larger quantum dots, nanoparticles smaller 

han 10 nm allow more efficient cellular uptake without modi- 

ying membrane-penetrating peptides, or other nucleus-targeting 

olecules [26] . The nanoparticles less than ∼5 nm are more in- 

lined to passively diffuse into the nucleus through the nuclear 

ore complex without special modification [27] . Nevertheless, the 

uclear targeting ability of the size effect on tumor cells remains 

nclear. Hence, we envisage that the rational design of ultrasmall 

uantum dots, graphene quantum dots (GQDs), may advance the 

oal of nuclear targeting and photoinduced type I IFN-mediated in- 

ate immune response activation, which would be a new approach 

o priming long-term antitumor immunity. However, such a con- 

eptually new therapeutic strategy has not been explored. 

Herein, we loaded zinc phthalocyanine (ZnPc) and PD-L1 molec- 

lar antibody (aPD-L1) into GQD-Polyethylene glycol (PEG), which 

s named as aPD-L1/ZnPc/GQD-PEG (PZGE), to promote the innate 

mmune response and convert an “immune-cold” tumor into an 

immune-hot” one. Attributing to the size-driven nuclear-located 

ffect, GQD-PEG facilitated ZnPc penetration and achieved the best 

ntracellular enrichment of tumor nuclei due to its small size 

5 nm) compared with the 200 nm and 32 nm nanoparticles. 

pecifically, photoactivated DNA damage triggered antitumor im- 
339 
unity by activating the STING pathway, followed by immune 

heckpoint expression upregulation and intertumoral CTL infiltra- 

ion ( Scheme 1 ). It turned the immune “cold tumor” into a “hot 

umor”, showing the benefit of immune checkpoint inhibitor com- 

ination therapy. This work provides a precise size-range basis 

or designing nanomaterials with the ability to target tumor nu- 

lei. Furthermore, it highlights the possibility of nuclear-located 

anoparticles for “immune-cold tumor” photoimmunotherapy via 

 prominent type I IFN-mediated long-term antitumor immune re- 

ponse. 

. Experimental section 

.1. Preparation and characterizations 

GQD-PEG nanocarriers with different lateral sizes were synthe- 

ized as previously reported [28] . Then, ZnPc (1 mg; TOKYO CHEM- 

CAL INDUSTRY CO., LTD, Tokyo, Japan) was mixed in a purified 

QD-PEG (1 mg/mL) aqueous solution, sonicated for 60 min and 

ncubated for 24 h in the dark. Excess ZnPc was removed by fil- 

ration through a 70 0 0 Da filter and washed with distilled deion- 

zed (DD) water 3 times to obtain the final ZnPc/GQD-PEG prod- 

cts. Specifically, FITC-labelled aPD-L1 was stirred for 6 h and 

urified by dialysis against DD water for 24 h. Afterwards, the 

uorescence-labelled aPD-L1 was added to ZnPc/GQD-PEG under 

ltrasonic and 24 h gentle stirring. The mixture was centrifuged 

or 12 h to obtain the final formulation (PZGE). The 200 nm and 

2 nm PZGE were synthesized through the similar procedures. 

he morphology of the nanoparticles was imaged by transmis- 

ion electron microscopy (TEM; JEM-2010HR, Tokyo, Japan). The 

eta potentials were measured with a SZ-100 nanoparticle anal- 

ser (Horiba). A fluorescence spectrophotometer (Hitachi, F-2500, 

apan) was used to record their fluorescent properties. The pro- 

ein contents of aPD-L1, ZnPc/GQD-PEG and PZGE were detected 

sing sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SDS-PAGE). Fourier transform infrared (FTIR; ThermoFisher, USA) 

pectroscopy was used to analyse the elemental composition of the 

repared particles. C/N elemental analysis was detected by a Vario 

L cube elemental analyser (Elementar, Germany). 

.2. Cell lines and animal model 

Human OSCC cell lines SCC9 and SCC25 and human oral ker- 

tinocytes (HOKs) were obtained from the American Type Culture 

ollection (ATCC). The murine SCC cell line SCC-VII was provided 

y Professor Yixiang Wang (School of Stomatology, Peking Univer- 

ity). Cells were cultured in F12/DMEM (SCC9, SCC25, SCCVII) or 

igh glucose/DMEM (HOK) supplemented with 10% FBS, 100 U/ml 

enicillin–streptomycin and hydrocortisone (400 ng/mL) in an en- 

ironment of 5% CO 2 at 37 °C. Female C3H mice (18 ∼20 g) were

btained from Vital River Laboratory Animal Technology Co., Ltd. 

Beijing, China). The OSCC animal model was established by subcu- 

aneous injection of 3.0 × 10 6 SCCVII cells into the right flank for 

he primary tumor and 5.0 × 10 5 SCCVII cells into the left flank 

or the distant tumor. For the animal experiments, the ethics com- 

ittee approved the protocol of the Institutional Animal Care and 

se Committee (IACUC), Sun Yat-sen University (Approval Number: 

020 0 0 0640). 

.3. Cellular uptake 

The internalization of nanomaterials in different cells was vi- 

ualized and quantified by confocal laser scanning microscopy 

CLSM), a high-content cell imaging system and flow cytometry. To 

bserve the intracellular distribution by CLSM, cells were seeded 

n the confocal dish and treated with nanoparticles for 12 h before 
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Scheme 1. Schematic illustration of the nuclear-located PZGE nanoparticles for in situ cGAS/STING/IFN I innate immune signalling pathway activation-enhanced “immune- 

cold tumor” photoimmunotherapy. 
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eing stained with DAPI for nuclei and imaging. Intracellular colo- 

alization was determined with ImageJ. For flow cytometry quan- 

ification, cells were seeded into a 6-well plate and incubated with 

arious samples for a certain time. The cells were washed twice 

ith PBS before analysis. 

.4. In vivo imaging and biodistribution 

To explore the time-dependent accumulation of PZGE in vivo, 

eal-time fluorescence images of anaesthetized C3H mice were 

aptured by an in vivo imaging system at various time points (12, 

4 and 48 h). Finally, their major organs were excised and imaged 

x vivo. The average fluorescence intensity results from the images 

ere utilized to analyse the accumulation ability of the nanoparti- 

les in tumors and their biodistribution in major organs. 

.5. In vitro cytotoxicity 

To evaluate the biocompatibility of nanomaterials in vitro, a Cell 

ounting Kit–8 assay (CCK-8; Dojinodo, Tokyo, Japan) was used at 

arious dose concentrations. Tumor cells were seeded into 96-well 

lates and incubated for 24 h. Then, the cultured medium was re- 

laced with nanoparticles at various concentrations overnight. Be- 

ore the final detection, cells were cultured with fresh medium 

or another 24 h. The cell viabilities were determined by the ab- 

orbance of 450 nm. 

.6. In vitro phototoxicity 

SCC9 and SCC25 cells were seeded in 96-well plates in tripli- 

ate (6 ×10 4 cells/well) and incubated for 24 h. Then the cells were 

ultured with the prepared materials, followed by laser irradia- 

ion (200 mW/cm 

2 , 8 min). After 24 h of incubation, the cytotox- 
340 
city was evaluated by CCK-8 assay and flow cytometry. The Live 

r Dead 

TM Cell Viability Assay Kit (AAT Bioquest, American) was 

sed to stain the cells to further visualize the cytotoxicity upon 

rradiation. Cytosolic DNA damage after irradiation was measured 

y PicoGreen double-stranded DNA (dsDNA) quantitation reagent 

taining. 

.7. Singlet oxygen generation 

A 670 nm laser (LWRL670-2W-F, Laserware, Beijing, China) was 

sed in the SOSG assay to detect singlet oxygen ( 1 O 2 ). Cells in 96-

ell plates were incubated with prepared materials at 25 μg/mL 

nd then irradiated at set time points. The fluorescence signals 

ere detected by fluorometric photometry at the excitation and 

mission wavelengths of λex/em 

= 489 nm/528 nm. 

.8. Immunoblotting 

Cells were collected, lysed, separated by SDS-PAGE and trans- 

erred to a poly (vinylidene fluoride) membrane. Membranes were 

ncubated in the following primary antibodies (1/10 0 0 dilution) 

vernight at 4 °C: IRF, phospho-IRF, STING, phospho-STING, TBK1, 

hospho-TBK1, cGAS, PD-L1, γ -H2AX and GAPDH. After incubation 

ith secondary antibodies for 2 h, images were captured using a 

i-CorOdyssey-499 Imager. 

.9. Immunofluorescence 

Cells or tumor tissues were fixed with 4% paraformaldehyde, 

ermeabilized with 0.1% Triton X-100 and then blocked with BSA. 

lices were then incubated with the indicated primary antibod- 

es for 12 h, followed by incubation with Cy3 or FITC-conjugated 

econdary antibodies. Finally, DAPI was used to stain the nuclei. 
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he images were visualized using a confocal microscope (Olympus 

V30 0 0, Japan). 

.10. Real-time quantitative PCR assay 

Total RNA from cells or tumor tissues was extracted with TRIzol 

Invitrogen) and then reverse-transcribed with the PrimeScript RT 

eagent Kit with gDNA Eraser (Takara). RT-qPCR was performed on 

 StepOne RT-PCR instrument (ABI Q5) using the SYBR Premix EX 

aq Kit (Takara). The 2 −��Ct method was used to measure relative 

xpression changes. 

.11. DC maturation in vivo 

To detect mature DCs in the lymph nodes, SCC VII-bearing 

3H mice were intravenously injected with 200 nm, 32 nm and 

 nm PZGE, respectively. At 24 h postinjection, tumors were ex- 

osed to the 200 mW/cm 

2 laser. Tumor and tumor-draining lymph 

odes were collected on the third day. Single-cell suspension de- 

ived from tumor tissues and lymph nodes were stained with anti- 

D11c-PC 5.5, anti-MHC II-redFluor 710, anti-CD80-FTIC and CD86- 

E antibodies. The antigen presentation-associated cytokines IFN- γ
nd TNF- α were also examined by the anti-IFN- γ -APC and anti- 

NF- α-PE signals. 

.12. PD-L1 expression in vivo 

Seven days after laser irradiation, tumors were extracted and 

igested to single-cell suspensions. To analyse PD-L1 expression in 

umor cells and specific lymphocytes, cells were labelled with anti- 

D-L1-APC and anti-F4/80-PC 7. 

.13. In vivo therapeutic efficacy 

Upon tumor growth to 50 mm 

3 , mice were randomly divided 

nto five groups (n = 5) and administered the indicated samples 

ia tail vein injection every two days for 3 injections. We per- 

ormed 200 mW/cm 

2 670 nm laser irradiation 24 h after sample 

njection. Tumor volume and body weight were recorded every 2 

ays until the end of the study. At 14 days postinjection, the tumor 

nd major organs were collected for immunofluorescence and H&E 

taining. Blood samples were collected and assessed by KingMed 

iagnostics Group Co. 

.14. Immune cell infiltration analysis 

Tumor and tumor-draining lymph nodes were harvested 14 

ays after treatment and cut into small pieces. Single-cell sus- 

ensions of the tumor were obtained, followed by use of a tu- 

or dissociation kit (Miltenyi Biotec, Germany). After being fil- 

ered through a 40 μm cell strainer, the single-cell suspensions 

ere incubated with the following fluorophore-conjugated anti- 

odies: CD45-BV605, CD3-APC/Cy7, CD4-FITC, CD8-PE/Cy7, Foxp3- 

E, CD44-PerCP/Cy5.5 and CD62-APC. IFN- γ -APC and TNF- α-PE 

ere also labelled after 6 h of cell activation. The whole-cell sus- 

ension was subjected to flow cytometry analysis (BD LSRFortessa). 

.15. Statistical analysis 

All the data are presented as mean ± standard error (SE), and 

omparisons between groups were performed by one-way analysis 

f variance or Tukey’s multiple-comparisons test when appropriate. 

tatistical significance was defined as ∗p < 0.05, ∗∗ p < 0.01, ∗∗∗

 < 0.001 and 

∗∗∗∗ p < 0.0001. 
341 
. Results and discussion 

.1. Synthesis and characterization 

Traditional photosensitizers often lack nuclear-targeting abil- 

ty. Utilizing ultrasmall nanocarriers to enhance the nuclear deliv- 

ry efficiency of traditional photosensitizers is a potential strategy 

o overcome this problem. Here, we synthesized ultrasmall PZGE 

anoparticles to explore the relationship between the size effect 

nd nuclear internalization ( Fig. 1 a). Briefly, GQD-PEG was syn- 

hesized by taking advantage of the carboxyl groups of GQD, fol- 

owed by edge PEGylation to enhance its hydrophilicity and bio- 

ompatibility as described in our previous report [ 28 , 29 ]. ZnPc, a

hthalocyanine derivative, located on the surfaces of GQD-PEG me- 

iated by π- π stacking [ 30 , 31 ]. After ZnPc/GQD-PEG was loaded 

ith aPD-L1, the PZGE nanoparticles exhibited a spherical dis- 

ribution, as imaged by TEM ( Fig. 1 b). The average particle size 

f PZGE was observed to be less than 10 nm ( Fig. 1 b). We first

arried out EDS analysis to demonstrate the formation of PZGE 

 Fig. 1 c). The Zn element originating from ZnPc was presented 

n the nanostructure. After GQD-PEG was loaded with ZnPc, its 

eta potential ( Fig. 1 d) became less negative (from -21.69 mV to - 

8.69 mV). The zeta potential of the PZGE nanoparticles was 10.33 

V positive upon successful loading of aPD-L1. These data sug- 

est that aPD-L1 is electrostatically adsorbed on the surface of 

nPc/GQD-PEG. SDS −PAGE showed the successful presence of aPD- 

1 on ZnPc/GQD-PEG ( Fig. 1 e). Under the reducing condition, heavy 

hain (50 kDa) and light chain (25 kDa) were observed in PZGE 

roup. A non-specific band over 150 kDa in the aPD-L1 lane oc- 

urred. This phenomenon might be caused by the partial oxida- 

ion or deactivation of the reduction agent during the heating pro- 

ess, leading to the re-association of proteins into the ones larger 

han the target strip [32] . The IR spectra of PZGE exhibited spe- 

ific peaks from 1640 cm 

−1 to 1660 cm 

−1 , assigned to the typical 

mide I band of the polypeptide skeleton ( Fig. 1 f). The elemental 

nalysis showed that after aPD-L1 loading, the N content increased 

rom 8.55% to 9.42%, accompanied by a decrease in the C/N ratio 

rom 6.71% to 6.02% (Table S1). This N content increase was at- 

ributed to aPD-L1 incorporation, giving an ∼5.44% wt % aPD-L1 

ntibody loading. Two distinct absorption peaks of GQD-PEG (at 

40 nm) and ZnPc (at 670 nm) were detected in the UV–vis spec- 

rum of PZGE ( Fig. 1 g). The fluorescence intensity of PZGE was sig- 

ificantly higher than that of free ZnPc, suggesting that the GQD- 

EG nanoplatforms reduced the self-quenching effect of ZnPc (Fig. 

1). The release profile of aPD-L1 was detected as shown in Fig. S2. 

pproximately 20% (aPD-L1) release was observed from the PZGE 

anoparticles over 24 h, which indicated favourable stability for 

ong-term blood circulation. Additionally, no apparent subsidence 

henomenon of PZGE was observed in the different media after 

even days, indicating the excellent dispersibility. Together, these 

esults demonstrated that the ultrasmall PZGE nanoparticle was 

onstructed as we expected. 

.2. Particle size optimizes nuclear targeting ability 

Currently available photosensitizers in the clinic, such as chlo- 

ine e6 [33] and phthalocyanine (PC), have poor cellular-entry ca- 

acity, severely limiting their therapeutic efficiency. The particle 

ize of nanomaterials is the key factor in nuclear internalization. 

owever, it is difficult to determine the size range of nanoparticles 

hat will have the best nuclear targeting and tumor enrichment to 

ealize the deep delivery of photoagents [23] . Hence, we synthe- 

ized a range of sizes (200 nm, 32 nm and 5 nm) of ZnPc/GQD- 

EG and PZGE in the same way to test the size effect on nu- 

lear targeting ( Fig. 2 a and S3). In the following fluorescence sig- 

al analysis, the majority of 5 nm ZnPc/GQD-PEG was distributed 
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Fig. 1. Characterization of PZGE formulations. (a) Preparation process and (b) TEM image of PZGE. (c) Energy spectrum analysis of ZnPc/GQD-PEG. (d) Zeta potentials of PZGE 

in water solution. (e) SDS-PAGE quantitative analysis of aPD-L1 antibody modified on ZnPc/GQD-PEG. PZGE includes the typical aPD-L1 protein bands. (f) FT-IR analysis of 

aPD-L1 antibody loading. FT-IR bands ranging from ∼1640 to 1660 cm 

−1 were attributed to the amide I band of the protein. (g) The UV–vis spectra of free ZnPc, GQD-PEG, 

and PZGE, indicating the successful loading of ZnPc. 

i

c

m

d

c

t  

a

c

n

P

c

c

r

Z

o

d

t

l

w

5

a

e

r

L

c

"

nside the nucleus, indicating the superior nucleus-targeting effi- 

iency over that of primary ZnPc (Fig. S4). The nucleocytoplas- 

ic transport of molecular cargoes is mediated by roughly 60-nm- 

iameter channels in the nuclear envelope, named nuclear pore 

omplexes, which are permeable to molecules with smaller par- 

icle sizes [ 27 , 34 ]. ZnPc was codistributed in both the cytoplasm

nd nucleus in the 32 nm PZGE. In comparison, ZnPc had mostly 

ytosolic localization in the 200 nm PZGE group ( Fig. 2 b). Alter- 

atively, the most nuclear-located ZnPc was observed in the 5 nm 

ZGE group (Fig. S5). With its ultrasmall particle size, 5 nm PZGE 

ould be effectively localized inside the perinuclear region after 

ellular uptake. This significant nuclear delivery capability mainly 

elied on passive diffusion mechanism [34] . Compared with free 
342 
nPc localized inside the cytoplasm, the nucleus-targeting property 

f 5 nm PZGE is most likely related to the ultrasmall particulate 

imensions and positively charged amino groups on the surface of 

hese nanoparticles [35] . aPD-L1 (green fluorescence) was mainly 

ocated on the cell membrane, and a specific fluorescence signal 

as observed in the cytoplasm and nucleus, suggesting that when 

 nm PZGE nanoparticles are in the tumor microenvironment, the 

PD-L1 loaded on the nanoparticles can bind to the PD-L1 ligand 

xpressed on the tumor cell membrane and thus play a blocking 

ole. At the same time, the binding force between aPD-L1 and PD- 

1 on the cell membrane is stronger than the positive and negative 

harge attraction between aPD-L1 and ZnPc/GQD-PEG, resulting in 

self-exudation" in the tumor microenvironment to exert an an- 
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Fig. 2. Size-driven nuclear targeting property of PZGE. (a) TEM images and particle size analysis of 200 nm, 32 nm and 5 nm PZGE. Scare bar = 20 nm. (b) Confocal 

fluorescence images of SCC9 cells stained with DAPI (nuclear) after incubation with different sized PZGE for 6 h. The corresponding selected linear fluorescence intensity 

profiles were analysed in the confocal images. Scale bars = 4 μm. (c) Cellular uptake of the different sized nanoparticles by HOK normal cells and SCC 9 tumor cells detected 

by flow cytometry. (d) In vivo IVIS images of tumor-bearing mice intravenously administered 5 nm PZGE at a series of time points (12, 24, 48 h). Ex vivo IVIS images of 

excised tumor and organs from corresponding mice and the normalized fluorescence signal of the excised tumor. 

343 



X. Zhang, C. Yi, L. Zhang et al. Acta Biomaterialia 159 (2023) 338–352 

t

n

m

a

a

t

n

m

F

A

d

o

c

g

v

m

m

w  

m

e

fl

i

c

e

t

i

l

s

o

t

n

e

e

g

w

l

2

t

a  

r

p

t

u

s

t

f  

a

s

t

c

t

c

n

t

r

w

c

I

c

h

n

e

P

n

n

3

i

t

w

c

m

μ
s

a

v  

w

g

m

s

t

a

p

t

t

r

t

t

f

i

t

Z

d

p

g

s

m

n  

t

m

w

p

a

m

t

n

b

m

m  

i

p

v

s

v

(

i

A

r

P  

t

r

t

c

1  

d

n

c

m

agonistic effect. A certain amount of aPD-L1 was observed in the 

ucleus, which also indicated that 5 nm ultrasmall nanoparticles 

ay have the potential for nuclear protein transport. Confocal im- 

ges of the tumor cells were collected for 3D distribution analysis, 

s displayed in the supplementary movie to investigate the spa- 

iotemporal distribution. The enrichment ability of nanoparticles in 

ormal oral epithelial cells and tumor cells also appeared to have 

arked differences, especially in the smaller PZGE. As observed in 

ig. 2 c, the 5 nm PZGE exhibited a higher fluorescence intensity of 

PC-Cy7 (ZnPc) in tumor cells than in normal cells. This may be 

ue to the overexpressed sialic acid (SA) on the cell membranes 

f tumor cells. SA is a type of polysaccharide with negative charge 

omposed of a nine-carbon backbone [36] , existing at the ends of 

lycoproteins and glycolipids on the cell membrane surface. Pre- 

ious reports have discovered that the content of SA on the cell 

embranes of tumor cells is significantly higher than that of nor- 

al cells, leading to higher cellular internalization of nanoparticles 

ith positive charge [ 37 , 38 ]. Thereby, compared to the HOK nor-

al cells, the SCC9 tumor cells were more conducive to the nons- 

lective uptake of positively charged PZGE. The analysis of mean 

uorescence intensity further confirmed that 5 nm PZGE signif- 

cantly enhanced the ZnPc uptake efficiency in tumor cells. The 

onfocal laser also detected the prominent role of the 5 nm size 

ffect on tumor nuclear delivery (Fig. S5). The 5 nm PZGE nanopar- 

icle accomplished the most substantial nuclear penetration, which 

ndicated that the 5 nm ultrasmall size easily broke through the 

imitation of the nuclear pores, impairing the entry of large, non- 

pecific entities [ 34 , 39 ]. These results provide a convenient size 

ptimization strategy for the design of nuclear targeted nanopar- 

icles. For these reasons, the solid nuclear-targeted nanocarrier 5 

m ZnPc/GQD-PEG and prepared PZGE were used in the following 

xperiments. 

Encouraged by the strong nuclear localization in vitro, the size 

ffect on the tumor targeting efficiency of 5 nm PZGE was investi- 

ated in C3H mice by IVIS spectroscopy. Notably, the mice treated 

ith 5 nm PZGE showed stronger fluorescent signals at the tumor 

esion than the mice that received PZGE with larger sizes at 12, 

4, and 48 hours post intravenous injection ( Fig. 2 d). Additionally, 

he highest fluorescent signal in the ex vivo tumor was observed 

t 24 h, which could last up to 48 h. The natural physical bar-

ier still hinders the effective intertumoral delivery of various com- 

ounds [40] . The 5 nm PZGE showed enhanced tumor accumula- 

ion, which was greatly attributed to the PEG conjugation and its 

ltrasmall size, preventing the clearance from reticuloendothelial 

ystem (RES). PEGylated interactions could stabilize the nanopar- 

icles and prolong the blood circulation by preventing clearance 

rom the RES [41] . In addition, as shown in Fig. 2 d, the liver had

 robust fluorescent signal after 5 nm PZGE injection. The rea- 

on may be the 10 0 0-fold reduction as the nanomaterials traverse 

he liver, leading to an essential biological barrier to nanoparti- 

le presentation. Larger nanomaterials are preferentially cleared by 

he liver, contributing to the macrophage’s propensity to phago- 

ytose larger particles. A particle with a lateral size less than 10 

m is less likely to be sequestered in the extrahepatic circulation 

han in the sinusoid circulation [42] . Meanwhile, the strong fluo- 

escence signals were observed in kidney as well, in accordance 

ith the results that nanoparticles less than 5 nm could be ex- 

reted through the urine through glomerular filtration barrier [43] . 

n addition, studies also indicated that the charge of nanoparti- 

les, water solubility, shape and concentration can also affect the 

alf-life of renal cycle metabolism [44] . In this study, the 5 nm 

anoparticle exhibited long-term blood circulation and tumor pen- 

tration, which may relate to the size, shape, and concentration of 

ZGE. Collectively, the cascade tumor-cell targeting and subsequent 

ucleus traversal by 5 nm PZGE were explored, featuring promi- 

ent cell endocytosis and nucleus accumulation. 
344 
.3. Nuclear-targeted PDT enhanced primary and distant OSCC 

mmunotherapy 

To explore the effects of nuclear targeting differences on pho- 

otoxicity, the high biocompatibility of PZGE with different sizes 

as first assessed in vitro ( Fig. 3 a and S6a). Compared with the 

ontrol group, the cell viability of different sized PZGE groups re- 

ained above 80% when their concentration was lower than 100 

g/mL. As displayed in Fig. 3 b and S6b, compared with larger 

izes, 5 nm PZGE exhibited the strongest phototoxicity upon irradi- 

tion, as evaluated by CCK-8 assay. The same results were observed 

ia apoptosis assay ( Fig. 3 c) and live/dead cell staining ( Fig. 3 d),

hich could be attributed to the significantly higher reactive oxy- 

en species (ROS) production efficiency in the tumor cell environ- 

ent (Fig. S7). Furthermore, the nuclear accumulation of ultra- 

mall photoagents improved the direct PDT activity by producing 

he strongly cytotoxic 1 O 2 around nuclear DNA. This specific char- 

cteristic offset the small scope of influence resulting from ROS in 

hototherapy, which has only a short lifetime ( < 0.04 μs) and ac- 

ion radius ( < 20 nm) [21] . 

Given that 5 nm PZGE inhibited OSCC proliferation more effec- 

ively in vitro, we hypothesized that nuclear-targeted nanomate- 

ials can induce immunogenetic toxicity in addition to direct an- 

itumor effects and could be more effective in immune combina- 

ion therapy for distant tumors. The therapeutic efficacy of the 

ormulations was assessed in SCC VII-bearing C3H mice follow- 

ng the therapeutic schedule (Fig. S8a). Size effects on primary 

umor phototoxicity were detected first. Of the treatments, 5 nm 

nPc/GQD-PEG with laser had the best antitumor efficiency, in- 

icating that nuclear-targeted phototherapy could maximize the 

harmaceutical effect ( Fig. 4 a-c). Furthermore, as expected, the sin- 

le PD-L1 antibody or laser treatment showed minimal inhibition, 

uggesting the importance of photoactivation for effective antitu- 

or immunotherapy ( Fig. 4 d). Specifically, tumor growth was sig- 

ificantly eliminated in the 5 nm PZGE + L group ( Fig. 4 e), while

he tumor still grew gradually in the 5 nm ZnPc/GQD-PEG treat- 

ent group ( Fig. 4 f). Those nanoparticle treatments led to minimal 

eight loss as well (Fig. S8b). Long-term recurrence of OSCC is the 

rimary source of treatment failure, so we further tested the ther- 

peutic effect of nanoparticles on distant tumors. After the treat- 

ents ( Fig. 5 a), we observed that the proliferation ability of dis- 

ant tumors was inhibited by the nuclear-targeted ZnPc/GQD-PEG 

anoparticles ( Fig. 5 b), and the 5 nm PZGE nanoparticles had the 

est inhibitory effect ( Fig. 5 c). 

The lack of immune cell infiltration in tumor areas was aug- 

ented after treatment with 5 nm ZnPc/GQD-PEG. Upon PDT treat- 

ent, there was a marked increase in CTL levels ( Fig. 5 d), show-

ng the successful promotion from “cold tumor” to “hot tumor”, a 

rocess in which nuclear-targeted nanoparticles played the most 

ital role [45] . TUNEL staining of the tumor tissue exhibited the 

trongest cell apoptosis in the ultrasmall photoagents. Further in- 

estigation of the immune status in tumor-draining lymph nodes 

TDLNs) revealed that many CD8 + cytotoxic T cells were highly 

nfiltrated in the 5 nm nuclear-targeted PZGE group ( Fig. 5 e). 

dditionally, a marked decrease was observed in CD4 + Foxp3 + T- 

egulatory (Treg) cells upon treatment with single 5 nm ZnPc/GQD- 

EG and 5 nm PZGE with laser ( Fig. 5 f). Consistent with the an-

itumor response, treatment with 5 nm PZGE + L significantly up- 

egulated the ratio of CD8 + T cells and Treg cells compared with 

he control treatment ( Fig. 5 g). The cytokines TNF- α and IFN- γ in- 

reased to 50% and 45% in the 5 nm PZGE group, while almost 

0% and 9% in the control group ( Fig. 5 h and 5 i). To better un-

erstand the robust antitumor immune response generated after 

uclear-located PZGE-mediated PDT treatment, effector memory T 

ells (Tem) in the spleen were investigated at the end of treat- 

ent. The 5 nm PZGE with laser group showed an approximately 
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Fig. 3. Nuclear-targeted PZGE enhanced phototoxicity in vitro. (a, b) Cell viability of SCC9 cells incubated with different sized PZGE without laser irradiation (a) or with laser 

irradiation quantified by CCK-8 assay (b). (c) Apoptosis of SCC25 cells induced by different sized PZGE via flow cytometry. BUV 395 staining was used for early apoptosis 

and PI staining for late apoptosis. (d) Fluorescence images of SCC25 cells after treatment with PZGE by laser irradiation for 3 min via the live/dead cell staining assays 

(Calcein-AM/PI). Scale bar = 50 μm. 
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-fold increase compared with the control group, which explained 

ts high efficiency in distant antitumor therapy ( Fig. 5 j). 

.4. Nuclear-targeted PZGE regulates the DNA damage response and 

ctivates the cGAS/STING pathway 

Innate immune sensors can capture specific molecular patterns 

erived from tissue damage to alert the adaptive immune system. 

ormally, the destruction of cellular homeostasis results from DNA 

amage, dying cells and damaged mitochondria, which induces cy- 

osolic DNA accumulation [46] . dsDNA binds with the major cy- 

osolic nucleic acid sensor cyclic GMP-AMP synthase (cGAS) as well 

s the downstream stimulator of interferon genes (STING) [ 47 , 48 ]. 

owever, DNA-induced cGAS/STING-mediated type I IFN activation 

s often suppressed in OSCC [ 49 , 50 ]. Distinct from other larger

anoparticles, 5 nm nanocarriers enhanced the nuclear permeation 

fficiency of the traditional photosensitizer ZnPc. Thus, nuclear ac- 

umulation improved the direct PDT activity by producing primacy 

ytotoxic 1 O 2 around nuclear DNA. ROS targeting the nucleus can 

xert replication pressure, promote tumor cell apoptosis, and se- 

rete a variety of proinflammatory factors to augment the antitu- 

or immune response [21] . 
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In this study, the majority of dsDNA species were seen in the 

ytosol of 5 nm PZGE-photoactivated cells ( Fig. 6 a). The 5 nm PZGE 

ignificantly promoted the expression of the DNA damage-related 

arker γ -H2AX compared with the larger size groups, indicating 

tronger oxidative DNA damage ( Fig. 6 b) [ 51 , 52 ]. We then exam-

ned the expression of the cGAS/STING pathway under photoacti- 

ation. As expected, most inflammatory signalling-related proteins, 

GAS, p-STING, p-TBK1, and p-IRF3, were dramatically upregulated 

n tumor cells ( Fig. 6 b). Recent studies have discovered the under- 

ying mechanism by which DNA damage activates the cGAS/STING 

athway and leads to an increase in the inflammatory marker type 

 IFN. Pathogenic DNA in the nucleus is released into the cytosol 

uring light-associated DNA damage. Numerous cytosolic dsDNA 

olecules bind to cGAS in the cytosol and activate the adapter pro- 

ein STING. STING is trafficked from the endoplasmic reticulum to 

he Golgi apparatus, where it performs activating phosphorylation 

n TANK-binding kinase 1 (TBK1) and interferon regulatory fac- 

or 3 (IRF3), inducing the production of type I IFN and other cy- 

okines [ 53 , 54 ]. The production of two type I IFNs, IFN- α and IFN-

, was also confirmed by quantitative real-time PCR (RT-qPCR). The 

 nm PZGE induced a 3-fold increase in IFN- β and IFN- α in tumor 

ells compared with other groups after laser irradiation, as shown 

n Fig. 6 c. To further validate the type I IFN production mediated 
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Fig. 4. Nuclear-targeted phototoxicity enhanced primary OSCC immunotherapy. (a, d) Representative images of tumors after different treatments at the end of experiments 

in the C3H mouse model. (b, e) Tumor weight excised from the C3H mice at the end of the experiment. (c, f) tumor volumes were measured at the indicated time points (n 

= 5). 
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y photoinduced cGAS/STING pathway activation, we examined the 

xpression of related proteins in the presence of a cGAS inhibitor 

cGASi). Strikingly, PDT-dependent DNA damage and cGAS/STING 

athway-related protein expression were significantly suppressed 

y cGASi ( Fig. 6 d). In particular, IFN- α and IFN- β were signifi- 

antly reduced by 3-fold by the cGAS inhibitor ( Fig. 6 e). Due to the

trongly cytotoxic 1 O 2 around the nucleus, cGAS/STING pathway- 

elated protein expression and type I IFN production were strik- 

ngly upregulated in the 5 nm PZGE group compared with other 

roups. Together, these data show for the first time that nucleus- 

argeted nanoparticles can promote ROS production to cause DNA 

amage, activating the photoinduced dsDNA-cGAS-STING sensing 

athway and finally leading to an increase in the production of 

ype I IFN. 

.5. Photoactivated type I interferon-mediated dendritic cell response 

Type I IFNs are crucial for antigen presentation by DCs and 

acilitate the infiltration of tumor-specific CTL and adaptive im- 

unity [ 55 , 56 ]. To explore the underlying mechanism of nuclear- 

argeted phototoxicity, we next explored whether photoinduced 

poptosis could increase type I IFN production in vivo. Three days 

fter irradiation, the expression of γ -H2AX was upregulated, ac- 

ording to the immunofluorescence visualization ( Fig. 7 a). The 5 

m PZGE group showed enhanced levels of Ifnb1 and Ifna expres- 

ion, similar to the in vitro results ( Fig. 7 b and c). Consistent with

hose findings, both in vitro and in vivo results confirmed the 

ole of tumor-derived dsDNA in phototherapy-induced DNA sens- 

ng. The laser induced the accumulation of cytosolic dsDNA in the 

uclear-targeted PZGE group, acting on cGAS and leading to down- 

tream STING-mediated type I IFN induction [20] . Then, the pro- 

uction of type I IFNs in an autocrine fashion by tumor cells and 

ost DCs increases the recruitment of tumor-infiltrating DCs and 
346 
heir activation, enhancing antigen cross-presentation and subse- 

uently the antitumor immune response [57] . In addition, host DCs 

an take up tumor DNA and induce a STING-dependent IFN re- 

ponse, eliciting an antitumor DC response [58] . 

We then tested the effects of DC activation after photother- 

py. Three days after laser irradiation, primary CD11c + MHCII + DCs 

ere detected in the TDLNs of mice. According to flow cytome- 

ry analysis, 5 nm PZGE significantly increased the concentration 

f mature DCs in the TDLNs. Cell surface expression of costimula- 

ory molecules CD80 and CD86 were slightly increased in TDLNs 

n the 200 nm group, while the 5 nm PZGE group had signifi- 

antly higher levels than the 200 nm PZGE group (mean 25% ver- 

us 10%, Fig. 7 d). The CD80 + DCs and CD86 + DCs were signifi- 

antly increased under 5 nm PZGE treatment ( Fig. 7 e and 7 f). The

ecretion of the immune-related cytokines TNF- α and IFN- γ in- 

reased by 70% and 60%, respectively, in tumor cells after 5 nm 

ZGE treatment, to almost twice the levels of the PBS groups (Fig. 

9). Increased levels of the proinflammatory cytokines TNF- α and 

FN- γ can elicit T-cell activation and host immunity [59] . Myeloid- 

erived suppressor cells (MDSCs) have been recognized as the ma- 

or host component in the immunosuppressive tumor microenvi- 

onment. Increased MDSC infiltration may promote tumor progres- 

ion by disrupting host immune surveillance, including direct T- 

ell inhibition, impairing M1 macrophages and upregulating PD-L1 

60] . Then, as displayed in Fig. 7 g, the 5 nm PZGE + L group exhib-

ted an approximately 80% and 30% decrease in MDSCs compared 

ith the 200 nm and 32 nm PZGE groups, respectively. The mech- 

nism of the reduced recruitment of the MDSCs by cGAS/STING/IFN 

 signal pathway activation has been proved previously [61] . Briefly, 

ndependent of IFN- β production, STING overexpression in tumor 

ells upregulated the suppressor of cytokine signaling 1 (SOCS1), a 

otent inhibitor of the Janus kinase (JAK)1/2 in the JAK/STAT sig- 

aling pathway [62] . It was further established that SOCS1 inter- 
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Fig. 5. Nuclear-targeted phototoxicity enhanced distant OSCC immunotherapy. (a) Schematic representation of the experiments. (b) Representative images of tumors after 

different treatments at the end of experiments in the C3H mouse model. (c) Weight of tumors excised from C3H mice at the end of the experiment. (d) Immunofluorescence 

signal (red) of CD8 + T cells and TUNEL of representative tumor tissue slices resulting from the different sized ZnPc/GQD-PEG used. Scale bar = 50 μm. (e, f, g) Quantification 

of CD8 + T cells, CD4 + Foxp3 + Treg cells, and the ratio between CD8 + T cells and Treg cells in each group. (h, i) TNF- α and IFN- γ in CD8 + T cells were detected by flow 

cytometry. (j) Quantification of the CD44 + CD62L − Tem cell percentage in the tumor mass. (n = 5). 
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Fig. 6. Nuclear-targeted phototoxicity-induced DNA damage-mediated cGAS/STING/IFN I pathway activation. (a) Representative image of DAPI and PicoGreen staining in 

SCC25 nuclei after PDT. Scale bar = 5 μm. (b) SCC25 cells were irradiated for 3 min; 24 h later, the cells were collected, and the expression of the indicated proteins was 

assayed by western blot. (c) SCC9 cells were treated with different formulations for 24 h after irradiation, and cells were collected for IFN β and IFN α mRNA detection by 

RT-qPCR. (d) SCC25 cells were collected from the 5 nm PZGE group, and the indicated proteins were assayed by western blot. (e) SCC9 cells were collected for IFN β and 

IFN α mRNA detection by RT-qPCR. We added 2 μM cGAS inhibitor (cGASi) 2 h prior to PDT induction. 
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Fig. 7. DC maturation induced by light-mediated interferon pathway activation. (a) Immunohistochemistry (DNA damage marker γ -H2AX) of representative tumor tissue 

slices from the different treatment groups. Scale bar = 80 μm. (b, c) Seventy-two hours after irradiation, tumors were excised, and RT-qPCR was performed for Ifn β and 

Ifn α. (d, e, f) TDLNs were collected 72 h after irradiation, and the expression of the costimulatory molecules CD80 and CD86 in CD11b + CD11C + MHCII + DCs was determined 

by flow cytometry. (g) Flow cytometry analysis of the expression of CD11b + Gr-1 + MDSCs in TDLNs extracted from mice 72 h after treatments. 
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cted directly with STAT3, thereby preventing STAT3 phosphoryla- 

ion in tumor cells. As a result, the production and release of IL-6 

nd Granulocyte-macrophage Colony Stimulating Factor (GM-CSF) 

y tumor cells, two known drivers of MDSC expansion, were inhib- 

ted. These results indicate the value of applying nuclear-targeting 

hotoparticles to enhance antigen presentation by promoting DC 

aturation and MDSC attenuation. Nuclear-targeted PZGE might 

ct as a STING agonist to enhance type I IFN release and DC ac- 

ivation, priming protective antitumor T-cell responses [63] . 

.6. Nuclear phototherapy enhances PD-L1 expression for 

mmunotherapy 

Despite the great potential for PD-L1 antibody application, 

ower PD-L1 expression, insufficient T-cell infiltration and reduced 

ntigen presentation have hindered the efficacy of OSCC therapy. It 

s estimated that over 85% of patients with recurrent or metastatic 

NSS have no response to immune checkpoint treatment or have 

 response that is ultimately followed by disease progression and 
349 
eath from the disease [1] . Here, we found that nuclear-targeted 

anoparticles could regulate PD-L1 expression to reverse the im- 

unosuppressive microenvironment. 

To evaluate whether PD-L1 is involved in immune surveillance 

n nucleus-targeted phototherapy, we detected the expression of 

D-L1 in vitro and in vivo. In the in vitro experiments, the most 

ignificant degree of PD-L1 upregulation was seen in the 5 nm 

nPc/GQD-PEG groups according to the western blot results ( Fig. 8 a 

nd b). Seven days after phototherapy in vivo, the 5 nm ZnPc/GQD- 

EG groups exhibited the most marked PD-L1 change (up to 2- 

old) in tumor cells compared with the control group ( Fig. 8 c). Fur-

hermore, PD-L1 increased in DCs (up to 3-fold) and macrophages 

up to 3-fold) compared with its levels the control group ( Fig. 8 d).

hough the higher expression of PD-L1 on tumor cells is positively 

orrelated with a better immune response, some PD-L1-negative 

atients still respond to antibody blockade [64] . Recent findings 

uggested that PD-L1 expressed in host myeloid cells is essential 

or the response to checkpoint blockade, especially in antigen pre- 

enting cells (APCs) [65] . The expression of PD-L1 in DCs in the tu- 
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Fig. 8. Nuclear targeted photodynamic therapy upregulates PD-L1 expression. (a, b) In vitro PD-L1 expression in SCC9 cells was examined 24 h after different treatments 

and analysed by ImageJ. PD-L1 expression was measured by flow cytometry in (c) tumor cells and (d) immune cell subsets in tumor tissues after 7 days of irradiation in 

vivo. (e) Immunohistochemistry (PD-L1 and pTBK1) of representative tumor tissue slices from the different treatment groups. Scale bar = 80 μm. 
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[  
or microenvironment was much higher than that of tumor cells, 

nd when the PD-L1 in DC was knocked out, the effect of PD-L1 

locking therapy completely disappeared [66] . Meanwhile, stud- 

es have confirmed that PD-L1 + macrophages infiltrated in tumors 

re also related to the efficacy of aPD-L1. Studies have found in 

early 500 cancer cases that 80% of CD68 + macrophages express 

D-L1, and these patients have longer overall survival during aPD- 

1 treatment [67] . Immunofluorescence showed the most signifi- 

ant PD-L1 expression in the 5 nm ZnPc/GQD-PEG groups, accord- 

ng to p-TBK1 and γ -H2AX expression ( Fig. 8 e). Lower PD-L1 ex- 

ression, insufficient T-cell infiltration, and reduced antigen pre- 

entation hinder PD-L1 antibody efficacy in OSCC therapy. Recent 

iscoveries have shown that PD-L1 expression in cancer cells is 

pregulated by DNA damage signalling. Oxidative stress-mediated 

NA double-strand breaks (DSBs) enhance PD-L1 expression [9] . 

ositive tumor-presenting neoantigens can promote the release of 

FN- γ to enhance PD-L1 expression under oxidative stress [68] . Sen 

t al. injected cGAS- or STING-depleted tumor cells into immune- 

ompetent mice to detect the role of cGAS-mediated STING ac- 

ivation in the DNA damage repair-PD-L1 blockade combination 

ffect [69] . They found that both cGAS-knockdown and STING- 

nockdown tumors progressed even with PD-L1 and DNA damage 

epair protein (CHK1/PARP) inhibitors. Positive tumor-presenting 

eoantigens promote the release of IFN- γ to enhance PD-L1 ex- 

ression under oxidative stress [68] . The results above show that 

hese ultrasmall photoagents had a better antitumor effect than 

arger photoagents. Importantly, this nuclear-targeted phototherapy 

an convert an “immune-cold” tumor into a “hot” one, suggesting 

 strategy for vaccine design involving photoimmunotherapy that 

ould be maximally efficient. 

The bioadaptability of different sized PZEG was systematically 

etected by haematology and blood biochemistry after intravenous 

njection. As observed in H&E staining images (Fig. S10), the ma- 

or organ sections excised from various formulation treatments ex- 

ibited no obvious histopathological abnormalities. Moreover, all 

he measured blood biochemistry parameters and complete panel 

ata for different materials exhibited negligible changes, indicat- 

ng the potential long-term biocompatibility of PZGE nanoparticles 

Fig. S11). 

. Conclusion 

We report an optimal size of nuclear-targeting PZGE nanoparti- 

les to reinforce the type I IFN-mediated innate immune response, 

ynergistically contributing to reversing “cold tumors” for effec- 

ive primary and distant tumor photoimmunotherapy. In particular, 

his ultrasmall 5 nm nanoparticle reverses low PD-L1 expression 

ia nuclear-located PDT-mediated DNA damage. Then, photoin- 

uced cGAS/STING/IFN I pathway activation upregulates DC mat- 

ration and CTL infiltration, significantly increasing the long-term 

mmunotherapeutic efficiency of “immune-cold” tumors. This work 

ighlights the marked efficacy of smaller nuclear-located nanocar- 

iers and offers new insight into “immune-cold tumors” via promi- 

ent innate immune activation mediated by nuclear-targeting pho- 

oimmunotherapy. 
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