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Immunotherapy is an efficient approach to clinical oncology. However, the immune privilege 

of the central nervous system (CNS) limits the application of immunotherapeutic strategies for 

brain cancers, especially glioblastoma (GBM). Tumor resistance to immune checkpoint inhibitors 

is a further challenge in immunotherapies. To overcome the immunological tolerance of brain 

tumors, we report a novel multifunctional nanoparticle (NP) for highly efficient synergetic 

immunotherapy. The NP contains an anti-PDL1 antibody (aPDL1), upconverting NPs (UCNPs), 

and the photosensitizer 5-ALA; the surface of the NP is conjugated with the B1R kinin ligand to 

facilitate transport across the blood-tumor-barrier (BTB). Upon irradiation with a 980 nm laser, 5-

ALA is transformed into protoporphyrin IX (PpIX), generating reactive oxygen species (ROS). 

Photodynamic therapy (PDT) further promotes intratumoral infiltration of cytotoxic T 

lymphocytes (CTLs) and sensitizes tumors to PDL1 blockade therapy. We demonstrated that 

combining PDT and aPDL1 could effectively suppress GBM growth in mouse models. The 

proposed NPs provide a novel and effective strategy for boosting anti-GBM photoimmunotherapy. 

Introduction 

Glioblastoma (GBM) is the most aggressive and common form of primary brain tumors in 

adults.1-3 Their poor prognosis is mainly due to resistance to therapeutics and second tumor relapse 



                                                                                                                    

after surgery and treatment, which has remained a significant challenge until now.4-5 Alternative 

strategies have been proposed and investigated for treating GBM. Recently, checkpoint blockade 

has shown huge promise in cancer immunotherapy.6-7 CTLA-4 blockade and PD-1/PD-L1 

blockade have already been permitted by the U.S. FDA for treating different types of cancers.8 

However, checkpoint inhibitors have shown limited efficiency for GBM, partly because of the 

poor efficiency of drug delivery across the blood tumor barrier (BTB).9-10 Another major challenge 

is the immunosuppressive tumor microenvironment (TME), including poor T cell infiltration, 

excessive tumor-associated macrophages, and the expression of immunosuppressive molecules.11-

13 To improve these immunotherapeutic effects in GBM treatment, drugs — such as the anti-PDL1 

antibody (aPDL1) — must be efficiently delivered across the BTB. In addition, it is essential to 

develop intervention strategies to sensitize GBM and convert the immunologically ‘cold’ 

environment into a "hot" environment. 

Numerous efforts have been made to facilitate drug delivery efficiency across the BTB. A 

popular approach is receptor-mediated transcytosis.14-16 In this method, the binding of the ligand 

and receptor promotes endocytosis and the vesicular trafficking machinery helps to transport the 

drugs across the BTB.17-19 Well-characterized receptors include the transferrin receptor, insulin-

like growth factor, and low-density lipoprotein receptors.20-21 However, a significant drawback is 

that these receptors are universally expressed in normal cell lines and tissues, resulting in unwanted 

peripheral organ uptake.22-24 An alternative strategy is to physically/chemically modulate the BTB 

permeability, potentially allowing for a larger number of therapeutics to be delivered to their 

target.25-26; however, most of these methods are invasive and cause a non-selective increase in 

permeability throughout the central nervous system (CNS). Kinins were previously found to be 

natural modulators of vessel permeability but their unique properties have not been well explored 

for drug delivery. The biological functions of kinins are mediated through the activation of G-

protein coupled receptors, referred to as the B1 receptor (B1R) and B2 receptor (B2R). B2R 

exhibits constitutive expression in numerous tissues.27, 28 In contrast, BR1 is barely detectable 

under physiological conditions, except in the CNS. Moreover, B1R is overexpressed in major 

inflammatory pathologies, making it a target for pharmaceuticals.29, 30 Interestingly, the 

inflammatory environment around GBM is beneficial for its growth and angiogenesis.31 These 

physiological activities further contribute to activating B1R in the brain tumor 

microenvironment.32 As a result, GBM cells, as well as the surrounding brain capillary endothelial 



                                                                                                                    

cells, express a high level of B1R.30 Therefore, we envision that the kinin ligand could bind to B1R 

on the blood vessel in GBM areas, locally increasing the permeability of the BTB. In addition, the 

kinin ligand can also specifically target GBM cells.33, 34 Therefore, conjugating the B1R kinin 

ligand with therapeutics or NP-based drug delivery systems would present a completely new 

method of safe and effective drug delivery to tumors in the CNS. 

Combining immune drugs with photodynamic therapy (PDT) based on immune adjuvant 

nanoparticles (NPs) could help to inhibit tumor invasion.35-37 PDT has received great attention in 

both clinical practices and preclinical studies.38, 39 During the PDT process, the activated 

photosensitizer induced by laser irradiation generates reactive oxygen species (ROS), resulting in 

immunogenic tumor cell death.40 Thus, coupling PDT with checkpoint inhibitors is promising for 

boosting immunotherapy in GBM. An ideal photosensitizer can achieve deeper tissue penetration 

by absorbing light in the far-red wavelengths. Moreover, an ideal photosensitizer candidate would 

address systemic toxicity via rapid elimination from the body and high tumor tissue selectivity. 5-

ALA is a second-generation photosensitizer that is already permitted by the E.U. for the PDT of 

different types of cancers.41 It can be converted into the effective photosensitizer, protoporphyrin 

IX (PpIX), through the endogenous heme pathway.42 A major advantage of 5-ALA is its selective 

accumulation in tumor cells, i.e., a higher level of PpIX in tumor sites only. Moreover, PpIX could 

be rapidly removed from the body while other clinically applied photosensitizers — mainly 

Phototofrin® or Foscan® — would stay in the body for a much longer period.41,42 Unfortunately, 

the blue exciting light for 5-ALA fails to penetrate deep tissue or avoids autofluorescence issues.43 

Comparatively, the wavelength of exciting light for upconverting NPs (UCNPs) can reach 980 nm, 

which is within the “optical transmission window” for biological tissues, mediating higher tissue 

penetration and photostability, reducing photodamage, and nonblinking fluorescence, with 

strongly induced visible to near-infrared (NIR) luminescence signals.44 Hence, the combination of 

UCNPs with 5-ALA would achieve PDT in the NIR region. 



                                                                                                                    

 
Scheme 1. (A) Schematic diagram of the synthesis process of the d-K@γ-PGA@5-
ALA@MUCNP@aPDL1 NPs.  (B) Schematic illustration of antitumor immune responses induced by d-
K@γ-PGA@5-ALA@MUCNP@aPDL1-mediated PDT in combination with checkpoint-blockade. 

To address the challenges of current checkpoint blockade therapy in GBM, we present a novel 

NP platform that can both enhance delivery across the BTB and alter the immunosuppressive TME 

(Scheme 1). aPDL1, 5-ALA, and magnetic UCNP (MUCNP) self-assembled into NPs in the 

presence of biodegradable poly(γ-glutamic acid) (γ-PGA). B1R kinin ligands des-Arg9-Kallidin 

(d-K) were then conjugated to the surface to form the final NPs (d-K@γ-PGA@5-

ALA@MUCNP@aPDL1). The kinin ligand provides the vasculature and tumor-targeting ability. 

After intravenous injection, the NPs first bind to the B1R, and the enhanced localized accumulation 



                                                                                                                    

of the NPs induces a series of secondary reactions to expand the permeability of the BTB. Once 

across the BTB, d-K@γ-PGA@5-ALA@MUCNP@aPDL1 can passively accumulate at the tumor 

site through active B1R targeting and enhance the permeability and retention (EPR) effect. The 

released aPDL1 could block the tumor cell surface marker-PDL1 when 5-ALA and MUCNP are 

endocytosed by GBM cells. Under 980 nm laser excitation, the GBM cells underwent apoptosis 

due to the produced 1O2. The immunogenic death of tumor cells triggers inflammation, which 

stimulates TME by promoting increased intratumoral cytotoxic T-cell infiltration (CTLs) in GBM. 

NPs may represent a robust platform for overcoming barriers in GBM immunotherapy. The 

transient and localized BTB ‘disruption’ allows for the effective delivery of NPs to the GBM area. 

The combination of PDT and checkpoint inhibitors will greatly boost the antitumor immune 

response and elicit long-term immune memory effects, leading to the inhibition of both primary 

and metastatic tumors. 

Results and discussion 

A biocompatible theranostic agent was designed by integrating mitochondrial-targeting PpIX 

for synthetic cancer therapy.42 However, the blue excitation light of PpIX hampers its in-vivo 

applications. To obtain useful UV-visible emission, MUCNP was synthesized as an upconversion 

energy donor. Furthermore, an Fe3O4-based host lattice was employed to support the magnetic 

resonance (MR) imaging capability by shortening the relaxation time of T2. To prepare MUCNP, 

oleic acid-capped Fe3O4 with a mean diameter of 2.9 nm (Fig. S1) were synthesized. Subsequently, 

the as-synthesized OA-Fe3O4 was used as the seed on which the upconversion luminescent shell 

(NaYF4:Yb/Er) could form. The high-resolution transmission electron microscope (HRTEM) 

image shows that the lattice fringes of UCNP and the Fe3O4 core were 0.31 nm and 0.26 nm (Fig. 

1A), respectively, which ascribed to the (111) lattice planes of cubic NaYF4 and (331) lattice 

planes of the magnetite face-centered cubic structure. This result suggests that the NaYF4:Yb/Er 

shell was successfully wrapped onto the magnetic seed nanocrystals. As shown in Scheme 1A, γ-

PGA@5-ALA@MUCNP@aPDL1 instantaneously self-assembled with the addition of aqueous γ-

PGA@5-ALA, MUCNP and aPDL1 into the room-temperature chitosan solution. TEM was used 

to observe the morphology of the γ-PGA@5-ALA@MUCNP@aPDL1 (Fig. 1B). We can see that 

the cluster structure of the MUCNP can develop after the formation of hybrid NPs and the size of 



                                                                                                                    

each NP can be estimated as 80 – 120 nm; this agrees well with the diameter of 115 nm measured 

via dynamic laser scattering (DLS) (Fig. S2). 

 
Fig. 1 (A) TEM (scale bar = 10 nm) and HRTEM image (scale bar = 1 nm) of MUCNP. (B) TEM image 
of γ-PGA@5-ALA@MUCNP@aPDL1 (scale bar = 100 nm). (C) TEM image of d-K@γ-PGA@5-
ALA@MUCNP@aPDL1 (scale bar = 100 nm). (D) HAADF-STEM image and element mapping of d-
K@γ-PGA@5-ALA@MUCNP@aPDL1 (scale bar = 10 nm). (E) SDS-PAGE gel electrophoresis (left) and 
WB (right) of αPDL1 in the d-K@γ-PGA@5-ALA@MUCNP@aPDL1 solution. (F) XRD spectrum of 
Fe3O4 NPs and d-K@γ-PGA@5-ALA@MUCNP@aPDL1. (G) VSM spectra of Fe3O4 NPs and d-K@γ-
PGA@5-ALA@MUCNP@aPDL1. (H) The upconversion luminescence (UCL) spectra of the MUCNP and 
d-K@γ-PGA@5-ALA@MUCNP@aPDL1. (I) Time and pH-dependent aPDL1 release profiles of d-K@γ-
PGA@5-ALA@MUCNP@aPDL1. (J) The expression of B1R in U87-MG cells and normal human 
astrocytes, **P < 0.01 (one-way ANOVA). (K) Cellular uptake of the γ-PGA@5-ALA@MUCNP@aPDL1 
and d-K@γ-PGA@5-ALA@MUCNP@aPDL1 in U87-MG cells and normal human astrocytes (scale bar 
= 50 μm). 

To increase the permeability of the BTB and the targeting ability towards GBM cells, d-K 

was modified on the NP surface by the EDC/NHS reaction. The TEM image (Fig. 1C) shows small 

changes in the morphology of γ-PGA@5-ALA@MUCNP@aPDL1 after modification by d-K. The 

uniform distribution of Er, Y, Yb, and Fe elements was observed in the elemental mapping images 

(Fig. 1D), demonstrating successful MUCNP incorporation within the γ-PGA@5-



                                                                                                                    

ALA@MUCNP@aPDL1. Moreover, the protein file analysis of aPDL1 specific bands 

demonstrated efficient aPDL1 loading within the γ-PGA@5-ALA@MUCNP@aPDL1 

nanocomposites (Fig. 1E). aPDL1 retained their PDL1 binding capability when they were 

compressed into γ-PGA@5-ALA@MUCNP@aPDL1 via western blotting (WB) assay (Fig. 1E), 

suggesting that the effect of compression is negligible for impeding the bioactivity of aPDL1. The 

successful preparation of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 was confirmed via its X-ray 

diffraction (XRD) pattern (Fig. 1F), as shown by the diffraction peaks of Fe3O4 and UCNPs core-

shell structures. Moreover, d-K@γ-PGA@5-ALA@MUCNP@aPDL1 exhibited ferromagnetic 

behavior with a hysteresis loop at 300 K (Fig. 1G), suggesting that d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 can be used as a good MR imaging agent (Fig. S3). To explore the 

efficiency of upconversion emission for PDT and in-vivo optical bioimaging, the UCL spectra of 

d-K@γ-PGA@5-ALA@MUCNP@aPDL1 was measured. As shown in Fig. 1H, the emissions at 

500 – 550 nm and 630 – 690 nm were ascribed to the 2H11/2 → 4I15/2, 4S3/2 → 4In, and 4F9/2 → 

4I15/2 transitions of Er3+ (Fig. S4), demonstrating efficient energy transfer from MUCNP to PpIX. 

The in-vitro release profiles of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 were evaluated in 

different buffers at 37 °C. As shown in Fig. 1I, the release profile of aPDL1 from d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 was initially rapid, followed by slower and sustained release under all 

releasing conditions. After 60 h incubation, aPDL1 in PBS (pH 6.0) was released significantly 

faster than at pH 7.4; this could be attributed to a significant reduction in the degree of ionization 

of γ-PGA moieties. In-vitro tests were performed in 10 % BSA to simulate the physiological 

environment. The slight increase in the release rate in 10 % BSA verified the good colloidal 

stability of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 in a serum-equivalent concentration of 

BSA. To investigate whether the release process impaired aPDL1 activity, we tested the binding 

affinity of aPDL1 and the bioactivity of aPDL1 in the released supernatant by enzyme-linked 

immunosorbent assay (ELISA). At pH 7.4, aPDL1 antibodies retained ~70.2 % of their PDL1 

binding capability. However, once dissociated at pH 6.0 and BSA, its binding affinity significantly 

decreased to ca. 45.2%, suggesting that BSA might facilitate aPDL1 degradation due to the 

presence of enzymes in BSA (Fig. S5). 

To further determine whether d-K@γ-PGA@5-ALA@MUCNP@aPDL1 had a pH response 

performance and good colloidal stability in the serum-equivalent concentration of BSA, 



                                                                                                                    

morphological changes in different environments were detected by TEM. In a physiological 

environment of pH 7.4, degradation was visible, as indicated by the shape change. Nevertheless, 

the morphology of the NPs was completely disrupted and very few residues of the MUCNP could 

be observed at pH 6.0 (indicated by the red arrow in Fig. S6). At the same pH solution, little change 

in the morphology of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 was observed in the 10 % BSA 

group, suggesting that the serum equivalent concentration of BSA does not affect the 

biodegradability of the NPs. To elucidate the influence of laser irradiation on the bioactivity of 

aPDL1, we examined the binding affinity of aPDL1 in d-K@γ-PGA@5-ALA@MUCNP@aPDL1 

before and after laser irradiation via ELISA (Fig. S7). The results showed that aPDL1 retained 

approximately 88.4 % of its activity upon 980 nm laser irradiation at 1.0 W/cm2, in contrast to 

groups without laser treatment; this indicates that PDT had a negligible effect on the bioactivity of 

aPDL1. 

B1R, a specific biomarker of inflammatory tumor cells, was investigated as the target site of 

the d-K-based NPs (Fig. S8). As expected, B1R protein expression was significantly higher in 

U87-MG cells than in normal human astrocytes (Fig. 1J, S9). To test whether d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 can specifically target GBM tumor cells, we incubated the NPs with 

U87-MG cells, which overexpress B1R on their surface and used human astrocytes — with 

expression of only a few B1R biomarkers — as a control. As an additional control, we also 

incubated U87-MG cells and normal human astrocytes with γ-PGA@5-ALA@MUCNP@aPDL1 

(without the d-K targeting molecule) and subjected all groups to the same treatment protocol. 

Using confocal laser scanning microscopy (CLSM), we detected strong fluorescence signals in 

U87-MG cells incubated with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 (Fig. 1K) while there 

was a weak signal in both the normal human astrocytes and the U87-MG cells incubated with γ-

PGA@5-ALA@MUCNP@aPDL1. 

5-ALA penetrates non-selectively into cells, where it is metabolized to the active sensitizer 

PpIX. The distinct activity of the enzymes in the tumor led to a higher PpIX accumulation within 

the cancer cells than the normal cells (Fig. 2A). PpIX can generate 1O2 under red light irradiation, 

which eventually leads to cell apoptosis or necrosis. Therefore, the generation and accumulation 

of PpIX in cancer cells are important. To investigate the PDT effects of PpIX, DMSO was used to 

extract the generated PpIX in U87-MG cells. The optical properties of the extracted DMSO 



                                                                                                                    

solutions were studied using fluorescence spectroscopy and UV-vis. Compared with other groups, 

strong red fluorescence emission at 635 nm was observed (Fig. 2B) in the d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 group, which is a characteristic fluorescence emission of PpIX. An 

optical fluorescence image is displayed in the inset of Fig. S10. The characteristic UV-vis 

adsorption peaks of PpIX at 405 nm and 575 nm were displayed for the U87-MG cells treated with 

d-K@γ-PGA@5-ALA@MUCNP@aPDL1 as compared with other groups (Fig. S10). Hence, it 

was testified that PpIX could be generated in U87-MG cells via the treatment of d-K@γ-PGA@5-

ALA@MUCNP@aPDL1. 

 
Fig. 2 (A) Schematic diagram of the heme biosynthetic pathway of PpIX. (B) The fluorescence emission 
spectrum of PpIX extracted from U87-MG cells. Confocal images of U87-MG cells (C) and normal human 
astrocytes (D) treated with different solutions (scale bar = 100 µm). (E) CLSM images show the cellular 
localization of PpIX after γ-PGA@5-ALA@MUCNP@aPDL1 (upper) and d-K@γ-PGA@5-
ALA@MUCNP@aPDL1 (bottom) treatments (scale bar = 30 µm). (F) Cross-section TEM images of U87-
MG cells incubated with γ-PGA@5-ALA@MUCNP@aPDL1 and d-K@γ-PGA@5-
ALA@MUCNP@aPDL1 (scale bar = 1 µm). RBCs shapes (G) and hemolysis percentage of RBCs (H) 
after treated with different solutions (scale bar = 15 µm). (I) Cell viability assay of U87-MG cells after d-
K@γ-PGA@5-ALA@MUCNP@aPDL1 and 5-ALA treatment. 



                                                                                                                    

In-vitro PpIX generation was also studied using CLSM. Normal human astrocytes and U87-

MG cells were treated with γ-PGA@MUCNP@aPDL1, d-K@γ-PGA@MUCNP@aPDL1, 5-

ALA, γ-PGA@5-ALA@MUCNP@aPDL1, and d-K@γ-PGA@5-ALA@MUCNP@aPDL1. The 

CLSM results are shown in Fig. 2C, where the red fluorescence color represents the presence of 

PpIX. Red fluorescence can hardly be observed in normal human astrocytes (Fig. 2D), which might 

be due to the rapid degradation of PpIX in normal cells. For U87-MG cells, obvious red 

fluorescence was observed after treatment with γ-PGA@5-ALA@MUCNP@aPDL1 and 5-ALA 

(Fig. 2C). Even stronger red fluorescence was observed for the U87-MG cells in the d-K@γ-

PGA@5-ALA@MUCNP@aPDL1 group than in the γ-PGA@5-ALA@MUCNP@aPDL1 and 5-

ALA groups, indicating that more 5-ALA was delivered into cells based on the polymer 

nanocarriers that contributed to generating massive PpIX. Next, the efficiency of PpIX generation 

from this drug delivery system via U87-MG cells was investigated. As shown in Fig. 2E, the red 

fluorescence intensity of PpIX in the d-K@γ-PGA@5-ALA@MUCNP@aPDL1 group was higher 

than that in the γ-PGA@5-ALA@MUCNP@aPDL1 group, indicating that more PpIX was 

generated by treatment with d-K@γ-PGA@5-ALA@MUCNP@aPDL1. Furthermore, the U87-

MG cells exhibited intense fluorescence signals in the yellow fluorescence (merged channel), 

demonstrating that PpIX was mainly localized in the mitochondria of U87-MG cells. The sectional 

TEM image in Fig. 2F confirms that d-K@γ-PGA@5-ALA@MUCNP@aPDL1 accumulated in 

the tumor cells and its distribution was mostly uniform throughout the cytoplasm. Therefore, these 

results indicate that PpIX originated from the cytoplasm rather than the nucleus or cell membrane. 

The biocompatibility of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 was also investigated 

using red blood cell (RBC) shapes, hemolysis assay, and methyl thiazolyl tetrazolium (MTT) assay. 

The photomicrographs in Fig. 2G indicate that the shape of erythrocytes in the test blood did not 

change after treatment with d-K@γ-PGA@5-ALA@MUCNP@aPDL1., no significant hemolysis 

was observed when RBCs were co-cultured with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 (Fig. 

2H). Next, negligible toxicity was observed in U87-MG cells treated with d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 even at the highest concentration of 5-ALA (15 μg/mL), indicating good 

biocompatibility of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 (Fig. 2I). These results suggest 

that d-K@γ-PGA@5-ALA@MUCNP@aPDL1 had insignificant cytotoxicity and possessed good 

hemocompatibility in-vitro. 



                                                                                                                    

The photoactivity of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 was evaluated by testing 1O2 

generation under 635 nm and 980 nm laser irradiation. The intracellular 1O2-generation capability 

of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 was tested via electron spin resonance (ESR) 

spectroscopy. A characteristic spin adduct of 1O2 is observed (Fig. S11), suggesting that 1O2 was 

generated from d-K@γ-PGA@5-ALA@MUCNP@aPDL1. In the control experiments of 

TEMPO-incubated PpIX with a 980 nm laser, the characteristic 1O2 peaks remained unchanged. 

This observation illustrated that 1O2 could be generated from the cooperation of MUCNP and 5-

ALA via an efficient energy transfer process. Furthermore, the intracellular 1O2 generation of d-

K@γ-PGA@5-ALA@MUCNP@aPDL1 was investigated using a 1O2 sensor green (SOSG) probe. 

As shown in Fig. 3A, only weak green fluorescence was shown in the U87-MG cells incubated 

with 5-ALA upon 635 nm laser irradiation. In contrast, strong fluorescence was observed in the 

cells incubated with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 upon 635 nm or 980 nm laser 

irradiation, suggesting that targeting d-K@γ-PGA@5-ALA@MUCNP@aPDL1 could largely 

enhance the cellular uptake by GBM cells. In addition, 1,3-diphenylisobenzofuran (DPBF) was 

used as the trapping agent to assess the 1O2 generation of d-K@γ-PGA@5-

ALA@MUCNP@aPDL1. As shown in Fig. S12, the absorption intensity of DPBF decreased 

exponentially with 635 nm irradiation time when DPBF was mixed with PpIX. This further 

illustrates that PpIX can cause the largest amount of 1O2. 

As d-K@γ-PGA@5-ALA@MUCNP@aPDL1 could generate 1O2 under a 980 nm laser, we 

further detected its antitumor efficiency against U87-MG cells in-vitro (Fig. S13). Calcein AM 

(living cell, green)/PI (dead cell, red) co-staining (Fig. 3B) and MTT (Fig. S14) was used to assess 

cell viability after PDT. Cell apoptosis occurred after 5-ALA exposure to the 635 nm laser while 

the well-displayed green fluorescence in other treatment groups presented a good cell survival 

situation. All of the cells treated with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 were killed when 

irradiated with a 635 nm or 980 nm laser, as indicated by the intense homogeneous red 

fluorescence. Subsequently, the photocytotoxicity of 5-ALA in d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 at different concentrations was evaluated using the MTT assay in U87-

MG cells. Under laser irradiation at 635 nm for 10 min, the cell viability decreased with increasing 

5-ALA concentration, for both d-K@γ-PGA@5-ALA@MUCNP@aPDL1 and 5-ALA (Fig. S15). 

The half-maximal inhibitory concentration (IC50) for d-K@γ-PGA@5-ALA@MUCNP@aPDL1 

(5 μg/mL) was found to be lower than that of free 5-ALA (10 μg/mL). Thus, the enhanced 



                                                                                                                    

photocytotoxicity of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 agrees with the increased PpIX 

formation in U87-MG cells. The concentration-dependent photodynamic cytotoxicity was further 

investigated after incubation of U87-MG cells with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 at 

different concentrations by flow cytometry (Fig. 3C). Concentration-dependent cytotoxicity, with 

viabilities of 14.1 – 91.1 %, was revealed when U87-MG cells were treated with d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 in conjunction with 980 nm laser irradiation, indicating high anticancer 

efficiency. 

 
Fig. 3 (A) SOSG probe detection of intracellular 1O2 with different samples (scale bar = 100 μm). (B) The 
antitumor efficiency U87-MG cells post various treatments (scale bar = 100 μm). (C) The viability of U87-
MG cells was quantified by flow cytometry. (D) The mitochondrial potential changes after various 
treatments (scale bar = 20 µm). (E) CRT expression of U87-MG cells after various treatments (scale bar: 
30 µm) (F) The 8-oxoG levels in total genomic DNA were tested by dot blot assay after different treatments.  

Similar to many other indices, mitochondrial dysfunction has been identified as a functional 

marker of cell apoptosis. Therefore, the dysfunction of mitochondria in U87-MG cells caused by 

d-K@γ-PGA@5-ALA@MUCNP@aPDL1 under 980 nm laser irradiation was examined before 



                                                                                                                    

further evaluation of the in-vitro PDT efficacy. Mitochondrial membrane potential (MMP) was 

used to monitor the degree of damage by staining with JC-1 (Fig. 3D). The reduction in MMP 

always replies to the gathering of JC-1 monomer (green fluorescence) while the aggregation of 

JC-1 (red fluorescence) responds to a high MMP, indicating a standard state. Moreover, the 

fluorescent shift of JC-1 from orange to green represents the occurrence of early apoptosis. Cells 

treated with PBS, d-K@γ-PGA@5-ALA@MUCNP@aPDL1, and 5-ALA without laser irradiation 

exhibited strong red fluorescence in the merged images (Fig. 3D), indicating that very little MMP 

change occurred in U87-MG cells. However, the significantly increased green fluorescence in cells 

treated with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 under 980 nm or 635 nm laser irradiation, 

suggesting that the mitochondria were damaged with a reduction in MMP. Furthermore, with 980 

nm or 635 nm laser alone, most of the cells showed red fluorescence, suggesting that laser 

irradiation does not result in mitochondrial damage. Hence, we concluded that the ROS from d-

K@γ-PGA@5-ALA@MUCNP@aPDL1 in conjunction with 980 nm laser excitation accounted 

for the mitochondrial dysfunction, indicating that this system could lead to an efficient antitumor 

process through targeted PDT and enhanced cell apoptosis. 

Recently, immunogenic cell death (ICD) has been used to describe the state of immunogenic 

apoptosis and active immune response. A characteristic of ICD is the increased surface exposure 

of calreticulin proteins (CRT) following extensive damage. As a result, CRT exposure serves as a 

phagocytic calling signal to provoke an internal immune response. By assessing the CRT exposure 

in U87-MG cells by detecting its fluorescent signals, we found that the strongest CRT signals were 

detected in the cells incubated with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 upon 635 nm or 

980 nm laser irradiation (Fig. 3E). These results demonstrate that d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 based PDT can induce apoptosis in U87-MG cells by enhancing the 

release of damage-associated molecular patterns. Moreover, 8-oxoguanine (8-oxoG), one of the 

most common oxidative DNA lesions in mammalian cells, is used as a biomarker to evaluate the 

degree of oxidative damage. Based on previous results, we further tested whether the formation of 

8-oxoG partly accounted for cancer cell elimination induced by the generated 1O2. Indeed, when 

the cells treated with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 were irradiated with 635 nm or 

980 nm light, significantly higher levels of 8-oxoG were generated compared to the other groups 

(Fig. 3F), suggesting more serious global genomic DNA damage. Defects in DNA damage are 

closely associated with apoptosis. In summary, the simultaneous occurrence of mitochondrial 



                                                                                                                    

dysfunction and DNA damage from d-K@γ-PGA@5-ALA@MUCNP@aPDL1 treatment could 

synergistically enhance antitumor efficacy. 

To examine the effects of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 on macrophage 

phenotype and function, in-vitro RAW 264.7 cells were used as these macrophages express high 

PDL1. We observed that macrophages cultured with aPDL1 and d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 were more numerous and larger than those of the other treatments (Fig. 

S16). Furthermore, EdU-Alexa Fluor staining was used to assess the proliferation of macrophages 

following different treatments. After 24 h exposure to aPDL1 and d-K@γ-PGA@5-

ALA@MUCNP@aPDL1, the number of dividing cells substantially increased in RAW 264.7, as 

evidenced by the increased red fluorescence and nuclei (Fig. S17). Live-cell observation of 

macrophages cultured with aPDL1 and d-K@γ-PGA@5-ALA@MUCNP@aPDL1 demonstrated 

that macrophage size continuously increased over 48 h (Fig. S18). We next determined whether d-

K@γ-PGA@5-ALA@MUCNP@aPDL1 treatment activated macrophages by measuring the 

levels of the costimulatory molecules CD86 and MHC II. Macrophages in aPDL1-and d-K@γ-

PGA@5-ALA@MUCNP@aPDL1 treated groups were higher than those in the other treatments 

(Fig. 4A). Moreover, aPDL1 and d-K@γ-PGA@5-ALA@MUCNP@aPDL1 treatment 

upregulated the signals of TNFα and IL12 (Fig. 4B), indicating the production of inflammatory 

macrophages. 

B1R in our system was applied to extend the intercellular space within brain capillaries and 

vascular endothelial cells as it is ubiquitously expressed in brain capillary endothelial cells.39 

Therefore, NPs labeled with B1R-activating kallidin can efficiently breach the BBB or BTB in-

vivo (Fig. 4C). An in-vitro BBB model was constructed to assess the BBB penetrating capacity of 

d-K@γ-PGA@5-ALA@MUCNP@aPDL1. The fluorescence intensity of solutions in the basal 

chamber acted as indications for the passing rates through the BBB during 24 h, which was used 

to quantitatively evaluate the d-K-mediated crossing dynamics (Fig. 4D). The results showed that 

d-K@γ-PGA@5-ALA@MUCNP@aPDL1 could increase the passing rate by momentarily 

increasing BBB permeability. The human umbilical vascular endothelial cells (HUVECs)/U87-

MG cell co-culture model was established to mimic the other major physiologic obstacle-BTB for 

GBM during the drug delivery process. When co-cultured, U87-MG cells could stimulate HUVEC 

cells to exhibit angiogenic characteristics. As shown in Fig. 4E, the total transfer percentage of d-



                                                                                                                    

K@γ-PGA@5-ALA@MUCNP@aPDL1 was 3.9-fold higher than that of γ-PGA@5-

ALA@MUCNP@aPDL1. Based on the experimental results of the BBB and BTB penetrating 

capacity, d-K-modified NPs possessed better penetration capacity of BTB than BBB due to the 

overexpression of B1R in the U87-MG cell membrane. 

 
Fig. 4 (A) Macrophages were stained for stimulatory CD86 expression by the immunofluorescence assay 
after different treatments (scale bar = 30 μm). And, the stimulatory MHCII expression was detected by 
WB assay. (B) The stimulatory IL12 and TNFa expression were detected using the immunofluorescence 
assay. (C) Schematic illustration of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 NPs crossing the BTB. 
Evaluating BBB (D) and BTB (E) crossing dynamics of γ-PGA@5-ALA@MUCNP@aPDL1 or d-K@γ-
PGA@5-ALA@MUCNP@aPDL1. (F) Evaluating BBB and BTB opening status after addition of γ-
PGA@5-ALA@MUCNP@aPDL1 or d-K@γ-PGA@5-ALA@MUCNP@aPDL1 by EB diffusion 
experiment (scale bar = 100 μm). (G) UCL images of cerebrovascular in normal and U87-MG tumor-
bearing mice after intravenous injection of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 (scale bar = 100 μm). 

To investigate the in-vivo efficiency of d-K@γ-PGA@5-ALA@MUCNP@aPDL1-induced 

BTB-opening, normal mice (BBB) and mice bearing GBM (BTB) were treated with Evans blue 



                                                                                                                    

(EB). When administered with PBS and γ-PGA@5-ALA@MUCNP@aPDL1, EB could not cross 

the BBB or BTB. Part of the EB can seep out of the normal mouse blood vessels when administered 

with d-K@γ-PGA@5-ALA@MUCNP@aPDL1. However, when EB and d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 were administered together, the GBM was stained blue, as indicated by 

the intense homogeneous blue dye on the outside of the vasculature (Fig. 4F). This demonstrated 

that d-K was appropriate for selectively opening the BTB or BBB. However, d-K-modified NPs 

possessed a better penetration capacity of BTB than BBB due to the overexpression of B1R in 

brain tumor tissues (Fig. S19). We also used UCL imaging to monitor d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 distribution in vascular tissues. There was a weak UCL signal outside 

of the normal mouse brain vasculature when administered with d-K@γ-PGA@5-

ALA@MUCNP@aPDL1. However, strong UCL outside of the vasculature was observed in U87-

MG tumor-bearing mice when the mice were administered d-k@γ-PGA@5-

ALA@MUCNP@aPDL1 (Fig. 4G), in accordance with the results of the EB staining. These 

results indicated that d-K@γ-PGA@5-ALA@MUCNP@aPDL1 accumulated well in the brain 

tissues of U87-MG tumor-bearing mice. 

To ensure that the brain tumor animal model was successfully established, brain tissue was 

extracted from normal mice and tumor-bearing mice. The highly angiogenic and hemorrhagic 

features indicated a GL261-implanted tumor model (Fig. 5A). Once γ-PGA@5-

ALA@MUCNP@aPDL1 and d-K@γ-PGA@5-ALA@MUCNP@aPDL1 were intravenously 

injected into GBM-bearing mice, UCL images were recorded at 48 h. d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 was most highly localized in the brain region of mice 24 h after 

intravenous injection compared to the γ-PGA@5-ALA@MUCNP@aPDL1 group (Fig. 5B). The 

average UCL intensity in the tumor of d-K@γ-PGA@5-ALA@MUCNP@aPDL1-treated mice 

was 3.1-fold higher than that of γ-PGA@5-ALA@MUCNP@aPDL1-treated mice (Fig. S20), 

indicating the superior homotypic targeting ability of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 

to GBM. To evaluate targeting efficiency, the fluorescence intensity of the tumor site was 

monitored after intravenous injections at different time points. Brains were collected and 

histopathological sections were visualized using CLSM. Over 24 h, we observed that d-K@γ-

PGA@5-ALA@MUCNP@aPDL1 displayed better GBM-targeted ability in GL261 tumor-mice 

compared to γ-PGA@5-ALA@MUCNP@aPDL1 (Fig. 5C), which agreed with the in-vivo results. 



                                                                                                                    

These results indicate that d-K@γ-PGA@5-ALA@MUCNP@aPDL1 could activate the B1R on 

the BTB to allow for more efficient self-passage and accumulation in the tumor. 

The signal contrast enhancement performance of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 

was evaluated using a small animal MR imager. A significant decline in T2 signal intensity was 

observed when the concentration of Fe constantly decreased (Fig. 5D). By utilizing the 

superparamagnetic and tumor-targeting properties of d-K@γ-PGA@5-ALA@MUCNP@aPDL1, 

in-vivo MR imaging of tumor-bearing mice was investigated. After the mice were treated with γ-

PGA@5-ALA@MUCNP@aPDL1 and d-K@γ-PGA@5-ALA@MUCNP@aPDL1 for 24 h, a 

more obvious darkening effect at the tumor site was observed in the d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 group (Fig. 5E); this demonstrates that the synthesized d-K@γ-

PGA@5-ALA@MUCNP@aPDL1 could be a candidate as a T2-weighted contrast agent. Fe levels 

in the main organs at 24 h post-injection of γ-PGA@5-ALA@MUCNP@aPDL1 and d-K@γ-

PGA@5-ALA@MUCNP@aPDL1 were tested via inductively coupled plasma mass spectrometry 

(ICP-AES). γ-PGA@5-ALA@MUCNP@aPDL1 could hardly be detected in the brain because of 

the existence of the BTB (Fig. 5F) while d-K modification increased drug accumulation to a greater 

extent because NPs could traverse the BTB by receptor-mediated permeation. In-vivo PpIX 

generation was also investigated using a small animal fluorescence imaging system. The 

fluorescent signals in the GBM sites increased over time and reached a maximum at 20 h post-

injection (Fig. 5G, S21), which could be attributed to the time-consuming biosynthetic pathway of 

PpIX. The distribution of PpIX in mouse organs was quantified by ex vivo imaging after treatment 

with d-K@γ-PGA@5-ALA@MUCNP@aPDL1. The photograph and tissue sections of different 

organs showed a strong PpIX fluorescent signal distributed in the tumor other than in other tissues 

(Figs. 5G, H). As shown in Fig. S22, the blood accumulation level of d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 decreased gradually over time. The d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 signals in the blood remained at a reasonably high level even 24 h post-

injection. Moreover, a blood biochemical assay (Fig. S23) further demonstrated the safety of d-

K@γ-PGA@5-ALA@MUCNP@aPDL1 to normal physiological activity. 



                                                                                                                    

 
Fig. 5 (A) H&E staining of brains from the GL261 tumor-bearing and normal mice. (B) UCL images of 
tumor after 24 h intravenous injection of γ-PGA@5-ALA@MUCNP@aPDL1 and d-K@γ-PGA@5-
ALA@MUCNP@aPDL1. (C) UCL images of tumor biopsies after intravenous injection of γ-PGA@5-
ALA@MUCNP@aPDL1 and d-K@γ-PGA@5-ALA@MUCNP@aPDL1 (scale bar = 100 μm). (D) The 
T2 MR signal intensity is affected by the Fe concentrations of d-K@γ-PGA@5-ALA@MUCNP@aPDL1. 
Inset: A representative T2 weighted MR image of d-K@γ-PGA@5-ALA@MUCNP@aPDL1. (E) In vivo 
T2-weighted MR image and photograph of a tumor-bearing mouse brain after intravenous injection of γ-
PGA@5-ALA@MUCNP@aPDL1 and d-K@γ-PGA@5-ALA@MUCNP@aPDL1. (F) Fe detected in the 
γ-PGA@5-ALA@MUCNP@aPDL1 and d-K@γ-PGA@5-ALA@MUCNP@aPDL1 groups. **P < 0.01 
(one-way ANOVA). (G) Average FL intensities from the tumor area after tail vein injection for 24 h. (H) 
Ex vivo fluorescent images of main organs slice at 24 h post-injection (scale bar = 50 μm). 

Next, we evaluated the antitumor efficacy of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 in a 

GL261 tumor-bearing BALB/c mouse model. We verified the successful establishment of the brain 

tumor model by comparing the pathological sections of patients and mice (Fig. S24). The patient's 

tumor tissue (provided by the Comprehensive Cancer Center of Drum Tower Hospital) was similar 

to that of mice. To highlight the prominent functions of our treatment strategy, we allocated various 

treatments: group 1, PBS; group 2, aPDL1; group 3, d-K@γ-PGA@5-ALA@MUCNP; group 4, 



                                                                                                                    

d-K@γ-PGA@5-ALA@MUCNP plus 980 nm laser; group 5, d-K@γ-PGA@5-

ALA@MUCNP@aPDL1; and group 6, d-K@γ-PGA@5-ALA@MUCNP@aPDL1 plus 980 nm 

laser. The photoactivity of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 in-vivo was examined using 

dichlorofluorescein diacetate (DCF) as an 1O2 indicator. Groups 4 and 6 demonstrated the 

appearance of highly diffuse green fluorescence of DCF upon 980 nm laser illumination of the 

tumor sections, suggesting PDT-triggered 1O2 generation in tumor tissues while low green 

fluorescent signals indicated no harmful 1O2 (Fig. 6A). 

Subsequently, mouse brain tumors were harvested after various treatments to analyze the local 

immune response. By recording the quantitated analysis and fluorescent signals in brain tumor 

tissues, we observed that the number of CD8+ T cells sharply increased with the combined 

treatment, clearly indicating that the combined treatment was a potent strategy for recruiting CD8+ 

T cells into GBM (Figs. 6B). Despite this, by measuring the percentage of CD4+ T cells, we 

observed that CD4+ cells in the treated groups also increased compared to the control group (Figs. 

6C), leading to a potential increase in Tregs. Fortunately, the CD8+ T cell-to-Treg ratio in group 

6 was determined to be higher than in groups 4 or 5, implying that d-K@γ-PGA@5-

ALA@MUCNP@aPDL1-based photoimmunotherapy significantly elicited antitumor immunity. 

Delivery of aPDL1 checkpoint inhibitor and activation of CNS immunity significantly 

reprogramed tumor macrophages (MΦ). In addition to MΦ, natural killer (NK) cells, another tumor 

killer, were also measured by flow cytometry. As expected, both MΦ and NK cells exhibited higher 

amounts in groups 5 and 6 than in other groups (Fig. 6D, E). In particular, M1 MΦ-generated iNOS 

was responsible for the tumoricidal effect. Therefore, the level of iNOS as an antitumor marker 

was also measured in tumor slices after various treatments (Fig. S25). iNOS signals were higher 

after treatment with d-K@γ-PGA@5-ALA@MUCNP@aPDL1 in conjunction with laser 

irradiation compared with the other groups. Moreover, these activated immunocytes promoted the 

antitumor effect by producing more inflammatory cytokines in the tumor area. By detecting the 

levels of serum cytokines by multiplex assays, we found that the treatment in group 6 generated 

the most cytokines compared to the other groups, such as IL1β, IL12, TNFα, and IFN-γ (Fig. S26). 

These results strongly support the high capacity of the combined treatment to activate systemic 

immunity. 



                                                                                                                    

 
Fig. 6 (A) CLSM images of PDT-induced 1O2 generation in vivo. The proportion of tumor-infiltrating 
CD8+ cytotoxic T cells (B) and CD4+ effector T cells (C) in each treatment group. The number of M1 MΦ 
(D) and NK cells (E) in each treatment group. H&E staining (F), TUNEL staining (G) of tumor sections 
after different treatments (scale bars = 200 μm). (H) The mechanisms of the photoimmunotherapy process 
of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 NPs for GBM. *P < 0.05, **P < 0.01, and ***P < 0.001 
(one-way ANOVA). 

By recording the survival curves of orthotopic GBM mice under various treatments, we found 

that mice in group 6 survived for over 60 days (Fig. S27); this is in significant contrast to other 

groups (which died within 48 days), suggesting the most potent therapeutic effect induced by long-

term immune memory protection via d-K@γ-PGA@5-ALA@MUCNP@aPDL1-mediated 

photoimmunotherapy. Hematoxylin and eosin (H&E) (Fig. 6F, S28), Congo red (Fig. S29), and 

dUTP-biotin nick end labeling (TUNEL) (Fig. 6G) staining of tumor slices were performed to 

detect the apoptotic situation under various treatments. It was found that d-K@γ-PGA@5-

ALA@MUCNP@aPDL1 in conjunction with 980 nm laser irradiation induced the most 



                                                                                                                    

significant apoptotic level. Moreover, the indistinctive mouse body weights and normal 

histological H&E images in all groups suggest the excellent biocompatibility of the NPs (Figs. 

S30, S31).  

The visible inhibition of GBM growth and relapse from our NPs could be explained as follows 

(Fig. 6H): (1) PDT was identified to induce the CNS and thus activate the immune system. Third, 

the PDT of d-K@γ-PGA@5-ALA@MUCNP@aPDL1 NPs killed GBM cells via both necrosis 

and apoptosis. Then, the dead tumor cells would be "eaten" and generate tumor-derived antigenic 

peptides via innate immune effector cells, which could stimulate the corresponding T-cell response; 

(2) aPDL1 initiates central pathway inhibition with cancer cells attack and activates cytotoxic T 

lymphocytes; (3, 4) activated tumoricidal M1 MΦ and NK cells are another strength for 

eliminating tumor cells; (5) these NPs possess vaccine characters that they could induce a long-

term immune memory response specifically for GBM based on their effectively 

photoimmunotherapy effect, which would largely inhibit tumor relapse. 

Conclusion 

In summary, we provide a multifunctional NP based on MUCNP to specifically trigger the 

brain antitumor immune response via 980 nm laser-mediated PDT. With this nanoplatform, we 

temporarily opened the BTB around the GBM, obtaining meaningful progress in introtumoricidal 

efficiency by increasing the number of GBM-targeted NPs. Moreover, the excellent NIR laser-

induced PDT effect from d-K@γ-PGA@5-ALA@MUCNP@aPDL1 NPs leads to serious GBM 

cell damage, which leads to a stronger immune response by releasing endogenous tumor antigens. 

Later, the released-aPDL1 from NPs enhanced immune cytokine secretion and recruited CD4+ 

and CD8+ T cells into GBM, thus enhancing the therapeutic efficacy. In addition, tumoricidal MΦ 

and NK cells are activated during this process, exacerbating GBM elimination and inducing long-

term immune memory. Therefore, we aim to provide a nanoplatform based on PpIX, possessing 

great photoimmunotherapy potency, eliminating primary GBM, and preventing GBM relapse. 

This would be a tremendous advance in the clinical treatment of GBM. 
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