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Abstract

Photodynamic therapy (PDT) is an effective, noninvasive therapeutic modality against local 

tumors that are accessible to the source of light. However, it remains challenging to apply PDT for 

the treatment of disseminated, metastatic cancer. On the other hand, cancer immunotherapy offers 

a promising approach for generating systemic antitumor immune responses against disseminated 

cancer. Here we report a multifunctional nanomaterial system for the combination of PDT and 

personalized cancer immunotherapy and demonstrate their potency against local as well as 

disseminated tumors. Specifically, we have synthesized uniform and biodegradable mesoporous 

silica nanoparticles (bMSN) with an average size of ~80 nm and large pore size of 5–10 nm for 

theranostic positron emission tomography (PET)-guided PDT and neoantigen-based cancer 

vaccination. Multiple neoantigen peptides, CpG oligodeoxynucleotide adjuvant, and 

photosensitizer chlorin e6 were coloaded into a bMSN nanoplatform, and PET imaging revealed 

effective accumulation of bMSN in tumors (up to 9.0% ID/g) after intravenous administration. 

Subsequent PDT with laser irradiation recruited dendritic cells to PDT-treated tumor sites and 

elicited neoantigen-specific, tumor-infiltrating cytotoxic T-cell lymphocytes. Using multiple 

murine models of bilateral tumors, we demonstrate strong antitumor efficacy of PDT-

immunotherapy against locally treated tumors as well as distant, untreated tumors. Our findings 
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suggest that the bMSN is a promising platform for combining imaging and PDT-enhanced 

personalized immunotherapy for the treatment of advanced cancer.
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Photodynamic therapy (PDT) is a noninvasive tumor ablation approach that has been 

investigated extensively for cancer treatment.1–3 PDT employs activation of a light-sensitive 

molecule (photosensitizer) by a specific wavelength of laser to generate cytotoxic reactive 

oxygen species (ROS), which induces tumor cell death and vascular shut down.1–3 In 

addition, image-guided therapy has recently shown great promise for cancer treatment.4,5 

Image-guided therapy could provide important information on the size and location of 

tumors, optimal time window for treatment, and response to cancer treatment. In particular, 

positron emission tomography (PET) is a highly sensitive and noninvasive imaging method 

that is ideally suited for image-guided therapy.6 With radiolabeled theranostic 

nanoplatforms, PET imaging-guided PDT could facilitate a quantitative diagnosis of cancer 

while allowing for personalized therapeutic treatments utilizing the same nanoplatforms.7 

However, while PDT is highly effective against superficial tumors that are accessible to the 

source of laser irradiation, it remains ineffective against disseminated, metastatic cancers 

that are beyond the reach of light-induced activation, thus precluding its wide application. 

On the other hand, cancer immunotherapy, which aims to harnesses the body’s own immune 

system to combat cancer, elicits and sustains systemic immune responses against 

disseminated tumor cells.8 Importantly, as PDT can induce the release of tumor-associated 

antigens and other immunogenic factors from dying tumor cells,9 cancer immunotherapy 

combined with PDT may offer a complementary strategy for treating advanced cancer. In 

fact, recent studies have demonstrated robust antitumor efficacy of PDT combined with 

cancer immunotherapy.9–12 Yet, these previous reports focused on combination PDT–

immunotherapy with coadministration of immune checkpoint blockers, which may trigger 

immune-related adverse events, especially in the context of combination immunotherapy.13
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In contrast, cancer vaccination can elicit cytotoxic T-cell lymphocytes (CTLs) that are 

specifically targeted against tumor cells with minimal off-target toxicity.14 In particular, 

recent developments in the next-generation DNA/RNA sequencing allow for identification 

of patient-specific, tumor-specific mutations, termed neoantigens.14–16 As neoantigens are 

not expressed among healthy tissues, they provide excellent targets for personalized cancer 

vaccination, and early stage clinical trials have shown their potential.17,18 However, 

conventional vaccines composed of free soluble neoantigens and adjuvants are not ideal, as 

they exhibit rapid in vivo clearance with limited immunogenicity.19,20 To overcome these 

challenges, various multifunctional nanoparticles (NPs), based on nanodiscs,21,22 liposomes,
23–25 polymers,9 and inorganic NPs,11,26 have been developed with varying success for 

delivery of cancer antigens and adjuvants.27,28

In this work, we report the development of mesoporous silica nanoparticles (MSNs) for 

personalized cancer immunotherapy. Notably, MSNs, composed of amorphous silicon 

dioxide with well-define mesopores, are an emerging platform for various drug delivery 

applications due to their tunable size, biocompatibility, and controlled release of cargo 

materials.29–31 However, conventional MSNs are not ideally suited for neoantigen 

vaccination, as they have limited loading capacity of peptide antigens due to their relatively 

small mesopores (0.5–3.0 nm) and have a typical particle size of 200–300 nm, which can 

compromise their ability to target lymphoid tissues.31–33 In addition, conventional MSNs 

could cause chronic tissue damage due to slow biodegradation and long-term retention in 

major organs.34,35

To address these issues, we have developed small MSNs (~80 nm in diameter) with large 5–

10 nm pore size and fast biodegradation rate as a multifunctional nanoplatform for 

combination immunotherapy (Figure 1). We coloaded these biodegradable MSNs (bMSNs) 

with CpG oligodeoxynucleotide (CpG ODN, a potent Toll-like receptor-9 agonist) and 

photosensitizer chlorin e6 (Ce6) for combination PDT–immunotherapy. Neoantigen peptides 

were conjugated on the surface of bMSNs via disulfide bonds, which can be rapidly cleaved 

in the highly reductive tumor intracellular environment. Using PET imaging with 

radioisotope 64Cu, we have shown that bMSN nanoplatforms loaded with neoantigens and 

adjuvants accumulated effectively in tumors after intravenous (i.v.) administration. 

Subsequent application of PDT induced recruitment of dendritic cells (DCs) to PDT-treated 

tumor sites and elicited strong neoantigen-specific CD8α+ CTL responses. Compared with 

single PDT or vaccination, the combination of PDT and personalized cancer vaccination 

achieved strong synergy and exerted potent antitumor efficacy against local as well as distant 

tumors in multiple murine tumor models, demonstrating their potential for the treatment of 

advanced cancer.

RESULTS AND DISCUSSION

Synthesis and Characterization of the bMSN Nanoplatform.

The schematic for PET-guided PDT–immunotherapy combination using a bMSN platform is 

shown in Figure 1. Briefly, bMSNs were synthesized using a heterogeneous oil–water 

biphase reaction system,34 and the resulting bMSNs were surface-modified with (3-

aminopropyl)triethoxysilane (APS) to introduce amine groups. CpG and Ce6 were then 
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loaded into mesopores of bMSNs via electrostatic and hydrophobic interactions, 

respectively. To improve their colloidal stability in vitro and in vivo, bMSNs were 

PEGylated by reacting surface-displayed amines with PDP-PEG5k-NHS. Finally, bMSNs 

surface-decorated with pyridyl functional groups were incubated with neoantigen peptides 

modified with cysteine-serine-serine at the N-terminus.36 We evaluated the therapeutic 

potential of the bMSN platform in tumor-bearing animals after systemic administration, 

followed by 660 nm laser irradiation to tumors. We also examined the fate of bMSNs after 

systemic administration in tumor-bearing mice using PET imaging.

As visualized by transmission electron microscopy (TEM), bMSNs exhibited uniform, 

highly porous dendritic nanostructures, with an average diameter of 78 ± 23 nm (Figure 

2a,b). As measured by dynamic light scattering (DLS), PEGylation increased the size of 

bMSNs to 87 ± 31 nm (Figure 2c). The zeta potential of bMSNs increased from −31 ± 3 mV 

to 21 ± 5 mV after surface amino modification (Figure 2d), which would allow efficient 

complexation with anionic CpG ODN. The N2 adsorption–desorption isotherm of bMSNs 

indicated a Brunauer–Emmett–Teller (BET) surface area of 608 m2/g and a pore volume of 

2.29 cm3/g (Figure 2e). The pore size of bMSNs ranged from 5 to 10 nm with a minor peak 

at 2 nm (Figure 2f). Compared with the average pore size of 2.0–4.0 nm for conventional 

MSNs in the literature29,30,37 and those from commercial sources, bMSNs with the unique 

3D dendritic and hierarchical nanostructures have a higher average pore size, pore volume, 

and surface area (Figure S1a,b), thus potentially allowing a high loading capacity of 

macromolecular drugs, such as proteins and peptides.34

Conventional MSNs are reported to undergo slow degradation over several weeks.35 As our 

bMSNs were highly porous compared with conventional MSNs, we sought to investigate the 

degradation kinetics of bMSNs. When incubated in simulated body fluid (Krebs–Henseleit 

solution) at 37 °C, bMSNs underwent rapid degradation as measured by inductively coupled 

plasma mass spectrometry (ICP-MS), releasing >81% of its Si content within 9 days (Figure 

2g). TEM images indicated that the degradation process proceeded from the outer silica 

matrix to the inner core (Figure 2h). In contrast, conventional MSNs obtained from 

commercial sources appeared intact even after 12 days of incubation in simulated body fluid 

and released only 4–13% Si content (Figure S1c,d). We speculate that the highly porous core 

of bMSNs with a less dense and low cross-linking Si–O–Si matrix allows for this rapid 

degradation.34

Drug Loading, Release, and in Vitro PDT by bMSN Nanoplatforms.

Ce6 in DMSO showed the characteristic absorption peak at ~660 nm as measured by the 

UV–vis spectrum (Figure 3a); however, this characteristic peak was absent for Ce6 diluted 

in phosphate-buffered saline (PBS) due to its poor aqueous solubility. Notably, Ce6-loaded 

bMSNs (bMSN(Ce6)) in PBS exhibited the characteristic peak of Ce6 at ~660 nm, and 

bMSN(Ce6) in PBS appeared in dark green color (Figure 3a, inset), thus showing that 

bMSNs significantly improved the dispersibility of Ce6. Indeed, HPLC analyses indicated 

very efficient Ce6 loading in bMSNs, with the loading efficiency of 50–90% for the range of 

bMSN:Ce6 tested and the loading capacity of 50 ± 6 μg Ce6 per 100 μg of bMSNs at a 

bMSN:Ce6 weight ratio of 1:1, which are significantly higher than the previously reported 
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MSN-based nanocarrier systems.29,30 Furthermore, bMSN(Ce6) was also efficiently loaded 

with CpG and neoantigen peptide of MC-38 tumor, Adpgk. The simultaneous loading 

capacity for Ce6, CpG, and Adpgk in 100 μg of bMSN was 28 ± 5, 16 ± 2, and 15 ± 3 μg, 

respectively (Figure 3b, c). Consistent with the increased pore size and volume, bMSNs 

exhibited significantly increased loadings of Ce6, CpG, and Adpgk, compared with 

conventional MSNs (Figure S1e). Ce6, CpG, and Adpgk coloaded in bMSNs (termed bMSN 

vaccine) were gradually released over time, resulting in a retention of 43%, 70%, and 82% 

of initial cargo, respectively, in bMSNs after 48 h in PBS (Figure 3d). Ce6-loaded bMSNs 

showed efficient singlet oxygen generation by 660 nm laser irradiation as the free form of 

Ce6 (Figure 3e). Notably, laser irradiation and generation of singlet oxygen species did not 

influence the release of antigen from bMSNs (Figure S2). Next, we examined the 

biocompatibility of various formulations and cytotoxicity of PDT using in vitro culture of 

MC-38 tumor cells. Notably, Ce6 mixed in CpG and Adpgk peptide soluble vaccine caused 

cytotoxicity even without laser irradiation (Figure 3f); however, no cytotoxicity was 

observed with the bMSN nanoplatform itself or bMSN vaccine even at a high concentration 

of 0.5 mg/mL. After laser irradiation, the bMSN vaccine efficiently killed MC-38 tumor 

cells, demonstrating selective, laser-responsive PDT of tumor cells.

Dendritic Cell Activation and Cytokine Secretion.

Successful activation of T-cells by DCs requires upregulation of costimulatory markers, 

including CD40, CD80, and CD86, and secretion of cytokines, such as IL-12.38 Therefore, 

we next investigated whether CpG-loaded bMSNs could induce DC activation and promote 

cytokine secretion. Mouse bone marrow-derived dendritic cells (BMDCs) incubated with 

either plain bMSNs, Ce6, or Adpgk peptide alone exhibited no obvious signs of DC 

maturation (Figure S3a–c). In contrast, incubation of BMDCs with CpG either in a free 

soluble or bMSN form significantly increased the expression levels of CD40, CD80, and 

CD86 on DCs (Figure S3a–c). There was no significant effect of laser irradiation on the 

expression levels of costimulatory markers. BMDCs incubated with either plain bMSN, Ce6, 

or Adpgk peptide alone did not secrete any detectable levels of IL-12p70 or TNF-α (Figure 

S3d,e). In contrast, incubation of DCs with CpG either in a free soluble or bMSN form led 

to strong production of IL-12p70 and TNF-α. Notably, bMSN loaded with CpG and Ce6 

(bMSN(CpG/Ce6)) induced more robust secretion of IL-12p70 and TNF-α than free CpG, 

probably due to increased cellular uptake of bMSN(CpG/Ce6). Overall, CpG-loaded bMSNs 

promoted DC maturation, activation, and secretion of inflammatory cytokines.

In Vivo PET Imaging and Biodistribution.

We next examined the biodistribution of bMSN(CpG/Ce6)-Adpgk nanocomplexes after 

intravenous administration in tumor-bearing mice. We employed radioisotope 64Cu (t1/2 = 

12.7 h)6 and NOTA chelator to visualize and quantify the biodistribution of peptide either in 

a free form or incorporated in bMSNs. C57BL/6 mice were inoculated with 3 × 105 of 

MC-38 colon carcinoma cells on day 0. On day 19, when tumors were ~260 mm3, mice 

were administered intravenously with 10 μg of Adpgk peptide in either 64Cu-NOTA-Adpgk 

or 64Cu-NOTA-bMSN(CpG/Ce6)-Adpgk form, both labeled with ~200 μCi of 64Cu. We 

then performed serial PET scans and quantitated 64Cu signal in the major organs over 25 h 

(Figure 4a–c). In mice administered with 64Cu-NOTA-Adpgk, 64Cu signal was mainly 
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detected in the bladder and intestines at the first two time points (0.5 and 2.5 h). This 

indicated rapid clearance of soluble 64Cu-NOTA-Adpgk with an estimated blood circulation 

half-life of less than 30 min. At 25 h post injection (p.i.), 64Cu signal was very weak (<0.3% 

ID/g) in MC-38 tumors or major organs except for the kidneys, with residual 64Cu signal 

(3.2% ID/g) (Figure 4a,b). In stark contrast, mice administered with 64Cu-NOTA-

bMSN(CpG/Ce6)-Adpgk exhibited high 64Cu signal in the heart at 0.5 and 2.5 h p.i. with 
64Cu signal at 23.2% ID/g at and 19.3% ID/g, respectively. Even at 17 h p.i., we detected 

8.8% ID/g 64Cu signal in the heart, giving an estimated blood circulation half-life of ~14.2 h 

(Figure S4). Since the passive tumor targeting by the EPR (enhanced permeability and 

retention) effect is achieved via extravasation from systemic circulation, long-circulating 

nanoparticles could exhibit higher passive tumor accumulation efficiency.5 bMSN vaccine 

efficiently accumulated in MC-38 tumors over time, with 7.4% ID/g and 9.0% ID/g signal 

detected in tumor tissues at 17 and 25 h p.i., respectively (Figure 4a,c). As anticipated for 

any intravenously administered nanomaterials larger than the cutoff of renal filtration (~5.5 

nm),39 bMSN(CpG/Ce6)-Adpgk accumulated in the spleen and liver; however, the toxicity 

profile of bMSNs is expected to be minimal due to its rapid biodegradation kinetics (Figure 

2g,h). To validate the in vivo PET results, we directly measured the radioactivity of 64Cu ex 
vivo from the major organs harvested at 25 h p.i. using a gamma counter (Figure 4d). In line 

with the quantitative ROI analysis of PET imaging (Figure 4b,c), we detected ~20-fold 

higher signal for 64Cu-NOTA-bMSN(CpG/Ce6)-Adpgk in MC-38 tumors, compared with 

that of 64Cu-NOTA-Adpgk (P < 0.001, Figure 4d). We also detected ~11-fold higher 64Cu 

signal at 25 h p.i. in the peripheral blood of animals administered with nanocomplexes, 

compared with free peptide (P < 0.001).

Therapeutic Efficacy of bMSN Vaccination Combined with PDT.

Having confirmed accumulation and retention of bMSNs in tumors, we next investigated 

their therapeutic potential for combined cancer vaccination and PDT. We first employed a 

bilateral two-tumor model with MC-38 colon carcinoma and examined the abscopal effect of 

the combination immunotherapy (Figure 5a). C57BL/6 mice were inoculated with 3 × 105 

MC-38 cells in the right flank on day 0, followed by inoculation of 2 × 105 MC-38 cells in 

the contralateral flank on day 8. On day 9 when the average primary tumor size was ~50 

mm3, the animals were randomly divided into the following six treatment groups: (1) PBS 

control; (2) soluble vaccine (CpG, Ce6, and Adpgk peptide); (3) soluble vaccine with laser 

irradiation; (4) bMSN(Ce6) with laser irradiation; (5) bMSN vaccine (bMSN(CpG/Ce6)-

Adpgk); and (6) bMSN vaccine with laser irradiation. Prime vaccination was administered 

intravenously via tail vein on day 9, and after 24 h, only the right flank tumors were treated 

with laser irradiation (660 nm, 50 mW/cm2 for 15 min), whereas the left flank tumors were 

left untreated. The animals were treated with booster vaccination and a second laser 

irradiation on days 16 and 17, respectively.

We examined the animals for the induction of neoantigen-specific CD8α+ T-cells by 

examining peripheral blood mononuclear cells (PBMCs) on 7 days after each prime and 

booster vaccination. Mice administered with soluble vaccine composed of CpG, Ce6, and 

Adpgk peptide induced an average of 1.0% Adpgk-specific CD8α+ T-cells among PBMCs 

on day 7 after the boost vaccination (day 23, Figure 5b,c). Mice that received soluble 
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vaccine plus laser irradiation had an average of 2.1% Adpgk-specific CD8α+ T-cells among 

PBMCs on day 23. In stark contrast, mice vaccinated with bMSN-(CpG/Ce6)-Adpgk 

elicited 8.9% antigen-specific CD8α+ T-cell response by day 23 (9.1-fold and 4.1-fold 

greater than soluble vaccine and soluble vaccine + laser, respectively, P < 0.05, Figure 5b,c). 

The combination of bMSN vaccine with PDT further amplified CD8α+ T-cell responses, 

achieving 22.9% antigen-specific CD8α+ T-cell response among PBMCs (23-fold greater 

than soluble vaccine, P < 0.0001; and 10.5-fold greater than soluble vaccine + laser, P < 

0.0001, Figure 5b,c). This represented 2.6-fold greater frequency of Adpgk-specific CD8α+ 

T-cells, compared with bMSN vaccine without PDT combination (P < 0.01). On the other 

hand, the control group with PDT treatment alone (bMSN(Ce6) + laser) generated baseline 

antigen-specific CD8α+ T-cell response. Taken together, PDT significantly enhanced 

antitumor T-cell immune responses elicited by bMSN vaccination.

In parallel with T-cell assays, we measured the sizes of primary and contralateral tumors 

every 2 days. Soluble vaccine groups with or without laser treatment as well as PDT 

treatment alone (bMSN(Ce6) + laser group) showed rapid growth of primary and 

contralateral tumors, with the median survival of 24–26 days (Figure 5d, e), exhibiting only 

marginal differences from the PBS-treated control group. Vaccination with bMSNs resulted 

in moderate suppression of tumor growth and extended animal survival, with a median 

survival of 40 days (Figure 5d,e). In stark contrast, administration of bMSN(CpG/Ce6)-

Adpgk vaccine combined with laser irradiation exhibited significantly improved antitumor 

efficacy, compared with either bMSN(Ce6)-based PDT alone (P < 0.001), soluble vaccine (P 
< 0.001), or bMSN vaccine without laser irradiation (P < 0.05) (Figure 5d). Moreover, mice 

treated with bMSN vaccine + laser treatment lived significantly longer than the other groups 

(P < 0.05, compared with bMSN vaccine group; P < 0.0001, compared with the other four 

groups, Figure 5e). Inclusion of antigen in the bMSN vaccine + laser combination therapy 

was crucial, as the bMSN(CpG/Ce6) + laser control group induced limited Adpgk-specific 

T-cell response with minimal antitumor efficacy (Figure 6). In addition, compared with 

MSN(Ce6/CpG)-Adpgk vaccine + laser, the bMSN(Ce6/CpG)-Adpgk vaccine + laser 

treatment group elicited significantly stronger T-cell responses (P < 0.01) and extended 

animal survival (P < 0.05) (Figure 6), suggesting the potency of bMSNs for combined 

immunotherapy.

Analysis of Systemic and Local Immune Responses.

Having observed strong systemic antitumor efficacy of bMSN vaccine combined with PDT, 

we repeated the treatment regimen as outlined in Figure 5a and euthanized animals on day 

22 for immunological analysis of systemic and local compartments. Analysis of splenocytes 

by IFN-γ ELISPOT (enzyme-linked immunospot) assay showed that the bMSN vaccine + 

laser group generated significantly enhanced antigen-specific CD8α+ T-cell responses, 

compared with the soluble vaccine groups (with or without laser, 5.5-fold increase) and the 

bMSN(Ce6) + laser group (>100-fold increase) (P < 0.001, Figure 7a). We next examined 

the impact of various treatments on the local tumor microenvironment. Mice treated with 

bMSN(CpG/Ce6)-Adpgk + laser had a high frequency of tumor-infiltrating CD8α+ T-cells 

(2.9-fold and 3.9-fold greater than soluble vaccine + laser and bMSN-based PDT alone, 

respectively, P < 0.01, Figure 7b). Among tumor-infiltrating CD8α+ T-cells, bMSN vaccine 
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+ laser generated robust Adpgk-specific CD8α+ T-cell responses (11.7-fold and 23.7-fold 

greater than soluble vaccine + laser and bMSN-based PDT alone, respectively, P < 0.01, 

Figure 7c), suggesting strong synergy between bMSN vaccination and PDT. Interestingly, 

compared with other control groups, bMSN vaccine + laser treatment significantly increased 

the frequency of activated intratumoral CD11c+CD86+ DCs (P < 0.01, Figure 7d), whereas 

their impact on natural killer (NK) cells was minimal (Figure 7e). Notably, throughout our 

studies, we did not observe any overt sign of systemic toxicity, bodyweight loss, abnormal 

liver function, or tissue damage after bMSN vaccine + laser treatment (Figure 7f, Figures S5 

and S6).

Therapeutic Efficacy in a Highly Aggressive B16F10 Model.

Lastly, to further evaluate the potency of our strategy, we examined the efficacy of the 

combination immunotherapy using a highly aggressive and immune-suppressive B16F10 

melanoma model. M27 and M30 neoantigens identified from B16F10 tumor cells40 were 

loaded in bMSN nanoplatforms using the same approach as shown in Figure 1. C57BL/6 

mice were inoculated with 3 × 105 B16F10 cells in the right flank (day 0) and 2 × 105 

B16F10 cells in the contralateral flank (day 6) (Figure 8a). Prime and booster vaccines were 

administered intravenously via tail vein on days 7 and 14. At 24 h after each injection, only 

the right flank tumors were treated with laser irradiation (660 nm, 100 mW/cm2 for 15 min), 

whereas the left flank tumors were left untreated. The soluble vaccine groups (with or 

without laser), the bMSN-(Ce6) + laser group, and the bMSN(CpG/Ce6) + laser group 

(without antigen) all exhibited rapid growth of primary and contralateral tumors, with 

negligible antitumor effects as in the PBS-treated control group (Figure 8c, Figure S7a–c). 

In contrast, vaccination with bMSN significantly delayed the primary tumor growth, 

compared with the soluble vaccine groups (with or without laser) (P < 0.01, Figure 8c). 

Importantly, the combination of bMSN vaccine and PDT further slowed the growth of 

primary and contralateral tumors (P < 0.05, Figure 8c). Overall, mice treated with bMSN 

vaccine + laser exhibited a significantly higher survival rate, compared with mice treated 

with either bMSN vaccine alone (P < 0.01) or all other control treatments (P < 0.0001, 

Figure 8b).

We also analyzed immunological responses in the systemic and local compartments in the 

B16F10 tumor model on day 21 (7 day after the second immunization) (Figure 8d–f). The 

bMSN vaccine + laser group elicited potent neoantigen-specific, IFN-γ + T-cell responses in 

spleen (Figure 8d) and induced the highest frequency of tumor-infiltrating CD8α+ T cells 

(Figure 8e) and CD11c+CD86+ DCs (Figure 8f), compared with other groups. We have also 

shown that inclusion of neoantigens in the bMSN vaccine + laser treatment was crucial for 

strong induction of CD8α+ T-cells and antitumor efficacy, as bMSN(CpG/Ce6) + laser failed 

to expand Adpgk-specific CD8α+ T-cell response or extend animal survival, compared with 

the PBS group (Figure S7d,e). Lastly, we have observed that MSN vaccine + laser group 

exhibited significantly reduced B16F10 neoantigen-specific T-cell responses (P < 0.001) 

with minimal survival benefit (P < 0.05), compared with the bMSN vaccine + laser treatment 

group (Figure S7d,e), confirming the results observed in the MC-38 tumor model (Figure 6).
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In summary, these results demonstrate that PDT combined with personalized bMSN 

vaccination elicits robust neoantigen-specific T-cell immune responses within the systemic 

compartment and local tumor microenvironment, thereby exerting strong therapeutic 

efficacy in multiple murine tumor models. While there are recent reports of large-pore 

mesoporous-silica-coated upconversion nanoparticles for vaccination + PDT41 as well as 

other biomaterials for PDT combined with systemic immune checkpoint therapy,9–12 here 

we have demonstrated a therapeutic strategy of personalized cancer immunotherapy based 

on bMSNs combined with PDT. Without the use of immune checkpoint blockers, bMSN 

vaccine + PDT generated robust neoantigen-specific T-cell responses with strong abscopal 

effect against untreated, distal tumors, thus potentially broadening the applicability of PDT–

immunotherapy for local as well as disseminated, advanced cancer.

CONCLUSION

We have developed a facile and effective approach for delivering personalized neoantigen 

peptides and adjuvants. Using PET imaging, we have shown that bMSNs effectively 

accumulated in tumors after intravenous administration. The combination of bMSN 

vaccination and PDT synergistically promoted antitumor T-cell immunity and achieved 

robust antitumor efficacy. These results indicate that nanomaterials may offer a powerful 

therapeutic platform for personalized cancer immunotherapy.

MATERIALS AND METHODS

Reagents and Materials.

All reagents used in this work were analytical or higher grade. Tetraethyl orthosilicate 

(TEOS), triethylamine (TEA), cetyltrimethylammonium chloride (CTAC), (3-

aminopropyl)triethoxysilane (APS), and Chelex 100 resin were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Orthopyridyl disulfide PDP-PEG-succinimidyl ester (OPSS-

PEG-NHS; molecular weight: 5 kDa) was purchased from Creative PEGworks (Winston 

Salem, NC, USA). S-2-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic 

acid (p-SCN-Bn-NOTA) was purchased from Macrocyclics, Inc. (Dallas, TX, USA). Chlorin 

e6 was purchased from Thermo Fisher Scientific. Antigen peptides, including Adpgk mutant 

peptide CSSASMTNMELM, M27 neoantigen peptide LCPGNKYEM, and M30 neoantigen 

peptide CSSVDWENVSPELNSTDQ, were synthesized by RS Synthesis (Louisville, KY, 

USA). Murine class B CpG ODN 1826 was purchased from Integrated DNA Technologies 

(Coralville, IA, USA). “MSN1” (748161) was purchased from Sigma-Aldrich. “MSN2” 

(SHAD-100) was purchased from Nanocomposix (San Diego, CA, USA). All other 

chemicals and reagents were purchased from Thermo Fisher Scientific (Fair Lawn, NJ, 

USA).

Characterization.

TEM images were obtained by Jeol 1400-PLUS, 120 kV field emission. Nitrogen (N2) 

adsorption–desorption isotherms were measured by a NOVA 4200e system. Pore size and 

surface areas were determined by the BET method.42 Nanoparticles’ zeta potential and size 
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analysis were performed on a Nano-ZS90 Zetasizer (Malvern Instruments Ltd.). UV–vis 

spectra were recorded on a Biotek Synergy microplate reader.

Synthesis of bMSN(CpG/Ce6)-Adpgk Nanocomposite.

bMSNs were synthesized by an oil–water biphase reaction approach.34 In a typical process, 

20 mL of CTAC solution (25 wt %) and 0.01 g of TEA were added to 30 mL of water and 

gently stirred at 50 °C for 1 h in a 150 mL round-bottom flask. Then 15 mL of (5% v/v) 

TEOS in cyclohexane was slowly added to the CTAC–TEA solution and kept at 50 °C for 18 

h. Afterward, bMSNs were collected by centrifugation at 14000g for 15 min. The 

precipitates were washed four times (24 h/time) with 1% (wt %) NaCl/methanol solution to 

remove CTAC. The surface amino group modification was achieved by adding 1 mL of APS 

to 10 mL of bGNR@MSN in absolute ethanol solution (1 mg/mL) and stirring in 45 °C 

water bath for 72 h, followed by three centrifugation steps (14000g for 15 min) and an 

ethanol wash to remove any unreacted APS.

Next, CpG and Ce6 were added to a bMSN suspension in water and stirred for 0.5 h at room 

temperature (RT). bMSN(CpG/Ce6) were collected by centrifugation (14000g for 15 min) 

and washed twice with PBS. A 5 mg amount of OPSS-PEG-NHS was added into a 10 mL 

bMSN(CpG/Ce6) suspension in water (1.2 mg/mL) and stirred for 2 h at RT for the 

PEGylation process followed by centrifugation (14000g for 15 min) and washed twice with 

PBS. Finally, neoantigen peptides (and the chelator NOTA for the PET imaging study) were 

added to the bMSN(CpG/Ce6)-PEG suspension, stirred for 1 h at RT, and washed twice with 

PBS to remove free peptide.

BMDC Activation, Cytokine Secretion, and in Vitro PDT.

BMDCs were prepared as described in a previous report.43 Immature BMDCs were plated at 

2 × 106 cells per well in six-well plates and incubated overnight. CpG, Ce6, or bMSN(CpG/

Ce6) were added to the wells and incubated for 6 h. The medium was replaced with fresh 

cell culture medium and incubated for another 18 h. Finally, the medium was collected and 

measured by an IL-12p70 and TNF-α ELISA (enzyme-linked immunosorbent assay) kit 

(R&D System), and BMDCs were harvested and stained with fluorophore-labeled antibodies 

against CD40, CD80, and CD86. For in vitro PDT, MC-38 cells were plated at 5 × 104 cells 

per well in 96-well plates and incubated overnight. CpG, Ce6, Adpgk, or bMSN(CpG/Ce6)-

Adpgk were added to the wells and incubated for 6 h. The medium was replaced with fresh 

cell culture medium and incubated for another 18 h. In the laser treatment group, a 660 nm 

laser with a power density of 10 mW/cm2 was directly applied to cells for 2 min. Finally, the 

cell viability was measured by the WST-1 assay (Sigma-Aldrich). The method for singlet 

oxygen detection was reported previously.44 In brief, 5 mg of SOSG (Molecular Probes, 

USA) was dissolved in 16.5 mL of methanol, and 5 μL of SOSG was added to 1 mL of 

bMSN(Ce6) or free Ce6 PBS/DMSO solution (DMSO:PBS = 1:9) containing 0.2 μM Ce6. 

Next, cells were irradiated with a 660 nm laser at a power density of 10 mW/cm2. The 

fluorescence intensity of SOSG was measured with an excitation and emission wavelength 

of 495 and 525 nm, respectively.
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In Vivo PET Imaging and Biodistribution Study.

Radioisotope 64Cu was purchased from University of Wisconsin, Madison.6 64CuCl2 (74 

MBq) was diluted in 0.2 mL of 0.1 M sodium acetate buffer (pH 5.0) and mixed with 0.4 mg 

of NOTA-bMSN(CpG/Ce6)-Adpgk. The reaction was conducted at 37 °C for 1 h with 

constant shaking. Then 10 μL of 0.1 M EDTA (ethylenediaminetetraacetic acid) was added 

and incubated for 15 min to remove free 64Cu. The resulting 64Cu-NOTA-bMSN(CpG/Ce6)-

Adpgk were purified by centrifugation (14000g for 15 min) and washed three times with 

PBS. Free Adpgk peptide was labeled with 64Cu using the same method but purified by 

centrifugation filtration (2k Da) to remove free 64Cu.

PET scans of MC-38 tumor-bearing mice were performed using a microPET Inveon rodent 

model scanner (Siemens Medical Solutions USA, Inc.) at various time points after 

intravenous tail vein injection of 4–6 MBq of 64Cu-NOTA-bMSN(CpG/Ce6)-Adpgk or 
64Cu-NOTA-Adpgk. Detailed procedures for data acquisition and region-of-interest (ROI) 

analysis of PET imaging data have been reported previously.6 Quantitative PET data for 

tumors and major organs were presented as percentage injected dose per gram of tissue (% 

ID/g). To correlate the ROI values of PET imaging and distribution of radioactivity in mice, 

we collected tumors and major organs/tissues at 25 h postinjection, weighed them, and 

measured the radioactivity of each sample with a gamma counter (PerkinElmer).

In Vivo Immunization and Cancer PDT-Enhanced Immunotherapy Study.

All animal experiments were in accordance with and approved by the University Committee 

on Use and Care of Animals (UCUCA) at University of Michigan, Ann Arbor. Female 

C57BL/6 mice of age 6–8 weeks (Jackson Laboratories) were inoculated subcutaneously 

with MC-38 or B16F10 cells on both sides of the flank. When the primary tumor volume 

reached ~40–50 mm3, mice were immunized intravenously with the indicated vaccine 

formulations, including PBS, soluble vaccine (free CpG, Ce6 and Adpgk), bMSN(Ce6), 

bMSN(CpG/Ce6), and bMSN vaccine (bMSN(CpG/Ce6)-Adpgk). The doses for CpG, Ce6, 

Adpgk peptide, and bMSN were 20, 30, 19, and 120 μg of bMSNs per mouse, respectively. 

MSN vaccine was also used as control nanoparticles. After 24 h, a subset of animals 

received a laser treatment at the tumor area for 15 min with a laser power density of 50 and 

100 mW/cm2 for MC-38 and B16F10 tumors, respectively. Tumor volume was measured 

every other day with the following equation: tumor volume = length × width2 × 0.5. Animals 

were euthanized when tumors reached 1.5 cm in any dimension.

Immunological Assays.

For the analysis of neoantigen-specific CD8α+ T-cells among peripheral blood, 

submandibular bleeding was performed 7 day after vaccination, and PBMCs were collected 

by removing red blood cells with ACK lysis buffer. A tetramer staining assay was performed 

by peptide-MHC tetramer tagged with PE (H-2Db-restricted ASMTNMELM, from NIH 

Tetramer Core Facility) as described previously.21 For the analysis of T-cells, DCs, and NK 

cells in the tumor microenvironment, tumor tissues were harvested 7 days after 

immunization, cut into small pieces, and digested by incubation with 1 mg/mL type IV 

collagenase and 0.1 mg/mL DNase I for 20 min at 37 °C. The cell suspensions were filtered 

using 70 μm strainers and washed with buffer (1% BSA (bovine serum albumin) in PBS). 
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Cells were then stained with the following reagents: CD8α-APC and Adpgk-tetramer-PE for 

T-cells; CD45-APC, CD11c-FITC, and CD86-PE for DCs; CD45-APC, NK1.1-Percp-

Cy5.5, and CD3-FITC for NK cells. Cells were also stained with DAPI and analyzed by a 

CytoFLEX flow cytometer (Beckman Coulter, Indianapolis, IN, USA). In all flow cytometry 

analyses, only live and intact cells were analyzed. The ELISOPOT (enzyme-linked 

immunospot) assay was performed with splenocytes obtained on day 7 after immunization 

as described previously.45 For histopathological analysis, the major organs were harvested 

on day 30 after immunization and processed for hematoxylin–eosin staining.

Statistical Analysis.

Sample sizes were chosen based on preliminary data from pilot experiments. For animal 

studies, the mice were randomized to match similar primary tumor volume, and all 

procedures were performed in a nonblinded fashion. Statistical analysis was performed with 

one-way or two-way ANOVA (analysis of variance) with Bonferroni multiple comparisons 

post-test with Prism 8.0 software (GraphPad Software). Statistical significance is indicated 

as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of fabrication of bMSN(CpG/Ce6)-neoantigen and mechanism of 

bMSN(CpG/Ce6)-neoantigen nanovaccines for PDT-enhanced cancer immunotherapy. We 

synthesized bMSN using the heterogeneous oil–water biphasic reaction system. CpG and 

Ce6 were loaded into the mesopores of bMSNs through electrostatic and hydrophobic 

interactions, respectively. After surface PEGylation of bMSNs with PDP-PEG5k-NHS, 

neoantigen peptides were conjugated to bMSNs via formation of disulfide bonds. Laser 

irradiation (660 nm) was applied to generate cytotoxic ROS and eliminate tumor cells, while 

triggering local immune activation for antitumor immunity.
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Figure 2. 
Morphology, structure, and characterization of bMSNs. (a and b) TEM images of bMSNs; 

(c) hydrodynamic size analysis of bMSNs (black line) and bMSN-PEG (green line) by DLS; 

(d) surface zeta potential of bMSNs, bMSN-NH2, and bMSN-PEG; nitrogen adsorption and 

desorption isotherms (e) and pore size distributions (f) of bMSNs; (g) in vitro 
biodegradation profile of bMSNs in simulated body fluid (Krebs–Henseleit solution) at 

37 °C for 9 days. At indicated time points, TEM images of (h) were obtained.
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Figure 3. 
(a) UV–vis absorption spectra of Ce6 (in PBS), Ce6 (in DMSO), bMSN(Ce6) (in PBS), and 

bMSN (in PBS). Inset: Photographs of Ce6 (in PBS) and bMSN(Ce6) (in PBS) with a Ce6 

concentration of 0.2 mg/mL. (b) Loading efficiency of CpG, Ce6, and Adpgk peptide by 

bMSNs in various weight ratios. (c) Simultaneous loading capacity of CpG, Ce6, and Adpgk 

peptide by 100 μg of bMSNs in PBS. (d) Release profile of bMSN(CpG/Ce6)-Adpgk in PBS 

at 37 °C. (e) Singlet oxygen production by bMSNs, free Ce6, and bMSN(Ce6) after 660 nm 

laser irradiation (25 mW/cm2) as measured by the changes in the fluorescence intensity of 

SOSG (Singlet Oxygen Sensor Green). (f) In vitro PDT assay after incubating MC-38 tumor 

cells with bMSNs (0.5 mg/mL), Ce6 (0.5 μg/mL), CpG (1.0 μg/mL), Adpgk (10 μg/mL), 

soluble vaccine (CpG (1.0 μg/mL), Ce6 (1.0 μg/mL), Adpgk (10 μg/mL)) with or without 
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laser irradiation (660 nm, 10 mW/cm2, 2 min), and bMSN vaccine (bMSN(CpG/Ce6)-

Adpgk, same Ce6, CpG, Adpgk concentration with soluble vaccine) with or without laser 

irradiation (660 nm, 10 mW/cm2, 2 min).
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Figure 4. 
(a) Serial PET images of MC-38 tumor-bearing mice at various time points postinjection of 
64Cu-NOTA-Adpgk or 64Cu-NOTA-bMSN(CpG/Ce6)-Adpgk. Tumors are indicated by 

yellow arrowheads. Time–radioactivity curves of MC-38 tumor, blood, liver, spleen, kidney, 

and muscle after i.v. injection of 64Cu-NOTA-Adpgk (b) and 64Cu-NOTA-bMSN(CpG/

Ce6)-Adpgk (c). (d) Biodistribution studies in MC-38 tumor-bearing mice at 25 h 

postinjection of 64Cu-NOTA-Adpgk and 64Cu-NOTA-bMSN(CpG/Ce6)-Adpgk.
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Figure 5. 
Antitumor therapy study in MC-38 tumor-bearing mice. (a) C57BL/6 mice were randomly 

divided into the following six treatment groups: (1) PBS control; (2) soluble vaccine (CpG, 

Ce6, and Adpgk peptide); (3) soluble vaccine with laser irradiation; (4) bMSN(Ce6) with 

laser irradiation; (5) bMSN vaccine (bMSN(CpG/Ce6)-Adpgk); and (6) bMSN vaccine with 

laser irradiation. Laser irradiation (660 nm, 50 mW/cm2 for 15 min) was conducted over the 

tumors at 24 h after each injection. The frequency of Adpgk-specific CD8α+ T-cells in 

peripheral blood was measured 7 days after the prime and booster vaccination. The 

representative scatter plots (c) and percentage of Adpgk-specific CD8α+ T-cells (b) on day 

Xu et al. Page 21

ACS Nano. Author manuscript; available in PMC 2020 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16 (prime) and day 23 (booster) are shown. (d) Average primary and contralateral MC-38 

tumor growth curves of each group. (e) Overall survival curves of each group.
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Figure 6. 
Antitumor therapy study in MC-38 tumor-bearing mice. C57BL/6 mice were randomly 

divided into the following four treatment groups: (1) PBS control; (2) bMSN(CpG/Ce6) with 

laser irradiation; (3) bMSN vaccine (bMSN(CpG/Ce6)-Adpgk) with laser irradiation; and 

(4) MSN1 vaccine (MSN(CpG/Ce6)-Adpgk) with laser irradiation. Laser irradiation (660 

nm, 50 mW/cm2 for 15 min) was conducted over the tumors at 24 h after each injection. (a, 

b) Average primary and contralateral MC-38 tumor growth curves of each group. (c) 

Average bodyweight of mice. (d) Frequency of Adpgk-specific CD8α+ T-cells in peripheral 

blood was measured 7 days after the prime and booster vaccination. Percentages of Adpgk-

specific CD8α+ T-cells (e) and CD11c+CD86+ dendritic cells (f) in the MC-38 tumor 

microenvironment 7 days after booster vaccination. (g) Overall survival curves of each 

group.
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Figure 7. 
Tumor microenvironment analysis, ELISPOT (enzyme-linked immunospot) assay, and H&E 

staining of major organs. C57BL/6 mice were randomly divided into the following six 

treatment groups: (1) PBS control; (2) soluble vaccine (CpG, Ce6, and Adpgk peptide); (3) 

soluble vaccine with laser irradiation; (4) bMSN(Ce6) with laser irradiation; (5) bMSN 

vaccine (bMSN(CpG/Ce6)-Adpgk); and (6) bMSN vaccine with laser irradiation. The laser 

irradiation (660 nm, 50 mW/cm2 for 15 min) was conducted to the tumor area 24 h after 

each injection in the laser irradiation group. (a) Seven days postimmunization, the IFN-γ 
ELISPOT assay was performed by ex vivo restimulation of splenocytes with Adpgk peptides 

(10 μg/mL). In parallel, tumor tissues were analyzed for the frequencies of CD8α+ T-cells 

(b), Adpgk-specific CD8α+ T-cells (c), activated CD11c+CD86+ DCs (d), and NK cells (e) 
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using flow cytometry. (f) Hematoxylin–eosin (H&E) staining images of major mice organs 

in the PBS group and the bMSN(CpG/Ce6)-Adpgk group on day 30 after immunization.
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Figure 8. 
Antitumor therapy study in B16F10 tumor-bearing mice. (a) C57BL/6 mice were randomly 

divided into the following six treatment groups: (1) PBS control; (2) soluble vaccine (CpG, 

Ce6, M27, and M30 peptides); (3) soluble vaccine with laser irradiation; (4) bMSN(Ce6) 

with laser irradiation; (5) bMSN vaccine (bMSN(CpG/Ce6)-M27/M30); and (6) bMSN 

vaccine with laser irradiation. Laser irradiation (660 nm, 100 mW/cm2 for 15 min) was 

conducted over the tumors at 24 h after each injection. (b) Overall survival curves of each 

group. (c) Average primary and contralateral B16F10 tumor growth curves of each group. 

(d) On day 21, IFN-γ ELISPOT assay was performed by ex vivo restimulation of 

splenocytes with M27 and M30 peptides (10 μg/mL). In parallel, tumor tissues were 
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analyzed for the frequencies of CD3+CD8α+ T-cells (e) and CD11c+CD86+ DCs (f) using 

flow cytometry.
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