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In recent years, combination therapy has emerged as the cornerstone of clinical practice in treating
glioblastoma multiforme. However, their ability to trigger and leverage the body’s adaptive
immunity has rarely been studied. Tumour heterogeneity, the presence of the blood-brain barrier,
and an immunosuppressive tumor microenvironment play a crucial role in the 90% local tumor
recurrence post-treatment. Herein, we report an improved combination therapy approach capable
of stimulating an immune response that utilizes Light responsive antigen-capturing oxygen
generators (LAGs). The engineered LAGs loaded with a non-genotoxic molecule, Nutlin-3a, and a
photosensitizer, Protoporphyrin IX, can release the payload on-demand when exposed to light of a
specific wavelength. The in-situ oxygen generation capability of LAGs enables tumor oxygenation
enhancement, thereby alleviating the tumor hypoxia and enhancing the efficacy of chemophotodynamic therapy. Furthermore, by modulating the surface properties of LAGs, we
demonstrated that the tumor-derived protein antigens released can be captured and retained insitu, which improves antigen uptake and presentation by the antigen-presenting cells. Dual drugloaded LAGs (DD-LAGs) upregulated the expression of cell surface CD83 maturation and CD86
costimulatory markers on monocyte-derived-dendritic cells, suggesting intrinsic immune adjuvancy.
In the presence of 3D printed hypoxic U87 spheroids (h-U87), DD-LAGs induced cancer cell death,
upregulated IL-1β, and downregulated IL-10 resulting in CD3+, helper CD4+, and cytotoxic CD8+
proliferation. Finally, we have investigated convection-enhanced delivery as a potential route of
administration for DD-LAGs. Our work presents a novel strategy to induce tumor cell death both
during and post-treatment, thereby reducing the possibility of recurrence.
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3. Graphical Abstract
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4. Introduction
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The current standard of care for patients diagnosed with Glioblastoma multiforme (GBM), the most
aggressive type of primary brain tumor with a dismal prognosis, includes maximal surgical resection
in combination with radiation therapy and concomitant and adjuvant chemotherapy with
Temozolomide (TMZ). In most cases, complete resection of the tumor is almost impossible due to
the infiltrative nature of gliomas and their relative proximity to the eloquent cortex, thereby
increasing the risk of early recurrence and tumor metastasis [1]. Hence, surgery and chemoradiation
provide only a moderate improvement in long-term survival rates, with a median survival time
approximately 18-24 months post-diagnosis [2]. Recently, Kadiyala et al. reported that in a cohort of
50 patients, an astounding 90% of the patients developed a local tumor recurrence. In contrast, 6%
of the patients developed distant recurrence, and only 4% of the patients had no evidence of tumor
recurrence three years post-treatment [3]. Although the oncologist's armamentarium has
considerably expanded in the last two decades, chemotherapeutics remains the mainstay of
treatment for most advanced cancers. However, for solid tumors, in particular, are rarely curative
and cause significant off-target toxicity. On the other hand, immunotherapy is a promising
alternative cancer treatment modality that can cause durable remission and eradication of solid and
metastatic tumors through the activation of T-cell mediated immune response [4-8]. Despite the
recent advances made in cancer immunotherapy, such as immune checkpoint blockader therapy [9,
10], cytokine therapy [11], and adoptive T cell transfer [12, 13], clinical studies have shown that
many patients are not sensitive to immunotherapy with a relatively low objective response rate. The
minimal clinical success of cancer immunotherapy could be attributed to several factors such as the
heterogeneity of the tumor microenvironment (TME), individual variations, lack of production of
neoantigens, insufficient presentation of these antigens to the antigen-presenting cells (APCs) in the
draining lymph node, inadequate availability of T cells from the naïve repertoire, and substantial
endogenous and treatment-induced immunosuppression [14]. It is reasonable to assume that a
combination of chemotherapy and immunotherapy can cause significant tumor reduction and then
successfully eliminate the tumor through immune mechanisms post-treatment. However, clinical
data on the chemo-immunotherapy report otherwise. Patients treated with TMZ, particularly in
dose-intensified regimens, exhibit an increase in the incidence of opportunistic infections and
immunosuppression [15]. Low doses of chemotherapeutics that elicits poor apoptosis in tumour
cells errs on the side of being immunologically bland and facilitate the development of immune
tolerance [16-18]. Contrarily, when massive apoptosis occurs because of high chemotherapeutic
dosage, the tolerogenic system might be overwhelmed, thereby activating an immune response
[19]. However, myelosuppression, with both lymphopaenia and neutropaenia developing and
resolving cyclically during treatment, is the major dose-limiting toxicity of many anti-cancer drugs
and paradoxically, is detrimental to any potential immune response [20-22]. Since there is a
scientific consensus on poor anti-cancer response of monotherapies, it is crucial to design
combination regimens that represents a parallelism between cytotoxic and immunological effects
that promotes synergistic therapeutic effect without any apparent toxicity both during and posttreatment.
Compared to chemotherapy, photodynamic therapy (PDT), an emerging minimally invasive clinical
modality, can induce immunogenic cell death (ICD) through the generation of reactive oxygen
species (ROS) using endogenous oxygen and irradiation of a potent photosensitizer [23-25]. ICD
initiates a violent anti-tumor immune cascade response through the release of tumor-derived
protein antigens (TDPAs) such as tumor-associated antigens (TAAs) and damage-associated patterns
(DAMPs) as powerful supplements to the inadequate neoantigens [26-30], thereby stimulating an
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“in-situ vaccine” to convert the “cold” immunosuppressive TME to a “hot” immunogenic TME.
However, this promising treatment strategy's clinical application is severely hindered by its oxygen
dependence in an inherently hypoxic TME [31, 32]. Unfortunately, around 50-60% of advanced solid
tumors house heterogeneously distributed hypoxic cells, which are 2.8 to 3 times more drugresistant than aerobic cells [33-36]. Furthermore, a hypoxic TME promotes the polarization of
tumor-associated macrophages (TAMs) from M1-phenotype to M2-phenotype, thereby exhibiting
pro-angiogenic and pro-tumorigenic properties and facilitating the evasion of tumor cells from the
immune system [37-39]. In recent years, several strategies and concepts have been studied to
modulate the hypoxia TME, such as direct oxygenation of tumors using perfluorocarbon (PFC) [40,
41], employing photocracking materials [42], use of red blood cells (RBCs) [43], and hemoglobin [44]
as oxygen carriers and improving blood flow [45, 46]. However, all of these strategies have a litany of
limitations, from the inadequate oxygen-carrying ability to deficiency and irregularity of microvessels
within solid tumors leading to inequitable oxygen distribution within the tumor. Hence, we
concluded that it is crucial to design an in-situ oxygen generating system that leverages the
abundant hydrogen peroxide (H2O2) present in the hypoxic tumor tissue [47, 48].
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Designing drug delivery systems (DDSs) programmed to leverage on synergistic combination effects
is only half the solution, the delivery efficiency of these innovative DDSs to enable adequate
therapeutic concentration at the target side is the other half that is crucial for their clinical
translation. Wilhelm et al. reported that only an agonizing 0.7% of the administered nanoparticle
dose reaches the solid tumor [49]. In fact, the delivery efficiency of systemically delivered DDSs to
the brain would be even lower due to the presence of the blood-brain barrier (BBB) [50]. Diffusion
controlled delivery methods such as implantation of drug-loaded wafers or intraneoplastic injection
developed as alternatives to the traditional intravenous administration suffers from a poor volume
of distribution [51] and have been associated with leakage and reflux around the injection site [52].
In contrast, convection-enhanced delivery (CED) utilizes convection bulk flow by maintaining a
pressure gradient during interstitial infusion, resulting in intraparenchymal concentrations that are
100-fold greater and 1000- to 10000-fold greater compared intranasal and intravenous delivery,
respectively [53-55].
In this work, we have designed light-responsive antigen capturing oxygen generators (LAGs) to
enable the on-demand release of the therapeutic payload independent of the heterogeneous TME,
to facilitate antigen capture and transport to the draining lymph node, and to aid in tumor
oxygenation. This nanoparticle platform consists of three components: (i) an amphiphilic polymer
brush composed of phosphatidyl ethanolamine (DSPE) and functionalized polyethylene glycol (PEG)
connected through a ROS responsive thio-ketal (TK) linker, (ii) grafted with an oxygen-generating
enzyme, catalase, and (iii) co-loaded with a non-genotoxic anti-cancer agent, Nutlin-3a (NUT), and a
photosensitizer Protoporphyrin IX (PpIX). The fabricated delivery system was characterized and
evaluated in ex vivo spheroid models to understand its oxygen generating, antigen capturing, and
immune response modulating properties.
As shown in Scheme 1, CED is used to deliver the LAGs deep into the tumor bed, and when exposed
to a light source of 630nm, LAGs would disassemble and release the payload in a triggered fashion.
NUT causes tumor damage by inducing apoptosis or cell cycle arrest, promoting p53 stabilization
which can reverse the immunological landscape towards anti-tumour immunity by releasing TAAs
and modulating the immunological function of APCs through non-cell-autonomous activities [56-58].
On the other hand, PpIX elicits concurrent apoptosis and ICD, resulting in tumor regression and
release of TAAs. Meanwhile, catalase converts the H2O2 to oxygen to modulate the hypoxic TME and
enhance the PDT efficacy. The significantly enhanced availability of TDPAs due to the combination
5
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therapy enables the maleimide groups to capture the TDPAs and transport them into the draining
lymph node, thereby improving the presentation of TDPAs to the dendritic cells and subsequently

eliciting T-cell activation and proliferation.
Scheme 1. Schematic representation of utilizing DD-LAGs for chemo-phototherapy triggered antitumoural immunity. a) Convection enhanced delivery of DD-LAGs resulting in improved delivery
efficacy and payload distribution for enhanced chemo-phototherapy; the released antigens are
captured and retained in-situ; increased antigen uptake and presentation by APCs; subsequent
6

allogenic lymphocyte proliferation; T cell trafficking to tumor location to prevent a recurrence. b)
Transcytosis mediated active tumor penetration and subsequent intracellular trafficking to the Golgi
apparatus, followed by light-triggered payload release and in-situ oxygen generation by H2O2
decomposition.

5. Results and Discussion
5.1 Preparation and Characterization of LAGs
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DSPE-PEG is a US FDA approved biomaterial that has been widely used to develop biocompatible
and biodegradable delivery systems [59]. Several researchers have modified DSPE-PEG to fabricate
micelles that are responsive to endogenous stimuli such as pH and glutathione [60]. However, it is
difficult to achieve specific controllability due to the tumor heterogeneity. Hence, we developed a
light-responsive analogue (DSPE-TK-PEG-MAL) bridged with a ROS cleavable thioketal linker that
enables spatial and temporal control to achieve ON/OFF release kinetics (Scheme S1, Supporting
Information). The products obtained at each step were systematically characterized by 1H-NMR,
electrospray interface mass spectrometer (ESI-MS) and FTIR to confirm their successful synthesis
(Figure S1-S6, Supporting Information). Finally, dual drug-loaded LAGs (DD-LAGs) were prepared
with Light Responsive Antigen Captors (LA), DSPE-TK-PEG-MAL, co-loaded with Nut3a, and PpIX by
the film dispersion method, followed by grafting an oxygen generator, catalase, via a post-insertion
thiol-maleimide click reaction [61]. Dual drug loaded light-responsive oxygen generators (DD-LG),
which do not possess any free maleimide groups, were also fabricated using the same method.
Similarly, Dual drug loaded antigen capturing oxygen generators (DD-AG), which do not possess the
light-responsive thioketal linker, were prepared using the same method using commercially available
DSPE-PEG-MAL.
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The physiochemical characteristics of bare light-responsive antigen capturing oxygen generators (BLAG), single drug-loaded analogues (NUT-LAG /PpIX-LAG), dual drug-loaded analogues (DD-LAG) are
summarized in Table 1. The effect of each of the cargos on the physiochemical properties of DDLAGs was studied using NUT-LAG and PpIX-LAGs (Table S1 and S2, Supporting Information). While
the encapsulation of PpIX did not cause a significant change in the size of PpIX-LAG compared to BLAG, the loading of NUT resulted in a size increase of ~48 nm. The encapsulation efficiency (EE%) of
Nutlin-3a and PpIX was determined using high-performance liquid chromatography (HPLC). When
payloads were loaded individually, EE% of NUT and PpIX were 94.09 ± 0.36 % and 28.29 ± 0.46,
respectively, whereas 97.77 ± 0.82 and 64.77 ± 0.99 of NUT and PpIX were encapsulated when they
were co-loaded into the LAGs.
As expected, both B-LAG and DD-LAG assembled into nanoparticles due to their amphiphilic nature
in aqueous solutions, resulting in translucent solutions (Figure 1a). TEM, used to study the
morphology and size distribution, showed a homogenous spherical structure for DD-LAGs with an
average diameter of circa ~ 80 nm (Figure 1b). Whereas the average hydrodynamic diameter of BLAG and DD-LAG measured using dynamic light scattering were 111.45 ± 0.47 nm and 122.43 ± 1.07
nm, respectively (Figure 1c). This discrepancy can be ascribed to the stretching property of PEG in
aqueous environments. Since our studies were done in-vitro, the potential cellular responses of DDLAGs in the physiological environment can be analyzed by studying their colloidal stability in
appropriate cell culture media. DD-LAGs exhibited exceptional colloidal stability in α-MEM + 10% FBS
media, with no significant increase in size even after two days (Figure 1d). This could be attributed to
the presence of FBS, which is known to improve the colloidal stability of NPs [62]. Furthermore, the
7
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DD-LAGs were stable in the stock solutions (PBS) for 15 days (Figure S7, Supporting Information). At
pH 7.4, B-LAG and DD-LAG had zeta potentials of -7.09 ± 1.3123 mV and -7.34 ± 0.7474 mV,
respectively (Figure 1e). The increase in size and zeta potential indicates the co-loading of the NUT
and PpIX into the hydrophobic core of the nanoparticles. B-LAGs had an absorption maxima at 280
nm due to catalase, while the absorption spectra of DD-LAGs included the characteristic Soret band
at 401 nm and Q band (450-630nm) of PpIX and the absorption maxima of NUT at 260 nm (Figure
1f). Similarly, B-LAGs showed no fluorescence, whereas DD-LAGs had a fluorescence maximum at
630nm (Figure 1g). The conformation of free catalase in B-LAGs and after drug loading in DD-LAGs
was examined by circular dichroism (CD) (Figure 1h). Free catalase had a characteristic set of UV
absorption bands in the far-UV CD spectrum region (<250 nm). The negative peaks at ~204 nm and
~228 nm and the positive peak at ~193 nm represent the protein's α-helical formation. In
comparison, the negative peak at ~216 nm is typically attributed to the β-sheet conformation of the
protein. Hence, the CD absorption spectra suggest that the secondary structure of catalase consisted
of both α-helical and β-sheet peptides [63]. Catalase grafted onto B-LAGs and DD-LAGs had a similar
CD spectrum compared to free catalase, thus proving that the grafting process did not affect the
activity of catalase. The photodynamic property of DD-LAGs was evaluated by monitoring the
fluorescence changes of a ROS-detecting probe, 2′,7′-Dichlorofluorescin diacetate (DCFH-DA). When
DD-LAGs were exposed to the light of 630nm for 4 minutes, the fluorescence of DCF at 535 nm
increased by circa 5-fold (Figure 1i). The amount of conjugated catalase on LAGs was calculated to
be 804 µg/ml using the Bradford assay. Furthermore, after 6 hours the catalytic activity of LAGs
with/without proteinase K, an enzyme inactivator, was significantly higher compared to free catalase
using the standard Goth’s method (Figure 1j). The superior oxygen generating capability of LAGs in
the presence of H2O2 and proteinase K was demonstrated (Figure 1k). This significant difference in
activity of free catalase and LAGs when exposed to proteinase K, can be attributed to PEG, which
acts as a protective barrier by preventing opsonisation, while still providing access to the active sites
of catalase [64, 65].
Table 1. Physicochemical characteristics of bare and loaded micelles used in this study.

Size (nm)

PDI

EE (%)
NUT

DLC (%)
NUT

EE (%)
PpIX

DLC (%)
PpIX

111.45 ± 0.47

0.228 ± 0.011

-

-

-

-

NUT-LAGs

159.54 ± 2.04

0.161 ± 0.014

94.09 ± 0.36

5.13 ± 0.01

-

-

PpIX-LAGs

123.50 ± 3.07

0.290 ± 0.026

-

-

28.29 ± 0.46

1.03 ± 0.014

DD-LGs

124.23 ± 2.45

0.288 ± 0.054

95.13 ± 0.91

5.18 ± 0.02

68.82 ± 0.82

2.50 ± 0.038

DD-AGs

119.74 ± 1.02

0.211 ± 0.013

94.61 ± 1.49

5.16 ± 0.04

64.77 ± 0.99

2.35 ± 0.061

DD-LAs

99.06 ± 3.20

0.266 ± 0.062

97.77 ± 0.82

5.33 ± 0.04

64.77 ± 0.99

2.35 ± 0.038

DD-LAGs

122.43 ± 1.07

0.237 ± 0.017

97.77 ± 0.82

5.33 ± 0.04

64.77 ± 0.99

2.35 ± 0.038

B-LAGs

Jo

Micelles

DD-LGs (-malemide), DD-AGs (- thioketal linker), DD-LAs (-catalase)
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Figure 1. In-vitro characterization of DD-LAGs. a) Images of the nanoparticle solutions, b)
Representative TEM image of DD-LAGs in PBS. Staining was performed with 2% uranyl acetate (inset:
Magnified image) (Scale bar: 100 µm), c) Hydrodynamic diameter distribution profile of B-LAGs and
DD-LAGs, d) DLS data of DD-LAGs as a function of incubation time in α-MEM + 10% FBS media, e)
Zeta potential of catalase, DD-LA, and DD-LAGs, f) UV/Vis absorption spectra, g) Fluorescence
spectra, h) CD spectra of catalase, B-LAGs, and DD-LAGs, i) Generation of ROS determined by
increased fluorescence intensity of DCF in the presence/absence of DD-LAGs as a function of
photoirradiation time (630 nm, 130 mW cm-2), j) Enzymatic activity of free catalase and DD-LAGs
after proteinase K digestion as a function of time, k) Representative oxygen generation images of
free catalase and DD-LAGs in the presence/absence of proteinase K. Error bars represent Mean ± SD
(n ≥ 3).
9
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5.2 On-Demand Customisable Light triggered Payload release

10

Jo

ur
na

lP

re
-p
r

oo
f

The proposed mechanism of photoactivation of DD-LAGs (Figure 2a) was confirmed using HPLC
analysis (Figure 2b). When the solution of DD-LAGs was subjected to 630nm light irradiation (130
mW cm-2) for 4 minutes, two elution peaks at 2.94 min and 12.52 min were observed, which was
similar to that of NUT and PpIX, while no elution peaks were seen observed for the DD-LAG solution
without photoirradiation. Similarly, DD-AG (TK negative group) showed no elution peaks
with/without irradiation. The release of PpIX and NUT from DD-LAGs was dependent on the duration
and intensity of irradiation (Figure S8, Supporting Information). Based on the results, a
photoirradiation intensity of 130 mW cm-2 was chosen for subsequent experiments. The effect of a
single pulse (4 min) and repeated pulses (8 min) on the release kinetics were assessed. Repeated
irradiation enabled up to 4 triggerable events releasing 35.144 ± 0.35%, 3.84 ± 0.3%, 8.08 ± 0.7%,
0.804 ± 0.5% respectively (Figure 2c). We then studied the effect of the acidic tumor
microenvironment on the triggered release profile of DD-LAGs and DD-AGs (Figure 2d-g). At pH 5,
18.04 ± 0.24 % of PpIX and 21.04 ± 0.002 % of NUT was released in the first 1 h, and when subjected
to light (130 mW cm-2, 4 min) at 0 hr, resulted in a release of 31.51 ± 0.56 % of PpIX and 34.51 ±
0.0056 % of NUT over the next 1 hr. Meanwhile, at pH 7.4, without irradiation, only 2.49 ± 0.45 % of
PpIX and 6.48 ± 0.001 % NUT was released and with irradiation (130 mW cm-2, 4 min) 25.56 ± 0.23 %
of PpIX and 35.56 ± 0.002 % NUT was released in the same period of time. At the 8h time point,
when exposed to light (130 mW cm-2, 4 min), there was a similar triggered release for PpIX and NUT
at both pH 5.0 and pH 7.4. These results suggest that LAGs can provide a customizable on-demand
release of the payload. On the other hand, DD-AG had a similar release profile as DD-LAG at pH 5,
but light exposure at 5 hr did not induce any cargo release. The representative disassembly
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mechanism of DD-LAGs can be visualized using TEM (Figure 2h). DD-LAGs, which had an initial
hydrodynamic diameter of 122.43 ± 1.07 nm, fell apart and formed smaller nanoparticles after each

Figure 2. In-vitro study of on-demand customizable light-triggered payload release. a) Proposed
mechanism of light-triggered payload release, b) HPLC profiles of free NUT, free PpIX, DD-AG, and
DD-LAGs with/without light irradiation, c) Repeated light-triggered Nutlin-3a release (cumulative %
of total); the arrows indicate irradiation (130 mW cm-2, 4 min), d) Nutlin-3a released from DD-LAG at
different pH solutions, e) PpIX released from DD-LAG at different pH solutions, f) Nutlin-3a released
from DD-AG at different pH solutions, g) PpIX released from DD-AG at different pH solutions, h) TEM
images of DD-LAGs at different photoirradiation times (Scale bar: 100 µm). Error bars represent
Mean ± SD (n ≥ 3).

5.3 Anti-cancer activity of DD-LAGs in Hypoxic Spheroids
Since hypoxia is one of the main deterrents of effective cancer treatment, it is crucial to investigate
the synergistic cancer cell killing effect of DD-LAGs in hypoxic U87 spheroids. But first, we assessed if
the nanosystem would behave differently under normoxia and hypoxia conditions (Figure S9,
Supporting Information). Thus far, spheroids developed are made up of an inner hypoxic core and
an outer normoxic layer, which is far from the clinical reality. Most solid tumors have
12

heterogeneously distributed drug-resistant hypoxic cells, indicating inadequate vasculature, which
could be further exacerbated by anti-angiogenic therapeutics [66]. This could prevent DDSs from
reaching the quiescent cells deep within the solid tumor, thereby thwarting complete tumor
eradication and increasing the possibility of recurrence. Hence, we 3D printed hypoxic U87 spheroids
(h-U87) as a clinical comparator to evaluate our proposed therapy.
The use of drop-on-demand via 3D printing allows for the fabrication of tumor spheroids with
uniform sizes (508.72 ± 19.46 µm). Compared to the manual deposition of cell suspensions (577.86 ±
149.79 µm), the consistency of cell deposition depends on the operator, and random errors will
result in large variances of the shape and size of tumor spheroids formed (Figure S10, Supporting
Information). These factors may reduce the throughput of tumor spheroids and affect subsequent
downstream characterization and therapeutic screening processes.
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The cytotoxicity in h-U87 spheroids was evaluated by incubating free drugs, a combination of free
drugs, dual drug-loaded light-responsive antigen captors (DD-LA, without catalase), and DD-LAG with
different concentrations (NUT concentration 0.25, 2.5, 5, 10, 20, 40 µg/ml) with/without light for 24
hours (Figure 3a, b, c). The Chou-Talalay isobologram method was used to evaluate drug
combinations. The calculated combination index (CI) was 0.567 and is a quantitative descriptor for
synergistic (CI<1), additive (CI=1), and antagonistic effects (CI>1). The cytocompatibility of B-LAGs
was studied on 3T3 cells (Figure S11, Supporting Information).
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The growth inhibitory effect of DD-LAGs over 8 days was also studied (Figure S12, Supporting
Information). All the treatment groups except DD-LAGs produced an initial reduction in tumor
volume but enabled tumor proliferation after ~4 days. Interestingly, compared to the other
treatment groups, DD-LAGs + Light did not cause any undesirable multicellular detachment, which
forms metastatic tumors [67].
This result was further confirmed using a live/dead assay, in which the live cells are stained in green
while dead cells emit red fluorescence. The untreated h-U87 spheroids showed negligible dead cells,
mostly due to the necrotic core (Figure 3d).
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We then studied the various cell killing mechanisms involved in the observed cytotoxicity. It is well
known that the generation of ROS and loss of mitochondrial membrane potential (∆ѱm) are the
mainstays of effective photodynamic therapy. Hence, we evaluated the intracellular ROS generation
of DD-LAGs using DCFH-DA (Figure S13, Supporting Information) and its effect on the ∆ѱm using the
JC-1 assay (Figure S14, Supporting Information). Compared to the free drugs, DD-LAGs + Light
showed a high green fluorescence signal in h-U87 cells. This suggests that catalase plays an
important role in enhancing ROS generation by converting H2O2 to oxygen. Notably, the DCF
fluorescence signal of cells treated DD-LAs was weaker than that of DD-LAGs. This might be due to
the antioxidative mechanism of catalase [68]. Moreover, the DD-LAGs + Light treated group had the
lowest ∆ѱm, represented by the green fluorescence of the monomers in the cytosol, compared to
the groups treated with equivalent molar ratios of free payloads and DD-LAs, which emit red
fluorescence due to the accumulation of JC-1 aggregates in the mitochondria.
Histological sections of h-U87 spheroids treated with the different formulations with/without light
were studied to evaluate cell morphology changes (Figure 3e). Cells in spheroids of the control group
appeared normal, with an intact extracellular matrix and abundant cytoplasm having a well-defined
nucleus. The spheroids treated with free drugs, a combination of NUT and PpIX, DD-LAs and DDLAGs showed a large nucleus and a scanty cytoplasm. In contrast, cells in spheroids treated with DD-

13

LAGs + light showed disrupted extracellular matrix with an irregular nucleus, and many cells lacked
genomic nucleus.
The stages of apoptosis in h-U87 spheroids were evaluated using the Annexin-V/FITC assay. After
just 6 hours of incubation, there was a relative increase in annexin V binding and PI on DD-LAG
+ Light treated spheroids, resulting in 16.91% of necrosis and 13.05% of late-stage apoptosis (Figure
3f). While free payloads and DD-LAs had predominately healthy cells. This was further verified using
TUNEL staining (Figure S15, Supporting Information).
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DD-LAGs, when exposed to light (130 mW cm-2, 4 min), caused a significant decrease in G1, S, and
G2/M phase compared to DD-LAGs without light (Figure S16, Supporting Information). This could be
due to the triggered release of the encapsulated NUT [69]. Contrary to its proposed mechanism of
action as a non-genotoxic antagonist of MDM2, these results suggest that NUT has a secondary role
as a DNA-damaging agent, inducing p53-mediated apoptosis and cell cycle arrest [70]. While
activated PpIX triggers apoptotic pathways through both direct (cell death) and indirect (vascular
damage) mechanisms [71].
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The extent of immunogenic cell death (ICD) was evaluated by the calreticulin exposure and highmobility group box 1 (HMGB1) release from h-U87 cells. DD-LAGs + Light treated h-U87 cells induced
the highest amount of HMGB1 release (Figure 3g). Furthermore, a stronger green fluorescence was
observed for DD-LAGs + Light treated h-U87 cells compared to free NUT, free PpIX, a combination of
NUT and PpIX and DD-LAs (Figure 3h).
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Figure 3. In-vitro anticancer activity in h-U87 spheroids. a-c) Cytotoxicity of free NUT, free PpIX, a
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combination of free NUT and free PPIX, DD-LAs and DD-LAGs with/without light (130 mW cm-2, 4
min) at different concentrations on h-U87 spheroids after 24 h of incubation, d) Representative
images of live/dead viability assays in h-U98 spheroids treated with different formulations for 6 h
(Scale bar: 100 µm), e) Hematoxylin and Eosin (H&E)-stained sections of h-U87 spheroids treated
with different groups for 6 h, f) Flow cytometry analysis of h-U87 spheroids apoptosis by various
formulations for 6 h using the Annexin V-FITC/PI staining, g) Detection of extracellular release of
HMGB1 from h-U87 spheroids after 6 h of incubation with different groups, h) Confocal images of
CRT expressed on the surface of h-U87 cells after treatment with different formulations for 6 h
(Scale bar: 20 µm). Levels of significance were set at the probability of *p < 0.05, **p < 0.01, ***p <
0.001. Error bars represent Mean ± SD (n ≥ 3).
5.4 Enhanced Cellular Uptake and Penetration of DD-LAGs
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The cellular uptake of free PpIX, DD-LA, and DD-LAG was studied in hypoxic U87 cells using confocal
microscopy and flow cytometry. The fluorescence of PpIX was used to quantify and analyze the
uptake of the nanoparticles. The results show that after 6 h of incubation, the cell uptake of DDLAGs was greater than that of free PpIX and DD-LA (Figure 4a and 4b). Interestingly, the presence of
catalase increased the cellular uptake of the nanoparticles. Flow cytometric results also showed
greater uptake of DD-LAGs in hypoxic U87 cells (Figure 4c and 4d). A nearly 2-fold increase in the
cellular uptake was observed when comparing the DD-LAGs to free PpIX.

Jo

ur
na

lP

We further mapped out the cellular internalization route and subsequent intracellular localization of
DD-NP in hypoxic U87 cells. Both confocal and flow cytometry data suggested an energy-dependent
internalization as the cellular uptake of DD-LAGs was significantly inhibited at 4 °C (Figure S17,
Supporting Information). Similarly, the cell uptake of DD-LAGs was blocked by the dynamin inhibitor
(dynasore) and was not affected by the macropinocytosis inhibitor (wortmannin) (Figure S13),
suggesting either clathrin-mediated endocytosis or caveolin-mediated endocytosis [72]. Further
investigation revealed that the cellular uptake was unaffected by a clathrin-mediated endocytosis
inhibitor (chlorpromazine) and was by a caveolar inhibitor (genistein) (Figure S17). Hence we can
infer that the internalization of DD-LAGs into the cells occurs predominately by caveolae-mediated
endocytosis.
To further map out the endocytic pathway of DD-LAGs, the hypoxic U87 cells were stained with a
lysosome marker (Lysotracker Green) and a macropinosome marker (RhoBdextran, 70kDa). Poor
Person correlation coefficients (PCC) of 0.39 and 0.51 were obtained using the internalized DD-LAG
fluorescent signals co-localized with lysosomes and macropinosomes, respectively (Figure S18,
Supporting Information). In contrast, after 6 h of incubation, a relatively high PCC (0.86) was
obtained as DD-LAGs slowly co-localized with the Golgi tracker, whereas a low PCC (0.45) was
obtained using signals of DD-LAGs co-localized with the Endoplasmic reticulum tracker, suggesting
that most of the internalized DD-LAGs were trafficked to the Golgi apparatus (Figure S18). These
results indicate that DD-LAGs were predominantly transported to the Golgi apparatus through
caveolae-mediated endocytosis.
Furthermore, the penetration of DD-LAGs into solid tumors was investigated using h-U87 spheroids.
The penetration capability was evaluated by measuring the fluorescence of the loaded PpIX using
confocal microscopy (Figure 4e). These images were then converted into surface plots using ImageJ
(Figure 4f). h-U87 spheroids treated with DD-LAG showed the highest PpIX fluorescence intensity
and relatively uniform distribution compared to free PpIX and DD-LA. Sectioning of the h-U87
spheroid images using the Imaris software revealed that DD-LAGs achieved an exceptional
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penetration depth of ~300 µm compared to the poor penetration efficiency of free PpIX (<100 µm)
and DD-LAs (~200 µm).
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The enhanced penetration of DD-LAGs could be due to transcellular transport or paracellular
diffusion through the extracellular matrix. We pre-treated the h-U87 spheroids with either genistein
or Exo1. This blocked the penetration of DD-LAGs into the spheroids and limited them to the
spheroids' outer boundaries (Figure 4g). Since transcytosis is associated with cellular uptake on one
end and exocytosis on the other end, the penetration of DD-LAGs into solid tumors could be via
transcytosis that depends on caveolae-mediated endocytosis and exocytosis. Furthermore, the
exocytosis-dependent transcytosis of DD-LAGs was studied using an ‘infection’ method, which
involves several passes of incubating treated h-U87 cells with freshly seeded h-U87 cells in fresh
media (Figure 4h). It is evident that PpIX signal is present in the cells on coverslips (2) and (3),
suggesting that the DD-LAGs internalized by the cells on the coverslip (1) was exocytosed into the
medium and subsequently taken up by the cells present on coverslips (2) and (3).
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The multidrug efflux pump P-glycoprotein (P-gp) acts as a “hydrophobic vacuum cleaner” by
pumping out foreign substances out of the cells and is known to contribute to multidrug resistance
in about half of human cancers [73]. To confirm whether DD-LAGs are subjected to P-gp efflux, we
pre-treated the h-U87 cells with a P-gp inhibitor (tariquidar) (Figure 4h, i). Both the exocytosis and
intracellular transfer of DD-LAGs were unaffected by tariquidar, but Exo1 significantly inhibited both
the behaviors.
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These results confirm the solid tumor penetration of DD-LAG involving a transcytosis mechanism
that depends on a rapid non-degenerative endocytic pathway and its adequate endocytosis.
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Figure 4. Cell uptake and Penetration of DD-LAGs into h-U87 spheroids. Cell uptake of free PpIX, DDLA, and DD-LAGs after a) 3 h and b) 6 h of incubation with h-U87 cells (Scale bar: 20 µm), c) Flow
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cytometry analysis of cell uptake by measuring PpIX fluorescence intensity, d) Mean Fluorescence
Intensity of the cellular uptake of the different groups after 3 h and 6 h of incubation with h-U87
cells, e) Confocal microscopy observations of free PpIX, DD-LAs and DD-LAGs penetrating h-U87
spheroids after 6 h of incubation (Scale bar: 100 µm), f) Surface plot images of h-U87 spheroids
treated with free PpIX, DD-LAs, and DD-LAGs, g) Effects of caveolae-mediated endocytosis inhibitor
genistein and Exo1 on the DD-LAGs penetration into h-U87 spheroids (Scale bar: 100 µm). The
spheroids were pre-treated with genistein or Exo1 for 1 h and then incubated with DD-LAGs for 6 h,
h) Confocal images depicting the Intracellular transfer of DD-LAGs. The coverslips were treated with
Exo1 and Tariquidar for 1 h before incubation with DD-LAGs (Scale bar: 20 µm), i) Flow cytometric
analysis to study the effect of Exo1 and Tariquidar. Levels of significance were set at the probability
of *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent Mean ± SD (n ≥ 3).
5.5 Ex-vivo Antigen Capturing potential and APC Recruitment
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Having proven the excellent capability of DD-LAGs to generate TDPAs, we sought to test our
hypothesis that the surface chemistry of DD-LAGs would affect its antigen capturing potential [74].
As a negative control, dual drug-loaded light-responsive oxygen generators (DD-LG, -maleimide)
were used. DD-LAGs and DD-LGs were incubated with treated h-U87 cell lysates ex vivo. Both the
hydrate size and zeta potential of DD-LAGs changed after incubation, indicating successful TDPA
capture (Figure 5a, b). In comparison, the size and zeta potential of DD-LGs remained unchanged
after incubation. This suggests that the maleimide groups present in DD-LAGs enable the capture of
the released proteins through stable thioether bonds.
5.6 Immunostimulative Effect of DD-LAGs in the absence/presence of h-U87 Spheroids
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The next step of eliciting an effective immune response is the maturation of the recruited iDCs,
which would subsequently activate the naïve T cells in the draining lymph node. A complete package
of TDPAs, cytokines, and costimulatory signals are required to prevent T-cell anergy and resulting
immune tolerance [75]. The immunostimulatory properties of DD-LAGs were evaluated by studying
the expression of a costimulatory molecule C86 and a maturation marker CD83 on monocytederived dendritic cells (Mo-DCs) using flow cytometry (Figure 5c, d). Untreated Mo-DCs that
presented low CD83 expression were considered as iDCs. Compared to the control (TNF-α and IL-1β),
free NUT free PpIX, and a combination of free NUT and free PpIX had only a marginal effect on CD86
and CD83 expression. On the other hand, DD-LAGs produced a statistically significant ~6 fold
increase in CD83 expression and a ~10% increase in CD86 expression. This suggests that LAGs exhibit
intrinsic adjuvancy and does not require any additional adjuvants to cause DC stimulation.
Furthermore, we evaluated the immunostimulation of monocyte-derived dendritic cells after
exposure to h-U87 spheroids. As expected, DD-LAGs can significantly upregulate the CD83 and CD86
expressions, both in the absence/presence of h-U87 spheroids (Figure 5e, f). Interestingly, h-U87
spheroids had only a slight effect on the C83 expression but promoted a considerable increase in the
C86 expression. This might be because of the “eat me” signals released by the apoptotic cells into
the culture media, which might be engulfed by DCs, resulting in a partially stimulated status [76]
[77].
Additionally, the immunomodulating effects of DD-LAGs were studied by measuring the secretion
levels
of
IL-1β
(proinflammatory/immunostimulator)
and
IL-10
(antiinflammatory/immunosuppressive) cytokines by DCs. h-U87 spheroids alone elevated the IL-1β and
IL-10 cytokines levels by the Mo-DCs (Figure 5g,h). Unlike other cancers, studies have shown that
glioblastoma is not a source of IL-10 but can stimulate Mo-DCs to produce IL-10 [78]. Noteworthy,
20
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DD-LAGs induced downregulation of IL-10 and a significant parallel upregulation of IL-1β in the
presence of h-U87 spheroids. The downregulation of IL-10 cytokine, associated with reduction of
regulatory T-cell (Treg) population and subsequent prevention of T-cell anergy [79], proves that DDLAGs can potentially modulate the immunosuppressive TME. Despite the cognitive dissonance
among scientists regarding the role of IL-1β as an immunostimulator and antitumorigenic, several
previous studies have shown its immense potential as an “endogenous adjuvant” due to its role in Tcell priming, maturation and activation of APCs [80] and expansion of naïve and memory CD4+ T cells

[81].
Figure 5. Antigen Capturing and DC Stimulation. The change in a) The hydrodynamic diameter and b)
zeta potential of DD-LGs and DD-LAGs following antigen capture. Percentage of Mo-DCs expressing
a) CD83 and b) CD86 after incubation for 24 h with different formulations. Percentage of Mo-DCs
expressing e) CD83 and f) CD86 in the presence of h-U87 spheroids after incubation with various
groups for 24 h, g-h) Cytokine expression. Levels of significance were set at the probability of *p <
0.05, **p < 0.01, ***p < 0.001. Error bars represent Mean ± SD (n ≥ 3).
5.7 T-cell Differentiation and Proliferation
The penultimate step of effective immunotherapy is the T-cell proliferation and priming. We
accessed the effect of DC maturation on T-lymphocyte proliferation by culturing the stimulated DCs
(both in the absence/presence of h-U87 spheroids) with CellTrace Violet labeled allogeneic
21
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peripheral blood lymphocytes (PBLs) (Figure 6a). A flow cytometer is used to measure the
progressive dilution of the dye with each cycle of proliferation, and when the proliferation index (PI)
was greater than 3, the proliferation index was considered positive [82]. As seen in Figure 6b, the
free payloads and their combination had almost no effect on the percentage of proliferating cells.
Contrastingly, DCs stimulated with DD-LAGs could induce T-cell activation and proliferation. This
could be due to the increased p53 stabilization on DCs resulting from the delivery of Nut3a [83]. Few
studies have shown the promoter region of interleukin 12 (IL-12) and the role of p53 stabilization in
the enhancement of the ability of DCs to prime T cells. Figure 6c shows the capacity of stimulated
DCs in the presence of h-U87 spheroids to elicit CD3+ proliferation and subsequent priming into
helper CD4+ and cytotoxic CD8+ subsets. We assume that the enhanced antigen capture and DC
maturation caused by DD-LAGs + Light treated h-U87 spheroids enable the priming of CD3+ cells into
helper CD4+ (Figure 6d)and cytotoxic CD8+ T lymphocytes (Figure 6e).

Figure 6. T-cell proliferation in the absence/presence of h-U87 spheroids. a) Overview of the ability
of DD-LAGs to elicit the immune response of DCs in the presence of h-U87 spheroids, b) Proliferative
response of CD3+ T cells was analyzed through T-cell-DC co-culture for 24 h, c) CD3+ T cells, d) CD3+
CD4+ T cells, e) CD3+ CD8+ T cells proliferation response in T-cell-h-U87 spheroid-DC co-culture for 48
h. Levels of significance were set at the probability of *p < 0.05, **p < 0.01, ***p < 0.001. Error bars
represent Mean ± SD (n ≥ 3).
5.8 Delivery Efficacy and Payload Distribution
Figure 7 compares the NUT and PpIX concentrations in each tissue compartment in the treatments
using DD-AG and DD-LAG with/without light irradiation, respectively. The treatment duration is set
as 3 hours, comparable to the time window of intravenous administration. The most effective
delivery of both NUT and PpIX in ECS and IVS are found for the therapy in which the light irradiation
22

enhances DD-LAG release. Results show that DD-AG and DD-LAG without light would result in
comparable intracellular drug concentrations in the simulated time window. In contrast, the
intracellular concentrations can be slightly increased when light is used to enhance the dynamics of
drug release from nanoparticles.
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Results shown in Figure 7 demonstrate that the combination of DD-LAG + light can increase the
concentrations of both NUT and PpIX in all the tissue compartments, including blood, tumor tissue,
and tumor cells. This improved drug delivery outcome would indicate better treatment efficacy.
However, further quantitative analysis shows that the difference in the time course of tumor cell
density is trivial between these three treatments in the simulated time window. The small difference
in the NUT and PpIX intracellular concentration, as shown in Figure 7, could be the potential reason.
As compared to the simulated time window that is 3 hours in this study, the drug cell-uptake and
tumor cell killing are show-rate dynamics processes that may take hours to days [84, 85]. Given this
difference in the dynamic process rate, the drug delivery duration commonly used in intravenous
administration, such as the 3-hour infusion, could be insufficient for CED treatment. A longer CED
infusion duration of up to 5 days has been applied in the clinical trial where free drugs were used
[86]. However, there is a lack of either preclinical or clinical data for nanoparticles. This requirement
on CED infusion duration would need to be further validated.
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Due to the lack of experimentally measured data available for NUT and PpIX, the relevant
parameters in the governing equations of cell-uptake and immunotherapy are estimated based on
doxorubicin, which has a similar molecular weight. Therefore, modeling results presented in this
study can only serve for the qualitative comparison purpose. Further experimental measured data of

NUT and PpIX properties will be needed to relax this limitation for a quantitative study.
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Figure 7. The time courses of NUT and PpIX concentration in blood, tumor extracellular space, and
tumor cells under different delivery conditions. The conditions include using DD-AG and DD-LAG
with/without light irradiation (130 mW cm-2, 4 min). The infusate concentration normalizes the drug
concentrations.

6. Conclusions
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In summary, we have developed a biodegradable and biocompatible nanosystem (LAGs) that can be
loaded with various combinations of therapeutic payloads to achieve on-demand customizable
chemo-phototherapy and trigger an adaptive anti-tumor immunity towards hypoxic GBM. We
demonstrate that in the presence of 3D printed hypoxic U87 spheroids, DD-LAGs can induce tumor
cell death by enhanced chemo-phototherapy through in-situ oxygen generation and capture and
retain the TDPAs resulting in allogenic lymphocyte proliferation. The poor clinical success of
traditional strategies to stimulate an effective immune response, such as administering one or
several antigens, is due to the tumor heterogeneity within individual patients and among patient
populations. In contrast to conventional methods, our innovative approach exposes the immune
system to a wide variety of TDPAs released through tumor cell death in a patient-specific manner.
This treatment strategy could play a pivotal role in the advancement of personalized medicines.
Since LAGs contain materials approved by the US Food and Drug Administration, its translation from
bench to bedside is certainly possible. However, before that can become a reality, our study holds
few limitations: although the spheroid model may mimic microtumors more closely than monolayer
cultures, primary tumor cells both in-vitro and in-vivo may react differently to the proposed
treatment. Moreover, the antigen capturing and subsequent induction of anti-tumoural immunity invivo needs to be studied. Therefore, this proposed treatment approach needs to be evaluated in
primary tumor cells and in-vivo animal models.
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7. Experimental Section
Materials: All the reagents, equipment, and materials used in this work are listed in the Supporting
Information.
Synthesis of LAs: The synthesis of Light responsive antigen captors (LAs) is discussed in detail in the
Supporting Information.
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Preparation of DD-LAGs: The fabrication of dual-drug loaded LAGs was achieved through a thin-film
hydration method. The fabricated LAs, along with the indicated amount of Nutlin-3a and
Protoporphyrin IX, was first dissolved in tetrahydrofuran (THF). The solvent was subsequently
evaporated under reduced pressure by rotary evaporation to obtain a thin film. The lipid cake was
hydrated with 4 ml of phosphate-buffered saline (PBS) ph7.4, followed by bath sonication for 20
mins at 40°C. The unloaded drugs were removed using 200 nm Polyethersulfone (PES) filters. The
number of maleimide groups was determined using the Maleimide Quantification Assay Kit.
Concurrently, 238µl of Traut’s reagent solution (2mg/ml dissolved in pH 8.0 PBS with 5mM EDTA)
was added to 5 ml of Catalase (10mg/ml dissolved in pH 8.0 PBS) and stirred for 1 h in the dark.
Unreacted Traut's reagent as removed by centrifugation at 10000 rpm on MWCO 10KDa Vivaspins
for 20 mins. Then, the number of thiol groups was determined using Ellman’s reagent. A postinsertion method was used to graft the catalase onto the DD-LAs. The prepared DD-LAs solution and
thiolated catalase (mal: thiol = 1:0.5) were stirred for 24 hrs in the dark. NUT-LAGs, PpIX-LAGs, DDLGs, and DD-AGs were fabricated using the same procedure described above, with minor changes.
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Characterization of NPs: The particle size, PDI, and zeta potential of the nanosystem were
characterized using a NanoBrook90 Plus particle size analyzer (Brookhaven Ltd., USA). The
morphology of NPs was evaluated using TEM (Jeol JEM-2010F, Jeol Ltd., Japan). For this purpose, a
carbon-coated copper TEM grid (300 mesh, Electron Microscopy Sciences, USA) was used to hold a
drop of the suspension and allowed to dry at room temperature, and stained with uranyl acetate for
1 min.
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The stability of DD-LAGs was assessed in α-MEM medium containing 10% of FBS. Briefly, the samples
were dispersed in the media and shaken at 50 rpm at 37°C. The storage stability of DD-LAGs was
studied in PBS at 4°C. At each time point (1, 2, 4, 8, 16 days), samples were withdrawn (200µl) and
diluted in 800µl of PBS for measuring the size and PDI.
The absorption and fluorescence spectra for the samples were obtained using a UV-Vis
spectrophotometer (UV-1700, Shimadzu Corp., Japan) and Fluorescence spectrophotometer (Cary
Eclipse, Agilent technologies, USA), respectively. The circular dichroism spectra of the samples were
recorded at room temperature using a circular dichroism spectrometer (J-1500, Jasco Inc., Japan).
Quantification of Nutlin-3a, PpIX, and Catalase: To measure the amount of NUT and PpIX loaded
within the micelles, 100µl of the samples were dispersed in 900µl of methanol. A C18 column was
used for the quantification by reverse-phase high-performance liquid chromatography (HPLC, Agilent
1260, Agilent Technologies, USA) method. For HPLC detection, the mobile phase consisted of HPLC
grade methanol and 0.5 M sodium acetate at the ratio of 35:65 v/v. The flow rate was set at 0.8152
ml/min and 0. 35 ml/min, the detection wavelength was 260 nm and 401 nm. Catalase was
quantified using the Bradford assay, with catalase as the standard.
Oxygen Generation and Catalytic Activity of DD-LAGs: The catalytic activity of DD-LAGs and free
catalase were evaluated using the standard Goth’s method. Briefly, free catalase and DD-LAGs were
25

digested with proteinase K for predetermined time points (10, 20, 30, 60, 90, 180, 360 mins), then
incubated with H2O2 (50 mM) for 1 min at 37°C, before terminating the reaction by adding
ammonium molybdate (32.4 mM). Unreacted H2O2 was detected by measuring the absorbance at
400 nm using a microplate reader (Infinite 200 PRO, Tecan, Switzerland). H2O2 without free catalase
or DD-LAGs under the same conditions was used as the control. The relative catalytic activity was
calculated using the following equation:
( )

)⁄

(

Where, AbsControl and AbsSample refer to the absorbance measured at 400 nm for the control and
sample, respectively.
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In Vitro Release Studies: The on-demand light-triggered payload release experiments were
performed by placing 400µl of DD-LAGs and their non-light responsive counterpart (DD-AGs) into an
MWCO 2K Slide-A-Lyzer MINI dialysis device with a 2000 molecular weight cut-off (ThermoFisher
Scientific, USA). The samples were dialyzed against 1.4 ml of releasing media, pH 7.4 PBS, and pH 5.0
sodium acetate buffer and incubated at 37°C on a platform shaker at 150 r.p.m. At predetermined
intervals (5, 10, 15, 20, 25 hr), the medium was withdrawn (100µl) for analysis and replaced with the
same amount of fresh medium to maintain the final volume constant during the release experiment.
To measure the light-triggered release, samples were exposed to light (130 mW/cm2) for 4 mins at
the 0h and 8hr time points.
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3D printing hypoxic U-87 spheroids (h-U87): For the fabrication of tumor spheroids, a hybrid method
consisting of liquid overlay technique and drop-on-demand was utilized. Briefly, U87 were harvested
and suspended in α-MEM supplemented with 10% FBS and 1% PS at a cell concentration of (2000
cells/well). 3 mL printing cartridges were then filled with the cell suspension. Using the BIO X™ 3D
bioprinter (CELLINK®, Sweden), cell suspensions were then extruded through 25G needles into each
well of ultra-low attachment 96 well round-bottomed plates. The extrusion pressure used was 20
kPa, and the extrusion time was set to 1 s. Plates were then centrifuged at 1750 rpm for 10 minutes
and first incubated for 6 h in a nitrogen environment and subsequently at 37°C and 5% CO2
concentration for 24h before further studies.
Biocompatibility of B-LAGs: The biocompatibility of Bare light-responsive antigen capturing oxygen
generators (B-LAGs) on 3T3 cells was assessed using the MTS assay (Promega Corp., USA), as
described in the Supporting Information.
Evaluation of Anti-cancer activity: To study the in-vitro anti-cancer potential of DD-LAGs, DD-LAs,
and free payloads (NUT concentration range 0.25-40 µg/ml) were incubated with 3D hypoxic U-87
spheroids, 2D hypoxic U87 cells, and 2D normoxic U87 cells with/without light irradiation (130
mW/cm2, 4 mins). Free NUT, free PpIX, and a combination of NUT and PpIX were also examined at
concentrations similar to the co-loaded micelles. Cell viability of the 3D hypoxic spheroids was
measured using CellTiter-Glo 3D Cell Viability Assay (Promega Corp., USA), and the cell viability of 2D
cell cultures was measured using MTS assay.
The free payloads and the nanoparticulate system's anti-cancer activity was visualized using
Live/Dead Viability/Cytotoxicity Kit (ThermoFisher, USA). Briefly, h-U87 spheroids were incubated
with DD-LAGs (NUT 5µg/ml) for 6 hours with/without light irradiation (130 mW/cm2, 4 mins). Free
NUT, free PpIX, a combination of NUT and PpIX and DD-LAs were tested in concentrations
corresponding to the amounts loaded in DD-LAGs. Images were obtained using confocal microscopy
(FV1000, Olympus Corp., Japan)
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Generation of Reactive Oxygen Species (ROS) of DD-LAGs when exposed light irradiation (130
mW/cm2, 4 mins) was confirmed using DCFH-DA. ROS generation capability was also evaluated for
free payloads and DD-LAs. After incubation with the various treatment groups, the cells were
washed thrice with DPBS and then incubated with DCFH-DA for 45 mins in the dark. Similarly, the
mitochondrial membrane's damage was evaluated using the JC-1 assay (ThermoFisher Scientific,
USA). The positive control group was incubated with CCCP for 5 mins. The control and treated
groups were then stained with JC-1 (5µg/ml) for 30 mins. In both the experiments, the cells were
washed thrice with DBPS at each step and fixed with 4% formaldehyde before analysis using a
confocal microscope.
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The extent of apoptosis in h-U87 spheroids was examined using Annexin V-FITC/PI Apoptosis
Detection Kit (ThermoFisher Scientific, USA). The h-U87 spheroids were incubated with the different
treatment groups at equivalent concentrations with/without light irradiation (130 mW/cm2, 4 mins)
for 6 hours. Spheroids were dissociated to obtain single-cell populations using 0.5% trypsin (100µl).
Annexin V-FITC apoptosis detection was performed using flow cytometry (Cytoflex, Beckman
Coulter) as per the manufacturer’s protocol.
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The cell cycle distribution of h-U87 spheroids treated with DD-LAGs with/without light irradiation
(130 mW/cm2, 4 mins) for 6 hours was evaluated. The spheroids were dissociated in the same
method as mentioned above. The cells were then fixed using cold ethanol (70%) for 1 hr at 4°C,
followed by incubation with RNase A and Propidium iodide (PI) for 30 mins at 37°C in the dark. The
stained cells were then analyzed using a flow cytometer. At each step, the cells are washed thrice
using Dulbecco’s Phosphate Buffered Saline (DPBS).
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Surface expression of Immunogenic Cell Death (ICD) Biomarkers was assessed via immune
fluorescence. h-U87 cells were treated with free NUT, free PpIX, a combination of NUT and PpIX, DDLA, and DD-LAGs with/without light irradiation (130 mW/cm2, 4 mins) at equivalent concentrations
for 6 hrs. The cells were then fixed using 4% formaldehyde, permeabilized using 0.1 % Triton-X, and
blocked using 1% gelatin. Subsequently, the cells were incubated with an anti-calreticulin antibody
for 1 hr at room temperature, followed by incubation with Alexa Fluor 488-conjugated secondary
antibody for 1 hr at room temperature and finally analyzed using confocal microscopy. At each step,
the cells were washed thrice with DPBS.
Extracellular HMGB1 in serum-free media secreted from the cells treated with different groups were
measured using the Human HMGB1 Elisa Kit (Novus Biologicals) by following the manufacturer’s
protocol.
Cellular Uptake of DD-LAGs: The cellular uptakes of equivalent concentrations of Free PpIX, DD-LAs,
and DD-LAGs (PpIX concentration 0.702 µg/ml) were studied using confocal fluorescence
microscopy. The cells were treated with different groups for 3h and 6h. After incubation, the cells
were fixed using 300 µl of 4% paraformaldehyde for 20 mins, stained with 300µl of Phalloidin-IFluor488 (Abcam, UK) for 45 mins and 300 µl of DAPI (ThermoFisher Scientific, USA) for 5 mins. The cells
were washed thrice with DPBS at each step. For flow cytometry, the treated cells were trypsinized,
washed with cold PBS thrice, and immediately analyzed.
Penetration of DD-LAGs into h-U87 Spheroids: h-U87 spheroids were treated with the same
concentrations of free PpIX, DD-LAs, and DD-LAGs as in the cell uptake study for 6 hr. The spheroids
were fixed with 100 µl of 4% paraformaldehyde for 20 mins, permeabilized using 100 µl of 0.1 %
Triton-X for 10 mins, dehydrated, and rehydrated using cold methanol (0, 25, 50, 75, 100 %) for 10
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mins each. The spheroids were incubated with 10 µl of CytoVista 3D cell culture clearing reagent
(ThermoFisher Scientific, USA).
Effects of endocytosis inhibitors on the penetration of DD-LAGs: The h-U87 spheroids were pretreated with a caveolae inhibitor, genistein, or Exo1 at concentrations of 200 µM and 50 µM
respectively for 1 h. Afterward, the DD-LAGs (NUT concentration 5 µg/ml) was added to the
spheroids and incubated for 6 h. The spheroids were washed thrice with DPBS and observed by
confocal microscopy.
Intracellular trafficking of DD-LAGs in h-U87 cells: The h-U87 cells were treated with DD-LAGs for 6 h,
then the macropinosomes were labeled by 70 kDaRhoBdextran (250 µg/ml) for 45 mins, lysosomes
were stained with LysoTracker Green (50 nM) for 45 mins, Golgi and Endoplasmic Reticulum were
marked with Golgi Staining Kit Green and ER Staining Kit Green respectively, according to the
manufacturer’s instructions. A confocal laser scanning microscope was used to capture the images.
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Effects of endocytosis inhibitors on cellular uptake of DD-LAGs: The cells treated with DD-LAGs for 6 h
were washed thrice with DPBS, and the medium was replaced with fresh medium, and subsequently,
four endocytosis inhibitors (dynasore, genistein, chlorpromazine, wortmannin) were added
separately into the cell culture medium at concentrations of 50 µM, 50 µM, 100 µM, and 25 µM
respectively. The cells were fixed and analyzed using confocal microscopy. For flow cytometry, the
cells were trypsinized and washed with DPBS, and the fluorescence intensity in each group was
quantitatively determined using flow cytometry. The cells were washed thrice with DPBS at each
step.
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Transcellular delivery of DD-LAGs: h-U87 cells were seeded on coverslips (i)-(iii) and allowed to
attach for 24 h. The cells on the coverslip (i) were incubated with DD-LAGs (NUT concentration 5
µg/ml) for 4 h. The cells on the coverslip (i) were washed with DPBS thrice and co-cultured with fresh
h-U87 cells grown on the coverslip (ii) in a fresh medium for 12 h. The cells on the coverslip (ii) were
then taken, washed thrice with DPBS, and co-cultured with fresh cells on the coverslip (iii) in a fresh
culture medium for another 12 h. Before imaging on a confocal microscope, the cells were fixed and
stained with DAPI.
Antigen Capturing Ability of DD-LAGs: The h-U87 cells were incubated with NUT and PpIX for 4h, the
cells were then washed with DPBS thrice and exposed to light irradiation (130 mW/cm2, 4 mins).
Subsequently, the cells were incubated in serum-free media for 24 h. After incubation, the
supernatant was collected and centrifuged at 300 g for 5 min to remove the insoluble cellular debris.
DD-LAGs and their non-antigen capturing analogues (DD-LGs) were incubated with antigen
containing supernatants for 24 h. The particle size and zeta potential of DD-LAGs and DD-LGs were
measured before and after incubation.
Dendritic Cell Stimulation: The capacity of DD-LAGs to elicit DC maturation was studied using flow
cytometry. Initially, 1 x 105 Mo-DCs/well were seeded in 24 well plates and incubated for at 37°C for
24 h with DD-LAGs (NUT concentration 5 µg/ml). Similarly, free NUT, free PpIX, a combination of
NUT and PpIX, and DD-LAs, in concentrations correspondent to the amounts loaded in DD-LAGs. The
control group was treated with 50 ng/ml TNF-α and 50 ng/ml IL-1β for 24 hr. The cell suspensions
were then collected and centrifuged at 300 g for 5 mins. After discarding the supernatant, the cells
were re-suspended in cold DPBS (100 µl) containing anti-CD83 (1 µl) and anti-CD83 (1 µl) and
incubated at 4°C for 15 min. The cells were subsequently washed with cold DPBS thrice and
centrifuged at 300 g for 5 min to remove unbound antibodies. Finally, the cells were re-suspended in

28

cold DPBS (100 µl) containing 7-AAD (2 µl) and incubated for 10 min in the dark. The cells were then
analyzed using a flow cytometer.
T-cell differentiation and proliferation: CellTrace Violet Cell Proliferation (5 x 10-6 M) was used to
label the previously isolated CD14- cells by incubating at room temperature for 15 min in the dark.
The cells were then washed thrice with RPMI + 10% FBS. The labeled cells were then re-suspended in
RPMI + 10% FBS. The allogenic stimulated Mo-DCs, as described above, were added to each well at a
concentration of 1 x 105 cells/ml. The labeled CD14- cells were added to the well containing the MoDCs at a concentration of 1 x 106 cells/ml (Mo-DCs: CD14-, 1:10) and incubated at 37°C for 24 h. The
cell suspensions were centrifuged and washed with cold DBPS thrice. As described above, staining
with specific T cells markers and 7-AAD was achieved using the same procedure for DC stimulation.
The cells were re-suspended in cold DBPS (100 µl) containing anti-CD3 (1 µl), anti-CD4 (1 µl) and antiCD8 (1 µl). The samples were analyzed using a flow cytometer.
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Effect on adaptive immunity due to h-U87 Spheroid and DC Coculture: 250 h-U87 spheroids per well
were added to ultra-low attachment 24-well plates and incubated with free NUT, free PpIX, a
combination of NUT and PpIX, DD-LAs and DD-LAGs (NUT concentration 5 µg/ml) with/without light
irradiation (130 mW/cm2, 4 mins) for 24 hr, at equivalent concentrations. The spheroids were
washed thrice with DPBS and co-incubated with 1 x 105 Mo-DCs for 24 h. Subsequently, the cells in
suspension were centrifuged, and the supernatants were stored for further analysis of secreted
cytokines.
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For DC stimulation, the cells were labeled with anti-CD83, anti-CD86, and 7-AAD using the same
protocol mentioned above and analyzed using flow cytometry. The cells in suspension were filtered
through a 100 nm filter to remove the spheroids before analysis.
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To study the T-cell proliferation, the cells were co-cultured with CellTrace Violet labeled autologous
1 x 106 CD14- cells for a further 24 hr. Finally, the cells were stained with anti-CD3, anti-CD4, antiCD8, and 7-AAD as described above and analyzed using a flow cytometer.
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Model formulation: The mathematical models consist of governing equations for the transport of
PpIX and NUT in the nanoparticle-encapsulated form and free form between different tissue
compartments, including tumor extracellular space (ECS), tumor intracellular space (ICS), and
intravascular space (IVS), as well as equations describing the immunotherapy and chemotherapy
efficacy. Similar models have been reported previously with applications in predicting the
performances of different drugs [84, 87, 88]. A summary of the mathematical equations and model
parameters is given in the Supporting Information.
The dynamics processes in drug delivery include drug release from nanoparticles, drug exchange
between IVS and ECS, and influx and efflux of drugs from ECS to ICS. The effect of immunotherapy is
determined by natural killer cells, CD8+ cells, and lymphocytes cells, whose concentrations are
subject to the drug IVS concentrations. The drug release in IVS, tumor ECS, and ICS are simulated,
depending on the local pH value and the release condition (with or without light projection).
Statistical Analysis: Data were calculated and processed as mean ± standard deviation (SD) of at
least three independent experiments. Comparison between groups was analyzed with Student’s ttest. Statistical differences were considered significant at *p < 0.05, **p < 0.01, ***p < 0.001.
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