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Glioblastoma is one of the most intractable tumor types due to the progressive drug resistance upon 

tumor mass expansion. Incremental hypoxia inside the growing tumor mass drives epigenetic drug 

resistance by activating non-genetic repair of anti-apoptotic DNA, which could be impaired by drug 

treatment. Hence, rescuing inter-tumor hypoxia by oxygen-generating microparticles may promote 

susceptibility to anti-tumor drugs. Moreover, a tumor-on-a-chip model a enables user-specified 

alternation of clinic-derived samples. This study utilized patient-derived glioblastoma tissue to 

generate cell spheroids with size variations in a 3D microchannel network chip (GBM chip). As the 

spheroid size increased, epigenetic drug resistance was promoted with inward hypoxia severance, as 

supported by the spheroid size-proportional expression of hypoxia-inducible factor-1a in the chip. 

Loading anti-hypoxia microparticles onto the spheroid surface significantly reduced drug resistance 

by silencing the expression of critical epigenetic factor, resulting in significantly decreased cell 

invasiveness. The results were confirmed in vitro using cell line and patient samples in the chip as 

well as chip implantation into a hypoxic hindlimb ischemia model in mice, which is an 

unprecedented approach in the field. 

 

1. Introduction 

Tumors grow in the form of a cell mass and undergo metastasis when they reach a certain size, 

suggesting an unidentified key role of hypoxia in regulating this process.[1] First, a hypoxic 

environment is created inside a tumor,[2] and the degree of internal hypoxia increases as the tumor 

mass increases, resulting in a stiffer gradient of oxygen level from the surface to the center of the 

tumor mass.[3] Second, the need for oxygen supply into the tumor mass to rescue hypoxia induces 

aggressive vessel growth with leaky and immature characteristics due to the extremely rapid 

propagation of cells upon metastasis.[4] Tremendous efforts have been made in the past decades to 

curb stop every aspect of this process. Although drug treatment to induce apoptosis of tumor cells 

serves as a standard means, drug resistance gets worse during the treatment process because of 

non-genetic (“epigenetic”) repair of anti-apoptotic DNA, which could be impaired by drug 

treatment.[5] Since hypoxia induces epigenetic changes, this study addressed a critical unmet need in 
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the field of cancer research by proving that rescuing the inter-tumor mass hypoxia significantly 

reduces epigenetic drug resistance, and thereby, tumor invasiveness.  

In this study, glioblastoma (GBM) served as a cancer model, as its management and treatment 

remain challenging due to resistance to the standard drug temozolomide (TMZ).[6] This issue often 

leads to a short survival period (average 15–16 months) post operation and chemo-radiotherapy.[7] 

Moreover, substantial growth of GBM masses drives severance of inner core hypoxia as evidenced 

by the increased expression of a hypoxia marker (hypoxia-induced factor-1α: HIF-1α). Its expression 

consequently activates a critical epigenetic modulator (O-6-methylguanine-DNA methyltransferase: 

MGMT),[8] This evidence justifies the selection of GBM as an experimental model.  

Promising clinical results have been reported online from advanced Phase trials of new GBM 

therapeutics in a forms: i) combination of a CDK4/6 inhibitor and an ERK inhibitor, ii) enzastaurin 

(DB102) in combination with temozolomide and radiation, iii) CD200 checkpoint inhibitor. Despite 

the efforts, the clinical model of GBM is still considered highly challenging to investigate because of 

its relatively small patient population in comparison to other cancer types. In addition, long-term 

monitoring is difficult because of the generally low or unexpected survival rate. This situation 

indicates a clear need to employ a new platform that enables a series of studies using biopsy 

samples from the limited patient population, thereby aiding the treatment and management of GBM. 

The key novelties of present study include the new mechanistic insight, the use of two different 

human cancer models for validation, the new application of oxygen releasing microparticles, and the 

new approach to mimic the cancer vasculature using the implantable chip as follows. First, a 

causative mechanism of hypoxia to drive epigenetic alteration and consequent progressive drug 

resistance was elucidated in high resolution using the cancer patient tissue chip and the oxygen 

releasing microparticles. Although continuous efforts have been made to study the drug resistance 

mechanism in treatment of GBM patients, this study could establish a corner stone to consider the 

hypoxia rescue and subsequent anti-cancer effects of oxygen supply towards conceptual 

development of the future drug design. Second, the unique advantage of supplying oxygen in 

suppressing propagation of cancer mass was validated using the different human cancer models. The 

large spheroid (Sp) size of a GBM cell line, patient-derived tumor cells, as well as a laryngeal cancer 

Hep2 cell line mimicked the growing cancer mass with promotion of the hypoxia level inside the Sps. 
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The hypoxia severance and consequent cancer propagation in the models were suppressed by 

treatment of oxygen microparticles in the in vitro and in vivo settings.  

Third, this is the first trial to apply the oxygen releasing particle as a potential therapeutic means to 

treat human cancer patients because the previous studies have focused on only the removal of 

biofilms.[9] Finally, dense 3D microchannel networks in a gelatin hydrogel chip (GBM chip)[10] 

represents a new approach to capture the aggressive propagation of tumor vessels upon the growth 

of GBM masses. Implanting the chip into mouse ischemic hindlimbs reproduced a situation of local 

hypoxia upon tumor growth with leaky vessels. Vessel growth into the chip promotes tumor cell 

invasion into other body parts through perfusion connection of the microchannel network with the 

in-growing host vessels. Together, the results suggest a promising potential of the convergent 

systems for studying an unexplored therapeutic aspect of GBM and other cancer types. 

 

2. Results 

2.1. Justification of rescuing internal hypoxia in the GBM mass 

GBM growth undergoes volumetric expansion in the form of Sp, resulting in the aggravation of 

hypoxia within the Sp due to the incremental limitation of oxygen diffusion as the Sp size increases 

(Figure 1a). Consequently, insufficient oxygen level within the Sps cause an environmental stress, 

and thereby altering the genetic program (i.e., epigenetic change) of GBM cells. In this way, GBM 

cells become more resistant to drug treatment and promote invasiveness, leading to metastasis. 

During the epigenetic change, turning-on and -off of gene expression are regulated by 

unmethylation and methylation, respectively (Figure 1b). As a standard drug for GBM treatment, 

TMZ has been used to induce DNA damage and subsequent cancer cell death. However, when the 

expression of MGMT expression is activated by unmethylation of the cysteine and guanine (CpG) 

island in its promoter region, MGMT repairs DNA that is prone to damage (i.e., anti-apoptotic DNA 

repair), thereby inducing drug resistance and subsequently, the survival of GBM cells. Hypoxia turns 

on MGMT expression because this environmental stress results in unmethylation, whereas 

increasing the oxygen level to achieve normoxia turns off the expression due to methylation, 

justifying the loading of oxygen releasing microparticles (diatom) onto the surface of GBM Sp to 
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rescue the inner hypoxia (Figure 1c). As shown previously,[9] diatom exhibited the morphology of 

micro-scale hollow cylinder (Average diameter and length: 10 and 18 μm) with a porous wall 

structure (Average pore diameter = 500 nm). The diatom produced O2 gas upon reaction with H2O2 

(200 μM), as H2O2 penetrated through the wall pores and quickly decomposed to generate O2 gas. 

The Diatom slightly invaded the surface layer of Sp slightly because of the ejection pressure of O2 

gas, which helped the stable localization on the Sp surface, as visualized by scanning electron 

microscopy (SEM). This approach was expected to turn off the MGMT action through methylation, 

thereby suppressing drug resistance and the subsequent invasiveness of GBM (Figure 1d). 

 

2.2. GBM cell line with Sp generation and characterization  

Before using brain GBM patient-derived cells, the U87 MG cell line, which have the characteristics of 

malignant GBM-derived epithelial cells with adherence (ATCC®HTB-14TM), was first used for 

biosafety. Cells were seeded into anti-adherent (AA) 3D well plates at day 0, Sp formation at day 1, 

Sp packing at day 2, and subsequent 5-day culture to induce internal hypoxia (Figure 2a). Since Sp 

growth required a space of the AA 3D well plate for volumetric expansion, the Sp size increased with 

increasing well sizes (Figure 2b). Thus, culture in AA 3D well plates with diameters of 400, 600, 800, 

and 1,000 μm resulted in the formation of approximately 200, 300, 400, and 500 μm-diameter Sp 

size, respectively. When variations in the Sp sizes were monitored during the 5-day culture on AA 3D 

wells (Figure 2c), all the groups maintained their sizes without any significant changes, although Sps 

appeared to be packed with a slight decrease in diameter at day 2.  

Hypoxia inside the Sp was clearly induced when the diameter reached 500 μm, as indicated by the 

significant increase in HIF1-α gene and protein expression at day 5 post culture in AA 3D microwells 

(Figure 2d-e). Since Sps with 500 μm (Sp 500) and 200 μm (Sp 200) showed the most significant 

differences in HIF1-α expression, these two groups were selected to examine the follow-up 

responses. Ruthenium quenched oxygen, and thus, its fluorescence intensity increased 

correspondingly with a decrease in the oxygen content (Figure 2f). When Sp was treated with 

ruthenium based on this mechanism, Sp 500 exhibited a stiffer gradient of oxygen content from the 

highly oxygenated surface to the hypoxic inner-core compared to Sp 200. Oxygen depletion occurs 
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upon hypoxia occurs when the diffusion of transport mediators (e.g., gas and liquid) is limited. Thus, 

the degree of medium infiltration is responsible for setting up the diffusion limit in the context of cell 

growth. Moreover, compared to a 2D static environment, the diffusion limit might be altered in a 3D 

perfusion environment such as the GBM chip, in which brain microvascular circulation was mimicked 

with the 3D circulation network of microchannels (Figure S1 and S2, Supporting Information). Hence, 

as an indication of Sp size-dependent generation of internal hypoxia, fluorescence medium 

infiltration into Sp 500 versus Sp 200 was tested for 60 min in 2D tissue culture plates (Figure 2g-h) 

and 3D GBM chip (Figure 2i; Figure S3, Supporting Information). The medium infiltration was 

significantly limited in Sp 500 from 30 to 60 min compared to that in Sp 200, regardless of the 2D 

static and 3D perfusion environments, supporting the efficient generation of inner hypoxia due to 

the size barrier. 

The generation of inner hypoxia promoted MGMT protein expression in Sp 500 significantly 

compared to that in Sp 200 (Figure 2j-k), indicating the activation of mechanistic action to increase 

drug resistance because MGMT repairs anti-apoptotic genes for the survival of GBM cells. This result 

was supported by a significant decrease in methylation (turning-off) but a marked increase of 

unmethylation (turning-on) in the MGMT action of Sp 500, as opposed to that of Sp 200, by 

epigenetic alteration (Figure 2l). Invasion of GBM cells into neighboring sites requires remodeling of 

the extracellular matrix to facilitate cell migration, promotes angiogenesis to provide migrating cells 

with oxygen and nutrients, and increases stemness to enhance self-renewal and plasticity. 

Compared to Sp 200, Sp 500 expressed significantly more marker genes indicating: ECM remodeling, 

such as matrix metalloproteinases (MMP)-1, -2, and -9, fibronectin, and protein tyrosine kinase 2 

(Figure 2m); pro-angiogenesis, such as vascular endothelial growth factor (VEGF) and interleukin-8 

(Figure 2n); and cancer cell survival, such as the sex-determining region Y-box 2 (Sox2) (Figure 2o). 

These results indicated a potent role of inner hypoxia in the promotion of drug resistance and the 

subsequent cell invasion of GBM Sp. 

 

2.3. Oxygen microparticle loading onto Sp 500 of the GBM cell line  
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Since among all the test sizes hypoxia was effectively induced by Sp 500, this size was used for 

through the follow-up experiments to determine the rescue effect of loading oxygen-releasing 

microparticles. The concentration of H2O2 only or diatom only was determined to preserve cell 

viability at 3 days of 2D culture of GBM cell line (U87-MG) by varying the concentration of each 

component (Figure S4 a–b, Supporting Information, n = 3). As a result, treatment with oxygen-

releasing particles upon reacting diatom (60 μg mL-1) with of H2O2 (200 μM) maintained the viability 

of U87-MG Sp 500 to the levels of control (no treatment) and other groups (diatom or of H2O2 only) 

(Figure S4c, Supporting Information, n = 6). Oxygen release was confirmed by profiling the of H2O2 

consumption of diatom for 180 min (Figure S5a, Supporting Information, n = 3). As the diatom 

concentration increased, of H2O2 consumption accelerated regardless of the H2O2 concentration. The 

result from varying the of H2O2 concentration (400 or 200 µM) indicates that reacting more of H2O2 

with any given diatom concentration delayed of H2O2 consumption. In particular, the reaction of 

diatom (60 μg/mL) with H2O2 (200 μM) resulted in 40% of H2O2 consumption for the first 40 min, and 

almost depleted H2O2 for the last 40 min. In addition, varying the solution type (PBS, distilled water, 

cell culture media) and temperature (room temperature and 37 °C, n = 3) did not affect of H2O2 (200 

μM) consumption after 180 min of reaction with diatom (60 μg mL-1) (Figure S5b, Supporting 

Information, n = 3). 

Compared to the hypoxia group, the oxygen group efficiently suppressed cell invasion from Sp 

500, as indicated by the invasion distances during the 5-day culture with Matrigel embedding in 2D 

tissue culture plates, while the diatom only or H2O2 only treatment did not show a significant 

suppression effect (Figure 3a; Figure S6 a-b, Supporting Information). In agreement with our 

previous studies,[10a, 11]  the dense 3D channel networks of the cancer environment were mimicked 

by controlling the diameter, density, and complexity of sacrificial fibers using thermo-responsive 

poly (N-isopropyl acrylamide) (PNIPAM). An enzyme-cross-linkable gelatin hydrogel with an average 

thickness 2.5 mm and an average G’ of ~ 652 Pa was used to encapsulate PNIPAM fibers with 

crosslinking to program the pro-angiogenic function, as shown previously.[12] These steps were 

processed above the lower critical solution temperature (LCST = 32 °C) of PNIPAM. The fibers were 

then washed away from the hydrogel body through its gel-sol transition below the LCST with media 

perfusion, thereby equipping the hydrogel with an interconnected network of microchannels with an 
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average diameter of 17.8 µm in the range of 5–36 µm. The perfusion of culture media by the GBM 

chip might supply enough oxygen to rescue the hypoxia effect. Hence, when the GBM chip was used 

for a 3-day culture, analysis of invasion volume ratio showed that the oxygen group suppressed cell 

invasion significantly as opposed to the hypoxia group (Figure 3b). These results suggest the need for 

synergistic action between microchannel perfusion and surface particle loading to rescue the 

hypoxia effect in Sp 500; however, the medium perfusion was not sufficient to reach this level. The 

rescue effect of the oxygen group was confirmed by the significant decrease in HIF-1α protein 

expression (Figure 3c), MGMT gene and protein expression (Figure 3d–e), and the degree of MGMT 

unmethylation (Figure 3f) compared to that in the hypoxia group, although MGMT gene expression 

did not differ between the groups (Figure S7a, Supporting Information). These results support the 

promising utility of particle loading in suppressing GBM invasion. 

Subsequently, the degree of methylation in the CpG island region of the MGMT gene promoter 

was quantitatively determined upon sodium bisulfite conversion (Figure 3g). After bisulfite 

treatment, the 80 base pairs (+8 to +88) of the transcription start site, including 10 CpGs, were 

amplified using polymerase chain reaction (PCR). The PCR products were cloned into the T vector 

using the TA cloning system, and then the subclones were randomly selected, followed by analysis 

with methylation-specific PCR and bisulfite sequencing. As a result, cytosine was either unchanged 

due to methylation (blue) or converted to thymine by unmethylation (red). All 10 CpG sites of Sp 200 

were methylated with all black circles (left figure) and blue peaks in the 1–10 sites (right profile) as 

an indication of suppressed MGMT action (Figure 3h). However, all these sites were unmethylated 

with white circles (left figure) and red peaks (right profile) in hypoxic Sp 500, indicating the activation 

of MGMT action. In this way, anti-apoptotic DNA could be repaired, and consequently, drug 

resistance could be promoted in Sp 500. When oxygen-releasing particles were treated with Sp 500 

(oxygen Sp 500), the level of hypoxia was suppressed to that of Sp 200, as confirmed by all the 

methylated sites (black circles) with all the blue peaks (right profile). 

Next, cell Sps were transferred into ultra-low attachment 96-well plates and treated with TMZ in 

DMSO solution by varying the concentration (0–2 mM) for 24 h. Indeed, the oxygen group 

significantly suppressed drug resistance to TMZ treatment in a concentration range of 1.2 mM 

compared to the that by the hypoxia group (Figure 3i). Moreover, significant decreases in the gene 
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expression of matrix remodeling factors (MMP-1, -2, and -9) and pro-angiogenic factor (VEG) 

validated the suppressive effect of the oxygen group on cell invasiveness, in contrast to the hypoxic 

culture during the 5-day culture of Sp 500 in the GBM chip (Figure 3j-k). 

 

2.4. GBM patient-derived Sp 500 with particle loading 

The results from the cell line Sp 500 were confirmed using GBM patient-derived cells with (oxygen) 

or without (hypoxia) loading of oxygen-releasing microparticles. The oxygen group significantly 

suppressed cell invasion during the 5-day culture of primary GBM Sp 500 with Matrigel embedding 

in 2D tissue culture plate (Figure 4a) and the GBM chip (Figure 4b) in agreement with previous 

results. As indications of the mechanisms suppressing cell invasion, the oxygen group significantly 

reduced HIF-1α gene and protein expression (Figure 4c; Figure S7b, Supporting Information), as well 

as MMP-9 and VEGF gene expression (Figure 4d-e), thereby preventing matrix remodeling and 

vascular oxygen supply, which could be promoted by the hypoxia group. In the same setting, MGMT 

gene and protein expression was suppressed by the oxygen group in contrast to the hypoxia group in 

the GBM chip (Figure 4f-g). Consequently, the oxygen group significantly suppressed drug resistance 

to 0.5–2 mM of TMZ compared to the hypoxia group when Sp 500 was cultured in an ultra-anti-

adherent well (Figure 4h). These results suggested that GMB patient-derived cells were also affected 

by the formation of inner hypoxia within Sp 500, and that particle loading suppressed the 

aggravation of hypoxic actions during cell invasion by preventing matrix remodeling and pro-

angiogenesis, and drug resistance by altering the epigenetic program. 

 

2.5. GBM chip implantation into mouse ischemic or normal hindlimb 

The GBM chip was prepared using the GBM patient-derived Sp 500 and microchannel network chip 

(Figure 5a) as described previously. At day 0, the chip was implanted into either ischemic hindlimb 

without diatom (ischemia-hypoxia group) or normal hindlimb with diatom (normoxia-oxygen group) 

in Balb/c nude mice. These two groups were compared in the following in vivo studies, while the 

ischemia-oxygen and normoxia-hypoxia groups were excluded because the perfusion of culture 
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medium alone was not sufficient to rescue the hypoxia effect, and therefore, the synergistic action 

of oxygen particle loading was also required (Figure 3b). At day 3, early cell invasion was compared 

between the two groups, and at day 7, in vivo imaging system (IVIS) was used to detect cell invasion 

to neighboring organs and determine the shrinkage of Sp mass. Since vascular perfusion was 

restored at 7 days post-implantation (Figure S8, Supporting Information), mice underwent tail vein 

injection of TMZ (40 mg kg-1 d-1) in DMSO post-dilution to 120 μL saline three times at 3-day 

intervals. At day 21, tumor growth in response to TMZ treatment was determined by harvesting the 

tissues. 

At day 3, the normoxia-oxygen group significantly suppressed early cell invasion from Sp 500 into 

the channel and mouse cell areas of the chip compared to the ischemia-hypoxia group (Figure 5b). 

The anti-cell invasion effect of the normoxia-oxygen group continued until day 7 (Figure S9, 

Supporting Information). At day 7, the signal from Sp 500 in the ischemia-hypoxia group was 

significantly attenuated compared to that in the normoxia-oxygen group (Figure 5c). These results 

indicated that hypoxic outward cell invasion caused a decrease in Sp size; however, the synergistic 

effect between normoxia and oxygen particle loading suppressed cell invasion. Indeed, GBM cells 

appeared to move predominantly to the intestine rather than to the heart, lung, liver, brain, and 

spleen in both test groups (Figure 5d). The intensity of the signal from the intestine was significantly 

higher in the ischemia-hypoxia group than that in the normoxia-oxygen group, confirming the anti-

cell invasion effect of sufficient oxygen supply. At day 21 after tail vein injection of TMZ into mice 

three times at 3-day intervals from day 7, the GBM chips with tumor tissues were harvested from 

the hindlimbs, and these samples exhibited histological cancer characteristics with abundant 

expression of the GBM marker, GFAP (Figure 5e).  

Previous studies have reported that the anti-cancer effect of TMZ was not significantly affected by 

the oxygen level, as evidenced by in vitro and in vivo results.[13] In alignment with these reports, the 

normoxia-oxygen group significantly decreased the tumor mass weight and volume compared to the 

ischemia-hypoxia group regardless of TMZ treatment, although TMZ treatment exerted the anti-

tumor effect more effectively compared to the non-treatment condition in both test groups (Figure 

5e). The results suggest the addable anti-tumor effect between TMZ treatment and oxygen 

supplementation, presenting the possibility that the GBM progression was independently affected 
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by these two factors. Oxygenation significantly reduced drug resistance by decreasing MGMT 

expression as well as other critical actions to promote GBM invasion, such as matrix remodeling and 

blood vessel formation (Figure 3j-k and 4c). These addable anti-tumor functions of oxygenation 

appeared to serve as suppressor of GBM progress regardless of TMZ treatment, whereas TMZ 

damaged DNA and induced consequent death of tumor cells.  

Monocytes undergo inflammatory activation to produce tumor-associated macrophages that 

invade GBM tissues, thereby promoting growth and migration of tumor cells.[14] Tumor- associated 

macrophages play a critical role in regulating GBM progression by serving as a potential target for 

immunotherapy with modulation of T cell functions.[15] In particular, as a marker of the immune 

checkpoint, PD-L1 expression in cancer cells helps immune evasion by reacting with PD1.[16] As a 

marker of inflammation, cyclooxygenase-2 (COX-2) expression in cancer cells promotes growth of 

vascular endothelial cells with tumor formation.[17] The two treatment conditions (+/- TMZ) of the 

normoxia-oxygen group significantly reduced the expression of PD-L1 and COX-2 compared to that 

by the TMZ ischemia-hypoxia group, as analyzed in the harvested tissues (Figure 5f). In the ischemia-

hypoxia group, TMZ treatment significantly reduced the expression of PD-L1 and COX-2. These 

results were supported by the same trend in CD31 expression, since propagation of GBM mass relies 

on blood vessels, and thus GBM tissues, are highly vascularized.[18] These results indicate that the 

normoxia-oxygen group possesses anticancer and antiangiogenic effects comparable to those of 

TMZ treatment in the ischemia-hypoxia group. Oxygen-rich conditions appeared to reduce immune 

activation and vessel formation independently from the TMZ effect through an additional 

mechanism, in accordance with the previous results (Figure 5e). 

 

2.6. Validation of the oxygen effect in a laryngeal cancer model 

As another cancer model to prove that the oxygen effect is not specific to GBM, Sp 500 of laryngeal 

cancer cell line (HeLa derivative-2: Hep2) was produced by culturing on the anti-adherent culture 

well for one day (Figure 6a). As described above, inter-Sp hypoxia (Hypoxia) was induced by culturing 

for the next 5 days, followed by treatment of oxygen-releasing microparticles for 3 days (Oxygen). 

Then, these Oxygen and Hypoxia groups were loaded into 3D microchannel chips with media 
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perfusion. Compared to Hypoxia, the anti-tumor effect of Oxygen was evidenced by a significant 

decrease in the volume of Hep2 cell invasion post 3-day culture in 3D microchannel chips (Figure 6b), 

which was most likely due to hypoxia rescue by oxygen releasing as supported by a significant 

decrease in the protein expression of HIF-1α (Figure 6c).  When the chips with two conditions were 

xenografted into the larynx in nude mice (Figure 6d), the anti-cancer effect of Oxygen resulted in 

visible reductions in the tumor size, which were supported by significant decreases in the tumor 

mass and volume (Figure 6e) with suppressed cell propagation in the histological analysis (Figure 6f), 

compared to Hypoxia. These results confirm the hypoxia rescue and consequent anti-cancer effects 

of Oxygen in a different cancer model.  

 

3. Discussion  

Hypoxia, defined as oxygen depletion, induces abnormal changes in cell phenotypes and cell 

death.[19] Tumor growth in the form of cell mass expansion exacerbates internal hypoxia 

progressively, thereby increasing cell death inside the mass, in contrast to outward cell invasion for 

oxygen-mediated survival.[4c, 20] A significant part of this process is the action of hypoxia, which can 

alter the epigenetic program of tumor cells.[8a, 21] This spontaneous process promotes cancer cell 

survival by repairing anti-apoptosis genes, thus interfering with the DNA damaging action of anti-

cancer drugs. Therefore, drug resistance increases in growing tumors with the activation of 

aggressive cell invasiveness towards metastasis.[22] The significant impact of this study lies in the fact 

that this orchestrated process in malignant GBM growth was subjected to a quiescent mode by 

loading oxygen-generating microparticles. 

Biomedical engineering systems add more value to this study beyond the impact of biological 

findings. Currently, most studies on cell Sps and organoids as miniature clinical samples utilize only 

in vitro chip settings in comparison with well-defined animal models.[23] Considering this trend, the 

present study represents a significant advance in that the same microchannel network chip was used 

to validate the results from cancer cell lines to clinical GBM samples as a form of cell Sp, as well as 

from in vitro and in vivo experiments. Especially, implantation of the chip into an ischemic hindlimb 

set up a unique experimental model with important players commonly seen in the cancer 
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environment. The players include i) an ischemic condition resulting from leaky vessels and growing 

tumor mass, ii) fast vessel growth around cancer, and iii) invasion of cancer cells into neighboring 

organs. This unique setting could not be provided by any in vitro or animal model. Moreover, site-

specific control of oxygen release upon user definition was enabled using diatom microparticles 

without any concern of cytotoxicity, indicating a promising potential for clinical application in the 

future. In addition, our previous and current studies established the qualification of microchannel 

hydrogel chip to control the reproducibility of chip quality (e.g., channel size and density, gelatin 

property and function, etc.) and Sp characteristics (e.g., stability, size, etc.) with varying cell 

composition and density during chip culture.[10a, 11-12] The diatom microparticles were also well-

characterized (e.g., fabrication chemistry, oxygen release, physical property, etc.) to remove biofilm 

formation as reported previously.[9] The combination of two advanced technologies synergistically 

promoted the impact of biological findings, which have been difficult to elucidate clearly in the field.       

Although significant progress has been made in this study with respect to interdisciplinary 

biomedical engineering approaches and biological findings, there is still room for further 

investigation. GBM cells are seen as a dominant population in patient tissues, but the growth of 

tumor mass requires cooperative functions of other cell types including stem cells, vascular cells, and 

immune cells.[15] [18] This fact suggests the necessity of developing a more realistic model of cell 

mixture to profile patient-specific drug responses. Hence, as a future model of GBM mass, a small 

piece of GBM patient tissue was obtained via biopsy and directly loaded into the microchannel 

hydrogel chip, thereby culturing the tissue with perfusion (Figure S10). The early result showed 

efficient cell invasion from the tissue point into the surrounding area following microchannels, 

indicating a promising potential for further development as a means of precision medicine. Drug 

delivery into the GBM is considered challenging because of the highly selective permeability of 

blood-brain-barrier (BBB), but the current model with the GBM chip did not include the BBB function 

to determine the drug responses. Hence, as shown previously,[24] a biomimetic structure of the BBB 

will be used to update the drug responses through further efforts.  

The efficacy and efficiency of the system for drug screening will be validated in comparison with 

popular animal models (e.g., patient-derived xenograft).[25] Although the hindlimb ischemia model is 

meaningful to capture the hypoxic cancer environment, implantation of the chip into the brain is 
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required considering the realistic site of GBM occurrence and propagates. The pattern and degree of 

GBM invasion and drug responses within the brain environment will then be compared with the 

present results. In addition, the cancer ECM and brain will be tested as chip material and 

implantation site, respectively, to mimic the GBM environment at a higher resolution. Since the 

causative role of hypoxia in epigenetic alteration may be specific to certain types of cancer, other 

types of cancer will be investigated in the same setting to validate that the present model is not 

specific to GBM. Moreover, epigenetic alterations undergo a different fashion depending on the 

genetic background of the patient.[26] Hence, a more advanced level of analysis with patient samples, 

such as next-generation sequencing, will be applied to elucidate the underlying relationship between 

the genetic background of patients and hypoxia-mediated drug resistance.  

The present study serves as a cornerstone to conduct further studies because the unique concept 

of interdisciplinary systems was proven to work for one of the most intractable cancer types. A 

series of models from cell lines to primary patient cells, as well as from in vitro to in vivo, were 

applied to validate the unique concept. In the field of cancer drug discovery, a significant portion of 

ongoing efforts have been devoted to developing humanized models with user-specified control of 

key variables, thereby increasing the chance of success in clinical applications. Considering this 

situation, our approach may potentially result in a paradigm shift in leading broad interests toward 

the employment of convergent systems covering engineering technology, clinical samples, and basic 

in vitro/in vivo biological science. 
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Figure 1. Justification for loading oxygen-releasing microparticles against incremental GBM mass due 

to aggravation of internal hypoxia. a) The schematic overview presents a causative effect of 

incremental hypoxia upon increases in the size of GBM cell Sp on epigenetic induction of drug 

resistance and consequent GBM invasiveness. b) The illustration explains a major mechanism 

whereby hypoxia activates MGMT expression epigenetically (i.e., unmethylation). As a result, the 

resistance to temozolomide (TMZ) treatment is induced by repairing anti-apoptosis DNA, which 

could otherwise be damaged by TMZ treatment. c) SEM images show GBM cell Sp with surface 

loading of oxygen releasing microparticles (diatom). d) The schematic demonstrates the strategy to 

rescue hypoxia effects (MGMT expression, drug resistance, and GBM invasiveness) via oxygen 

release by diatom particles from the Sp surface. 
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Figure 2. Use of the GBM cell line to generate Sps with increasing diameters and subsequent 

characterization of internal hypoxia, drug resistance, and epigenetic alteration. a) The schematic 

presents the daily procedure for seeding (day 0), Sp formation (day1), and Sp packing (day 2) to 

generate internal hypoxia until day 5. b) The representative optical images show Sp formation of the 

GBM cell line (U87MG) with increasing well size and the consequent Sp size in anti-adherent (AA) 3D 

micro wells, c) followed by analysis of Sp diameter over time by culturing until day 5 (n=5). d) Gene 

and e) protein expression of HIF1-α increase as Sp size increases at day 5 post-culture in AA 3D 

microwells (n=5). f) A stiffer gradient of oxygen content from the highly oxygenated surface to the 

hypoxic inner-core is generated in Sp 500 compared to Sp 200 as determined by quenching oxygen 

using ruthenium, which increases the fluorescence intensity correspondingly in response to 

decreases in the oxygen content. g) As an indication of Sp size-dependent internal hypoxia, 

fluorescence media infiltration into Sp 500 is more limited compared to that into Sp 200 as assessed 

by time-lapse microscopic monitoring for 60 min (scale bar=200 μm) with h) quantitative analysis of 

fluorescence-positive area (%) out of the Sp size (n=4) at 2D tissue culture plate as well as i) in the 3D 

GBM chip. j) Gene (n=5) and k) protein (n=4) expressions of MGMT significantly increased in Sp 500 

with l) significantly more epigenetic activation (methylation-off versus unmethylation-on) compared 

to those in Sp 200 (n=4). Gene expression of m) ECM remodeling factors (MMP-1, -2, -9, fibronectin, 

and PTK2), n) pro-angiogenesis factors (VEGF and IL-8), and o) stemness factor for cancer cell 

survival (Sox2) significantly increased in Sp 500 compared to those in Sp 200 at day 5 post-culture in 

AA 3D microwell, indicating a causative effect of inner mass hypoxia on cell invasiveness (n=5). The 

gene and protein expression vales are presented relative to those of Sp 200 (=1) after normalizing to 

that of GAPDH (gene) or H3 (protein). *P<0.05, **P<0.01, *** P<0.001 versus Sp 500 or between 

lined groups. 
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Figure 3. Use of the GBM cell line to rescue hypoxia effects by loading oxygen-releasing 

microparticles onto Sp to reduce cell invasion and epigenetic drug resistance. a) Cell invasion from 

Sp 500 is suppressed by oxygen-releasing microparticles (oxygen group) at day 5 post-culture with 

Matrigel embedding in 2D tissue culture plate as determined via fluorescence microscopy (left 

images) with quantitative image analysis of invasion distance (right graph) (n=4). b) These results 

were confirmed by 5-day culturing in 3D microchannel chips (left images) with the analysis of 

volume ratio of cell invasion (oxygen to hypoxia) (right graph) (n=4). c) Hypoxia effects are 

suppressed by the oxygen group after 5-day culture of Sp 500 in 3D microchannel chips as evidenced 

by a significant decrease in the expression of HIF-1α protein, thereby significantly reducing d) 

protein and e) gene expression as well as f) activation (unmethylation) of MGMT compared to those 

of the hypoxia group (n=5). g) The methylation degree of the CpG island region in the MGMT gene 

was quantitatively determined upon sodium bisulfite conversion. The 80 base pairs (+8 to +88) of the 

transcription start site including 10 CpGs were analyzed by methylation specific PCR and bisulfite 

sequencing (blue methylation-C vs. red unmethylation-T). h) All CpG sites of Sp 200 were methylated 

(black circle) in Sp 200 as an indication of suppressed MGMT action, whereas these sites were 

unmethylated (white circle) in hypoxic Sp 500. Treatment of oxygen-releasing particles on Sp 500 

(Oxygen Sp 500) rescued the hypoxic effects to the levels of those in Sp 200 as indicated by 

dominant methylation of the sites. i) As a result, the oxygen group significantly reduced drug 

resistance to 1.2–2 mM of TMZ compared to that of the hypoxia group (n=9). Additionally, the effect 

of the oxygen group on the reduction of cell invasiveness is evidenced by the gene expression of j) 

matrix remodeling and k) pro-angiogenic factors (n=5). The gene and protein expression values are 

presented relative to those of Sp 200 (=1) after normalizing to that of GAPDH (gene) or H3 (protein). 

Image scale bar = 200 μm. *P<0.05, **P<0.01, *** P<0.001 between lined groups or versus hypoxia. 
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Figure 4. Use of GBM patient-derived primary cells to confirm the rescue effect of the oxygen group 

on the hypoxia of Sp 500 to reduce cell invasion and epigenetic drug resistance. a) Cell invasion from 

primary GBM Sp 500 is suppressed by the oxygen group at day 3 of culture with Matrigel embedding 

in 2D tissue culture plates as determined by fluorescence microscopy (left images) with quantitative 

image analysis of invasion distance (right graph) (n=4). b) These results were confirmed by 3-day 

culturing in 3D microchannel chips (left images) with the analysis of volume ratio of cell invasion 

(oxygen to hypoxia) (right graph) (n=4). As mechanistic indications, the oxygen group significantly 

reduced the expression of c) HIF-1α protein (n=4), d) matrix remodeling gene (MMP-9), and e) pro-

angiogenesis gene (VEGF) (n=5). Additionally, compared to the hypoxia group, f) marker gene (n=5) 

and g) protein expression representative of epigenetic drug resistance (MGMT) was suppressed by 

the oxygen group (n=4) with h) more abundant pattern of methylation (MGMT-off) seen in 

quantitative sequencing of the CpG island (n=5). i) As a result, the oxygen group significantly reduced 

drug resistance to 0.5–2 mM of TMZ compared to the hypoxia group (n=8). The gene and protein 

expression values are presented relative to those of Sp 200 (=1) after normalizing to that of the 

housekeeping gene GAPDH or protein H3 or β-tubulin. Image scale bar = 200 μm. *P<0.05, **P<0.01, 

*** P<0.001 between lined groups or versus hypoxia. 
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Figure 5. In vivo effects of the oxygen group in the suppression of invasiveness and growth of 

patient-derived Sp 500 during implantation of the GBM chip into mouse ischemic or normal 

hindlimb. a) (Top) the schematic explains the step-by-step procedures to prepare and implant the 

GBM chip into either ischemic hindlimb without diatom (ischemia-hypoxia group) or normal 

hindlimb with diatom (normoxia-oxygen group) in Balb/c nude mice (day 0). (Bottom) the timetable 

overviews daily processes to determine cell invasiveness and tumor growth until the harvest of 

tumor tissues (day 21). b) (Day 3) the left images indicate that early invasion of human patient 

(green nucleus)-derived GBM cells (red GFAP) from Sp 500 to the channel (purple) and mouse cell 

(blue nucleus) areas of the chip is promoted by the ischemia-hypoxia group significantly compared 

to the normoxia-oxygen group. Scale bars = 200 μm. This result was confirmed by the quantitative 

analysis of the invasion volume ratio as presented in the right graph (n=10). c) (Day 7) the left IVIS 

images show that the fluorescence intensity as an indication of Sp mass decreases from day 0 to 7 

significantly more in the ischemia-hypoxia group because of GBM cell invasion into other organs 

compared to the normoxia-oxygen group. This result was confirmed in the quantitative analysis of 

fluorescence intensity as presented in the right graph (n=10). d) (Day 7) GBM cells moved 

dominantly to the intestine compared to the heart, lung, liver, brain, and spleen in both test groups; 

the movement was more promoted by the ischemia-hypoxia group compared to the normoxia-

oxygen group. The results are supported by the left IVIS images with quantitative fluorescence 

analysis of the intestine in the right graph (n=10). e) (Day 21) After tail vein injection of TMZ into 

mice thrice at 3-day intervals from day 7, the GBM chips with tumor tissues were harvested from 

hindlimbs as shown in the optical images (Scale bar = 2 cm) and characterized with H&E and GFAP+ 

staining (Scale bar = 100 μm). Together with the images, the quantitative analyses of tumor mass 

weight and volume (Graphs; dots= n numbers) indicate the addable anti-tumor effects between TMZ 

treatment and oxygen supplementation, with potential independent susceptibilities of GBM to the 

two factors (n=10). f) (Day 21) The harvested tissues underwent immunostaining of a series of 

markers including immune check point marker (PD-L1, left), tumor-associated macrophage (COX-2, 

middle), and vascular marker (CD31, right), followed by quantitative image analysis (n=10). Scale bar 

= 100 μm. *P<0.05, **P<0.01, *** P<0.001 between lined groups. 
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Figure 6. The use of laryngeal cancer model in vitro and in vivo to validate the causative effects of 

oxygen-releasing microparticles on hypoxia rescue and subsequent tumor inhibition. a) Sp 500 

formation of the laryngeal cell line (Hep2) in AA 3D micro wells (scale bar=100 μm). b) In vitro anti-

tumor effect of microparticle treatment (Oxygen) to Hep2 Sp (Hypoxia), as evidenced by a significant 

decrease in the volume of cell invasion (oxygen to hypoxia volume ratio) post 3-day culture in 3D 

microchannel chips (n=4). c) Decreased protein expression of HIF-1α, as an indicative of hypoxia 

rescue in Oxygen to exert the anti-cancer effect (n=4). d) Anti-cancer effect of Oxygen during 

xenografting the laryngeal Hep2 chip system into the indicated location for 42 days (n = 10), as 

evidenced by the smaller tumor sizes compared to Hypoxia with e) quantitative analyses of tumor 

mass weight and volume (dots = n numbers), followed by f) histological (H&E) analysis. scale bar=100 

μm. *P<0.05, **P<0.01, *** P<0.001 between lined groups. 

 

4. Experimental Section 

Cell culture: U87MG (human glioblastoma astrocytoma; passage 17-33) and Hep2 (human 

epidermoid carcinoma of the larynx; passage21-29) cell lines were used for this study after 

purchasing from ATCC (MD, USA). Upon receiving informed consent from patients, GBM tissues were 

obtained during tumor excision surgery following the procedure and guidelines approved by the 

institutional committee of Yonsei University College of Medicine (IRB no. 4-2014-0649). Tissues were 

treated with collagenase type Ⅰ (17100017, Gibco, Carlsbad, CA, USA) and DNaseⅠ (89836, Thermo 

Fisher Scientific, Waltham, MA, USA) at 37 °C for 2 h to harvest primary cells. Samples were 

centrifuged at 2,000 rpm for 5 min, washed in fresh medium with 1% penicillin (PS, 15140-122, 

Gibco) and 10% heat-inactivated fetal bovine serum (FBS, 16000-044, Gibco) twice, and filtered with 

a cell strainer (70 µm pore size, 352350, Falcon, Durham, NC, USA). DMEM/F-12 50/50, 1X 

(Dulbecco’s modified Eagle’s medium/Ham’s F-12 50/50 mix with L-glutamine) was complemented 

with 1% PS and 10% FBS and used to culture cells at 37 °C with 5% CO2. For the culture (passage 6-

14) of primary GBM cells, 20 ng mL-1 of epithelial growth factor (PHG0311, Thermofisher) and basic 

fibroblast growth factor (100-18C, PeproTech, Rocky Hill, NJ, USA) were additionally supplemented 
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to the culture medium. Hep2 cells were cultured using DMEM low glucose with L-glutamine, 1% PS, 

and 10% FBS at 37 °C with 5% CO2. Cells were passaged by treatment with 0.25% trypsin in EDTA 

(25200-072, Gibco) for 3 min, collected by centrifuging at 1,300 rpm for 3 min, and cultured until the 

experiments were conducted. 

Sp production with size analysis: Four sizes (400, 600, 800, and 1,000 µm) of anti-adherent 3D cell 

culture wells (StemFIT 3D® H853400, H389600, H449800, and H2951000, MicroFIT, Hanam, Republic 

of Korea) were used to produce Sp.[27] As a result, Sp with 200-, 300-, 400-, or 500-μm diameter was 

produced using 1.2, 1.5, 2.5, or 3.5 × 106 cells, respectively, and cultured with medium change every 

day. Cell viability was checked by staining with trypan blue, and the cell number was counted using 

an automated cell counter (Countess II FL Automated Cell Counter, Thermo Fisher Scientific). Cells 

were then seeded into the AA 3D cell culture (day 0) and cultured until Sps were formed (day 1) and 

packed (day 2) as observed under optical microscopy (EVOS® Cell Imaging Systems, Thermo Fisher 

Scientific) (Figure 2a). Subsequently, the Sp diameter was analyzed over time until day 5 of culture in 

AA 3D microwells. 

Oxygen content inside Sp: The GBM (U87-MG) cell line was cultured in tissue culture polystyrene 

(TCPS) and incubated with DiI cell-labeling solution (1:200 ratio, V22885, Thermo Fisher Scientific) in 

culture medium for 30 min at 37 °C with 5% CO2. DiI+ cells (1.2 or 3.5 × 106) were then transferred 

onto AA 3D microwells to produce Sps of 200- or 500-μm diameter and cultured for 5 days by 

changing the medium every day, thereby inducing internal hypoxia. DiI+ Sps were collected into EP 

tubes and treated with 0.5 mM of Tris (4,7-diphenyl-1,10-phenanthroline) ruthenium (II) dichloride 

(044123, Alfa Aesar, Haverhill, MA, USA) in methanol at room temperature for 2 h, followed by PBS 

washing for 30 min and confocal imaging (LSM 780, Zeiss, Oberkochen, DEU) with quantitative image 

analysis. 

Oxygen-releasing microparticles with characterization: The oxygen-releasing microparticle 

(diatom) was produced in the form of hollow cylindrical biosilica with MnO2 nanosheets, as 

previously published.[9] Briefly, diatom microparticles (2 g) were added to a toluene solution (60 mL) 

in a tree-neck round-bottomed flask with a thermometer, a reflux condenser, and an N2 gas tube, 

followed by the addition of 600 μL distilled water with stirring for 2 h at room temperature. Then, 

3.4 mL of (3-aminopropyl) triethoxysilane (APTES, Sigma-Aldrich, St. Louis, MO, USA) was reacted 
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with the mixture by refluxing for 6 h at 60 °C, followed by cooling and washing with toluene, 2-

propanol, and distilled water thrice. The sample was vacuum dried in a desiccator for 2 days. Finally, 

amine-substituted diatoms (0.1 g) were added to 1 mL of potassium permanganate (50 mM, KMnO4, 

Sigma Aldrich) solution, which was sonicated for 30 min at room temperature. Then, the sample was 

filtered and washed with distilled water and ethanol thrice, followed by drying in an oven for 1 day 

at 60 oC. Subsequently, the oxygen-releasing microparticles (60 μg mL-1) in culture medium were 

treated onto the surface of Sps and incubated for 10 min. The sample was reacted with H2O2 solution 

(200 μM, H1009, Sigma-Aldrich) during a 2-day culture, with medium change every day. 

When U87-MG cell were subjected to TCPS culture or Sp culture in ultra-low attachment 96-well 

plates, cell viability was determined after treatment with the microparticles (0–100 μg mL-1) with or 

without H2O2 (100–1000 μM) for 3 days. The Cell Counting Kit-8 (CCK-8) assay (1:10 ratio, Dojindo 

Molecular Technologies, Inc., Rockville, MD, USA) was used to read the absorbance at a wavelength 

of 450 nm using a plate reader. As an indication of oxygen release, the consumption of H2O2 by 

microparticles was measured over 180 min using a quantitative peroxide assay kit (23280, Thermo 

Fisher Scientific). First, a standard curve of concentration was generated using a series of dilutions 

from 500 μM H2O2 in ultrapure water. Subsequently, microparticles (0, 20, 60, or 100 μg mL-1) were 

reacted with H2O2 (200 or 400 μM), and the reaction was halted by adding a stopping reagent 

according to the assay protocol. The test was carried out by varying the reaction solution (PBS, 

distilled water, and cell culture media) at room temperature or 37 °C. Decremental changes in the 

concentration of H2O2 were measured by reading the color signal at a wavelength of 595 nm using a 

plate reader. 

GBM chip with channel diameter analysis: A GBM chip was produced by embedding cell spheroids 

in a microchannel network hydrogel using five different baches of PNIPAM (Mn ~ 85,000, Sigma-

Aldrich) and gelatin as a sacrificial and hydrogel material, respectively, following our recent 

reports[8c, 10] (Figure S1, Supporting Information). The PNIPAM fiber diameter was controlled by 

adjusting the RPM (2500–2800 rpm) of a custom-built spinning device[8c] after dissolving in a MeOH 

solution (46% w v-1). The fibers were placed in a PDMS mold at a density of 11.45 ± 3.13 μg mm−3, 

and a silicone tube was then placed to connect with the fibers at the inlet and outlet sides. In this 

way, medium or blood could be perfused into the inlet silicone tube, then throughout the fiber-
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generated channel network, and finally to the outlet silicone tube. Subsequently, a gelatin/microbial 

transglutaminase (mTG, 1201-50, Modernist Pantry LLC, Eliot, ME, USA) solution (10% w v-1) with cell 

Sps was poured onto the fibers, followed by cross-linking at 37 °C for 30 min, thereby embedding 

spheroids into the chip. The embedded fibers were dissolved from the mTG hydrogel by the sol–gel 

transition of PNIPAM at room temperature with PBS. After placing the GBM chip in-between slide 

and cover classes, the distribution of chancer diameter was analyzed via optical imaging (EVOS® Cell 

Imaging Systems, Thermo Fisher Scientific) using Image J (Fiji). The peristaltic pump (BT100-1L-A, 

Baoding Longer Precision Pump, Hebei, CHN) was used to perfuse the culture medium into the 

microchannel network at a continuous flow rate of 376.9 μL min-1 at 37 °C with 5% CO2, as previously 

described.[8c, 10a] 

Media infiltration into Sp: U87-MG cells were labeled with DiI, and Sps were produced as 

described above. Sp 200 or Sp 500 μm was then cultured for 5 days either in 2D TCPS or 3D GBM 

chip and treated with green fluorescence staining solution (1:500 ratio, F10720, Thermo Fisher 

Scientific) in culture medium, followed by time-lapse confocal imaging (LSM 780, Zeiss) for 60 min. 

For the 3D GBM chip, the fluorescence medium was perfused as described above. In this way, the 

green fluorescence-positive area (%) of Sp size upon media infiltration was determined as an 

indication of internal hypoxia degree via image analysis using ImageJ (Fiji, National Institute of 

Health, MD, US). 

2D and 3D cell invasion: Two groups of GBM and Hep2 Sp 500 with (oxygen) versus without 

(hypoxia) loading of oxygen-releasing microparticles (60 μg ml-1) were compared. For 2D cell invasion, 

these groups as well as Sps with only diatom or only H2O2 (200 μM) were embedded with 200 μl of 

Matrigel (18–22 mg ml-1, 354248, Corning, One Riverfront Plaza, NY, USA) in each 24-well plate, 

followed by media addition and incubation at 37 °C for 10 min to solidify the Matrigel. For 3D cell 

invasion, the two groups were cultured in the GBM chip with media perfusion as described above. At 

the end of the culture, cell invasion into Matrigel or GBM chip as a quantitative value of invasion 

distances (2D) or volume (3D) from spheroids was determined by Live/Dead staining (L3224, Thermo 

Fisher Scientific). Cell nuclei of 2D and 3D assays were visualized by NucBlue live cell staining 

(ReadyProbesTM reagent, R37605, Thermo Fisher Scientific) and with DAPI, respectively. 

Microchannels were stained with dark red fluorescence staining solution (F10720, Thermo Fisher 
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Scientific) in PBS (1:250 dilution). As a preliminary step before live imaging in the 2D invasion assay, 

cells were fixed in 4% paraformaldehyde (PFA) for 1 h at 4 °C, followed by staining with F-actin (R415, 

Thermo Fisher Scientific) and the nuclei with rhodamine-conjugated phalloidin and DAPI, 

respectively. The samples were subjected to confocal imaging (LSM 780, Zeiss) with quantitative 

image analysis using Imaris 7.3 (Bitplane, Belfast, GBR). In particular, 3D cell invasion in the GBM 

chip was captured using z-stack confocal imaging through the projection of maximum intensity with 

conversion to 2D images, followed by analyzing the surface volume of live cells. 

qRT-PCR: Total RNA was extracted from cell Sps using TRIzol reagent (15596018, Thermo Fisher 

Scientific), and cDNA was produced through reverse transcription of 1 μg of RNA using AccuPower 

Cycle Script RT Premix (Bioneer, Daejeon, Republic of Korea). Quantitative PCR analysis was 

conducted using cDNA, SYBR Green, and primer (Table S1, Supporting Information) in a StepOne 

Real-Time PCR system (Applied Biosystems, Foster City, CA) through 40 cycles of target gene 

amplification with holding stage at 95 °C for 10 min, denaturation at 95 °C for 1 min, and annealing 

at 60 °C for 1 min. The relative value of gene expression was calculated by comparing with the Ct for 

the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase. 

Western blot: Sps were dissociated by resuspending in a cytoplasmic extraction reagent lysis 

buffer (78833, Thermo Fisher Scientific) with 1X protease inhibitor (78430 Thermo Fisher Scientific) 

on ice by syringe shattering with varying needle diameters (28 and 31G) following the procedure of 

nuclear protein extraction assay kit (78833, Thermo Fisher Scientific). Subsequently, protein 

concentration was determined using a BCA protein assay kit (Pierce, Rockford, IL, USA). Protein 

samples were subjected to SDS-polyacrylamide gel electrophoresis (10% w v-1, 4561094, Bio-Rad, 

Hercules, CA, USA), followed by electro-transfer onto a nitrocellulose membrane. (iBlotTM 2 Gel 

Transfer Device, Invitrogen, Carlsbad, CA, USA). The membrane was blocked with 5% non-fat dry 

milk in Tris-buffered saline buffer (TBST) containing 0.1% Tween-20 for 1 h at room temperature. 

The membrane was then incubated with mouse monoclonal anti-Hif-1α antibody at 1:500 dilution 

(Novus Biologicals LLC, Centennial, CO, USA), rabbit polyclonal anti-histone H3 antibody at 1:5,000 

dilution (ab1791, Abcam, Cambridge, MA, USA), or mouse monoclonal anti-MGMT antibody at 

1:1,000 dilution (Novus Biologicals LLC) overnight at 4 °C. After washing with 1X TBST thrice, the 

samples were treated with secondary antibodies at 1:5,000 dilution including anti-rabbit IgG 
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antibody (Abcam) for H3 and beta-tubulin (ab6046, Abcam) or anti-mouse IgG antibody (Abcam) for 

Hif-1α and MGMT. Protein bends in the membranes were imaged using a chemiluminescence 

imaging system (ImageQuantTM LAS 4000, GE Healthcare Life Sciences), followed by quantitative 

image analysis using ImageJ (Fiji). 

Drug resistance: Cell Sps were transferred into ultra-low attachment 96-well plates and treated 

with TMZ (T2577, Sigma-Aldrich) in DMSO solution by varying the concentration (0–2 mM) for 24 h 

at 37 °C with 5% CO2. Cell viability was then assessed using a Cell Counting Kit-8 (CCK-8) assay (1:10 

ratio, Dojindo Molecular Technologies, Inc., Rockville, MD, USA), and the corresponding absorbance 

was determined at a wavelength of 450 nm using a plate reader. 

DNA methylation: When genomic DNA undergoes epigenetic alteration,[28] bisulfate treatment 

converts unmethylated cytosines to thymidine, whereas methylated cytosines remain unchanged. 

Hence, genomic DNA was first extracted from cells using a gDNA clean up kit (Zymo Research Corp., 

Orange, CA, USA). Subsequently, the genomic DNA (2000 ng) was purified and treated with bisulfite 

using an EZ DNA methylation-gold kit (Zymo Research Corp., Orange, CA, USA) according to the 

manufacturer’s instructions. Finally, as a marker of epigenetic alteration in the promoter region of 

MGMT, methylation of bisulfite-treated genomic DNA was profiled in a two-stage 7500 Real time 

PCR system (Applied Biosystems, Foster City, CA). The following primers specific to the methylated 

fraction of the MGMT promoter were used: unmethylated 5’-TTTGTGTTTTGATGTTTGTAGGTTTTTGT-

3’ (sense) and 5’-AACTCCACACTCTTCCAAAAACAAAACA-3’ (antisense); methylated 5’-

TTTCGACGTTCGTAGGTTTTCGC-3’ (sense) and 5’- GCACTCTTCCGAAAACGAAACG-3’ (antisense). Each 

reaction was processed in a total volume of 20 µL with 1 µL of bisulfite-treated DNA as a template, 

10 µL of PCR premix TaKaRa ExTaq (TaKaRa, Otsu, Japan), and 10 pmol of each forward and reverse 

primer specific to the unmethylated or methylated fraction of the MGMT promoter as described 

above. The Meth Primer[29] program, which is available online, was used to determine the location of 

cytosine/guanine-rich CpG islands in the promoter region of MGMT. 

Genomic DNA Sequencing post bisulfate treatment: Since the presence and absence of 

methylation were determined in genomic DNA after bisulfate treatment, the specific location and 

amount of thymidine resulting from the methylation of cytosine were analyzed. After bisulfite 

treatment, genomic DNA was subjected to PCR to amplify the region of cytosine/guanine-rich CpG 
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islands in the promoter region of MGMT regions. The following M13F primers were used: Forward, 

5-TTGAGTTAGGTTTTGGTAGTGTTTAG-3; and Reverse, 5-CCTTTTCCTATCACAAAAATAATCC-3′. 

Subsequently, the PCR products were purified using a Gel and PCR Clean-Up Kit (COSMO Genetech, 

Korea). The purified products were then inserted into the pMD20 T vector using Mighty Ligation Mix 

(TaKaRa, Otsu, Japan) and cloned by transforming competent Escherichia coli (E. coli strain DH5α) 

with the ligation products between the PCR product and vector following standard procedures. The 

E. coli colonies that survived from cloning were selected, and the plasmid products were extracted. 

Finally, the plasmid products were sequenced using the M13F primers to identify the location of 

methylated cytosine (thymidine) in CpG islands. The corresponding degree of methylation was 

calculated as the percentage of either the unmethylated or methylated CpG part out of the total 

CpG content. 

Animal study with Laser Doppler Imaging (LDPI): All animal experiments were granted by the 

Institutional Animal Care and Use Committee (IACUC) of Yonsei University College of Medicine 

(authorization number #2019-0205). Two groups of GBM Sp 500 with (oxygen) versus without 

(hypoxia) loading of oxygen-releasing microparticles were embedded into GBM chips, followed by 

implantation of the hypoxia and oxygen groups into mouse ischemic (Ischemia-Hypoxia) and normal 

(Normoxia-Oxygen) hindlimbs, respectively. In this way, the synergistic effect of oxygen availability 

by combining normoxia and oxygen-releasing microparticles for GBM cell invasion from Sps (500 μm) 

was compared with the ischemia-hypoxia group. Briefly, BALB/c nude male mice (6-week-old, 20–25 

g Orient bio, Seungnam, KK, Korea) were anesthetized through intraperitoneal injection of blended 

zoletil (50 mg kg-1) and xylazine (10 mg kg-1). Ischemia was induced by ligating the upper and lower 

points of the femoral artery in the right hindlimb of each mouse using 4–0 silk, followed by cutting 

out the artery between the ligation points.[10b] Subsequently, the GBM chip (3 mm × 2 mm × 2 mm) 

with or without microparticles was implanted into the ischemic or un-operated (normal) duct region 

of the hindlimb (n=3 mice) for 3, 7, and 21 days. 

LDPI (Moor Instruments, Devon, UK) was used to determine the degree of perfusion recovery over 

time after hindlimb ischemia surgery. Mice were anesthetized through intraperitoneal injection of 

blended zoletil (50 mg kg-1) and xylazine (10 mg kg-1) and subjected to LDPI imaging while holding 
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their legs on a heat pad. In this way, the recovery of blood perfusion into the implant point was 

visualized at days 0 and 7 post-surgery. 

In vivo cancer invasion: Patient-derived GBM cells were stained with DiD cell labeling solution 

(V22887, Thermo Fisher Scientific) in culture medium (1:200 dilution) at 37 °C with 5% CO2 for 1 h. 

Afterward, Ischemia-Hypoxia and Normoxia-Oxygen groups were produced and implanted into 

mouse hindlimbs as described above. At days 0, 3, and 7 post-implantation, mice were sacrificed 

using isoflurane, and GBM chips and organs were harvested. Three-day cell invasion from Sp 500 to 

the channel and mouse cell area within the GBM chips was determined by staining the harvested 

GBM chips. Briefly, the harvested GBM chips were fixed with 4% PFA in PBS solution at 4 °C for 1 h 

and washed with PBS thrice. Cells were then permeabilized using PBS containing 0.5% TritonX-100 

with 10 mM N-(2-Hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid) (HEPES, 83264, Sigma-Aldrich) 

at room temperature for 30 min, followed by PBS washing three times. Samples were then blocked 

with PBS containing 0.1% TritonX-100, 1% BSA, and 0.3 M glycine at room temperature for 1 h. 

Additionally, samples were incubated with mouse monoclonal anti-human nuclear antigen antibody 

(ab191181, Abcam) at a 1:100 dilution to distinguish human cells from mouse cells, and rabbit 

polyclonal anti-GFAP antibody (ab7260, Abcam) at 1:250 dilution at 4 °C overnight. After washing 

with PBS thrice, the samples were treated with secondary antibodies at 1:500 dilution, including 

fluorescein (FITC)-conjugated AffiniPure goat anti-mouse IgG (115-095-003, Jackson Immuno 

Research, West Grove, PA, USA) for human nuclei, as well as Alexa Fluor 594-conjugated AffiniPure 

goat anti-rabbit IgG (111-585-003, Jackson Immuno Research) for GFAP at room temperature for 2 h. 

After washing with PBS thrice, the nuclei of both human and mouse cells were counterstained with 

DAPI, followed by z-stack confocal imaging (LSM 780, Zeiss). The number of cells positive for both 

GFAP and human nucleus staining outside Sp was analyzed using Imaris (v.7.2, Bitplane). 

Furthermore, the 7-day movement of cancer cells to other organs was determined by imaging the 

whole body and harvested organs using the IVIS spectrum (PerkinElmer, Waltham, MA, USA) at 

644/665 nm (wavelength) as described above. 

In vivo cancer response to TMZ: At day 7 post-implantation of ischemia–hypoxia and normoxia-

oxygen groups into the hindlimbs, mice underwent tail vein injection of TMZ (40 mg kg-1 d-1) in 

DMSO post-dilution to 120 μL saline thrice at 3-day intervals. At day 21 post-implantation, mice were 
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sacrificed with isoflurane, and tumor tissues with chips were harvested to analyze drug response. 

Mass and volume of tumor tissues were measured using a caliper tool, followed by fixation in 4% 

PFA at 4 °C overnight, PBS washing, paraffin embedding, and block sectioning for histological analysis. 

Hematoxylin and eosin (H&E) staining was conducted according to standard procedures using 

optical microscope imaging (Leica DMi8, Wetzlar, Germany). Immunostaining was conducted by first 

deparaffinizing and rehydrating sections and subjected to antigen retrieval by incubation with target 

retrieval solution low-pH buffer (k8005, Agilent Dako, Santa Clara, CA, USA) for GFAP staining or 

target retrieval solution (k8004, Agilent Dako) for the other markers in PT Link (Agilent Dako) at 95 °C 

for 20 min. Endogenous peroxidases were inactivated by incubation in 3% H2O2 solution for 10 min, 

followed by TBS washing and blocking with 5% BSA in PBS. Samples were then incubated with rabbit 

polyclonal anti-GFAP antibody (ab7260, Abcam) at a 1:1,000 dilution or with rabbit antibodies 

against PD-L1 (13684, Cell Signaling Technology, Danvers, MA, USA), CD31 (ab28364, Abcam), and 

COX-2 (ab102005, Abcam) at a 1:200 dilution at room temperature for 1 h. The samples were then 

treated with a secondary HRP-labeled polymer anti-rabbit antibody (k4003, Agilent Dako) at room 

temperature for 20 min. DAB development solution (k3468, Agilent Dako) was added to the samples 

for 5 min, followed by washing with DI water, counterstaining with hematoxylin (k8008, Agilent 

Dako), and optical imaging (Leica). The DAP intensity of PD-L1, COX-2, or CD-31 signal was converted 

to the corresponding optical density, which was quantitatively analyzed using ImageJ (Fiji). 

Orthotopic xenograft model of chip with laryngeal cancer Hep2 Sp in mice: The larynx in BALB/c 

nude mice (n=10, 6 weeks old, male) was exposed by a midline incision on the neck. Then, Hep2 Sp 

chips with (Oxygen) or without (Hypoxia) oxygen-releasing microparticles were implanted into the 

site, followed by suturing the incision with 6-0 vicryl. For 42 days post implantation, the mice 

underwent CO2
 euthanasia, and tissue samples of laryngeal tumour mass were harvested to 

determine tumor size and volume at the indicated time points. The results were presented using R-

studio (v.1.4.1106, Boston, MA, USA) ggplot2 library. Next, tissue samples were fixed using 4% 

paraformaldehyde solution at 4 ℃ for 24 h and sectioned in 5 μm thickness within paraffin, followed 

by H&E staining as described above. 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

Statistical Analysis: All statistical analyses were performed using Excel and SigmaPlot 12.0 (Systat 

Software Inc., San Jose, CA, USA). Pairwise comparisons of Sp 200 versus Sp 500 groups or the 

hypoxia versus oxygen groups were performed using a two-tailed Student's t-test. One-way analysis 

of variance with Tukey’s significant difference post-hoc test was conducted for multiple comparisons 

of Sp cell viability, media infiltration area, and gene or protein expression. Results are expressed as 

mean ± standard deviation. The sample size (n number) is denoted in the corresponding section. 
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Glioblastoma patient cell spheroids were cultured in a 3D microchannel network chip. As the 

spheroid size increases, epigenetic drug resistance is promoted with inward hypoxia severance. 

However, loading oxygen-releasing microparticles onto the spheroid significantly reduces drug 

resistance with epigenetic alteration, suppressing cell invasiveness. The in vitro results were 

confirmed by chip implantation into a hypoxic hindlimb ischemia model in mice. 

 


