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Advancing Targeted Drug Delivery in Glioblastoma
Multiforme Through Biomimetic Nanomedicine Using 3D

Tumor-On-a-Chip Model

Twinkle Jina Minette Manoharan, Ting-Yun Wang, Shivani Mantri, Hanan Alarnous,
Shwetal Mehta, Kuei-Chun Wang,* and Mehdi Nikkhah*

1. Introduction

The prognosis of glioblastoma multiforme (GBM) remains dismal,

despite standard treatment regimens. A key challenge in treating GBM

is the persistence of glioma stem cells (GSCs) within the perivascular niche
(PVN) — a protective tumor microenvironment (TME) that is often associated
with inadequate drug penetration. Current preclinical models do not capture
complexity of the human TME, particularly the vasculature and niche-s pecific
interactions that drive GBM progression. To overcome these limitations,

an innovative 3D ex-vivo tumor-on-a-chip (TOC) platform is engineered

to accurately replicate the structural and functional characteristics of the PVN.
Using this platform, this study demonstrates that monocyte membrane-coated
nanoparticles (MoNP) effectively target the abnormal tumor microvasculature,
offering a promising approach to enhance drug delivery to these hard-to-reach
GSCs. The results show that the therapeutic agent verteporfin, when delivered
via MoNP, significantly inhibited GSC growth and invasiveness, while

the free-form drug showed minimal efficacy. Comprehensive transcriptomic
profiling and cytokine analysis validated the TOC model's ability to reflect
authentic GSC responses and confirmed that MoNP-mediated verteporfin
delivery effectively modulates key tumor-related signaling pathways.

This integrated TOC-MoNP platform represents a clinically relevant tool that
bridges the gap between traditional preclinical models and human disease,
providing new opportunities for developing more effective GBM therapies.
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Glioblastoma multiforme (GBM), the most
aggressive and lethal form of brain tu-
mor in adults, presents a formidable dlin-
ical challenge.!!l Despite multimodal in-
terventions such as maximal surgical re-
section, radiation, and chemotherapy, the
outlook for patients remains poor, with
only 5% surviving beyond 5 years after
diagnosis.Zl Growing evidence implicates
glioma stem cells (GSCs), as central drivers
of tumor growth, invasion, and therapeu-
tic resistance, contributing to GBM progres-
sion and recurrence.®! Studies have demon-
strated that GSCs preferentially cluster
around tumor blood vessels, within a spe-
cialized tumor microenvironment (TME)
known as the perivascular niche (PVN).1
Beyond supplying nutrients to support tu-
mor growth, the PVN acts as a protective
sanctuary for GSCs, shielding them from
immune surveillance.®! Furthermore, the
close proximity of GSCs to the capillar-
ies within the PVN promotes infiltration
of normal brain parenchyma.®! Given the
tumor-promoting role of the PVN,** 7] ther-
apeutic strategies targeting this critical and
specialized niche represents a promising approach to eradicate
GSCs and combat the persistence and aggressiveness of GBM.
The brain vasculature is characterized by a specialized en-
dothelium with highly developed tight junctions that forms the
blood-brain barrier (BBB), posing a major obstacle to GBM treat-
ment by limiting the delivery of therapeutic agents to the TME.!®]
Although GBM often exhibits compromised BBB due to en-
dothelial cell (EC) dysfunction and loss of junctional integrity,
the passive enhanced permeability and retention (EPR) effect re-
mains insufficient to allow adequate therapeutic accumulation
within the PVN, hindering effective administration of therapeu-
tic regimens.!! To address these challenges, emerging strategies
employing both physical- and chemical-mediated drug delivery
methods have been explored for their potential to selectively tar-
get the GBM PVN and improve the therapeutic outcomes.!!%! For
instance, focused ultrasound combined with microbubbles can
temporarily disrupt the BBB at the tumor site, enabling localized
drug delivery.!'® '] On the other hand, conjugating drug carriers
with targeting molecules, such as RGD or angiopep-2 peptides,
leverages the high expression of integrins and LRP1 receptors
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on tumor-associated ECs to achieve active delivery to the GBM
PVN.I°® 2] Despite these advancements, delivering therapeutics
to the GBM PVN with high precision and consistency remains a
significant hurdle.®> 131

One defining feature of the GBM TME is the continuous
infiltration of macrophages derived from circulating mono-
cytes, which migrate across the compromised BBB into the
PVN.[" This pathological characteristic offers a unique opportu-
nity to specifically target the GBM PVN. Cell membrane-coated
nanoparticles, which leverage the unique biomimetic properties
of plasma membrane of source cells to enhance targeting, stealth-
iness, and biocompatibility, have garnered significant attention
for improving drug delivery and have demonstrated promis-
ing results in various disease models.I”®! Building on this ap-
proach, our team recently developed a monocyte membrane-
coated nanoparticle (MoNP) platform capable of selectively tar-
geting inflamed and dysfunctional ECs in atherosclerotic blood
vessels while sparing healthy vascular regions. More importantly,
therapeutic agents delivered by MoNP exhibited an enhanced ef-
ficacy in suppressing lesion progression compared to their free
drug counterparts.''®! Given these findings and the pathologi-
cal features of GBM vasculature, we hypothesized that MoNP
could serve as a promising targeted delivery strategy to enhance
precise delivery and drug accumulation within the PVN, en-
abling a more significant therapeutic effect on GBM growth and
invasion.

Patient-derived xenograft (PDX) models are often considered
as the gold standard for studying responses to cancer treat-
ments, including those for GBM.I'] However, their limitation
in accurately replicating the TME observed in human tumors,
heterogeneity between samples, and cross-species difference re-
strict their ability to effectively model niche-specific tumor be-
havior and hampers the understanding of the impact of PVN-
targeted treatments.I'®! To overcome these obstacles, we have
harnessed a 3D ex vivo tumor-on-a-chip (TOC) model, offer-
ing a more precise and reproducible mimicry of specific niches
within the TME. A notable innovation is our establishment of a
microfluidic GBM TOC platform with well-defined organotypic
architecture. This system was previously employed to investi-
gate interactions between patient-derived GSCs, ECs and as-
trocytes, revealing that both ECs and astrocytes synergistically
promoted GSC migration.!’%! These findings highlight the criti-
cal role of the TME components in shaping GSC behavior and
reinforce the utility of the 3D TOC in mimicking the com-
plex interactions within the GBM PVN, thus providing a rele-
vant platform to evaluate niche-targeted therapeutics on GBM
progression.[!% 2]

To advance GBM drug development, our research team in-
tegrates two complementary platforms, the MoNP delivery sys-
tem and the organotypic GBM TOC model, to assess the effi-
cacy of PVN-specific therapeutic delivery.!61%l Specifically, the
TOC features well-defined regions, including the tumor core,
stroma, and a microvascular network (uVN) (Figure 1).11% 20
The model stands out for its spatial organization, recapitulat-
ing the capillary structures surrounding the tumor core and
stroma regions within the PVN and effectively mimicking key
cell-cell interactions within a 3D extracellular matrix (ECM) en-
vironment. Further, we incorporate primary human brain mi-
crovascular endothelial cells (hBMECs), vascular pericytes (hB-
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VPs) and patient-derived GSCs, enabling the integration of
brain-specific vascular architecture surrounding GSCs to more
faithfully recapitulate the GBM PVN. Leveraging this model,
we utilize MoNP to deliver verteporfin (VP) to inhibit Yes-
Associated Protein (YAP) signaling, which is highly activated
in tumor-repopulating GSCs.[!l We evaluate the efficacy of this
PVN-targeted nanodrug in suppressing invasive GSC behavior
within the TOC. Our results from invasion assays, morphome-
tric analysis, transcriptomic profiling, as well as cytokine ar-
ray provide compelling evidence that MoNP-mediated VP deliv-
ery offers significant therapeutic advantages over its free-drug
counterpart in treating GBM. To the best of our knowledge,
this is the first study to integrate biomimetic nanomedicine
with microfluidic TOC model for evaluating PVN-targeted GBM
therapy.

2. Results
2.1. Establishing pVN in 3D Microfluidic TOC

The three-layered microfluidic model has three distinctive re-
gions namely: tumor, stroma and pVN region surrounded by
two flanking media channels as described in our previous
studies.!' 2% 22¢] Each of these regions are separated by the pres-
ence of hexagonal and trapezoidal microposts that help in pro-
viding the necessary surface tension to hold the hydrogel in its
respective region. Prior to encapsulation of tumor within the
model, pVN was established as detailed in Figure 2A. Briefly,
hBMECs and hBVPs were encapsulated in fibrin hydrogel and
injected into the pVN region. The cells began to elongate and
self-assemble within few days of culture and over a period of 7
days, it was evident that they showcased high random intercon-
nected pVN as seen in the phase-contrast images (Figure 2B).
Furthermore, we characterized the formed pVN with PECAM-
1 (platelet endothelial cell adhesion molecule 1), an EC spe-
cific marker. Figure 2C reveals the continuous expression of
PECAM-1 throughout the pVN region of the 3D TOC. Further
co-staining VE-Cadherin (VE-Cad), an adherens junction pro-
tein, and alpha-smooth muscle actin (a-SMA), a marker for
pericytes, revealed that the pericytes closely interact with ECs
contributing to the structural integrity and development of a
mature pVN (Figure 2D).I2! Furthermore, the ortho-sectioning
of XZ and YZ planes clearly demonstrated the presence of
well-formed, patent lumens, indicating that the ECs and per-
icytes had successfully organized into pyVN (Figure 2E). Addi-
tionally, we conducted a time course functionality assessment to
evaluate the perfusability of the pVN. Fluorescent microbeads
(2 pm in diameter) were introduced into the media channel,
and their movement through the network were tracked using
time-lapse imaging. As shown in Figure 2F (indicated by white
box) and Video S1 (Supporting Information), the microbeads suc-
cessfully navigated through the vascular pathways, demonstrat-
ing the high functionality, connectivity and perfusability of the
formed pVN within the chip. Collectively, these findings vali-
date the formation of a stable and mature, characterized by per-
fusable lumens with highly interconnected 3D architecture suit-
able to conduct our further studies on tumor progression and
treatment.
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Figure 1. Overview of the Study. Schematic of the human GBM TME, which encompass the GB3 cells and pVN along with MoNP to precisely target the
GBM TME [Created with Biorender.com]. Overview of the 3D TOC used for MoNP investigation, featuring distinct regions: tumor (red), stroma (green),
and pVN region (blue) [Top panel]. Experimental timeline spanning 10 days, outlining four key steps: (1) formation of the pVN, (2) tumor injection, (3)
stroma injection to establish the GBM TME, and (4) evaluation of MoNP-based drug delivery efficacy. [Bottom panel].

2.2. Investigating the GBM TME Influence on the Established
uVN

To ensure the TOC was conducive to supporting all cell types
within the TME, we first evaluated whether the culture medium
affected the integrity and function of the pVN and GB3 cell be-
havior. Following the establishment of pVN in the EC-specific
medium (i.e., EGM2-MV medium) for 7 days, the medium was
switched to either neural stem cell (NSC) medium (100%) ora 1:1
ratio of NSC and EGM2-MV media (i.e., NSC+EGM2-MV cock-
tail). F-actin staining revealed that the NSC+EGM2-MV cocktail
medium more effectively preserved vascular integrity, maintain-
ing continuous bundles throughout the pVN region, compared to
NSC medium alone (Figure 3A). Furthermore, we examined the
impact on GB3 cells. After pVN establishment, GB3 cells encap-
sulated in Matrigel® were injected into the tumor region of the
TOC, followed by addition of NSC medium alone or the cocktail
medium. It was evident that in both conditions, GB3 cells ex-
hibited significant migration into the stroma region (Figure 3B).
Quantification of the migration distance showed no significant
difference between both media conditions. These findings con-
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firm that the EGM2-MV+NSC cocktail medium maintains pVN
integrity while preserving GB3 behavior within the TME and was
therefore selected for subsequent experiments.

Tumor cell-induced vascular dysfunction within the TME is
well-documented in the literature, including in GBM and other
high-grade gliomas.!?*! To determine whether our TOC model re-
capitulates this key feature of GBM, we further investigated the
impact of GB3 cell introduction on functional markers of ECs lin-
ing the pVN. Specifically, we assessed the expression of VE-Cad, a
critical adherens junction protein involved in maintaining junc-
tional integrity, and vascular cell adhesion molecule 1 (VCAM1),
an adhesion molecule upregulated in activated and dysfunctional
ECs. Two experimental groups were established for comparison:
(i) monoculture of pVN (Mono-uVN) and (ii) co-culture of pVN
with GB3 (Co-GB3+uVN). IF staining results revealed that in
the monoculture group, the ECs of the pVN displayed intact ad-
herens junctions with minimal VCAM1 expression. In contrast,
co-culture with GB3, significantly downregulated VE-Cad expres-
sion with disrupted junctional integrity, and markedly increased
the VCAMI1-positive ECs (Figure 3C). Line intensity plot anal-
ysis showed that VE-Cad expression exhibited sharp, uniform

© 2025 Wiley-VCH GmbH

o] ) 659TT6 1T

o sy g pap

Aaprw Areigipuuop

TOLR

puedy pue suua] 3y 05 [T0g/e0/L 1] vo Aemgi o A3 oy ANSIBAND A FIOTUY A0 #5 FT0STOT R

Rafyw g

SSUBOIT SO 3 AT Aqundde 2 g perwaad am SN0 YO B J0 SO 0] AT Sjug A uw


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

® hBMECs @ hBVPs

www.advhealthmat.de

Figure 2. Establishment OfﬂVN inthe 3 Iayered 3D TOC Platform. A} Schematic illustration depicting the formation of the ;NN within the 3D TOC over
a 7-day period. B) Representative 10X tiled phase-contrast images showing the initial EC seeding (Day 0) and the formation of interconnected vascular
structures by Day 7. A 20X magnified ROl on Day 7 highlights the microvascular morphology. C) Immunofluorescence (IF) staining on Day 7 showing
the expression of PECAM 1 (green) and nuclear counterstaining with DAPI (blue), demonstrating the formation of a continuous vascular network within
the 3D TOC (Scale bar: 200 pm). D) Fluorescence image showing co-expression of a-SMA (green) and VE-Cad (red) within the formed pVN, indicating
the presence of perivascular mural cells and endothelial cell-cell junctions (Scale bar: 50 pm). E) Orthogonal (XZ and YZ) views of the vascular structure
obtained via confocal imaging, confirming the presence of perfusable, lumenized vessels (Scale bar: 50 pm). F) Time-lapse series (t= 10s tot = 160
s) showing dynamic perfusion of red fluorescent microbeads through the established vascular network, with the white box highlighting successful bead
movement and perfusability over time.

peaks in Mono-puVN, indicative of stable EC junctions; conversely,
the Co-GB3+puVN group displayed diffuse and less pronounced
peaks, reflecting disrupted junctional integrity. Quantification of
VCAM]1 index further confirmed this observation with a statisti-
cally significant increased expression in presence of GB3 tumor
cells (Figure 3D). Moreover, we compared the dimensionality of
the pVN lumen between two experimental groups. Fluorescent
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imaging analysis revealed that, compared to the Mono-pVN, the
Co-pVN+GB3 maintained lumen width but exhibited a signifi-
cantly decreased lateral diameter, indicating that the presence of
tumor cells induced pVN shrinkage (Figure 3E,F). Overall, these
findings suggest that co-culture with GSCs triggers pVN dysfunc-
tion in our TOC model, mimicking the compromised vasculature
observed in the human GBM TME.[*!
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Figure 3. Investigating the Influence of the GBM TME on the Established pVN. A) Representative fluorescence images of F-actin (green) staining in the
HVN region under two different media compositions, showing enhanced vascular integrity in the 50% NSC + 50% EGM2MV medium condition (Scale
bar: 100 pm). B) F-actin (green) images of the tumor-stroma region showing GB3 cell migration under the same media conditions, with quantification of
migration distance revealing no significant difference across the media cocktails (Scale bar: 100 pm). C) IF images of VE-Cad (red) and VCAM1 (green)
expression in Mono-pVN (vascular network only) versus Co-GB3+uVN (vascular network co-cultured with GB3 cells) (Scale bar: 50 pm). Zoomed-in
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2.3. Targeting GSC-Induced Dysfunctional pVN Using MoNP

After confirming the Co-GB3+uVN group faithfully replicates
the GBM PVN, we proceeded to investigate whether MoNP
mimic monocyte behavior by binding to and delivering their
payload to the dysfunctional pVN within the TOC model. Ini-
tially, NP carrying a fluorescent payload DiD were formulated
following a previously described protocol,l*®! and then cloaked
with plasma membranes derived from human monocytic THP1
cells to form MoNP (Figure 4A). Physicochemical characteriza-
tion by dynamic light scattering (DLS) showed that the result-
ing MoNP had a mean hydrodynamic diameter of 234.58 nm
and a zeta({)-potential of -25.8 mV (Figure 4B). Successful mem-
brane cloaking over the NP core was further confirmed by trans-
mission electron microscopy (TEM) imaging as demonstrated in
Figure 4C. Following the characterization, the uptake of fluores-
cently labeled MoNP (MoNP-DiD) and uncoated NP (NP-DiD)
was evaluated in a 2D monolayer of hBMECs, with or without
TNF« pre-treatment to induce endothelial dysfunction.?!! Quan-
tification of intracellular fluorescent signals showed significantly
higher uptake of MoNP-DiD compared to uncoated NP-DiD, with
further enhancement observed in TNFa-treated hBMECs, sug-
gesting that monocyte membrane cloaking enhanced selective
nanoparticle targeting to the compromised brain endothelium
(Figure S1, Supporting Information). We next evaluated the in-
teractions of MoNP with the 3D pVN within our TOC platform.
MoNP-DiD and NP-DiD were introduced into the media chan-
nel for 2 h, followed by a 24-h incubation with fresh medium.
Fluorescence imaging revealed that MoNP-DiD exhibited signif-
icantly greater accumulation than NP-DiD (Figure 4D,E). Fur-
ther, upon VCAM1 antibody blockade, the elevated uptake of
MoNP-DiD was markedly reduced, confirming VCAM1 plays a
key role in mediating MoNP interactions with ECs. Expanding
on this, we extended the incubation period to 48 h, and MoNP-
DiD showed enhanced penetration into the tumor—stromal in-
terface compared to NP-DiD (Figure 4F). Z-stack images fur-
ther confirmed consistent and widespread uptake of MoNP by
the pVN, with pronounced DiD signals colocalized with vascu-
lar cells throughout the 3D framework indicating effective and
homogeneous interaction of the MoNP (Figure 4G; Video S2,
Supporting Information). Additionally, MoNP-DiD was added to
UVN conditions with or without GB3 cells (Mono pVN and Co-
GB3+uVN), resulting in preferential binding of MoNP-DiD to in-
flamed and activated ECs (Figure S2, Supporting Information).
These results collectively demonstrate that MoNP significantly
enhanced the selective payload delivery to the dysfunctional pvN
in TOC model.

2.4. Evaluating MoNP-Mediated Delivery of VP in 3D TOC

VP, an FDA-approved drug for macular degeneration, has shown
potential in treating malignancies, including GBM, by disrupt-

www.advhealthmat.de

ing YAP activity and its downstream pro-tumorigenic gene
expression.”’! Building on the preclinical success of VP in sup-
pressing GSC behavior and GBM progression, we leveraged our
TOC model to demonstrate MoNP-mediated, PVN-targeted de-
livery of VP for enhanced therapeutic efficacy against GBM tu-
mors. To achieve this, VP-loaded NP cores (NP-VP) were formu-
lated as previously reported !’ followed by cloaking with THP1
membranes to form MoNP-VP (Figure S3A, Supporting Infor-
mation). Prior to testing in our TOC model, we first treated GB3-
derived spheroids with MoNP (vehicle control). RT-PCR showed
no significant changes in the expression of YAP-targeted genes,
including CCN1, CTGF and ANKRD1, following MoNP treat-
ment (Figure S3B, Supporting Information), indicating that the
nanoparticle alone did not affect YAP signaling. Subsequently, we
incubated GB3 cells with MoNP-VP or MoNP and fluorescence
imaging confirmed efficient uptake of MoNP-VP by GB3-derived
spheroids/tumorspheres (Figure 5A). RT-PCR analysis further
demonstrated that the MoNP-VP treatment reduced expression
of YAP-targeted genes expression, confirming its effectiveness in
blocking YAP-mediated transcription (Figure 5B). We next intro-
duced MoNP-VP into the TOC model (Figure 5C). MoNP-VP, at
1, 2, and 3 pM VP-equivalent concentration, along with MoNP
and free VP at 1 pM, were added to the medium channel for 2 h,
followed by incubation with fresh medium for an additional 48
h. The devices were then fixed and stained with F-actin to assess
the impact on the pVN and tumor core. Fluorescence imaging of
the pVN region demonstrated that MoNP-VP at 1 pM was able
to preserve VN integrity, as evidenced by the open lumens ob-
served in ortho-sectioning. In contrast, treatment with free VP
at the same concentration resulted in a complete loss of vascular
integrity, where no open lumens remain. However, when the VP
concentration exceeded 2 pM, even with MoNP-based delivery,
notable damage to pVN was observed (Figure 5D). Next, we in-
vestigated the effect on the tumor cells. F-actin staining revealed
that GB3 cells exposed to the vehicle control (MoNP) exhibited
migration toward the stroma, reaching the periphery of the pvVN
region (Figure 5E). Conversely, GB3 cells treated with MoNP-VP
at all tested concentrations exhibited significantly reduced migra-
tion, remaining largely confined to the stromal layer. Notably, at
1 pM, MoNP-VP was more effective in limiting GB3 migration
than free VP treatment (Figure 5G). Additionally, quantification
of nuclear density (number of DAPI per Region of Interest (ROI))
and number of chains (number of branches of GB3 cells per
ROI) showed significant decrease following MoNP-VP treatment
(Figure S4, Supporting Information). These observations further
prompted us to investigate the impact on GB3 proliferation. IF
staining of Ki67 revealed a significant reduction in GB3 prolifer-
ative activity with MoNP-VP treatment but not in free VP treat-
ment (Figure 5F,G). Importantly, no reduction in GB3 cell migra-
tion was observed when VP was delivered using uncoated NP,
namely NP-VP condition (Figure 5H). These results, together,
support the role of MoNP in enhancing the observed therapeutic

grayscale image of VE-Cad highlights junctional architecture (Scale bar: 20 pm), with the corresponding line intensity profile demonstrating preserved
junctional continuity in the Mono-uVN condition. D) Quantification of VCAM 1-positive ECs with and without GB3 co-culture, indicating GBM-induced
endothelial activation via upregulation of VCAM 1. E) Representative fluorescence images of pVN segments used for diameter analysis in Mono-uVN
and Co-GB3+pVN conditions (Scale bar: 50 pm). F) Quantitative assessment of vessel diameters (transverse and lateral) reveals GB3-mediated mor-
phological remodeling of the vascular network (All data are presented as mean + SD,* indicates p < 0.05, ** indicates p < 0.01, ns indicates p > 0.05

calculated from Student's #-test (n = 3)).
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Figure 4. Targeting GB3-Induced Activated Vasculature Using MoNP. A) Schematic illustration of MoNP synthesis and functionalization [Created with
BioRender.com]. B) DLS analysis showing the hydrodynamic diameter and { potential of MoNP confirming successful membrane coating (Data is
presented as mean + SD, (n = 3)). C) TEM image of MoNP demenstrating membrane coating on the nanoparticle surface (Scale bar: 50 nm). D,E)
Fluorescence images (24-h post particle addition) (D) and quantification (E) of particle uptake in 3D TOC showing enhanced binding of MoNP-DID to
the pVN region, which is reduced following anti-VCAM1 treatment. NP-DiD/MoNP-DiD (red), F-actin (green). (Top: 4x4 tile image; Bottom: magnified
view of the pVN region) (Scale bar: 200 pm). (Data is presented as mean + SD, * indicates p < 0.05, ** indicates p < 0.01calculated from one-way ANOVA
with Tukey's multiple comparison test (n = 3)). F) Representative fluorescence image (48-h post particle addition) at the tumor-stroma interface showing
MoNP-DiD localization (Scale bar: 50 pm). G) Z-stack slices (Slice 5, 10, 15, and 30) from confocal imaging demonstrating progressive cellular uptake
of MoNP-DiD in the pVN region. MoNP-DiD (red), PECAM1(green) (Scale bar: 50 pm).
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Figure 5. Targeted Delivery of VP via MoNP in the 3D TOC Model. A) Fluorescence images showing uptake of MoNP-VP [VP (red)] by GB3 cells. B)
RT-PCR analysis revealing reduced YAP-related gene expression in GB3 cells treated with MoNP-VP compared to MoNP alone (Data is presented as
mean + SD, ** indicates p < 0.01 calculated from Student's t-test (n = 4)). C) Schematic overview of treatment conditions and characterization strategy
within the 3D TOC platform [Created with BioRender.com]. D) F-actin (green) staining of the pVN region with orthogonal views (XZ and YZ) following
various treatment conditions, demonstrating vascular integrity is intact when 1 pM VP is delivered via MoNP (Scale bar: 50 pm). E) Tiled fluorescence
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efficacy of VP through targeted delivery to the PVN, rather than
through passive diffusion of the free drug or nonspecific reten-
tion of uncoated nanoparticles.

2.5. Delineating the Pharmacological Mechanisms of MoNP- VP
using 3D TOC

To gain further mechanistic insights into how MoNP-VP treat-
ment impacts the GBM PVN, we extended our investigation to
analyze changes in both the transcriptome and secretome of
GB3 tumor cells. To accomplish this, effluents from the TOC
were collected 48 h after treatment with MoNP-VP or MoNP.
The pVN was subsequently removed using nattokinase diges-
tion, and GB3 cells were harvested following the dissociation of
the tumor and stroma region with collagenase II for total RNA
(Figure 6A). We first assessed the expression of YAP-targeted
genes in the TOC. RT-PCR analysis revealed that MoNP-VP
treatment significantly reduced the expression of CCN1, CTGF,
and ANKRD1 (Figure 6B), consistent with its effects on GB3-
derived tumoroids (Figure 5B). Following this confirmation, to-
tal RNA from three independent biological replicates of TOCs
was subjected to transcriptomic profiling via RNA-seq. Compar-
ative analysis between MoNP-VP and MoNP treatments iden-
tified 360 differentially expressed genes (DEGs), including 291
downregulated and 69 upregulated genes (Figure S5A, Support-
ing Information). The top 50- and 100 DEGs are visualized in
the heatmaps, highlighting the consistency across TOC replicates
(Figures 6C; S5B, Supporting Information). To explore the func-
tional relevance of the DEGs, we performed enrichment analy-
ses using Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Reactome databases. Selected terms from
the top 20 ranked GO and pathways, included with ECM organi-
zation, collagen formation, focal adhesion, and the Hippo signal-
ing, as shown in Figure 6D. Further Gene Set Enrichment Anal-
ysis (GSEA) analysis, notably revealed negative enrichment of
these processes, indicating reduced activity following MoNP-VP
treatment (Figure 6E). In parallel, conditioned media collected
from the TOC devices were analyzed using a human cytokine
array. Eleven out of 42 tested cytokines showing clear trends of
change after MoNP-VP treatment are presented in Figure 6F,
while the remaining cytokines are included in Figure S6 (Sup-
porting Information). These differentially regulated cytokines,
incduding ENA-78, IL-6, IL-8, IL-15, EGF, TNF-a, VEGF, MCP-
1, Thrombopoietin, SDF-1 and TGF-f1, are associated with pro-
inflammatory responses and are known to promote cell prolifer-
ation and migration.!?®! Except for SDF-1 and VEGF, which was
upregulated, the majority of the cytokines were downregulated
following MoNP-VP treatment. The downregulation of these cy-
tokines correlates with our tumor cell migration and proliferation
data, supporting the anti-inflammatory and anti-proliferative ef-
fects of MoNP-VP treatment. Overall, our integrated transcrip-

www.advhealthmat.de

tomic and cytokine analyses, together with the phenotypic find-
ings shown in Figure 5, suggest that MoNP-VP exerts anti-GBM
effects primarily by suppressing GB3 cell interactions with the
ECM and reducing the secretion of pro-inflammatory and pro-
invasive cytokines (Figure 6G).

3. Discussion

The PVN serves as a critical hub that fosters dynamic interactions
between GSCs and other cellular components, driving GBM pro-
gression and contributing to therapy resistance.”) In this re-
gard, the development of precision-targeted delivery strategies
capable of selectively penetrating the PVN and disrupting tumor-
supportive interactions holds immense potential for administra-
tion of effective treatment strategies for GBM. Such approaches
could enhance therapeutic delivery, minimize off-target effects,
and redefine the landscape of GBM treatment. While existing
2D models and PDX models have been instrumental in studying
GBM, they often fail to capture the full spectrum of tumor-stroma
interactions present in the human brain TME." In this study,
we established a 3D organotypic GBM TOC model that creates
a physiologically relevant PVN, enabling the study of tumor dy-
namics and therapeutic responses in a well-controlled ex vivo ex-
perimental system. Leveraging the TOC model, we demonstrated
for the first time MoNP-mediated targeting of GBM PVN. MoNP
mimics the natural recruitment of monocytes to the leaky and ac-
tivated vasculature of GBM, resulting in superior accumulation
in the pVN of the TOC compared to passive methods. Further-
more, we demonstrated that VP, a repurposed therapeutic agent
showing promise in preclinical studies for GBM, exhibited an
enhanced anti-tumor efficacy when delivered via MoNP. These
findings together highlight both the robustness of our GBM TOC
platform and the potential of the MoNP delivery system as an
effective strategy for evaluating and enhancing new therapeutic
agents for GBM treatment.

Advanced 3D models—particularly —microfluidic-based
platforms—have emerged as powerful tools to model GBM
TME and to evaluate chemotherapeutic agents.?® 3!l In a study
by Seo et al.,, researchers found that co-culturing glioma cell
lines with the BBB led to the formation of a more complex
TME, which significantly enhanced drug resistance, requiring
higher concentrations of chemotherapeutic agents for effective
treatment. This finding highlighted the importance of incorpo-
rating the BBB alongside GSCs to accurately recapitulate the
TME in preclinical drug screening models.*?] In another recent
study by Straehla et al., the team took a significant step in this
direction by developing a vascularized GBM spheroid model
using a microfluidic system, which exhibited permeability and
vascular function comparable to the mouse brain model. Using
this model, researchers assessed the therapeutic potential of
functionalized liposomal nanoparticles encapsulating cisplatin,

images of the tumor-stroma region showing reduced GB3 cell migration under MoNP based VP delivery (Scale bar: 100 um). F) IF staining of GB3
proliferation using Ki67 (red) and DAPI (blue) (Scale bar: 50 pm). G) Quantification of GB3 migration distance and Ki67 proliferation index for each
treatment condition, showing significantly reduced migration and proliferation upon MoNP-based VP delivery (Data is presented as mean + SD, *
indicates p < 0.05, ** indicates p < 0.01, *** indicates p <0.001 calculated from one-way ANOVA with Tukey's multiple comparison test (n = 3)). H)
Comparative analysis of nanoparticle uptake between NP and MoNP (Data is presented as mean + SD, *** indicates p <0.001 calculated from Student’s

t-test (n = 3)).
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Figure 6. Evaluatlng the Therapeuttc Impact of MoNP-VP in the 3D TOC Model. A] Schematic overview of the experlmental workflow for RT-PCR, RNA-
seq, and cytokine array analysis [Created with BioRender.com]. B) Gene expression levels of YAP/TAZ-related genes in GB3 cells extracted from the 3D
TOC, treated with MoNP-VP or MoNP, as assessed by RT-PCR, showing reduced expression following MoNP-VP treatment (Data is presented as mean
+ SD, ** indicates p < 0.01 calculated from Student’s #-test (n = 6)). C) Heatmap showing the top 50 DEGs from RNA-seq analysis of GB3 cells treated
with MoNP-VP or MoNP. D) Functional enrichment analysis of the DEGs, highlighting the top enriched GO biological processes, KEGG pathways, and
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which markedly improved GBM cell killing with minimal vascu-
lar damage.*}] Although their model effectively recapitulated key
aspects of the GBM TME, all cell types together were confined
and distributed into a single channel, forming a central tumoroid
surrounded by a complex vascular network. Alternatively, our
TOC model offers spatial organotypic organization, featuring a
tumor core enveloped by dense capillaries that better recapitulate
the PVN. The inclusion of a defined stromal region between the
tumor and vasculature enables precise investigation of cellular
migration dynamics and morphology while preserving critical
cell-cell interactions. Moreover, the semicircular architecture en-
sures more uniform drug distribution across the BBB and deeper
penetration into the tumor core, thereby improving treatment
assessment. Incorporating multiple ECM at different regions of
the TOC, with well-defined and controlled spatial distribution,
facilitates the isolation of cells from pVN and tumor-stroma
region using tailored enzymatic dissociation, enabling feasible
downstream molecular-level analyses. These findings establish
our TOC model as a powerful tool that accurately mirrors the
complex cellular interactions in glioblastoma. Numerous studies
have shown that the GBM-associated vasculature is marked
not only by impaired barrier function but also by endothelial
activation, evidenced by the upregulation of adhesion molecules
such as VCAM1.12> 26.34] Qur TOC model faithfully recapitulates
these features, with the pVN showing reduced VE-Cad and
elevated VCAM1 expression in ECs during co-culture with
GSCs. These findings further validate the TOC model’s ability to
mimic critical aspects of GBM pathophysiology, including both
the invasive behavior of GSCs and the dysregulated vascular
phenotype within the TME. This vascular dysfunction is also
known to promote monocyte/macrophage infiltration into the
TME. Consistently, the enhanced uptake of MoNP in the pVN
further confirms the TOC'’s capability to replicate the TME
but also demonstrates the potential of MoNP as an effective
vascular-targeted delivery strategy for GBM. Moreover, blocking
VCAM1 on hBMECs significantly reduces MoNP accumulation
in pVN, further demonstrating MoNP actively interact with
VCAM1 on dysfunctional ECs through monocyte membrane
proteins (e.g., VLA4 integrin). This also partially supports the
right-side out orientation of monocyte membranes on MoNP.
Compared to conventional peptide-based approaches, such as
those employing ligands for VCAM1, avf3 integrins, or LRP1,
biomimetic strategies like MoNP enable multivalent interac-
tions with the tumor vasculature'®! Furthermore, leveraging
a patient's own monocytes to formulate MoNP, is a critical
advantage and a unique feature of our delivery system, which
may help enhance immune compatibility, reduce the risk of
immunotoxicity associated with exogenous peptides, and sup-
port the development of a personalized drug delivery platform
for GBM.I%I

Emerging evidence has revealed that dysregulation of YAP
promotes GBM progression, confers resistance to radio-

www.advhealthmat.de

chemotherapy, and contributes to the maintenance of GSC
stemness.*! Further, YAP drives GBM stem-like cells to become
therapy-resistant and migrate toward blood vessels, allowing
them to enter the PVN and sustain stemness and survival.2!!
Moreover, knockdown or genetic deletion of YAP has been
shown to reduce tumor size in PDX models, highlighting the
therapeutic potential of targeting YAP in GBM.[?72b.37] Given its
potency in inhibiting YAP activity, VP has been repurposed as
a potential therapy for GBM.!?’l Both liposomal and polymeric
microparticle formulations of VP have demonstrated efficacy
in PDX models in independent studies, paving the way for its
ongoing clinical trials for EGFR-positive GBM.*¥1 However,
despite its therapeutic promise, whether VP can effectively target
GSCs residing in the PVN remains unknown. In addition, the
development of novel formulations that can enhance targeted
delivery and minimize side effects and organ toxicity associated
with nonspecific YAP inhibition is clearly warranted.*! In
line with this need, we utilized the MoNP-mediated delivery
to enhance the VP accumulation specifically within the GBM
PVN. Our data confirmed that MoNP-VP led to superior payload
retention within the PVN compared to untargeted approaches.
Notably, MoNP-VP effectively reduced GB3 cell migration while
preserving vascular integrity, whereas free VP at the same dose
caused vascular damage and failed to suppress GB3 invasion.
These findings suggest a potential limitation of passive VP for-
mulations, as it fails to achieve sufficient accumulation within
the PVN to effectively inhibit tumor cell behavior at low doses.
To evaluate whether our TOC model can capture the molecular
effects of VP, we performed RNA-seq analysis on GB3 cells iso-
lated from the devices following MoNP-VP treatment. YAP over-
expression has been shown to promote GBM progression by up-
regulating genes involved in cell adhesion, migration, and ECM
remodeling.[27b. 36 40] Consistent with these reports, our analysis
show that MoNP-VP downregulated genes associated with ECM
organization, collagen biosynthesis, and integrin-mediated inter-
actions. Although YAP phosphorylation status and subcellular lo-
calization are key indicators of Hippo pathway activity, VP specif-
ically functions through disrupting YAP-TEAD (Transcriptional
Enhanced Associate Domain) interactions and reducing down-
stream transcriptional output, as reflected in the decreased ex-
pression of YAP target genes observed in our results.|*!l Beyond
the transcriptomic regulation, YAP has also been reported to
stimulate the release of proinflammatory cytokines such as TNE-
a, IL-6, IL-8, and MCP-1, creating a pro-tumorigenic TME.[*?l In
agreement with this, our cytokine array data demonstrated that
MoNP-VP suppressed the secretion of these cytokines involved
in inflammation, contributing to the observed reduction in in-
vasive GSC behavior. Together, these findings demonstrate that
our TOC platform, coupled with MoNP-mediated delivery, can ef-
fectively capture GSC responses to VP at both the transcriptomic
and secretomic levels. This provides compelling evidence that the
combinatory use of the 3D TOC model and MoNP platform not

Reactome pathways. E) GSEA comparing MoNP-VP to MoNP-treated GB3 cells, showing NES and g-values. F) Secretome profiling of 11 cytokines,
revealing MoNP-VP-induced alterations in the GBM TME. (n = 3) (Data is presented as mean + SD, * indicates p < 0.05, ** indicates p < 0.01, *¥**
indicates p <0.001, *#*¥* indicates p <0.0001 calculated from Student's t-test (n = 3)). G) Proposed mechanism of MoNP-VP action on GB3 cells based

on transcriptomic and secretomic profiling [Created with BioRender.com].
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only enables robust evaluation of therapeutic responses but also
facilitates mechanistic dissection of drug action within a physio-
logically relevant GBM TME.

The PDX model is a well-established and essential platform
for validating the therapeutic efficacy of anticancer agents by
implanting human tumors into immunocompromised mice,
thereby preserving tumor heterogeneity and mimicking interac-
tions with the TME.*}l However, our TOC model offers distinct
advantages and should be viewed as complementary to, rather
than a replacement for, the PDX model. The TOC platform is
specifically designed for rapid drug screening and mechanistic
studies in a controlled microenvironment. Compared to PDX
models, the TOC platform reduces systemic variability associated
with host factors and provides a more defined and reproducible
setting for studying pharmacodynamic responses. In our study,
MoNP-VP treatment significantly suppressed tumor cell growth
and invasion in the TOC model. This effect is consistent with pre-
vious reports showing that VP reduces tumor size in PDX models
of GBM.1?7"l While the TOC and PDX systems differ in complex-
ity and biological context, the consistent therapeutic effect of VP
observed across both platforms highlights its robust antitumor
potential and supports the successful establishment of the TOC
model as a viable screening platform. Importantly, the enhanced
efficacy of MoNP-VP in our TOC model further underscores the
translational relevance of this targeted nanotherapeutic strategy
for GBM.

Building on this work, our future studies will incorporate
patient-derived GSCs harboring diverse oncogenic drivers (e.g.,
EGFR amplification, TP53 mutation) to address GBM hetero-
geneity, as well as evaluate whether MoNP can enhance thera-
peutic responses of GSCs within the TOC model to both novel
agents and existing chemotherapeutics with limited BBB perme-
ability. Additional enhancements include the integration of im-
mune cells, such as macrophages and T cells, along with other
stroma components, to create a more physiologically relevant
platform for the precise evaluation of therapeutic agents. We be-
lieve that employing this TOC-MoNP system will accelerate drug
screening applications and support the development of a high-
throughput platform to evaluate tumor responses, paving the way
for the advancement of personalized precision nanomedicine for
GBM.

4, Conclusion

In summary, we have developed a highly physiologically relevant
and organotypic 3D GBM TOC model, integrated with an effec-
tive vascular-targeted delivery system MoNP, to address key lim-
itations of conventional preclinical models and targeted drug de-
livery approaches. Our findings demonstrate that the TOC plat-
form accurately recapitulates the complex features of the GBM
PVN. Notably, MoNP exhibited enhanced accumulation within
the PVN, and when loaded with VP, effectively targeted activated
vasculature and achieved greater inhibition of GSC growth and
invasiveness as compared to the free drug. This innovative in-
tegration establishes the TOC-MoNP system as a powerful and
translatable platform for targeted drug screening, mechanistic
exploration, and the development of personalized therapeutic
strategies for GBM.
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5. Experimental Section

Cell Culture: hBMECs (Cell Systems, #ACBRI 376) were maintained
at passages 7 to 11 were used for the study. The cells were cultured on
the flask coated with attachment factor (#4Z0-201) in complete classic
medium with serum and culture boost (#4Z0-500) as per the manufac-
turer's instruction. hBVPs (ScienCell, #1200) were cultured in pericytes
medium (#1201) on a poly-L-lysine (Sigma) coated flask. The cells at pas-
sage 3-9 were used for the experiments. Human THP-1 monocytes (ATCC)
were cultured in RPMI 1640 medium supplemented with 10% fetal bovine
serum and 1% Pen-Strep (Fisher Scientific).

A GSCcell line (GB3-RFP), referred as GB3 in this study, was generated
by Dr. Mehta's laboratory and were established from resected GBM tumor
tissue obtained by the Biobank Core Facility at St. Joseph’s Hospital and
Medical Center and the Barrow Neurological Institute in Phoenix, Arizona.
The samples were anonymized and adhered to the Institutional Review
Board protocol (IRB tracking number — 20200850). GB3 cells were cul-
tured and propagated following previously published protocols.['®] Briefly,
the cells were cultured as spheroids in a NSC medium. This medium in-
cluded Dulbecco's Modified Eagle Medium and F12-Glutamax, with sup-
plements of N2 (Gibco, #17502048), B27 (Gibco, #17504044), and Pen-
Strep (Fisher Scientific). The cells were treated with 20 ng mL~' of epider-
mal growth factor (EGF, Sigma, #PHG0311L) and 20 ng mL~ of fibroblast
growth factor (FGF, EMD Millipore #01-106) every other day until they be-
came confluent. Cells with passage number less than 30 were used for the
experiments. All cells used in this study were kept in a humidified incuba-
tor at 37 "C with 5% CO5, and the culture medium was refreshed every 2
days.

Device Fabrication and Surface Treatmeni: The fabrication of the mi-
crofluidic TOC was similar to our previous studies.[’ 20 221 |nitially, the
device was designed using CAD software and transferred onto a transpar-
ent mask. Next, a layer of negative photoresist SU8-2075 (MicroChem)
was applied to a silicon wafer, achieving a thickness of 200 pm. The trans-
parent mask was precisely aligned and exposed to UV light to create mas-
ter mold with the desired features. For the soft-lithography procedure,
to ensure the silicon wafer's integrity during device removal, the mas-
ter silicon mold underwent treatment with methyl trichlorosilane (MTCS-
Sigma-Aldrich). Next, polydimethylsiloxane (PDMS) mixed with the cur-
ing agent (Sylgard 184 Silicon Elastomer Kit, Dow Corning) in a 10:1 ratio
was poured onto the wafer. The poured mixture was degassed in a vac-
uum desiccator to remove the trapped air bubbles. The mixture was baked
at 80°C for 1.5 h and subsequently, the PDMS layer was carefully peeled
off from the silicon wafer and was cut into individual devices. Inlets and
outlets were created using 1- and 1.5-mm biopsy punches, ensuring pre-
cise access points for fluid handling within the devices. The bonding of
each microfluidic device to glass slide ensured the creation of completely
sealed environments. For which, glass slides were prepared by cleaning
with ethanol. The device along with the glass slide, were treated with oxy-
gen plasma (PDC-32G, Harrick Plasma) prior to bonding. By hydrophiliz-
ing the surface, it enabled effective bonding of the glass slide with devices
positioned channel-side down, ensuring the complete formation of chan-
nels. Following this, the devices were incubated at 80 °C overnight to en-
hance bonding as well as to restore the hydrophobicity of the device. Lastly,
for sterilization, the devices underwent a liquid autoclave cycle followed by
a dry cycle, afterwhich they were left at 80 °C overnight to ensure complete
drying.

To optimize conditions for cell culture and ensure proper hydrogel at-
tachment, the devices underwent surface treatment. Initially, the cell cul-
ture zones were coated with 1 mg mL™" of poly-D-lysine (Sigma-Aldrich)
and incubated at 37 °C for 1.5 h. Subsequently, the devices were rinsed
once with deionized (DI) water. Following this step, glutaraldehyde (1%
v/v) (Sigma-Aldrich) was added and allowed to incubate for 2 h at room
temperature (RT), followed by thorough washing with DI water (3-5
times). The surface-treated devices were then left at 80 °C overnight to
restore their hydrophobic properties.

Establishment of uVN in Microfluidic TOC Device: To establish vas-
culature in the third layer of the microfluidic device, hBMECs and hB-
VPs were dissociated using Trypsin-EDTA. Next, 6 mg mL~! bovine fib-
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rinogen (Sigma, #F8630-1G) was prepared by dissolving it in Dulbecco’s
phosphate-buffered saline (PBS, Gibco). Simultaneously, bovine thrombin
(Sigma, #T4648-1KU) was prepared in EGM-2-MV media at a concentra-
tion of 4 IU mL~. Both the fibrinogen and thrombin preparations were
filter-sterilized using 0.2 pm filter and was kept on ice.

Prior to adding the cells, equal volumes of fibrinogen and thrombin
were mixed and kept at RT for 10 min to ensure hydrogel crosslinking.
Once the hydrogel crosslinking efficiency has been checked, cell pellets of
hBMECs and hBVPs were resuspended in the thrombin mixture at concen-
trations of 64.8 million (M) cells mL~" and 7.2 M cells mL™", respectively.
Finally, a mixture of 1:1:2 ratio of hBMECs in thrombin, hBVPs in throm-
bin, and fibrinogen was prepared to achieve a final cell concentration of
16.2 M cells mL~! for hBMECs and 1.8 M cells mL™! for hBVPs, resulting
in a total cell concentration of 18 M cells mL~1. The prepared cell mix-
ture was injected into the third layer of the microfluidic TOC device. The
devices were crosslinked for 10 min at RT. Once crosslinked, EGM-2-MV
media supplemented with 50 ng mL~" of vascular endothelial growth fac-
tor (VEGF, Sigma, #V7259) was added to the two flanking media channels.
The devices were maintained in a humidified chamber under optimal cell
culture conditions (5% CQO;, 37 °C). The media was exchanged every 24 h
for up to 7 days.

Establishing Invasion Assay Using Microfluidic Platform: To assess the
GSC invasion and phenotype within the microfluidic platform, patient de-
rived GB3-RFP cells referred to as GB3 hereafter, were injected into the tu-
mor region of the device upon establishing vasculature for 7 days. Briefly,
GB3 spheroids were collected, centrifuged at 800 rotations per minute
(RPM) for 5 min, and dissociated into single cells using Accutase (Gibco, #
A1110501). The dissociated cells were encapsulated in Matrigel® (Corn-
ing, #47743-706) at a final concentration of 15 M cells mL™". This mix-
ture was injected into the tumor region of the device and was allowed
to crosslink for 67 min at 37 °C. The devices were flipped every 2 min
once to ensure they were homogenously spread across the 3D platform.
Once crosslinked, Matrigel® was added to the stroma region and was
crosslinked for 8 min. After which the media was switched to the cocktail
medium (50% EGM2-MV + 50% NSC medium).

Nanoparticle Synthesis and Characterization: Ten milligrams of poly (D,
L-lactide-co-glycolide) (PLGA; Resomer RG 503H, Sigma Aldrich), along-
side 400 pg of DIiD (Biotium) or 2 mg of VP (Tocris Bioscience), were dis-
solved in 1 mL of dichloromethane (DCM, Sigma Aldrich) and processed
following a single emulsion method to formulate the NP cores.!'8] Mono-
cyte membranes, isolated from THP1 cells using a Minute Membrane Pro-
tein Isolation kit (Invent Biotechnologies), were added to NP cores at a
membrane proteins-to-cores weight ratio of 1:10 and dispersed in an ultra-
sonic bath to form MoNP. The physicochemical properties of MoNP were
characterized using DLS and TEM. VP-loaded NP cores were lyophilized
and then dissolved in dimethylsulfoxide. The fluorescence intensity was
measured at 690 nm using a plate reader (BioTek) to calculate the en-
capsulation efficiency (EE%) and loading efficiency (LE%), as described
previously.1®]

Nanoparticle Uptake Studies in Microfluidic Platform: As an initial step
to investigate MoNP uptake within the microfluidic platform, GB3 cells
were injected into the tumor region after pVN formation and cultured for
24 h. Subsequently, MoNP and uncoated NP loaded with DiD were injected
into media channels devices were treated with the particles for 2 h, after
which unattached particles were removed by washing with the media for at
least 4 times. For the VCAM1 blocking experiments, the TOC devices were
pre-incubated with a media cocktail containing anti-VCAM1 antibody (1:20
dilution) for 3 h prior to nanoparticle addition. The antibody solution was
introduced through the media channel to enable effective VCAM1 block-
ade. Following nanoparticle treatment, devices were either fixed at 24 h
using 4% paraformaldehyde (PFA) for analysis or, in some instances, fixed
at 48 h to assess extended particle retention and distribution. VP-loaded
MoNP were administered and analyzed in the same manner to assess their
functional outcomes.

Immunofluorescence Staining: The devices were initially washed with
PBS. Following this, the cells were fixed with 4% PFA for 30 min at 37 °C.
Subsequently, the devices underwent 2 washes with PBS-glycine (100 mM
glycine in PBS) for 5 min at RT. A final wash was done with PBS-Tween-20
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(PBST) (0.05% v /v Tween-20 in PBS) for 10 min. Cells were permeabilized
with 0.1% Triton X-100 in PBST for 30 min at RT. Following permeabiliza-
tion, a blocking buffer (109 goat serum in PBST) was added and incubated
for 1 h to prevent non-specific antibody binding. The devices were then in-
cubated with primary antibodies at 4 °C overnight, diluted in 1:1 ratio of
10% goat serum and 0.1% Triton-X-100. The antibodies used in this study
and their dilution factors are listed in Table S1 (Supporting Information).
After incubation with primary antibodies and washes with PBST, corre-
sponding secondary antibodies (Alexa Fluor 488/555/647) were added at
a 1:500 dilution, along with 4',6-diamidino-2-phenylindole (DAPI, 1:1000
dilution, Invitrogen) solution. In the case of using fluorescently labeled
primary antibodies, the devices were washed 2-3 times with PBST for 10
min at RT, followed by counterstaining with DAPI.

Data Acquisition and Analysis: A Zeiss Axio Observer Z1 microscope,
equipped with an Apotome2 system (Zeiss) and Zen Pro software,
was used to capture phase-contrast and fluorescence images. In some
cases, BioTek Lionheart LX automated microscope as well as the Leica SP8
Confocal Microscope at 20X objective (ASU RegenMed Core Facility) was
utilized. During the course of experiment, phase-contrast images were ac-
quired before and after drug treatment using a 10X objective with a 4x4 tile
configuration. IF images were obtained at 10X and 20X magnifications. For
3D reconstruction, z-stack imaging was performed across multiple focal
planes.

The VCAM1 index and Ki67 index was determined using the formula
below, with manual counting conducted for accuracy. For each condition,
three images were analyzed, and with three biological replicates, a total of
9 images were used for the VCAM1 and Ki67 index assessment.

Number of VCAM1 positive cells

VCAM1 index =
e Total Number of Nuclei in the Field of view

M

Number of Ki67 positive cells

Ki67 index =
e = T otal Number of Nuclei in the Field of view

0]

Similarly, the cell junctions were analyzed using intensity-based line plot
profile from Image]. For the transverse and lateral diameter, for each con-
dition namely (i) Mono pVN and (ii) Co-GB3+uVN— three ROIs per bi-
ological replicate were imaged. From each Z-stack acquired ROI image
two measurements were extracted for both transverse and lateral vessel
diameters. The transverse diameter (width of the lumen), lateral diame-
ter (height of the lumen) and the migration analysis were measured using
line segment tool. F-Actin-stained fluorescent images acquired was used
to quantify the chain migration. The number of chains per field of view
(FOV) and nuclei per FOV was counted manually.

RNA Extraction for RT-PCR and RNA -seq — Process and Analysis:  Forty-
eight hours post MoNP treatment, the devices were washed with PBS,
and nattokinase (70 fibrinolytic units in T mM EDTA in PBS) was added
to the media channel to dissociate vascular cells from the uVN regions.
After confirming the complete removal of cells from the pVN, collagenase
type Il (2 mg mL~"in 1 mM EDTA in PBS) was added to the media chan-
nel. The devices were then incubated at 37 °C for 20 min to collect GB3
cells from the tumor and stroma region. Swiftly after GB3 isolation, to-
tal RNA was extracted using a RNeasy UCP Micro Kit (Qiagen) for sub-
sequent RT-PCR analysis and transcriptomic profiling. For RT-PCR analy-
sis, RNA was reverse-transcribed with oligo-dT primer (Promega) and M-
MLV reverse transcriptase (Promega). RT-PCR was then performed on a
CFX Duet Real-Time PCR System (Bio-Rad). Relative gene expression lev-
els were calculated using the 2-24CT method. Primer sequences are pro-
vided in Table S2 (Supporting Information). For transcriptome profiling,
the preparation of cDNA library and transcriptome sequencing were con-
ducted by Novogene. The sequence reads were aligned to the reference
human genome (hg38) using STAR,[*! and gene-level read counts were
quantified with StringTie.l*] Differential gene expression was determined
using DESeq2,!*6] with genes having a total count of fewer than 10 across
all samples removed prior to the analysis. A heatmap was generated using
pheatmap (version 1.0.12) based on row z-score value. DEGs with a mul-
tiple hypotheses-corrected P value of <0.05 and |log; (fold change)| > 0.5
were considered up-regulated or down-regulated. Functional enrichment
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analysis, including KEGG, Reactome, GO, and GSEA, was performed using
ClusterProfiler.[*’] RNA-seq data are available in the GEO database under
the accession number GSE294720.

Cytokine Array:  Forty-eight hours after MoNP treatment, the effluents
collected from the devices were pooled by condition and subjected to
cytokine secretion analysis. Raybiotech's human cytokine antibody array
(Cat# AAH-CYT-G3) was utilized. All the steps were followed as per the
manufacturer’s interaction. Signal intensities were background-corrected
and normalized using the positive and negative controls included on the
array. Untreated media served as the control, and all data were initially
normalized to this condition. To specifically assess the effect of VP, a sec-
ondary normalization was performed using the MoNP group as the ref-
erence. Table S3 (Supperting Information) includes the data from three
independent biological replicates.

Statistical Analysis:  All the data values were derived from at least three
independent experiments for comprehensive analysis. All the results and
data were presented as mean =+ standard deviation (mean + SD). Statis-
tical significance was evaluated using Student’s t-test and one-way analy-
sis of variance (ANOVA) with Tukey's multiple comparison. Analyses were
performed using GraphPad Prism software (GraphPad Prism 10), anda p
value < 0.05 was considered statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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