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ABSTRACT: Cancer immunotherapy has emerged as a promising
therapeutic strategy to combat cancer effectively. However, it is hard to
observe and quantify how this in vivo process happens. Three-dimensional
(3D) microfluidic vessel-tumor models offer valuable capability to study how
immune cells transport during cancer progression. We presented an advanced
3D vessel-supported tumor model consisting of the endothelial lumen and
vessel network for the study of T cells’ transportation. The process of T cell
transport through the vessel network and interaction with tumor spheroids
was represented and monitored in vitro. Specifically, we demonstrate that the
endothelial glycocalyx serving in the T cells’ transport can influence the
endothelium-immune interaction. Furthermore, after vascular transport, how
programmed cell death protein 1 (PD-1) immune checkpoint inhibition
influences the delivered activated-T cells on tumor killing was evaluated. Our
in vitro vessel-tumor model provides a microphysiologically engineered platform to represent T cell vascular transportation during
tumor immunotherapy. The reported innovative vessel-tumor platform is believed to have the potential to explore the tumor-
induced immune response mechanism and preclinically evaluate immunotherapy’s effectiveness.
KEYWORDS: microfluidics, cancer immunotherapy, vascular transport, tumor microphysiology, vessel-tumor-on-chip

1. INTRODUCTION
Cancer remains one of the leading causes of death worldwide.
As per data from the American Cancer Society, more than
600,000 individuals lost their lives to cancer in the United
States in 2022.1 Cancer immunotherapy is a promising
therapeutic approach that effectively treats primary and
metastatic neoplastic lesions. Immunotherapy has demonstra-
ted clinical efficacy by harnessing the immune system’s power
to eliminate cancer cells. It has significantly advanced the field
of immune-oncology research, resulting in better outcomes for
patients.2,3 Immunotherapies are generally classified into
different categories, which involve the transplantation of
engineered antitumor immune cells, such as chimeric antigen
receptor (CAR)-T cells and CAR-natural killer (NK) cells, the
use of immune checkpoint inhibitors (ICIs, for example, anti-
PD-1 antibodies, and anticytotoxic T-lymphocyte-associated
protein 4 or anti-CTLA-4 antibodies), the administration of
cytokines like interleukins and interferons, and the utilization
of therapeutic vaccines.4−7 Accordingly, immune checkpoint
inhibition in immunotherapy has drastically altered clinical
outcomes for cancer patients with lasting clinical benefits,
including cures in some patients.7 The diverse responses of
patients to ICIs emphasize the need to develop swift and
efficient means to evaluate their effectiveness.8,9 To succeed in

these endeavors, improved preclinical models are necessary to
inform immunotherapy in vasculature tumor studies.10

Traditional immunotherapy delivery relies heavily on
vascular transport. The vascular system is a natural mechanism
in the immune response that heavily depends on its proper
functioning.11−14 It enables immune cells and signaling
molecules to move through the blood vessels and reach sites
of cancerous cell occurrence or injury, facilitating an effective
immune response. Furthermore, the efficiency of immune
therapy is influenced by the internal vessel network, which
exhibits significant diversity between healthy and tumor tissues
and the impact on immune cell recruitment.15−17 The
endothelial cell surface is typically coated with a layer of
polysaccharides, which serves as the interface between the
blood and the endothelium.18−20 The endothelial glycocalyx
(VGCX) influences the immune cell behavior during vascular
transport, and the inherent features of VGCX are evident from
experimental and computational models.21−25 Since most
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leukocyte adhesion receptors (cell adhesion molecules, CAMs)
are located in postcapillary venules, such as intercellular
adhesion molecule (ICAM), endothelial-leukocyte adhesion
molecule (E-Selectin), and P-Selectin, shedding of the venular
glycocalyx may play an important role during the immune
response.18,26−33 Thus, the ability to model the structure and
transport function of blood vessels in a comprehensive setting
is important for understanding the physiological processes of
immunotherapy.34,35

The microfluidic technique offers a flexible approach to
engineer tumor-on-chip platforms and recreates vascular
transport in vitro.36−41 Several studies focus on the early
stage of vascularization and manipulate different strategies to
promote the growth of endothelial cells around the tumor by
altering the microphysiological environment.42−51 Dey et al.
explored the cytotoxicity induced by CAR-T in the breast
tumor microenvironment based on blood vessels and dynamic
flow.52 Similarly, Ayuso et al. used a microfluidic model to
simulate and study NK cell migration, cytotoxicity, and
antibody-dependent cytotoxicity in complex 3D structures.15

Wan et al. reported a new strategy based on their existing
tumor vascularization platform. They improved the vasculari-
zation by sequentially adding fibroblasts to form tumor
spheres, verifying the ability to enhance drug delivery, cell
trafficking, and CAR-T cell response.51 Due to the highly
complex process of vascular transport under tumor immuno-
therapy in vivo, representing the interaction between tumor,
vessel, and immune cells in vitro is essential.14,53−55 Mean-
while, the application of ICIs as a critical factor in the
therapeutic assessment of vascular−tumor−immune cell
interactions in such an immune process remains underex-
plored. Inspired by these novel approaches, we developed a
method to visualize the immune therapy process and
investigate the physiology of this interaction, which reflects
the human body.
Our study devised a perfusable vascular network, facilitating

the creation of a vessel-tumor model to induce the T cells’
transportation. The concept is illustrated in Figure 1. This
model closely mimics the intermediate structure that trans-
ports T cells from the main blood vessels to the outflow toward
the tumor.56 Subsequently, we conducted assessments on T
cell cytotoxicity, particularly focusing on the PD-1/PD-L1
immune checkpoint blockage. A significant decrease in tumor
viability was observed after T cell stimulation and immune
checkpoint inhibition. These findings demonstrate an in vitro
vessel-tumor model that helps to understand the progression of

immune vascular transportation and overcomes microphysio-
logical transport limits.

2. MATERIALS AND METHODS
2.1. Microfluidic Device Design and Fabrication. Based on

the platform mentioned in our previous study, the vessel-generation
microfluidic device (VGMFD) design using AutoCAD software was
fabricated with standard soft lithography techniques using negative
photoresist SU-8 2150 (Kayaku Advanced Materials).57 The
fabrication was finished at the Institute for Functional Materials and
Devices (I-FMD), Integrated Nanofabrication and Cleanroom Facility
(INCF) at Lehigh University. Polydimethylsiloxane (PDMS)
(SYLGARD 184, Dow Corning Corporation) was used for the
replica of the SU-8 master mold, and the PDMS was cured at 80 °C
for 1 h and then peeled off for bonding with glass slides. The device
was designed to be 350 μm in height, and a 200 μm distance was
considered between the microposts to provide sufficient surface
tension. Four loading reservoirs and two gel loading inlets were
punched into the PDMS layer by 4 and 1 mm biopsy punches (World
Precision Instruments), respectively. All the devices were presterilized
by autoclave before the experiments.
2.2. Cell Culture and Reagents. Human umbilical vein

endothelial primary cells (HUVECs) and human colorectal carcinoma
cell lines (HCT116) were purchased from Lonza and the American
Type Culture Collection (ATCC), respectively. HUVECs were
cultured in EBM-2 Basal Medium (Lonza), supplied with Micro-
vascular Endothelial Cell Growth Medium SingleQuots supplements
(EGM-2 MV, Lonza) and 1% Antibiotic-Antimycotic (Gibco).
HUVECs from passages 3−8 were used in the experiments. The
HCT116 were cultured in Dulbecco’s modified eagle medium
(DMEM, Gibco), supplied with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin-streptomycin (Bio-Techne Corporation).
The T cells were obtained from the Human Immunology Core of
Penn Medicine and maintained in RPMI-1640 (ATCC), supplied
with 10% FBS, 1% Pen-Strep, and 10 ng/mL Recombinant Human
IL-2 (Biolegend). All of the cells were maintained regularly with
medium change each other day. For HUVECs and HCT116, 0.05%
Trypsin-EDTA (Bio-Techne Corp.) was employed for the passaging.
2.3. Endothelium Layer and Vessel-Tumor Formation and

Culture. The vessel networks were created using a seeding method
with a concentration of 8 × 106/mL HUVECs. The HUVECs were
seeded in a fibrin gel composed of bovine fibrinogen and thrombin
(Sigma-Aldrich). After the gel was prepared, it was injected into the
gel-laden channel and allowed to cure for 20 min. Following the
curing process, hydraulic pressure was applied to induce interstitial
flow, facilitating the vessel network’s formation. On the third day, the
medium channels of the device were coated with a 0.2% gelatin
solution for 1 h. Subsequently, HUVECs were seeded onto gelatin-
coated channels. The device was tilted to ensure uniform coverage of
the endothelium layer, and fresh HUVECs were introduced every half

Figure 1. Illustration of the T cell vascular transportation in tumor immunotherapy that involves three main components�blood vessel, tumor,
and transporting T cells.
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an hour, ensuring that all channels’ sides were coated with the
endothelial layer.
The tumor spheroids were generated by commercial AggreWell

Microwell Plates (STEMCELL Technologies). In brief, the micro-
wells were precoated with an antiadherence-rinsing solution
(STEMCELL Technologies). HCT116 cells were harvested and
seeded into the microwells at 1.2 × 105 cells/mL. After 3 days of
culture, tumor spheroids with a desired size of approximately 150 μm
were formed. Subsequently, the tumor spheroids were transferred to
the medium channel of the VGMFD, which did not contain an
endothelium layer. The tumor spheroids adhered to the outlet of the
vessel network, creating a vessel-tumor model. Before the tumor
spheroids were transferred into the microfluidic device, HUVECs and
tumor spheroids were stained with CellTracker Green CMFDA and
CellTracker Red CMTPX Dye (Invitrogen), respectively.
2.4. Endothelium Glycocalyx Degradation and T Cell

Adhesion. The processes mentioned in our previous paper follow
the VGCX layer degradation.58 The Neuraminidase enzyme (Neur)
was used for one of the main components of the degradation of
endothelium glycocalyx, sialic acid, a glycocalyx component of
immune system regulatory relevance.59 Wheat germ agglutinin
(WGA) lectin was considered to characterize the glycocalyx layer.
The T cells were then perfused through the endothelial layer to
evaluate T cell adhesion. The T cells were prepared at 3 × 105 cells/
mL, with a flow rate of 10 μL/min, and this flow rate mimicked the
wall shear stress inside the vessel.
2.5. Computational Simulation. We have crafted a coarse-

grained molecular dynamics model to elucidate the influence of
VGCX on ligand−receptor binding between T cells and the
endothelial monolayer. This model employs the Cooke−Deserno
membrane representation technique, a renowned approach for
simulating interactions between ligands and receptors.60 Our model
adopts a dual-layered approach for the T cell using a Cooke−Deserno
three-bead membrane representation. Each lipid in this representation
is portrayed as a trio of discrete beads. These beads symbolize the
hydrophilic headgroup and the two hydrophobic tail groups (as
illustrated in blue in Figure 4A). This configuration adeptly
encapsulates the amphiphilic nature of the lipids. The coarse-grained
beads are interconnected through a finite extensible nonlinear elastic
bond, which ensures the preservation of the inherent character of the
lipids. To further enhance the realism of our model, a harmonic
angular potential is incorporated to maintain the beads’ straightened
configuration. By adjusting the Lennard-Jones parameters, we fine-
tuned the affinity between the ligand and receptor to mirror the
experimentally observed adhesion rates between ligand receptors. To
represent the ligand within our model, we employed a ligand chain
composed of six beads. This chain is strategically affixed to the outer
head layer of the T cell membrane. To emulate natural variability, our
model ensures that the ligand chain is attached to ∼20% of the
randomly selected sites on the outer head layer of the T cell
membrane. This method not only introduces randomness but also
captures the inherent heterogeneity observed in biological mem-
branes.
In our model, to capture the essence of VGCX, we have adopted a

six-bead chain representation. Each bead in this chain is designed to
symbolize a segment or a functional unit of the VGCX components.
This coarse-grained approach simplifies the intricate molecular details
of VGCX while retaining its essential features, making it computa-
tionally feasible to study its interactions and dynamics. A fundamental
aspect of our representation is the designed lack of affinity of these
beads toward the T cell ligand achieved through tuning parameters of
Lennard-Jones potential. In the biological context, VGCX can act as a
barrier or a mediator for various cellular interactions. By ensuring that
our simulated beads exhibit no affinity for the T cell ligand, we are
emphasizing the role of the VGCX as a distinct and semipermeable
entity. This design choice ensures that any interactions or lack thereof
between the VGCX and the T cell ligand in our simulations are not
due to inherent attractions but are a result of the broader system
dynamics and conditions. This distinction is vital for accurately

deciphering the role of VGCX in ligand−receptor interactions and
understanding its influence on cellular processes.
The interaction affinities between the ligand (on T cells) and the

receptors are defined using the Lennard-Jones potential, a time-
honored approach in molecular dynamics simulations. The Lennard-
Jones potential describes the potential energy between two particles
based on their distance, encapsulating both their attractive and
repulsive interactions. By meticulously adjusting the parameters of
this potential, we can modulate the strength and nature of interactions
between the ligand and receptors. This provides a platform for a
comprehensive and nuanced exploration of their binding dynamics,
illuminating factors that govern the specificity, duration, and strength
of these pivotal biological interactions. The membrane representation
and the associated parameters were described in our previous
publication.61

2.6. T Cell Stimulation and Immune Checkpoint Blockage. A
concentration of 1 μg/mL of antihuman CD3 and 2 μg/mL of
antihuman CD28 antibodies (Biolegend) was added to the culture
medium to activate the T cells. The cells were then incubated for at
least 48 h to allow for activation before conducting the experiments.
For the PD-1/PD-L1 immune checkpoint inhibition, cells were
treated with a concentration of 50 nM PD-1/PD-L1 inhibitor 3 (IB3,
Selleck Chemicals). The inhibitor was added to the culture medium,
and the cells were incubated with the inhibitor overnight concurrently
with the experiments.
2.7. Immunocytochemistry. Samples were labeled using

immunocytochemistry techniques to characterize the vessel network,
and PD-L1 in tumors was used to identify specific proteins. Samples
were washed in 1×PBS (Gibco) three times and then fixed with 4%
paraformaldehyde (PFA, Thermo Fisher Scientific) for 30 min. Then,
following 0.1% Triton X-100 permeabilization for 15 min to prevent
nonspecific bind, 3% bovine serum albumin (BSA, Sigma-Aldrich)
was used for the blocking for 1 h. The vessel networks were labeled
with platelet endothelial cell adhesion molecules by PE/Cyanine 5
antihuman CD31 (Biolegend) and F-actin by Phalloidin-FITC
(Abcam). The tumor spheroids, epithelial cell adhesion molecule,
and PD-L1 were stained with Alexa 488 antihuman EpCAM and
Alexa 594 antihuman PD-L1 (Biolegend), respectively. The nucleus
was counterstained with DAPI (Invitrogen).
2.8. T Cell Cytotoxicity and Infiltration Evaluation. After the

vessel-tumor model was created, T cells under four conditions were
introduced: inactivated T cells without PD-1/PD-L1 inhibition,
inactivated T cells with PD-1/PD-L1 inhibition, activated T cells
without PD-1/PD-L1 inhibition, and activated T cells with PD-1/PD-
L1 inhibition. The ratio of the target cells to the effective cells was
1:10 (in which the T cells were the effector cells, and the tumor cells
served as the target cells) and started from the T cells surrounding the
tumor spheroids; T cells and tumor spheroids were cocultured for 24
h. For the T cell cytotoxicity evaluation, the vessel-tumor model was
first washed with medium twice, and then live/dead staining solution,
which was prepared in medium with a concentration of 5 and 10 μM
Calcein AM (Corning) and propidium iodide (PI, Biotium),
respectively, was used and incubated for 30 min at 37 °C before
imaging. For the T cell infiltration evaluation, the T cells and tumor
spheroids were stained with CellTracker Blue CMAC (Invitrogen)
and CellTracker Green CMFDA Dye, respectively. After coculture,
confocal images were captured under the same focal plane to visualize
the interaction between T cells and tumor spheroids. The distances
that T cells invaded toward the center of the tumor spheroids were
measured to assess the infiltration efficiency. To analyze the images
and categorize different regions within the tumor spheroids by
contour lines, a gap of 10 μm was indicated between each line.
2.9. Imaging and Statistical Analysis. The images were

captured by using either an Olympus IX70 inverted microscope or
a Nikon C2+ laser scanning confocal microscope. Data collection and
imaging analysis were conducted using the NIH ImageJ software. The
images were captured in the same field of view with background
subtraction for all quantified data, including the glycocalyx condition,
viability test, and infiltration. The normalized T cell adhesion rate is
given as

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c00391
ACS Appl. Mater. Interfaces 2024, 16, 22839−22849

22841

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


N
N

Adhesion rate (%) 100%ad

total
= ×

where Nad is the number of the attached T cells on the endothelial
layer after the perfusion, and Ntotal is the average number of the T cells
that have been perfused per frame per ROI.
Spheroid viability was calculated based on the ratio of the

spheroid’s area of green fluorescence through the maximum intensity
projection images. At least five images were analyzed for each
experimental condition to ensure accuracy. The experiments were
repeated at least three times, and quantification was performed on
over 50 cells or 10 spheroids in each group. Statistical analysis was
carried out using an independent, two-tailed student t test, with a p-
value of less than 0.05 considered statistically significant.

3. RESULT AND DISCUSSION
3.1. Vessel-Tumor On-Chip Model Generation. We

developed an in vitro vessel-tumor model using a three-channel
VGMFD. This model aimed to replicate the structural
characteristics of the vascularized tumor microenvironment,
as demonstrated in Figure 2. The device consisted of three

distinct regions: the endothelial lumen region, the vessel
network region, and the tumor spheroid region. The VGMFD
had two gel-loading inlets, with the center channel (channel 2)
containing microposts to prevent gel leakage (Figure 2A). This
channel facilitated vasculogenesis and allowed for perfusion of
the vasculature. Channels 1 and 3 were designated explicitly for

the flow of the medium. Channel 1 generated the endothelial
cell monolayer, while channel 3 served as the region for
housing the tumor spheroids. To serve as reservoirs for the
medium, 200 μL micropipette tips were inserted at the inlets of
channels 1 and 3. The medium flow was initially introduced
from channel 3, creating hydraulic pressure and interstitial flow
that facilitated the diffusion of the medium through the
hydrogel present in channel 2. This process supported the
formation of a perfusable vessel network, typically around day
5 of culture (Figure 2B,C). By day 3 of the vasculature self-
assembly process, preformed HCT116 tumor spheroids were
introduced into channel 3 of the microfluidic device. The
tilting of the device allowed for the tumor spheroids to adhere
to the outlet of the vessel network, resulting in a seamless
fusion between the tumor spheroids and the hydrogel (Figures
2D and S1). This integration created a close interaction
between the tumor spheroids and the vascular network,
simulating the tumor microenvironment and facilitating the
study of tumor progression and therapeutic responses within
this in vitro model. The size of the tumor spheroids used in our
model was intentionally selected to load into anastomosis
region through the gaps between the microposts in the
VGMFD. This enabled the efficient delivery of cells and
therapeutic agents to the tumor spheroids, mimicking the
transport dynamics observed in the vascularized tumor
microenvironment.
3.2. Endothelium Glycocalyx Status Influences T Cell

Adhesion. Being the first structure on the endothelium to
interact with the bloodstream and circulating cells, VGCX
encompasses an array of adhesion receptors including
integrins, immunoglobulins, and selectins. When the system
interacts with blood flow under varying conditions, the
corresponding feedback influences the adhesion of T cells to
blood vessels, which is mediated by receptors and regulates the
physiological response of T cells during tumor immunother-
apy. Thus, we employed an enzymatic method to examine the
influence of VGCX degradation on the mechanical interactions
between T cells and the endothelial monolayer to mimic the
tumor-mediated VGCX function. Our approach focused on the
degradation of sialic acid residues in VGCX using Neur, a
sialidase enzyme. By targeting the sialic acid components, we
aimed to assess the effects of VGCX degradation on the
mechanical dynamics of T cell−endothelial cell interactions
within the system. By treating the endothelial monolayer with
Neur for 1 h, we could degrade the VGCX effectively (Figure
3A). The degradation of VGCX led to noticeable changes in its
characteristics. Specifically, we observed a significant decrease
in the average thickness of the glycocalyx after 60 min of
treatment (Figure 3B). The treated glycocalyx exhibited a
thickness of approximately 3.3 times thinner compared to the
nontreated glycocalyx. Additionally, we observed a substantial
reduction in the coverage area of VGCX, with a decrease of
63.1% after the same duration of treatment (Figure 3C). These
findings demonstrate the effective removal and modification of
the VGCX through Neur treatment. The enzymatic degrada-
tion of the glycocalyx led to the direct exposure of the cell
membrane to the surrounding microenvironment, eliminating
the protective barrier provided by the VGCX. This exposure
allowed for closer interactions between T cells and endothelial
cells, potentially altering their mechanical interactions.
We introduced T cells into the system to mimic the

transportation of T cells through the endothelial cell
monolayer. The T cells were prepared at a concentration of

Figure 2. Setup of the vessel-tumor on a chip model. (A) PDMS-
based vessel-generation microfluidic device. (B) Time course of
vasculature self-organization. Scale bar: 100 μm. (C) Confocal images
of the endothelial cell monolayer and the vessel network. Red, green,
and blue represent CD31, F-actin, and nucleus staining, respectively.
(1−3): Monolayer of the vessel lumen, endothelial cells at the
anastomosis, and vessel network. Scale bar: 100 μm. (4) Character-
ization of the vessel network. Scale bar: 25 μm. (D) Full fluorescent
view of the vessel-supported tumor model. Green and red indicate
HUVECs and HCT116, respectively. Scale bar: 100 μm. (E)
Schematic diagram showing the experimental design of immune
dynamic investigation on the vessel-tumor model.
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3 × 105 cells/mL and were introduced into the flow at a rate of
10 μL/min. This flow rate was chosen to provide a similar wall
shear stress (WSS) observed in the venous vessel, typically
around 1 dyn/cm2. By subjecting the T cells to this flow
condition, we aimed to recreate the physiological environment
and study their ability to transmigrate across the endothelial
cell monolayer (Video S1). The WSS does not lead to
substantial removal of the VGCX. Conversely, following
enzyme treatment, T cells exhibit three distinct states, floating,
rolling, and attached, mimicking their movement within the
bloodstream (Figure 3D). Additionally, our findings revealed
that after 60 min of VGCX degradation, T cells had increased
adhesion to the endothelial lumen. This provides evidence of

the T cell interaction with endothelial cells within the
microenvironment. Comparing the rate of T cell adhesion to
that of the endothelial monolayer, a noticeable increase in the
number of attached T cells was observed in association with
VGCX degradation. In the absence of the sialic acid layer,
there was an observed increase of over 2.4 times in the
conglutination of T cells to HUVECs (Figure 3E,F). As a
result, with increased adherence, less amount of T cells enters
the vessel inlet, which alters the transport behavior.
A molecular dynamics computational model is also

developed to undersee this process. In the simulation, the
interaction between the T cell ligand and its corresponding
receptor is depicted in Figure 4. Delving deeper into the

Figure 3. Endothelium glycocalyx conditions after enzymatic degradation. (A) Neur enzyme-treated endothelium glycocalyx component sialic acid
for 0 min (control) and 60 min. The sialic acid was stained green, and the nucleus was stained blue. Scale bar: 50 μm. (B) Quantified
characterization of the glycocalyx layer coverage area and thickness before and after Neur treatment at different times. (C) Confocal scan of the
endothelium glycocalyx was degraded by the enzyme over time. Green: sialic acid; blue: nucleus. Scale bar: 25 μm. (D, E) Images of T cell adhesion
to the nontreated endothelium layer (control group) and 60 min-treated endothelium layer (treatment group). The HUVECs were stained with
CellTracker Green CMFDA, and T cells were stained with CellTracker Red CMTPX. Scale bar: 25 μm. (F) Statistical analysis of the normalized
rate of T cells adhesion to the endothelium layer. Data representing over 100 cells in each group are expressed as mean ± S.E.M. (***p < 0.001,
**p < 0.01, *p < 0.05).

Figure 4. Visualization of ligand−receptor binding simulations. (A) Interaction of T cell ligand and CAM receptor in the presence of VGCX, (B)
and in the absence of VGCX. (C) Comparison of normalized cell adhesion between the treatment group (lacking VGCX) and the control group
(with VGCX). (D) Schematic depiction of the simulation algorithm, where VGCX is denoted by 6 coarse-grained beads and AMCAM is denoted
by 3 beads. The schematic is generated through Biorender.
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specifics, Figure 4A illustrates the presence of VGCX, a dense,
anionic, and carbohydrate-rich layer covering the cell surface.
Notably, when the VGCX is present, there is a marked
reduction in the adhesion between the T cell ligand and
receptor. This suggests that the VGCX may play a role in
modulating this interaction, possibly acting as a barrier or
mediator. On the other hand, Figure 4B provides a contrasting
view, showcasing the interaction between the T cell ligand and
receptor in the absence of the VGCX. The difference in
adhesion levels between the two scenarios is further quantified
in a bar chart (Figure 4C), which presents the normalized
adhesion values for both the control group (with VGCX) and
the treatment group (without VGCX). Outcomes from the
simulations align closely with the experimental results. The
scheme of the simulations is shown in Figure 4D.
3.3. Perfusable Network Allows for T Cell Transport

toward the Tumor Spheroids. The typical immune
response requires T cell activation. T cells have the potential
to infiltrate the tumor environment after the stimulation. Thus,
comparing the inactivated and activated T cells being
stimulated at the antigen recognition site and the tumor
microenvironment is important. In general, by implementing
the surface antigens of antigen-presenting cells (APCs), the
CD3-receptor and CD28 coreceptor are able to reprogram the
T cells. Upon stimulation, the T lymphocytes start to
proliferate and elicit a pathogen-specific immune response.62

Some notable phenomena were counted for demonstrating the
T cell activation, commonly with clustering and deforma-
tion.63,64 To assess the efficacy of the anti-CD3 and anti-CD28
treatment, we examined bright field images taken within 48 h
of the initiation of the treatment (Figure 5A,B). We analyzed
the aggregated clusters based on the size of each cluster and
the number of clusters present within the field of view. In
contrast, the inactivated T cells demonstrate a lower

propensity to form clusters, while a higher occurrence of T
cell clusters is observed on the surface of antigen receptors
(anti-CD3 and anti-CD28), as expected. The analysis reveals
that the clusters formed by activated T cells exhibit an average
size approximately 3.3 times larger than those created by
nonactivated T cells. Furthermore, upon analyzing the number
of clusters within the field of view, it was observed that an
average of 102 clusters formed in a 1-millimeter square area
after 48 h of stimulation, with a maximum of 164 clusters. In
comparison, only 21 clusters were generated without
stimulation, accounting for only 21% compared to the
presence of anti-CD3 and anti-CD28 supplements. These
findings strongly indicate that successful activation was
achieved in accordance with the expected nature of stimulated
T cells.
Our next step is cooperating with all of the setups and

allowing the purfusable vessel network (Figure 5C) to
transport the T cells. Once the hydrogel and tumor spheroids
fused together (with the tumor spheroids attaching and
growing into the hydrogel, Video S2), the T cells were
introduced into the vessel network. The bottom port of the
inlet was blocked to enforce the T cells entering the vessel
networks. After a flow period of five min, we could observe the
presence of transported T cells surrounding the tumor
spheroids (Figure 5D) and the transported T cells perfusion
in the vessels. Furthermore, by stacking up the dynamical
locations of T cells, the T cells’ transportation was able to be
recorded by Ximea XiB CB 120-CM Camera and traced from
the video through ImageJ processing by z-stack standard
deviation (Figures S1 and S2; Videos S3 and S4). The
trajectory represented the path of the T cell movement in the
vessel network and how the T cell was transported toward the
tumor spheroid (Figure 5E). Accordingly, the vessel-tumor
model that we developed enabled the tumor to adhere to the

Figure 5. T cell activation and T cells interact with endothelial cells and tumor spheroids. (A) Anti-CD3 and anti-CD28 stimulated T cells after 48
h. Scale bar: 100 μm. (B) Relative cluster size and cluster number under the field of view between the inactivated T cells and activated T cells. (C)
Trajectory of the T cell was denoted in blue, indicating the movement from the endothelial layer to the vessel network. Scale bar: 50 μm. (D) T cell
introduction into the vessel-supported tumor model. With the purfusable vessel network, the T cells appeared in the HUVECs vessel network and
surrounded the tumor spheroids. The HUVECs, HCT116 tumor spheroids, and T cells were stained with CellTracker green CMFDA, red
CMTPX, and blue CMAC, respectively. Scale bar: 200 μm. (E) Trajectory of the T cell was denoted in blue, indicating the movement from the
vessel network toward the tumor spheroid. Scale bar: 50 μm.
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outlets of the vessel network. The tumor’s proximity to the
vessels enhances the interaction between T cells and tumor
cells, potentially impacting the immune response and tumor
microenvironment dynamics.
3.4. Inhibition of Immune Checkpoints Promotes the

Immune Response in the Vessel-Tumor Model. As an
FDA-approved cancer treatment strategy, targeting immune
checkpoint PD-1/PD-L1 is a significant immunotherapy
approach. Herein, we examined the impact of immune
checkpoint inhibition on both tumor cells and T cells and
assessed the efficacy of immunotherapy in T cells. To
determine the expression of PD-L1 in our tumor spheroids,
we first stained the HCT116 tumor with anti-PD-L1 before
and after the PD-1/PD-L1 inhibitor process. It has been
presented that HCT116 internally has PD-L1 expression,
suppressing the T cell interaction with the tumor. After
overnight treatment, the inhibition driven from the IB3
downgraded the PD-L1 signals, allowing the T cells to be
more sensitive and capable of targeting the tumor spheroids
(Figure 6A). Meanwhile, upon stimulation, the PD-1 level
expressed in the T cells increased as the stimulation time
passed. Thus, the 48 h-activated T cells brought a PD-1
expression over 50% of the whole T cell population (Figure
S3), which showed its potential as PD-1/PD-L1 immune
checkpoint inhibition treatment.

Then, we validated the cytotoxicity of the activated T cells
combined with the blockage of PD-1/PD-L1, which is
considered a traditional immunotherapy treatment. As
previously mentioned, while the T cells appeared around the
tumor spheroids (Figure 6B), we started 24 h of coculture to
evaluate the tumor viability by the immune therapy process.
Four conditions have been incorporated, consisting of negative
control, the groups with either T cell activation or PD-1/PD-
L1 inhibition, or groups containing both T cell activation and
IB3 treatment. Following the stimulation, we observed that the
activated T cells displayed enhanced cytotoxicity against tumor
spheroids. A 3.6-fold increase in cytotoxicity occurs compared
to the groups without T cell activation, and the tumor viability
in the T cell activation-only group is 84.6%. Furthermore,
when we utilized a PD-1/PD-L1 inhibitor, we observed a
significant reduction in tumor viability even without T cell
activation, and it reached levels 1.6 times lower than those of
the control groups, as shown in Figure 6C,D. We combined T
cell activation and immune checkpoint blockade, notably
reducing tumor viability to below 60%, which is 35% lower
than the negative control.
3.5. Infiltration of the Delivered T Cells Present in the

Tumor. The dynamic process of T cell infiltration was
characterized by using confocal scanning (Figure 7). As the
infiltration time increases, the delivered T cells were observed

Figure 6. Tumor spheroid immune checkpoint blockage and T cell cytotoxicity evaluation. (A) Immunofluorescent images of tumor spheroids with
and without PD-L1 inhibitor treatment. Orange: PD-L1; Green: EpCAM; Blue: nucleus. (B) Three-dimensional confocal scan of tumor spheroid
after T cell appearance inside the channel. Green: tumor spheroid; Red: T cells. (C) T cell cytotoxicity to the tumor spheroid under conditions: (1)
without PD-1/PD-L1 inhibition and inactivated T cells, (2) with PD-1/PD-L1 inhibition and inactivated T cells, (3) without PD-1/PD-L1
inhibition and activated T cells, and (4) with PD-1/PD-L1 inhibition and activated T cells. The tumor spheroids viability was validated by the live/
dead staining, where the living cells were stained in green by Calcein AM and dead cells stained in red by PI. (D) Statistical tumor spheroid viability
under different conditions. Data representing over 30 spheroids in each group are expressed as mean ± S.E.M. (***p < 0.001, **p < 0.01, *p <
0.05). Scale bar: 100 μm.
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to penetrate deep into the tumor spheroids, reaching the
center (the infiltration distance exceeding 60 μm). To visualize
the process, we employed contour lines to delineate distinct
regions based on the distance from the edge to the center of
each tumor spheroid. With the average size of tumor spheroids
being 150 μm, we set the length between each contour line to
10 μm, ensuring that each tumor spheroid was divided into
eight independent regions. We counted the invaded distance,
considering any distance beyond 60 μm as the center of the
tumor. Only 11% of the T cells (T cells colocalizing with the
tumor spheroid divided by the number of all T cells in the field
of view) began to infiltrate the tumor during the initial 2 h,
shown as orange in Figure 7B. However, after 24 h, over 90%
of the T cells were present in the spheroids. Notably, the most
efficient infiltration occurred between 2 and 4 h, following the
introduction of T cells. After a 12 h period, we could observe
the presence of T cells in the center of the tumors. This finding
indicates that, in our model, the immune activity primarily
initiates and becomes noticeable within the first 12 h.
Solid tumors are highly related to the vessel-dominated

microphysiological environment, significantly influencing the
transportation efficiency in in vivo immune therapy.65,66 The
understanding of vessel−tumor−immune cell interactions has
been particularly obscure. To address the challenge, it is
necessary to understand the vascular transport process by an in
vitro strategy. Thus, generating a visualizable vessel-tumor
model becomes crucial, particularly in studying tumor−
immune interactions.51,67

In this study, we developed a microphysiologically
engineered vessel-tumor model to evaluate immune cell
vascular transport and immunotherapy efficiency. By involving
different compositions in the microfluidic platform, our new
model is capable of representing the process of T cell
transportation through various vessel-tumor compositions.
Moreover, the on-chip tumor model enables the assessment
of the T cell-killing behavior after vascular delivery, which
provides real-time monitoring of the interaction of vessels,
tumors, and T cells.
Specifically, we investigated the effect of VGCX on

endothelial cells, which influences T cell adhesion. The
removal of sialic acid from the endothelial lumen led to an
increased adhesion of T cells to the endothelial layer.
Subsequently, we observed the tumor−immune cell inter-
actions as the T cells successfully transported through the
vessel to the tumor spheroids. Finally, we examined the
immune checkpoint inhibition on the platform and evaluated
the effectiveness of immunotherapy on delivered T cells. It was
found that PD-1 immune checkpoint inhibition of the
delivered T cells results in higher cytotoxicity and reduced
tumor viability. Generally, the vessel-tumor model demon-
strated the potential to monitor T cell vascular transport and
assess immunotherapy effectiveness.

4. CONCLUSIONS
In summary, we developed an in vitro vessel-tumor model
featured for T cell vascular transportation, which mimics the
interactions between the tumor, endothelial, and immune cells

Figure 7. Confocal scan of T cell infiltration in the tumor spheroids after T cells perfused through the vessel network. (A) Delivered T cells invaded
under different time courses, from 2 to 24 h. The distance was classified with gradient contour lines, and each line stands for a 10 μm gap. Green:
Tumor spheroid, blue: T cell; red: gradient contour line. All of the images were derived from z-stack maximum intensity projection. Scale bar: 50
μm. (B) T cell distribution ratio plot in the tumor spheroids and n = 3 for each time point.
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in vivo. By utilizing the platform, we reconstituted a 3D
vascular network as the intermediate section between the
blood vessel and solid tumor, allowing T cells to transport
through the network and monitor the proceeding. The
cytotoxicity of the T cells has been evaluated, and the
delivered T cells have shown a proper tumor-killing function
(less than a third compared with the group without the ICIs).
Together, these results represent the progress of vascular
transport during tumor immunotherapy. Furthermore, the
platform may pave the way for studying tumor treatment
outcomes with the combined therapy of immunotherapy and
chemotherapy.
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