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Abstract: Multilayer paper-based cell culture, as an in vitro three-dimensional (3D) cell culture method, has been frequently
used to research drug bioavailability, therapeutic efficacy, and dose-limiting toxicity in malignant tumors. This paper proposes a
heterogenous multilayer paper stacking co-culture system to establish a model of natural killer (NK) cells moving through the
endothelium layer and attacking tumor spheroids. This system consists of three layers: a bottom tumor-spheroid layer, a middle
invasion layer, and a top endothelium layer. NK-92 cells were placed in the supernatant on top of the three layers. After two
days of co-culture, the attack of tumor spheroids by NK cells was observed. We additionally examined the infiltration of NK-92
cells within the tumor spheroids at different Z-axis depths using a confocal microscope, and the results suggested that the
system successfully realizes NK cells traveling cross the endothelium layer to form tumor-infiltrating NK cells (TINKSs). The
potential application of multilayer paper for co-culture models involving cancer cells and immune cells holds great promise for
exploring the interaction dynamics of these two cell types.
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1 Introduction

Prostate cancer is a frequent malignancy that
poses a considerable health burden (Luczynska and
Aniot, 2013). Consequently, intensive research on ef-
fective therapies has produced recent advancements
in three-dimensional (3D) cell culture, allowing for in-
depth investigations into drug bioavailability, therapeut-
ic efficacy, and toxicity regarding malignant tumors
(Fontana et al., 2020). Three-dimensional cultures
enable cells to retain their morphological and pheno-
typic characteristics observed in vivo, making them
invaluable for studying complex cellular behaviors
and interactions (Gaitan-Salvatella et al., 2021). To
further advance the development of in vitro 3D cell
culture, several methods have been devised, including
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suspension culture (Pan et al., 2023b), concave micro-
well culture (Guo et al., 2022), scaffold-based culture
(Lin et al., 2021), hanging drop culture (Fu et al.,
2021), 3D bioprinting technique (Zhao et al., 2022),
and the layer-by-layer cell-coating technique (Choi
et al., 2020).

Scaffold-based culture in particular has been
widely employed to investigate cell—cell and cell-
extracellular matrix (ECM) interactions (Sang et al.,
2022). The fibrous structure of paper as scaffold mater-
ial has been proven effective for 3D cultures due to its
ability to support cell migration and the creation of
complex in vitro microenvironments (Larson et al.,
2021). Additionally, the structural characteristics of
paper organized into a stacked system facilitate cell
migration. The advantages of the multilayer paper cell
co-culture system include: (1) the establishment of a
3D complex in vitro microenvironment through the
multilayer structure; (2) the ability to replicate various
cell behaviors, such as cell—cell interactions, cell-ECM
interactions, cell invasion, and cell migration; (3) the
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confinement of nutrition, oxygen, and signal molecules
to form diffusion gradients (Romo-Herrera et al.,
2021); and (4) the ability to investigate cells in each
layer of the multilayer paper co-culture system by de-
stacking the paper, allowing for simple cell recovery.
Despite the recent research focus on scaffold-based
methods for modeling tumor—endothelial tissue and
tumor—normal tissue interactions, there has been little
emphasis on tumor—immune cell models. Hence, the
establishment of a multilayer paper-based co-culture
system to investigate the interactions between tumor
spheroids and endothelial and immune cells is of great
significance.

Natural killer (NK) cells, as crucial effector
lymphocytes in the peripheral blood, play a critical
role in the innate immune system (de Andrade et al.,
2019). In vivo, a subset of NK cells facilitates tumor-
infiltrating NK cells (TINKSs) by traveling through the
blood vessel wall to enter the tumor tissue (Burster
et al., 2021). Traditional studies on tumor—NK interac-
tions have relied on animal models or simplistic in vitro
co-culture plates, which cannot capture the complex-
ity of the tumor microenvironment and the dynamic
nature of cell migration (Varudkar et al., 2021). In
contrast, an in vitro 3D co-culture system enables the
migration of tumor cells and NK cells, as well as the
formation of TINKs.

Agar, well known for its cell-repelling prop-
erties, supports the formation of tumor spheroids in
a microwell plate and on paper scaffold (Pan et al.,
2023a). Matrigel, another type of gel derived from
Engelbreth-Holm-Swarm mouse tumor cultures, is
widely used for organoid cultivation, promoting cell
migration and facilitating 3D cell culture (Wu et al.,
2023). In addition, the interiors of solidified agar and
Matrigel allow nutrition diffusion, such as glucose
and amino acid, as well as oxygen transport for cell
growth (Agarwal et al., 2020). Thus, agar and Matri-
gel could be used to functionalize the cellulose scaf-
fold of paper for cell culture.

The objective of this study was to establish a
multilayer paper co-culture system for investigating
tumor spheroids—human umbilical vein endothelial cell
(HUVEC)-NK cell interactions and migration. The
co-culture system comprises three distinct layers: the
bottom layer features agar-coated paper for tumor
spheroid formation; the middle layer is made from
Matrigel-coated paper to facilitate cell migration and
invasion; and the top layer, also Matrigel-coated,

supports HUVEC growth (Fig. 1a). NK cells are in-
troduced above the top layer, allowing for the track-
ing of their migration towards the tumor spheroids
below. First, the morphology and mechanical prop-
erties of the multilayer paper were characterized. Sub-
sequently, the cell behaviors on each layer were inves-
tigated. Finally, the movement of NK cells from the
top HUVEC layer through the middle Matrigel layer
to the bottom tumor spheroid layer was quantified.
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Fig. 1 Schematic illustration of cell co-culture in the
multilayer paper. (a) Cells on the stacked multilayer paper.
(b) Assembly of the multilayer paper-based device for cell
co-culture. NK: natural killer; HUVEC: human umbilical
vein endothelial cell.

2 Materials and methods
2.1 Materials and reagents

Human prostate cancer cells (DU145), human
prostate epithelial cells (PNT1A), and HUVECs were
obtained from the cell bank of the Chinese Academy
of Sciences (Shanghai, China). Human NK-92 cells
were from Procell (Wuhan, China). The DU145,
PNT1A, and HUVECs were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, USA), con-
taining fetal bovine serum (10% (volume fraction),
Bio-Channel, Nanjing, China), penicillin (100 U/mL),
and streptomycin (100 pg/mL) at 37 °C in a 5% CO,
atmosphere. The NK-92 cells were maintained in NK-
92 special medium (Cat# CM-0530, Procell, Wuhan,
China), also at 37 °C in a 5% CO, atmosphere.

Green live-cell membrane fluorescent dye DiO,
red live-cell membrane fluorescent dye Dil, and blue
live-cell nucleus fluorescent dye Hoechst 33342 were
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purchased from Beyotime Biotechnology Co., Ltd.
(Beijing, China). Agar was obtained from Beijing
Dingguo Changsheng Biotechnology Co., Ltd. (Bei-
jing, China). Matrigel (Cat# 356234) was acquired
from Corning (USA). Whatman® lens cleaning tissue
#105 was obtained from GE Healthcare Life Sciences
(USA). All other chemicals were ordered from Alad-
din Reagent Co., Ltd. (Shanghai, China) unless stated
otherwise. All solutions were prepared with deionized
water produced by a PURELAB flex system (ELGA,
High Wycombe, UK).

2.2 Preparation of paper hybrid scaffolds

The agar/paper scaffolds were prepared accord-
ing to our recent study (Xie et al., 2023). In brief, lens
paper was cut into rectangles at a size of 1 cmx1 cm
and sterilized by ultraviolet radiation for 1 h. Mean-
while, 1% (mass fraction) agar solution was sterilized
by autoclaving. Then, the dip-coating method was
applied to prepare agar/paper hybrid scaffolds. In the
same way, the Matrigel/paper hybrid scaffolds were
prepared by adding 10 pL cold Matrigel (final concen-
tration: 3 mg/mL in complete DMEM) to each piece
of lens paper. After 5 min at room temperature, the su-
perfluous Matrigel on the upper surface of lens paper
was scraped carefully, and the remaining Matrigel was
filled in the fibrous structure of lens paper.

2.3 Characterization of paper hybrid scaffolds

The agar/paper and Matrigel/paper hybrid scaf-
folds were imaged by a stereomicroscope (SZX2-ILLT,
Olympus, Japan) for morphological characterization.
Next, they were imaged by an inverted light micro-
scope (TS100-F, Nikon, Japan) to observe the side
view morphology.

2.4 Assembly and disassembly of the multilayer
paper hybrid scaffold device

As shown in Fig. 1b, the multilayer paper-based
device was composed of two polymethyl methacry-
late (PMMA) plates: one with eight 8 mm-diameter
holes and another without holes. The device housed a
stack of three paper layers: the top and middle layers
are Matrigel/paper, and the bottom layer is agar/paper.
This paper stack was clamped between the two PMMA
plates and secured at the corners with four screws.
For disassembly after the cell culture experiments, the
screws were removed to separate the paper layers,

which were individually placed in cell culture well
plates for further analysis.

2.5 Nutrition transport test of the multilayer paper
hybrid scaffold device

2.5.1 Solution absorption test

To evaluate the nutrient absorption capability of
the hybrid scaffolds, 40 puL of red food dye solution
was applied to both the agar/paper and the Matrigel/
paper samples, in order to simulate the absorption of
cell culture medium nutrients. The samples were then
examined under a stereomicroscope to assess their so-
lution absorption efficiency.

2.5.2 Glucose transport test of the Matrigel/paper

To evaluate glucose transportation between the
multilayer paper substrates, a gravity-driven glucose
diffusion device was constructed, comprising eight
top compartments and eight bottom compartments
(Fig. 2). A glucose solution with a concentration of
16.8 mmol/L was consistently used in all experi-
ments. Specifically, the glucose solution was placed
in the top compartments, while pure water was placed
in the bottom compartments. The one-layered or two-
layered Matrigel/paper was positioned between the two
compartments, followed by incubating the device at
37 °C. The glucose concentration in the top and bottom
compartments was then measured using a glucometer
(Sinocare, China) at different time points.
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Fig. 2 Detection of glucose concentration in the upper
and bottom compartments.

2.6 Cell co-culture in the multilayer paper hybrid
scaffold device

2.6.1 Formation of DU145 spheroids on agar/paper

Sterilized agar/paper samples were placed into
wells of a 48-well cell culture plate, followed by the
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addition of 250 puL of DU145 cell suspension (8.0x
10° cells/mL). The plates were incubated at a cell in-
cubator (37 °C and 5% CO,) for 24 h.

2.6.2 Formation of endothelium layer on Matrigel/paper

Sterilized Matrigel/paper samples were placed
into wells of a 48-well plate, followed by the addition
of 250 pL of HUVEC suspension (16.0x10° cells/mL).
The plates were incubated in a cell incubator (37 °C
and 5% CO,) for 24 h.

2.6.3 Cell survival test in the device

In one group, three paper hybrid scaffolds with
DU145 spheroids were assembled with PMMA clamps.
In another group, one agar/paper sheet with DU145
spheroids and two Matrigel/paper sheets without cells
were assembled with PMMA clamps. The two groups
were cultured for 48 h, then the devices were disassem-
bled, and viable cell numbers on each paper layer
were assessed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) prolifer-
ation assay.

2.6.4 Measurement of DU145 spheroid volume after
co-culture

One agar/paper sheet with Dil-stained DU145
spheroids, one Matrigel/paper sheet without cells,
and one Matrigel/paper sheet with HUVECs were as-
sembled with PMMA clamps. Then, NK-92 cell sus-
pension (8.0x10° cells/mL) was added to each com-
partment for co-culture for two days. After disassem-
bly, the length (L) and width (W) of DU145 spheroids
were measured using Image] software, and volume (V)
was calculated using the formula: V=LxW?/2 (Courau
et al., 2019).

2.6.5 Measurement of NK-92 cell-occupied and
HUVEC-occupied areas after co-culture in the device

One agar/paper sheet with DU145 spheroids, one
Matrigel/paper sheet without cells, and one Matrigel/
paper sheet with Dil-stained HUVECs were assembled
with PMMA clamps. Following the addition of DiO-
labeled NK-92 cell suspension (8.0x10° cells/mL) and
two days of co-culture, the device was disassembled.
The cells on each paper layer were imaged from six
randomly selected fields (TS100-F, Nikon), and then
the areas occupied by DiO-stained NK-92 cells (green
area) and the Dil-stained HUVECs (red area) were
quantified by Imagel] software.

2.6.6 Cells at each layer after co-culture counted by
flow cytometry

In the DU145 group, one agar/paper sheet with
Dil-stained DU145 spheroids, one blank Matrigel/paper
sheet, and one Matrigel/paper sheet with HUVECs
were stacked and placed in a single device. In the
HUVEC group, one agar/paper sheet with DU145
spheroids, one blank Matrigel/paper sheet, and one
Matrigel/paper sheet with Dil-stained HUVECs were
stacked and placed in the device. Then, DiO-labeled
NK-92 cells (8.0x10° cells/mL) were added into the
two groups. After two days of co-culture, the devices
and paper substrates were de-stacked. The cells at
each layer were treated with trypsin digestion solu-
tions (2.5 g/L) to prepare a single-cell suspension for
flow cytometry analysis (NovoCyte™ 2060R, ACEA
Biosciences, USA).

2.6.7 Confocal microscopy of the tumor spheroids

One agar/paper sheet with Hoechst 33342-stained
DU145 spheroids, one blank Matrigel/paper sheet, and
one Matrigel/paper sheet with Dil-stained HUVECs
were stacked and co-cultured with DiO-labeled NK-92
cells (8.0x10° cells/mL) for two days. Subsequently,
the multilayer paper substrates were de-stacked, and
tumor spheroids were collected by pipetting. The col-
lected spheroids were resuspended in DMEM and
imaged at different Z-axis planes using a confocal
microscope (LSM 800, Zeiss, Germany).

2.7 Statistical analysis

All data were expressed as mean+standard devia-
tion (SD). The results were analyzed by Student’s
t-test using GraphPad Prism software (Boston, MA,
USA). P values less than 0.05 were considered statis-
tically significant.

3 Results and discussion

3.1 Establishment of multilayer paper co-culture
system by dip-coating the agar/Matrigel in the lens

paper

In our recent report (Xie et al., 2023), we have
established the suitability of agar/paper as a substrate
for tumor spheroid formation. The compatibility of
agar/paper with direct observation under a light micro-
scope and the ease of collection of tumor spheroids



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(12):1097-1107 | 1101

make it an ideal choice for developing a multilayer
paper co-culture system. In this study, we utilized
Matrigel, a well-known promoter of cell growth, as
an ECM to facilitate cell invasion and combined it
with paper to create Matrigel/paper, also referred to as
gel in paper, which served as the middle invasion layer
for the spheroid. The top layer of the co-culture sys-
tem consisted of HUVECs seeded on Matrigel/paper
(Fig. 3a). The visual representations in Fig. 3b demon-
strate that the thicknesses of agar/paper and Matrigel/
paper remained between 40—60 pm. The stacked three-
layer paper samples had an average thickness of ap-
proximately 141.75 pm, providing an appropriate
thickness to evaluate the invasion and migration po-
tential of NK-92 cells in attacking the tumor spher-
oids located on the bottom layers. Furthermore, we
conducted experiments involving various shapes, such
as spreading, folding, and rolling the agar/paper and
Matrigel/paper combinations, as detailed in Fig. 3c.
The images demonstrate that agar/paper and Matrigel/
paper both display favorable mechanical properties,
thereby facilitating the successful implementation of
the multilayer paper co-culture system.

3.2 Nutrition transport for cell growth through
the Matrigel/paper hybrid scaffold

For the effective growth of cells within paper
scaffolds, it is crucial to ensure their ability to absorb
nutrients from the culture medium. We assessed this
by staining Matrigel/paper and agar/paper hybrids with
red dye and compared them with pure lens paper. As
shown in Fig. 4a, the hybrid specimens absorbed dye
in both their fibers and the internal gel matrix, unlike
the lens paper that only absorbed dye into its fibers,
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Fig. 3 Characterization of the hybrid scaffolds. (a) Images
of paper hybrid scaffolds and the multilayer paper co-
culture device. (b) Side-view images of the paper hybrid
scaffolds and multilayer paper. (c¢) Spreading, folding, and
rolling of paper specimens.

indicating their superior nutrient absorption ability
that is crucial for cell growth.

The transport of nutrients through the multilayer
paper scaffolds was found to be a critical factor influ-
encing cell growth, with the number of paper layers
playing a significant role in this process (Simon et al.,
2016; Boyce et al., 2017). Given the importance of
glucose, a key nutrient in cell culture medium, in cell
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culture experiments, we investigated the transport of
glucose as a nutrient example by a diffusion device at
a temperature of 37 °C for 90 min. The setup, illus-
trated in Fig. 2, allowed the observation of glucose
molecules moving from a glucose-rich top compart-
ment to a bottom compartment filled with pure water.
The results indicated an initial rise in glucose levels in
the bottom compartment to about 6 mmol/L within
10 min for both the single- and double-layered scaf-
folds (Fig. 4b). The levels remained stable until 30 min
into the experiment, and then increased significantly up
to 90 min, reaching 13.5 and 10.9 mmol/L for the
single- and double-layered scaffolds, respectively. The
glucose concentration in the top compartment slightly
decreased over 90 min. This demonstrates the effi-
ciency of Matrigel/paper scaffolds in glucose transport,
ensuring the provision of essential nutrients for cell
growth within this timeframe. Previous research has
highlighted the effectiveness of using stacked paper to
create a 3D environment that supports cell invasion
and growth. These multilayer paper scaffolds feature
the formation of an oxygen gradient, with higher oxy-
gen levels at the top and lower levels at the bottom
(Mosadegh et al., 2015; Kenney et al., 2016). The im-
pact of this gradient on cell viability and migration
was explored by examining the survival of DU145
cells across different layers in two setups: one with
cells seeded on each layer (cl), and one with cells
seeded only at the bottom layer (c2) (Fig. 4c). After
48 h of culture, the proliferating cells in each layer
were quantified. The results depicted in Fig. 4c show
a higher cell count in the top layer compared with the
bottom layer in setup (c1). Moreover, in setup (c2),
despite cells being seeded only at the bottom layer ini-
tially, we could observe cell migration to the middle
and even the top layer. These suggest that the increased
cell numbers in the middle and top layers were due to
a combination of cell proliferation and migration from
the bottom layer. From these findings, we inferred
that cells in the top layer benefit from an adequate
oxygen supply, while those in the bottom suffer from
oxygen scarcity. Therefore, cells in the lower layers
tend to migrate upwards, seeking microenvironments
with more oxygen and nutrients.

3.3 Interaction of tumor cells and NK cells in the
multilayer paper co-culture device

In order to investigate the migration of NK-92
cells within the multilayer scaffold, we established

a co-culture system featuring DU145 cancer cells,
HUVEC endothelial cells, and NK-92 cells. The ex-
periment started with the assembly of paper hybrid
scaffolds and hydrophobic PMMA clamps to prevent
medium leakage, ensuring that cell movement could
only occur through the Matrigel/paper scaffold. Within
the multilayer paper stacks, the tumor spheroids on
the bottom agar/paper layer simulated solid tumors,
with the middle Matrigel/paper acting as the ECM
and the top layer simulating the endothelial barrier to
immune cells. NK-92 cells, introduced to target the
tumor spheroids, represented immune cells navigating
through these barriers. The human immortalized pros-
tatic cell line PNT1A served as the control for normal
cells and was co-cultured with HUVECs and NK-92
cells. As shown in Fig. 5a, before stacking the multi-
layer paper for co-culturing, DU145 spheroids and
PNT1A spheroids were grown on the bottom agar/
paper layer.

After 48 h of co-culturing tumor cells, HUVECs,
and NK-92 cells, the structure was dismantled for analy-
sis. Microscopic examination revealed that DU145
spheroids persisted in both the bottom and middle lay-
ers, indicating their invasive potential (Fig. 5b). In
contrast, PNT1A cells showed weaker invasion ac-
tivity, mostly remaining in the bottom layers (Fig. 5b).
The length (L) and width (W) of the spheroids at the
bottom and middle layers were determined from the
microscopic images using Imagel software (Fig. 5c).
For the DU145 spheroids, the volume was from
229.58x10* um’ before co-culture, with a length/width
of 195.78 um/135.58 pm, to 115.37x10* um’ after
co-culture at the middle layer, with a length/width
of 161.04 um/104.52 um (Figs. 5¢ and 5d). Mean-
while, for PNTIA cells, the volume of the spheroids
changed from 45.74x10* um’ before co-culture, with a
length/width of 102.79 um/89.73 um, to 44.51x10* pm’
after co-culture at the middle layer, with a length/width
of 126.82 um/79.45 um (Figs. 5S¢ and 5d).

Our next focus was on the interaction and distri-
bution of DiO-labeled NK-92 cells within a three-
layered scaffold, particularly their migration towards
DU145 tumor spheroids. NK-92 cells navigated through
the Matrigel/paper barriers, clustering around the spher-
oids in a targeted manner. This behavior was more
pronounced in setups containing DU145 spheroids
than in controls with PNT1A cells or no cells, indicat-
ing a specific attraction to tumor cells rather than a
random distribution (Fig. 6a). Quantitative analysis
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measurement function of ImageJ. (d) Volumes of DU145 and PNT1A spheroids obtained by the particle analysis function
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using ImagelJ revealed significant differences in the
distribution of NK-92 cells across the layers. In the
DU145 group, the bottom layer had fewer NK-92 cells
compared with the middle and top layers, with P
values of 0.0439 and <0.0001, respectively (Fig. 6¢).
The invasion depth of approximately 90 pm through
the Matrigel/paper layers to the tumor cells was not-
able. However, the gathering of NK-92 cells at the
middle and bottom layers of the PNT1A co-culture
group was significantly less, as the presence of DU145
spheroids markedly increased the occupied area of
bottom NK-92 cells by 195.26% over PNTI1A and by
400.23% over no cells, with P values of 0.0008 and
<0.0001, respectively (Fig. 6¢).

Endothelial cells (ECs) are crucial for forming
blood vessel walls and facilitating tumor angiogenesis,
a key process in anti-tumor therapy (Liang et al., 2021).
To characterize the interaction between tumor spher-
oids on the bottom agar/paper layer and HUVECs
on the top Matrigel/paper layer, we quantified the in-
vasion of HUVECs into neighboring layers (Fig. 6b).
Notably, the area occupied by HUVECsS in the bottom
layer was significantly less than those in the middle
and top layers, with P values of <0.0001 (Fig. 6¢),
indicating that only a portion of HUVECs invaded the

tumor DU145 spheroid layer. In addition, the area of
middle HUVECs in the DU145 group was signifi-
cantly greater than those in the PNT1A and no cell
groups, with P values of 0.0002 and <0.0001, respect-
ively (Fig. 6¢). In addition, the co-localization of
HUVECs with DU145 spheroids on the bottom layer,
highlighted by the intense Dil signal, suggested a tar-
geted interaction. As indicated by the cell occupation
area heat map shown in Fig. 6d, the results highlight
the significant impact of tumor spheroids on the distri-
bution and behavior of NK-92 cells and HUVECsS,
demonstrating the system’s potential for studying
tumor—immune—endothelial cell interactions within a
structured 3D environment.

3.4 Formation of TINKs promoted by the multilayer
paper co-culture system

The crucial role of TINKSs in the battle against
tumors has been highlighted by numerous studies
(Burger et al., 2019). The reduced cytotoxicity of tumor-
infiltrating NK-92 cells has been demonstrated to
possibly occur due to the dysfunction of NK cells that
are responsible for eliminating tumor cells (Russick
et al., 2020). Furthermore, the reliance on cell attach-
ment for the interaction between tumor spheroids and
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labeled HUVEC distribution at each layer. (¢) Areas occupied by NK-92 cells and HUVECs on each layer. Data are

expressed as meantstandard deviation (SD),
occupied by NK-92 cells and HUVECs on each layer.

NK-92 cells has been proven (Leung et al., 2020).
Given these findings, our research aimed to utilize
multilayer lens paper soaked in culture medium as a
platform for TINK formation. After a 48-h co-culture
period, tumor spheroids were extracted from both the
bottom and middle layers for confocal microscope
analysis to capture 3D and Z-axis images. As illus-
trated in Fig. 7a, cell clusters retrieved from the bottom
and middle layers consisted of DU145 (blue), HUVEC
(red), and NK-92 (green) cells. The co-localization of

n=6. *P<0.05, “P<0.01,

s

P<0.001,

st

P<0.0001. (d) Heatmap of areas

these cells was indicated by orange spots, resulting
from the blending of colors. Confocal microscopy re-
vealed direct cell—cell contacts (Fig. 7b), including ad-
herent and tight junctions, critical for the infiltration
of NK-92 cells into tumor spheroids (Walter et al.,
2023). The spheroids isolated from the different paper
layers were further examined by the confocal Z-axis
images to decipher the distribution of NK-92 cells
within the spheroids (Fig. 7¢). Specifically, at 4 pm in-
tervals along the Z-axis, we observed NK-92 cells both
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Fig. 7 Characterization of tumor-infiltrating natural Killer cells (TINKSs) within tumor spheroids. (a) Confocal images
of the collected tumor spheroids, with blue color denoting DU145, red color denoting human umbilical vein endothelial
cells (HUVECS), and green color denoting NK-92. (b) Confocal images of spheroids isolated from the co-culture device.
(c) Images of NK-92 cells at different Z-axis depths. (d) Flow cytometry counts of cells at each layer after co-culture of
DU145, HUVEC, and NK-92 at the multilayer paper stack. SSC: side scatter.

on the outer surface and infiltrating the interior of  respectively, in spheroids from the bottom layer. In
spheroids. For example, NK-92 cells occupied areas  addition, the multilayer paper-based device facilitated
0f 9.05x10* and 10.32x10* um® at 4 and 16 pm depths,  the quantification of cells at each layer after co-culture
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to track the movement of cells. Flow cytometry was
applied to quantify NK-92 cells, HUVECs, and DU145
tumor cells in the multilayer paper-based co-culture
system. Fluorescent dye-labeled (DiO and Dil) cells
could be observed at the Q3 area (Fig. 7d). Notably,
DU145 cells showed a significant concentration in the
middle layer, with fewer cells in the top layer. Specifi-
cally, cell counts in the middle layer exceeded those in
the top and bottom layers (12801 vs. 4129 vs. 4716),
indicating a propensity for DU145 cells to localize
predominantly in the middle layer. NK-92 cells were
more abundant in the top layer compared with the
middle and bottom layers (7900 vs. 5828 vs. 1878),
while HUVEC counts decreased from top to bottom
(3336 vs. 1093 vs. 465). The results indicate that the
co-culture system utilizing multilayer paper facilitated
the migration of NK-92 cells and the formation of
TINKSs. Our heterogenous multilayer paper co-culture
platform not only enables the analysis of NK-92 cell
infiltration but also provides valuable insights into
cell attachment dynamics and the role of TINKs in
tumor development. Further research in this area is
expected to contribute to advancements in tumor im-
munotherapy and ultimately enhance patient outcomes.

4 Conclusions

In this work, we developed a heterogeneous multi-
layer paper-based co-culture model of immune and
tumor cells, utilizing agar/paper and Matrigel/paper
hybrid scaffolds, to analyze nutrient transport, cell pro-
liferation, and movement between the liquid culture
media and tumor spheroids. The results prove that our
device allows glucose transport to maintain cell viabil-
ity and function. After a 48-h co-culture period, the
migration of DU145 cells, NK-92 cells, and HUVECs
was quantified using ImageJ and flow cytometry, which
indicated that the multilayer paper supported cell
growth and migration. The infiltration of NK-92 cells
at different Z-axis depths within the tumor spheroids
was probed using a confocal microscope, providing
valuable insights into the behavior of immune cells
within a tumor microenvironment. In summary, the
proposed device successfully established a model of
NKs traveling across the endothelium layer to form
TINKs, which holds great promise for further inves-
tigations of the interaction dynamics of immune cells
and cancer cells.
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