
The FASEB Journal. 2022;36:e22540.	﻿	     |  1 of 20
https://doi.org/10.1096/fj.202200684RR

wileyonlinelibrary.com/journal/fsb2

Received: 6 May 2022  |  Revised: 22 August 2022  |  Accepted: 29 August 2022

DOI: 10.1096/fj.202200684RR  

R E S E A R C H  A R T I C L E

Integrated analysis of the tumor microenvironment using a 
reconfigurable microfluidic cell culture platform

Nan Sethakorn1,2  |   Erika Heninger2   |   Matthew T. Breneman2  |   Emma Recchia2  |   
Adeline B. Ding1  |   David F. Jarrard3  |   Peiman Hematti1,2  |   David J. Beebe2,4,5  |   
David Kosoff1,2,6

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology.

Nan Sethakorn and Erika Heninger should be considered the joint first author.  

Abbreviations: ECM, extracellular matrix; MDMs, monocyte-derived macrophages; MSCs, mesenchymal stem cells; NF, nuclease-free; PDCO, 
patient-derived cancer organoid; PMPs, paramagnetic particles; TME, tumor microenvironment.

1Department of Medicine, University 
of Wisconsin-Madison, Madison, 
Wisconsin, USA
2Carbone Cancer Center, University 
of Wisconsin-Madison, Madison, 
Wisconsin, USA
3Department of Urology, University 
of Wisconsin-Madison, Madison, 
Wisconsin, USA
4Department of Pathology and Laboratory 
Medicine, University of Wisconsin-
Madison, Madison, Wisconsin, USA
5Department of Biomedical 
Engineering, University of Wisconsin-
Madison, Madison, Wisconsin, USA
6William S. Middleton Memorial Veterans 
Hospital, Madison, Wisconsin, USA

Correspondence
David Kosoff, Department of Medicine, 
Carbone Cancer Center, University of 
Wisconsin Madison 1111 Highland 
Avenue, WIMR 7105, Madison, WI 
53705, USA.
Email: dkosoff1@medicine.wisc.edu

Funding information
US Department of Defense, Grant/
Award Number: W81XWH-18-1-0273; 
US Department of Veteran Affairs 
Advanced Fellowship in Womens 
Health and the University of Wisconsin 
Department of Hematology, Grant/
Award Number: T32 HL07899; National 
Institutes of Health, Grant/Award 
Number: P30 CA014520

Abstract
The tumor microenvironment (TME) is a complex network of non-malignant 
cells and stroma that perform a wide array of vital roles in tumor growth, im-
mune evasion, metastasis, and therapeutic resistance. These highly diverse roles 
have been shown to be critically important to the progression of cancers and have 
already shown potential as therapeutic targets. Therefore, there has been a tre-
mendous push to elucidate the pathways that underlie these roles and to develop 
new TME-directed therapies for cancer treatment. Unfortunately, TME-focused 
research has been limited by a lack of translational in vitro culture platforms that 
can model this highly complex niche and can support the integrated analysis of 
cell biology and function. In the current study, we investigate whether an inde-
pendently developed reconfigurable microfluidic platform, known as Stacks, can 
address the critical need for translational multi-cellular tumor models and inte-
grated analytics in TME research. We present data on multi-cellular culture of 
primary human cells in Stacks as well as the orthogonal analysis of cellular polar-
ization, differentiation, migration, and cytotoxicity in this reconfigurable system. 
These expanded capabilities of Stacks are highly relevant to the cancer research 
community with the potential to enhance clinical translation of pre-clinical TME 
studies and to yield novel biological insight into TME crosstalk, metastasis, and 
responses to novel drug combinations or immune therapies.
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1   |   INTRODUCTION

During cancer progression, tumor cells encounter a wide 
range of imposing obstacles including limited oxygen and 
nutrient resources, dense stroma that limits migration, 
inhospitable metastatic sites, and the constant threat of 
destruction by immune cells or iatrogenic therapies.1,2 
Although each of these obstacles pose a major barrier 
to cancer progression, tumor cells are ultimately able to 
overcome them through the support of a diverse and spe-
cialized group of non-malignant cells collectively known 
as the tumor microenvironment (TME).3 The cell popula-
tions that comprise the TME, which include fibroblasts, 
endothelial cells, macrophages, T cells, B cells, NK cells, 
and dendritic cells, perform a wide range of functions that 
help tumor cells overcome the barriers to progression. 
These functions include vascular recruitment, stromal 
remodeling, establishing the pre-metastatic niche, sup-
pressing anti-tumor immune responses, and limiting the 
efficacy of cancer therapies.4–7 As a result of this orches-
trated support, tumor cells are able to adapt, steadily grow, 
evade immunity, metastasize to distant sites, and survive 
as cancer progression occurs.8

With such a broad range of essential roles in tumor 
progression, the TME, and the pathways that underlie 
TME-mediated progression are valuable therapeutic tar-
gets for cancer treatment.9 While there has been con-
siderable progress in the development of TME-targeted 
cancer therapies as evidenced by immune checkpoint 
inhibitors and anti-angiogenic therapies, there remains 
high potential to expand the indications for these thera-
pies and to develop more effective treatment strategies by 
targeting additional cell types in the TME such as tumor-
associated macrophages and cancer-associated stromal 
cells.9 Further research is therefore needed to gain more 
insight into TME-mediated pathways of tumor promotion. 
Unfortunately, this research poses an array of challenges 
for traditional in vitro culture platforms, which are typ-
ically limited to the simultaneous culture of one or two 
cell populations in a single, two-dimensional system. Such 
platforms are unable to model the diverse cellular net-
works of the TME and do not incorporate the combined 
effects of these cell populations. Furthermore, the size 
and scale of traditional platforms require a reliance on cell 
lines, which do not reflect patient heterogeneity and can 
carry important biologic differences from primary cells.10

To directly address the limitations of current preclini-
cal tools, we have recently developed a platform, known 
as Stacks, which utilizes open and suspended microflu-
idic principles to enable culture and analysis of multiple 
cell types across a wide range of functional and molecular 
readouts. This platform is a non-sealed microfluidic de-
vice that is composed of polystyrene plates, which contain 

microwells that are open to the atmosphere. There are 24 
microwells on each plate, arranged in a 6-column by 4-
row configuration (Supporting Information 1, Figure S1). 
The size and shape of the microwells (surface area of 
3.14 mm2 and a thickness of 1.2 mm) are designed to lever-
age the principles of open and suspended microfluidics so 
that surface tension prevents the loss of liquid from the 
wells by creating pinning regions on air-liquid interfaces. 
The plates can therefore be stacked on top of each other 
to create a single fluid system among vertically aligned 
wells without leakage of fluid between layers or loss of 
pinning at the bottom (Figure S1). While secreted factors 
can diffuse freely through each vertically aligned system 
(with predictable diffusion dynamics), there is no physical 
connection between the hydrogels or cells in any of the 
layers (Figure S1B).

Notable advantages of the Stacks platform over conven-
tional culture systems include the ability to multi-culture 
up to six patient-derived cell populations within a single sys-
tem as well as the option to fully reconfigure layer orienta-
tion at any timepoint during culture. Due to the microscale 
dimensions of the well, input requirements are low (4.5 μl 
of biomatrix; 10 μl of cells/media), supporting more effi-
cient use of valuable biospecimens and lower experimental 
costs. Furthermore, the microwells of the Stacks platform 
are designed to accommodate multi-channel pipettes, en-
abling high throughput experimentation and multiplexed 
analysis of cellular phenotype, gene expression, secretion 
profiles, cell signaling, cell-to-cell interaction, migration, 
and matrix remodeling (Figure 1).11–13

In our initial publication on Stacks, we discussed the 
microfluidic principles of the platform and demonstrated 
that mRNA analysis and fluorescence microscopy could 
be utilized to investigate the morphology and gene expres-
sion of cell lines in mono- and co-culture systems.13 In this 
manuscript, we expand the application of this technology 
to enable comprehensive TME-directed research using 
primary cells in Stacks. We describe protocols for analyz-
ing an array of orthogonal endpoints in Stacks, including 
gene expression, phenotypic characterization, cytotox-
icity, and cell migration. We provide the analytic data to 
support each of these protocols and further demonstrate 
how Stacks can be leveraged to efficiently utilize human 
biospecimens to perform multiplexed, high throughput 
investigation of the TME.

2   |   MATERIALS AND METHODS

2.1  |  Stack devices

Stacks were sourced from Protolabs, Maple Plain, MN, 
US (1121–5161-007). Prior to use, the Stacks plates 
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were prepared by sonication in 100% isopropanol for 
60 min and washed in deionized water. All plates, 
3D holders, Nunc™Omnitrays™ (Thermo Fisher 
Scientific, Waltham, MA, USA), and 245 mm square 
non-tissue culture-treated BioAssay dish (Corning 
Inc., Corning, NY, USA) were sterilized by exposure to 
UV light for 20 min on each side in a biosafety cabinet. 
Cells were plated in the Stacks device by adding 10 ul 
of cells suspended in media to each well. Cells were 
then allowed to adhere or migrate through the matrix 
as applicable. When stacking plates, media was re-
moved from the top and bottom of each well leaving a 
small amount of residual media on each side to prevent 
the formation of a gas bubble during stacking. Plates 

were then stacked on top of each other using a holder 
for alignment. Each well was inspected for gas bub-
bles, which is a rare occurrence (<1%) that can be de-
tected visually (Supporting Information, Figure  S2B). 
Affected wells were discarded from the analysis. To 
prevent dehydration, a three-layer humidifying cham-
ber was assembled as illustrated in the Supporting 
Information (Figure  S1C). Specifically, Stacks devices 
in 3D holders were placed adjacent to a sterile sponge 
in a Nunc™Omnitray™ (Thermo Fisher Scientific, 
Waltham, MA, USA). Sterile ddH20 was applied to the 
sponge. The omnitray was placed square bioassay dish 
containing sterile petri dishes filled with 25–30 ml ster-
ile ddH20.

F I G U R E  1   Stacks platform. The Stacks platform is composed of separate plates/layers, each of which contains a series of open 
microwells. Cells from a variety of different sources, including cell lines, peripheral blood cells, bone marrow-derived cells, and primary 
tissue-derived cells can be cultured in the microwells in both 2D and 3D configurations. Up to six plates can be combined (stacked) to 
allow chemical or physical communication between wells in vertical alignment at desired intervals. As needed, individual mono-culture or 
multi-culture replicates can be treated (drugs, cytokines, etc.) or left untreated. Layers can be separated at desired timepoints for cell-specific 
analysis of mRNA and protein expression, immunophenotype, viability, and migration as well as an array of additional endpoints.
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2.2  |  Isolation of primary cells

Blood specimens were collected in vacutainer tubes 
(BD Biosciences, Franklin Lake, NJ, USA) with EDTA 
anticoagulant. All patients provided written, informed 
consent under an Institutional Review Board (IRB) 
approved protocol. Whole blood was diluted 1:1 with 
Hank's balanced salt solution (HBSS, Lonza Group, 
Basel, Switzerland) before being underlaid with 10 ml of 
Ficoll-Paque PLUS (GE Healthcare, Chicago, IL, USA) 
per 50 ml conical tube. Monocytes were enriched from 
peripheral blood mononuclear cells (PBMCs) using LS 
MACS columns following incubation with anti-CD14 
magnetic beads (both from Miltenyi Biotec, Bergisch 
Gladbach, North Rhine-Westphalia, Germany). T cells 
were isolated from the CD14− cell fraction remaining 
after monocyte enrichment via a Pan T cell isolation 
kit (Miltenyi Biotec, Germany) and LS MACS columns. 
Bone marrow-derived mesenchymal stem cells were iso-
lated from leftover bone marrow filters collected from 
normal healthy bone marrow donors, based on an IRB-
exempt protocol of the University of Wisconsin Bone 
Marrow Transplant Program, and bone marrow MSCs 
were cultured according to standard conditions.11,14 
Human prostate tissues were obtained at the University 
of Wisconsin-Madison from patients with prostate can-
cer undergoing radical prostatectomy who had received 
no prior treatments. The University of Wisconsin IRB 
approved the utilization of all the tissue samples in this 
study and written and informed consent was obtained 
from all patients.

2.3  |  Cell culture

DU145, 22Rv1, primary T cells, and primary mac-
rophages were cultured in Stacks by seeding as a mon-
olayer on top of a collagen-fibronectin matrix, consisting 
of collagen I (Advanced BioMatrix, Carlsbad, CA, USA 
#5005), fibronectin (Sigma-Aldrich, Millipore Sigma, 
Burlington, MA, USA #F1141) prepared according to 
the manufacturer guidelines. Moisture was retained by 
storing Stacks inside of a humidifying chamber. DU145 
and 22Rv1 cells (acquired from ATCC) were cultured 
in RPMI1640 media with L-Glutamine (Corning™ 
Thermo Fisher Scientific, Waltham, MA, USA), 10% 
FBS (Gibco™, Thermo Fisher Scientific, Waltham, MA, 
USA) and 2% penicillin/streptomycin (Hyclone™, VWR, 
Radnor, PA, USA) and were seeded at a concentration of 
300,000 cells/ml. Patient-derived monocytes and T-cells 
were grown in RPMI1640 media with L-Glutamine, 10% 
FBS, 5% Glutamax (Gibco™, Thermo Fisher Scientific, 
Waltham, MA, USA), 2% penicillin/streptomycin. 

Monocytes were differentiated into macrophages using 
50 ng/mL M-CSF (Tonbo Biosciences, Cytek, San Diego, 
CA USA) as previously described.12 T cells were acti-
vated with Dynabeads™ Human T-activator CD3/CD28 
beads (Thermo Fisher Scientific, Waltham, MA, USA) 
and were grown in suspension in 24-well plates. For 
migration experiments, they were seeded in Stacks at 
a concentration of 500,000 cells/ml and allowed to mi-
grate for 24 h.

2.4  |  Nucleic acid extraction and 
quantitative RT-PCR

Monocyte-derived macrophages were removed from 
Stacks matrix via 1  mg/mL collagenase I (Sigma-
Aldrich, Millipore Sigma, Burlington, MA, USA) di-
gestion prior to mRNA extraction. mRNA isolation 
was performed using Invitrogen™Dynabeads™ mRNA 
DIRECT Kit (Thermo Fisher Scientific, Waltham, MA, 
USA). Cells were lysed within the culture wells using 
10 μl of supplied lysis/binding buffer. Lysate was trans-
ferred to tubes containing an additional 30 μl of lysis/
binding buffer. Culture wells were washed with an ad-
ditional 10 μl of lysis/binding buffer, which was added 
to the lysate. 10 μl of washed beads were added to each 
sample lysate was washed with 200 μl Buffer A × 2 and 
200 μl Buffer B × 1.

The mRNA elution sample containing paramag-
netic particles (PMPs) was reverse transcribed using 
a High-Capacity cDNA Reverse Transcriptase kit 
(Applied Biosystems™, Thermo Fisher Scientific, 
Waltham, MA, USA), according to the manufacturer's 
directions using Bio-Rad C1000 Touch™ thermocycler 
(Bio-Rad Laboratories, Hercules, CA, USA). The RT re-
action (12.5 μl) was then amplified for 10 cycles using 
TaqMan™ PreAmp (Applied Biosystems™, Thermo 
Fisher Scientific, Waltham, MA, USA) according to 
the manufacturer's directions and diluted 1:3 in 1× TE 
(10 mM Tris–HCL pH  8, 1 mM EDTA). For TaqMan™ 
assays, 5 μl of diluted cDNA template was mixed with 
10 μl iTaq® master mix (Bio-Rad, USA), 1 μl TaqMan™ 
Gene Expression Assay CCL2 (HS00234140_m1), CCL5 
(HS00982282_m1), CCL18 (Hs00268113_m1), CCL22 
(Hs01574247_m1), CXCL9 (HS00171065_m1), CXCL10 
(Hs01124252_g1), CXCL11 (Hs04187682_g1), CXCL12 
(Hs03676656_mH), IL-10 (Hs00961622_m1), and 
MRC-1 (Hs00267207_m1) (Life Technologies, USA) and 
4 μl nuclease-free (NF) water. Each reaction was ampli-
fied for 45 cycles (denatured at 95°C for 15  s followed 
by annealing at 60°C for 1 min) using a CFX Connect® 
Real-Time PCR System (Bio-Rad Laboratories, Hercules, 
CA, USA).
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2.5  |  T cell migration analysis

T cell migration was evaluated by stacking a T cell con-
taining Stacks plate on top of a plate containing 22Rv1 
tumor cells in each well. T cells were allowed to migrate 
through the matrix for 24  h before the Stacks layers 
were separated. T cells were then fixed at their location 
within the collagen-fibronectin matrix with a Foxp3 
Fixation/Permeabilization kit (eBioscience, Thermo 
Fisher Scientific, Waltham, MA, USA), washed, and 
then stored at 4°C. Staining was performed by adding a 
solution of 20 mM Hoechst at a 1:250 dilution, anti-CD4 
(BD Biosciences, Franklin Lake, NJ, USA, #564419) at 
1:50, and anti-CD8 (BD Biosciences, USA #555367) at 
1:100 to each well followed by overnight incubation at 
4°C (reagents listed in Table S1). Each well was imaged 
on a Yokogawa CSU-W1 Nikon Spinning Disk Confocal 
Microscope (Tokyo, Japan). Images were analyzed with 
NIS-Elements software (RRID:SCR_014329; Nikon 
Instruments, Melville, NY, USA). CD4+ or CD8+ popula-
tions were identified by thresholding for signal intensities 
in the FITC and PE channels, respectively. Total migra-
tion distance for each cell population was quantified by 
calculating the distance that each cell had moved from 
the top of the well. Average migration was calculated by 
dividing the total migration distance by the total number 
of cells detected and correcting for the step size of the mi-
croscope during imaging.

2.6  |  Flow cytometry analysis

Stacks culture wells were rinsed with PBS and stained 
with Fc blocker, CD14, CD80 (BD Biosciences, Franklin 
Lake, NJ, USA), CD11b, CD200R (Biolegend, San Diego, 
CA, USA), Ghost Dye™ Violet 510 Live/Dead (Tonbo 
Biosciences, Cytek, Sand Diego, CA, USA) (listed in 
Table  S1) stain for 30 min at 37°C followed by washing 
three times with BD Staining Buffer with BSA (#554657) 
in chip. Cells were then collagenase treated for 45 min 
at 37°C, flushed into tubes with 120 μl BD Stain buffer, 
and transferred to ice. 1% PFA (BD Cytofix™ Fixation 
buffer, BD Biosciences) was added for fixation. Cells were 
acquired on a BD LSRII instrument (BD Biosciences, 
Franklin Lake, NJ, USA). Data were analyzed with FlowJo 
v10.7.1 (FlowJo LLC, by BD Biosciences, Ashland, OR, 
USA).

2.7  |  Cytokine analysis

Supernatant media was collected from the microwells 
of macrophages following differentiation/polarization. 

Media from wells of an individual condition was com-
bined to a volume of 20 μl and diluted in 40 μl of media 
prior to centrifugation at 300 g for 3 min. 53 μl of the su-
pernatant was removed, snap frozen, and stored at −80°C 
until analysis. Samples were analyzed using a custom 
multiplexed Quantikine® kit according to the manufac-
turer's protocol (R&D Systems, Minneapolis, MN, USA) 
using a MAGPIX system. Samples, standards, and blanks 
were assayed in duplicate. Samples were diluted 1:2 in the 
assay buffer provided in the kit. Cytokine concentration 
was quantified using the standard curve generated by the 
5-PL curve fit analysis tool in Prism (GraphPad Software, 
San Diego, CA, USA). The average concentration value 
from the blank was subtracted from the concentration of 
each sample, for each analyte.

2.8  |  Viability and apoptosis assays

22Rv1 prostate cancer cells were seeded onto a collagen-
fibronectin matrix in Stacks and treated with vehicle or 
docetaxel for 48 h. Cells were then stained with Calcein 
AM (Invitrogen, Thermo Fisher Scientific, Waltham, 
MA, USA #C1430) and Hoechst33342 (Thermo Fisher 
Scientific, Waltham, MA, USA) for 1 h followed by 1xPBS 
washes. Cells were extracted from each well by colla-
genase I (Sigma-Aldrich, USA) digestion and transferred 
into a 384-well low-volume microplate. The fluorescence 
intensities of Calcein AM and Hoechst33342 staining were 
detected using a CLARIOstar Plate reader (BMG Labtech, 
Cary, NC, USA) at the Small Molecule Screening Facility, 
UW-Madison, and relative viability was established by 
comparing the Calcein signal in each condition to the con-
trol condition.

Caspase-3 activity was analyzed by fluorescence 
microscopy using NucView® 488 Caspase-3 Substrate 
(Biotium, Fremont, CA, USA). Cells were imaged on a 
glass coverslip using a Nikon Ti-E Eclipse inverted fluo-
rescent microscope. Quantification of caspase-3 activity 
was accomplished using NIS-Elements software. Spot 
detection function was used to identify individual cells 
and generate statistics on signal intensity values in each 
cell and for the sample as a whole. Reagents are listed in 
Table S1.

2.9  |  Cytotoxicity analysis

The H358 lung cancer cell line expressing the KRAS 
G12C alteration was seeded on a collagen-fibronectin 
matrix in Stacks and treated with 100 nM of adagrasib, a 
KRAS G12C small molecule inhibitor (Selleck Chemicals, 
Houston, TX, USA) or with DMSO for 48 h in serum-free 

https://scicrunch.org/resolver/RRID:SCR_014329
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RPMI media. Cells were stained under live conditions 
with EpCAM Alexa Fluor 647 at 1:50 dilution, Image-iT® 
Dead™ Green at 1:10 000 dilution, and Hoechst33342 for 
60 min. Wells were rinsed with PBS, fixed with 1% PFA, 
washed with PBS, and mounted as described above. Cells 
were imaged directly in-chip using a Nikon Yokogawa 
CSU-W1 Spinning Disk Confocal Microscope equipped 
with Hamamatsu Orca Flash cameras, and the percentage 
of Image-iT® Dead™-positive cells were quantified using 
NIS-Elements software. Spot detection function was used 
to identify individual cells and generate statistics on signal 
intensity values in each cell and for the sample as a whole. 
This experiment was performed twice with three techni-
cal replicates per experiment.

2.10  |  Prostate patient-derived 
cancer organoid drug culture and confocal 
microscopy analysis

Primary patient-derived cancer organoids (PDCOs) were 
derived from radical prostatectomy specimen from pa-
tients with high-risk localized prostate cancer as described 
before. Biopsy specimen was partially digested and propa-
gated in hanging 50% Matrigel™ droplets (GFR Basement 
Membrane Matrix, BD Biosciences, Franklin Lake, NJ, 
USA) followed by transferring to Stacks wells in 50% 
Matrigel with PrEGM media (Lonza, Basel, Switzerland) 
supplemented with 0.1  μg EGF (Gibco, Thermo Fisher 
Scientific, Waltham, MA, USA), and 10 μM Y-27632 (Sigma-
Aldrich, Millipore Sigma, USA). PDCOs were treated with 
DMSO, 10 nM Docetaxel, or 100 μM Bicalutamide (Selleck 
Chemicals, Houston, TX, USA) for 72 h in PrEGM media 
supplemented with 10  μM Y-27632 (Selleck Chemicals, 
Houston, TX, USA). Wells were rinsed three times with 
1xPBS prior to staining with Image-IT Dead™ Green, 
EpCAM Alexa Fluor 647, and Hoechst33342 (Supporting 
Information 2, Table S1) for 30 min at 37°C. Wells were then 
rinsed three times with PBS, fixed with 1% PFA (Cytofix, 
BD Biosciences) for 15 min followed by three washes with 
PBS. Wells were then mounted with SlowFade™ Gold 
Antifade Mounting Media (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA, USA) and imaged on a Nikon 
Yokogawa CSU-W1 Spinning Disk Confocal Microscope 
equipped with Hamamatsu Orca Flash cameras. 20x im-
ages were then analyzed with NIS-Elements software.

2.11  |  Primary human bone marrow 
mesenchymal stem cell differentiation

Human bone marrow-derived mesenchymal stem cells 
were isolated from left-over bone marrow filters, collected 

from normal healthy bone marrow donors, based on 
an IRB-approved exempt protocol of the University of 
Wisconsin15 and cultured as previously described.16 MSCs 
were grown in monolayer at 37°C and 5% CO2 and ex-
panded in media consisting of alpha-MEM contain-
ing 1% Glutamax, 15% human platelet lysate (StemCell 
Technologies, Vancouver, BC, Canada), and 1% penicil-
lin/streptomycin. After initial expansion, MSCs were 
maintained in media consisting of alpha-MEM containing 
1% Glutamax, 5% human platelet lysate, and 1% penicil-
lin/streptomycin. MSCs were passaged before reaching 
confluency, and only MSCs up to passage 8 were used 
for differentiation experiments. MSCs from two separate 
donors were seeded on a collagen-fibronectin matrix in 
Stacks and differentiated toward adipogenic lineage using 
Adipocyte Differentiation Media (StemCell Technologies, 
Vancouver, BC, Canada). Cells were incubated in base 
media for the control condition. Media was changed 
every 3–4 days, and sterile water was re-added to the 
Nunc™Omnitray™ humidifying chamber weekly. After 
14 days of differentiation in Stacks, lipid droplets were 
detected using LipidSpot™ Lipid Droplet Stain (Biotium, 
Fremont, CA, USA #700-69 T). After live staining with 
LipidSpot and Hoechst33342 for 60 min, wells were 
washed with PBS, fixed, and mounted with SlowFade Gold 
Antifade mounting media. Wells were imaged in-chip 
on a Nikon Yokogawa CSU-W1 Spinning Disk Confocal 
Microscope and images were analyzed by Nikon NIS-
Elements software. All experiments were repeated at least 
three times unless otherwise indicated. Data are reported 
as means+SEM Differences among treatment groups were 
determined by t-test. p  < .05 was considered significant. 
Statistical analysis was performed with the Prism software 
(GraphPad Software, San Diego, CA, USA).

3   |   RESULTS

3.1  |  Orthogonal analysis of cellular 
polarization by evaluation of gene 
expression and cellular phenotype 
integrating qPCR, flow cytometry, and 
multiplexed bead array assays in Stacks

To establish the utility of Stacks as a platform to polarize 
primary immune cell subsets as well as analyze cellular fea-
tures with a comprehensive, multi-analyte approach, we 
chose primary monocyte-derived macrophages (MDMs) as 
our main experimental model. Primary macrophages were 
selected for this purpose because they are a TME cell type 
that is easily derived from liquid specimens. Additionally, 
they have high plasticity, which enables straightforward 
manipulation of their phenotype for expression analysis. 
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To derive macrophages, primary CD14+ monocytes were 
isolated from peripheral blood specimens followed by 
differentiation in Stacks using M-CSF as previously de-
scribed.12 Cells were cultured as a monolayer on top of a 
3D collagen I and fibronectin matrix, which was inserted 
into each well prior to cell seeding. On Day eight, MDMs 
were polarized toward an M1-like or M2-like phenotype, 
respectively, or left unpolarized. M1 and M2 are broad 
phenotypic categories for macrophages that are based on 
factors such as gene expression, immunophenotype, mor-
phology, and function. An array of protocols allow polari-
zation into these phenotypes in vitro, or the macrophages 
can alternatively be left in an unpolarized state (M0). Each 
of these states are associated with well-defined phenotypic 
characteristics that can be analyzed through gene expres-
sion and functional assays. For our experiments, we uti-
lized IFN-γ to induce M1 polarization and IL-4 for M2 
polarization, as previously described.12 M0 macrophages 
were maintained with M-CSF. Following polarization, we 
performed mRNA, protein, and secretory factor analysis of 
the cells with the goal of identifying whether primary cell 
phenotype could be controlled and effectively assessed by 
orthogonal endpoints in Stacks (Figure 2A).

For mRNA analysis, cells were extracted from the mi-
crowells by digesting the matrix with collagenase I. mRNA 
isolation was then performed by magnetic bead separation 
followed by reverse transcription into cDNA as described 
in Methods. The cDNA in each sample was pre-amplified 
for 10 cycles in a thermocycler prior to performing qPCR 
analysis. Supernatant media was also removed from each 
microwell following culture and polarization of the MDMs 
and evaluated by multi-analyte bead analysis. To achieve 
adequate sample size, media from three replicate microw-
ells were combined for supernatant analysis. Samples 
were then centrifuged to remove any residual cells and the 
media was interrogated for secretion of classical M1- and 
M2-associated cytokines using commercial bead array. 
Figure  2A,B depict the mRNA and secreted protein data 
from these experiments. As demonstrated in these figures, 
we were able to detect and analyze mRNA as well as se-
creted protein expression in all experimental conditions in 
Stacks. At the mRNA level, expression of the M1 markers 
(CCL5, CXCL-9, 10, 11, and 12) was increased in the M1-
polarized MDMs while the M2 markers (CCL-2, 18, 22, 
IL-10, and MRC1) were concordantly increased in the M2-
polarized MDMs (Figure 2B). Secreted protein analysis of 
M1-associated (CXCL-9, 10, 11) and M2-associated (CCL-17, 
22, and 24) cytokines in M1 and M2-polarized MDMs was 
also consistent with MDM polarization status (Figure 2C).17

The M1/M2 markers that we utilized in these exper-
iments are well-established biomarkers of macrophage 
polarization.18–21 While there is considerable variability 
in the degree of up- and down-regulation reported in the 

literature for each biomarker, there is a tight consistency 
on the direction (up or down) that each marker changes 
with polarization. Our findings are in accordance with 
these characteristic biomarker profiles and we were able 
to demonstrate expected changes in M1/M2 genes ex-
pression at both the mRNA and secreted protein levels. 
Furthermore, our replicate values demonstrated statis-
tically significant differences between the different pop-
ulations of MDMs. This data therefore confirms both 
effective polarization of primary MDMs into functional 
phenotypes in Stacks and accurate analysis of mRNA and 
secreted protein expression of polarized immune cell sub-
sets within the Stacks system.

Next, we designed a multi-parameter flow cytometry 
assay as an orthogonal approach to further establish MDM 
polarization patterns at a cellular level, and adapted flow 
cytometry protocols to Stacks to allow investigation of 
microscale specimens. To achieve this end, we performed 
immune fluorescent labeling and washing of the cells 
in-chip followed by digestion of the hydrogel to release 
cells for acquisition as a single-cell suspension on a BD 
LSR II instrument. Performing immune labeling of cells 
contained by hydrogel in-chip allowed for the reduction 
of material transfers, and minimized direct manipula-
tion of cells by avoiding pipetting and washing steps with 
centrifugation and resuspension that could all lead to cell 
loss in traditional macroscale manipulation. The median 
of total CD11b+/live/single/cell events acquired was 234 
cells (68 to 877, Min to Max). This acquisition range is in 
accordance with conventional flow cytometry guidelines 
recommended for rare-event analysis.22,23 Histograms in 
Figure 2D show that M1-polarized CD11b+ macrophages 
expressed increased levels of surface CD80 expression 
compared to M0 unpolarized or M2-polarized cultures. 
Conversely, MDMs under M2-polarizing conditions in-
creased CD200R expression compared to M0 and M1 cul-
tures. CD14 expression was retained in M1 polarization 
while diminished on M2-polarized cells. These findings, 
which are also in-line with the phenotypic profiles of the 
polarized and unpolarized MDMs in conventional cul-
ture platforms, provide further confirmation of successful 
culture and polarization of primary MDMs in Stacks. In 
addition, these results confirm that effective single-cell 
multi-parameter immunophenotypic analysis can be per-
formed on cells cultured in Stacks.

Taken together, our qPCR, multi-analyte bead assay, 
and flow cytometry analysis collectively confirm that pri-
mary cells can be cultured within Stacks and that their 
phenotype can be successfully manipulated using con-
ventional protocols. Orthogonal multi-analyte analysis 
of gene expression can then be performed using standard 
assays to evaluate expression profiles at both the mRNA 
and protein levels.
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3.2  |  Cell differentiation in Stacks

In order to accurately model an environment that is as 
complex and diverse as the TME, an in vitro platform 

must be able to support the culture and differentiation 
of a wide range of cell types. We therefore also evaluated 
whether we could utilize the Stacks platform to differ-
entiate and analyze a multipotent stem cell population 

F I G U R E  2   Analysis of gene 
expression in Stacks. (A) Workflow 
for isolation, culture, and analysis of 
gene expression in primary MDMs. 
(B) mRNA expression of primary 
MDMs expressed as the M1:M2 ratio 
(relative expression of each gene in M1 
macrophages divided by the relative 
expression in M2 macrophages). Levels 
>1 indicates higher expression in M1 
macrophages and <1 indicate higher 
expression in M2 macrophages. Red 
bars indicate M1-associated genes and 
green bars indicate M2-associated genes 
(n = 3). (C) Concentration of cytokines 
in the supernatant media of polarized 
(M1 and M2) and unpolarized (M0) 
macrophages as detected by multi-
analyte immunoassay. Left graph is M2-
associated cytokines and right graph is 
M1-associated cytokines (n = 3). (D) Flow 
cytometry analysis of polarized (M1 and 
M2) and unpolarized (M0) macrophages. 
Histogram overlays represent CD11b 
expression on live/single/cells (in first 
column) and biomarker expression of 
CD11b+/live/single/cells (in second, 
third, fourth histogram columns and in 
dot plots). Individual colors represent 
individual samples. Data in dot plot 
overlay quadrants represent the frequency 
of the parent gate as Mean ± SEM for all 
samples within the group; *p < .05.
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known as mesenchymal stem cells (MSCs). MSCs can be 
derived from multiple sources including bone marrow 
and adipose tissue and can be differentiated into cell types 
such as adipocytes, osteoblasts, and fibroblasts.24 MSCs 
and MSC-derived adipocytes are crucial components of 
TMEs and have been shown to support the growth, sur-
vival, and invasiveness of tumor cells.25–27 Adipocytes 
also secrete multiple cytokines and factors (collectively 
called adipokines) that are immunologically active, high-
lighting their important role in the TME.28 In the current 
study, we demonstrated the ability to perform a long-term 
culture and differentiation of primary human-derived 
MSCs in Stacks. Primary human MSCs were derived from 
bone marrow aspirates from two donors, seeded onto 
a collagen-based extracellular matrix (ECM) in Stacks, 
and treated with control or adipogenic media for 14 days. 
Adipogenic differentiation was then evaluated by in-chip 
staining with LipidSpot (a fluorescent dye that stains lipid 
droplets) and Hoechst and visualized with confocal mi-
croscopy (Figure 3A,B). The percentage of cells that had 

differentiated into adipocytes was quantified by enumera-
tion of LipidSpot-positive cells and total number of nu-
clei using the Spot Detection function on NIS-Elements. 
As demonstrated in Figures  3B,C, our analysis demon-
strated a clear differentiation of the MSCs in Stacks that 
could be detected visually and quantified using automated 
image analysis. The role of 3D culture in adipocyte biol-
ogy is increasingly supported, however, the source of pre-
adipocytes and 3D culture methods vary greatly in current 
literature.28–31 Our findings, which are in accordance 
with these reports showing robust differentiation into 
adipocytes under 3D conditions,27–30 further demonstrate 
that these methods can be applied toward human bone 
marrow-derived adipogenic MSCs under microscale con-
ditions within a collagen ECM. Furthermore, these find-
ings also highlight the ability to perform long-term culture 
of primary human adipocytes in Stacks. Ultimately, these 
findings establish a foundation for future investigations to 
generate a multicellular TME that more accurately reca-
pitulates in vivo conditions.

F I G U R E  3   Differentiation of primary human bone marrow mesenchymal stem cells (MSCs) in Stacks. (A) MSCs from two separate 
donors were seeded into Stacks and cultured for 14 days under control or adipogenic conditions. (B) Adipocytic differentiation was shown by 
the development of lipid droplets, identified with LipidSpot™ staining (green) and Hoechst nuclear staining (blue) by confocal microscopy. 
(C) LipidSpot™ -positive cells and total nucleated cells were quantified using automated image analysis and expressed as a percentage of 
LipidSpot™-positive cells. Each data point represents percentage of LipidSpot-positive cells in one microwell; *p < .05.
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3.3  |  Cytotoxicity assays

Given the important roles for the TME in therapeutic re-
sponse and resistance, analysis of cytotoxicity is crucial 
for TME-focused research. We therefore investigated 
whether Stacks could be utilized to perform cytotoxicity 
assays using different categories of tumor-directed agents. 
(Figure  4A). For this assay, we seeded an androgen-
independent 22Rv1 prostate tumor cell line on a collagen-
fibronectin matrix in Stacks and allowed cells to adhere 
and grow for 3 days. The tumor cells were then treated 
with one of four escalating doses of docetaxel chemother-
apy for 48 h. Following treatment, the tumor cells were 
stained with Calcein AM in-chip and relative viability was 
established by measuring the fluorescence intensity of the 
Calcein AM over control conditions using a microplate 
reader. As Figure  4B demonstrates, we were able to de-
tect a clear dose–response curve for docetaxel treatment in 
Stacks with low variability between replicates. Although 
the concentrations of docetaxel required to achieve a cor-
responding treatment effect were higher in Stacks than 
in traditional culture platforms, these differences are at-
tributable to the considerably higher number of cells per 
volume of media (approximately twofold higher) in the 
microscale platform vs conventional platforms as well dif-
ferences in cellular metabolism and proliferation in mi-
croscale cultures.32 Additionally, multiple studies have 
demonstrated protective effects of 3D ECM on cytotoxicity 
and viability.33

We next evaluated the detection of apoptotic mark-
ers using a caspase-3 activity assay. Tumor cells were 
seeded on matrix in Stacks and allowed to adhere and 
grow prior to docetaxel treatment. Following treatment, 
cells were stained in-chip with substrate that fluoresces 
upon cleavage by caspase-3. Matrix was then digested 
using collagenase and cells were transferred to individual 
wells on silicon isolator affixed to a glass slide. Spot de-
tection function was used to identify individual cells and 
generate statistics on signal intensity values in each cell 
and in sample as a whole. Figure 4C represents caspase-3 
activity in DU145 cells both with and without docetaxel 
treatment. As illustrated in this figure, there was an in-
crease in caspase-3 activity following docetaxel treatment, 

confirming that apoptotic activity could also be effectively 
detected and measured in Stacks.

In addition to analysis of the cytotoxic effects of che-
motherapy, we also evaluated whether we could analyze 
the cytotoxic effects of targeted cancer-directed therapies 
since this approach is becoming increasingly utilized 
for cancer treatment. To accomplish this, we seeded the 
H358 lung cancer cell line expressing the KRAS G12C 
oncogene on the collagen-fibronectin matrix in Stacks, 
and treated with vehicle or adagrasib, a novel KRAS 
G12C small molecule inhibitor for 48 h. Adagrasib has 
been shown to be effective against several KRAS G12C 
models including the H358 cell line and a similar drug 
sotorasib.34,35 Cells were then stained in-chip with 
Image-IT Dead (IID) Green live/dead dye along with 
anti-EpCAM antibody and Hoechst33342, prior to fixa-
tion and imaging with confocal microscopy (Figure 4D). 
The spot detection function on NIS Elements was used 
to establish the frequency of IID-positive dead cells 
per well and demonstrated adagrasib-induced cytotox-
icity in H358 cells under 3D microfluidic conditions 
(Figure  4E), thereby supporting a role for Stacks in 
evaluation of targeted treatments within the TME. The 
previous study of adagrasib did evaluate cytotoxicity in 
the H358 lung cancer cell line under 3D conditions by 
culturing H358 cells in spheroids using ultra-low attach-
ment plates without the addition of ECM.35 Our find-
ings are consistent with the prior study, and additionally 
demonstrate that adagrasib retains cytotoxicity against 
H358 cells cultured under 3D conditions on a collagen-
based ECM, an important finding given the protective 
effects of ECM on cell viability.33,35 Furthermore, the 
cytotoxicity assay used in this study is compatible with 
immunofluorescent staining for cell surface markers (in 
this case, the epithelial marker EpCAM).

We also sought to determine whether we could use 
Stacks for multiparameter assessment of cellular fea-
tures and the effects of drug treatments on primary 
patient-derived cancer organoids (PDCOs) embedded 
and cultured in 3D matrix. Figure 5A shows the process 
of PDCO culture, treatment, and drug response assess-
ment in-device. PDCOs were cultured from primary 
tumor tissue from prostatectomy specimen as previously 

F I G U R E  4   Cytotoxicity assays on cell lines in Stacks. (A) Workflow for cytotoxicity assays on cell lines. (B) Dose titration curve of 22rv1 
prostate cancer cells treated with docetaxel for 48 h followed by analysis of viable cell number using quantification of Calcein AM staining 
with a microplate reader. Data expressed as percent of viable cells as compared to control condition (n = 3). (C) Quantification of caspase-3 
activity in DU145 prostate cancer cells treated with 20 nM docetaxel for 48 h. Data expressed as fold change of caspase-3 activity in docetaxel 
treated cells as compared to control condition (n = 3). (D) The H358 lung cancer cell line expressing the KRAS G12C oncogene was cultured 
in Stacks and treated with vehicle or a KRAS G12C inhibitor (n = 2). Cells were stained with Hoechst (blue), anti-EpCAM-Alexa647 
antibody (purple) and Image-IT Dead™ reagent (green), and imaged in-device using confocal fluorescence microscopy. (E) Dead cells and 
total number of cells was quantified with automated image analysis and the percentage of dead cells was significantly induced by inhibition 
of KRAS G12C in H358 lung cancer cells. Each data point represents percentage of Image-IT Dead™-positive cells in one microwell; *p < .05.
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described11 and were treated with vehicle, docetaxel, or 
bicalutamide, followed by fluorescent staining in Stacks. 
PDCOs were then mounted and imaged directly in-chip 
by confocal microscopy (Figure  5B). Representative 

images and enumeration by manual counts in repre-
sentative z-stacks (Figure  5C) show that the EpCAM-
positive epithelial cells in PDCOs accumulated IID 
live/dead dye intracellularly following docetaxel and 
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bicalutamide treatment compared to PDCO treated with 
DMSO vehicle, in accordance with previous reports of 
drug treatment of primary prostate PDCOs in a conven-
tional cell culture platform.36

These cytotoxicity studies collectively demonstrate 
the versatility of the Stacks platform for evaluation of 
treatment effects including targeted, hormonal, and che-
motherapeutic agents. The analysis can be performed 
using confocal microscopy in-chip to minimize sample 

loss and disruption of 3D architecture or it can be effec-
tively performed by transfer of samples to a microplate 
to increase the efficiency of the analysis. Analysis of 
multiplex phenotypic markers can be useful to evaluate 
cell-type specific differential responses in the context of 
heterogenous microenvironments. Endpoints are also 
versatile and can include relative cell viability as well 
as evaluation of molecular pathways such as caspase-3 
activity.

F I G U R E  5   Drug treatment of primary prostate PDCOs. (A) PDCOs were derived from prostatectomy specimen from patients with 
primary prostate cancer. PDCOs were cultured in hanging droplets and transferred into STACKs for drug treatment. Fluorescent images 
(B) represent patient biopsy-derived PDCOs after 72 h of treatment with DMSO, or 10 nM Docetaxel (DOC) or 100uM Bicalutamide 
(BIC), stained with Hoechst (blue), Image-IT Dead™ Green (green), and EpCAM-Alexa647 (purple). (C) Dot plots show manual counts of 
Hoechst+/Image-IT− (blue) and Hoechst+/Image-IT+(green) cellular content in representative z-stack layers.



      |  13 of 20SETHAKORN et al.

3.4  |  Cell migration

Cell migration is a process that is critical to the roles of the 
TME in cancer progression. Immune-tumor interactions, 
blood vessel recruitment, and tumor invasion all depend 
on effective migration. We therefore performed direct 
analysis of cell migration in Stacks. To evaluate these pro-
tocols, we used primary T cells as our model since this is a 
heterogeneous population that is highly motile. Figure 6A 
depicts the process for analysis of T cell migration toward 
tumor cells in 3D matrix in Stacks platform. The primary 
T cells were obtained from peripheral blood samples and 
stimulated with anti-CD3 and anti-CD28 beads. 22Rv1 
tumor cells were seeded on 3D matrix in Stacks culture 
wells and allowed to adhere and proliferate. A different 
Stacks plate containing wells with collagen-fibronectin 
matrix was attached on top of the 22Rv1 plate. T cells 
were then seeded on 3D matrix of top plate and allowed 
to migrate toward the 22Rv1 cells for 24 h. The T cell plate 
was then removed and cells were fixed in each well. The 
T cells were stained for CD4 and CD8 expression and the 
entire 3D well was imaged using confocal microscopy; 
representative images of a single Z-layer and a 3D recon-
struction of an entire well are shown in Figure 6B. Within 
NIS-Elements software, images were analyzed with a spot 
detection macro on the nuclear channel to first identify 
individual cells, and then binary layer parameter restric-
tions were applied to classify cells as either CD4+ or CD8+. 
Average migration distance of each population was quan-
tified by determining the distance of each cell from the top 
of the well. This distance was then summed for all CD4+ 
and CD8+ cells in each well and then divided by the total 
number of each cell population on the well (Figure 6C,D).

As illustrated in Figure  6B, we were able to clearly 
visualize the T cells throughout the 3D matrix in the mi-
crowells. The CD4 (green) and CD8 (red) staining was 
distinct among the two populations, enabling separate 
analysis of each subtype. Figure 6C shows the distribu-
tion of the T cells throughout the gel based on the quan-
tification performed by spot detection. The migration 
pattern illustrated in this figure, which shows a “non-
migratory” population in the top layers and a collection 
of “migratory” T cells throughout the lower layers, is 
representative of all evaluated patient samples and was 
consistent across experimental repeats. For each well, 
we were able to derive the mean migration distance 
of each T cell subset as one method to compare T cell 
migration among replicate wells and among different 
patients. (Figure  6B). Our analysis of mean migration 
demonstrated directional migration of the CD4 and CD8 
T cell populations toward the tumor cells with similar 
average migration distances for each donor. When com-
pared to a mono-culture T cell population, we observed 

a trend of increased directional migration of both T cell 
populations toward the tumor cells, indicating that the 
T cells were actively responding to tumor-derived fac-
tors in the media (Supporting Information 1, Figure S3). 
These findings illustrate how the Stacks platform can 
be utilized to visualize and quantify cellular migration 
within multicellular models. While we analyzed T cells 
in co-culture model in these experiments, these proto-
cols could be applied to other cell types with the ability 
to modify the configurations of TME models as needed. 
In addition, endpoints other than mean migration, such 
as threshold migration, migration pattern, etc. could 
also be utilized to quantify/analyze cell migration de-
pending on the particular needs of each experiment.

3.5  |  Leveraging the multiplexed and 
high throughput capabilities of Stacks

As detailed above, the notable features of the Stacks plat-
form include multi-culture of multiple cell types within a 
single system, efficient utilization of limited, and multi-
plexed analysis of complex culture models. These features 
are highly advantageous for the investigation of the TME, 
which is a complex multi-cellular environment with di-
verse biologic functions. Therefore, having established 
that mRNA and protein expression, cellular phenotype, 
treatment cytotoxicity, 3D spatial architecture, and cell 
migration of both cell line and primary cells could be 
effectively analyzed using the Stacks platform, we next 
aimed to leverage the unique capabilities of Stacks to per-
form multiplexed and high-throughput investigation of 
multi-culture TME models using scarce patient biospeci-
mens (Figure  7A). For our multiplexed experiment, we 
isolated autologous monocytes and T cells from a single 
patient blood sample and performed integrated analysis of 
mono-, co-, and tri-culture models involving 22Rv1 tumor 
cells. The monocytes were differentiated to MDMs in-chip 
and left unpolarized (M0) or polarized to M1- or M2-like 
phenotypes using IFN-γ and IL-4, respectively. T cells 
were activated using CD3/CD28 activator beads. The M0 
MDMs, activated T cells, and 22Rv1 tumor cells were cul-
tured in mono-(MDM mono, T cell mono, 22Rv1 mono), 
co- (MDM co-T cell, MDM co-22Rv1, T cell co-22Rv1), and 
tri-culture (MDM-T cell-22Rv1) configurations. Each of 
the models that included tumor cells were left untreated 
or treated with 80 nM of docetaxel (10 total conditions) for 
48 h. Following culture, each cell population was isolated 
and analyzed for mRNA expression in all conditions using 
qPCR analysis (Figure  7B), and media was interrogated 
for corresponding protein expression of select genes using 
a multi-analyte bead assay (Figure  7C). MDMs, T cells, 
and tumor cells were also stained with cell type-specific 
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F I G U R E  6   Analysis of cell invasion/migration in Stacks. (A) Workflow for primary T cell isolation, culture, and analysis of tumor-
directed migration. (B) Confocal fluorescence microscopy images of primary T cells in Stacks following 24 h migration. (Left) Axial slice of 
microwell; Hoechst (blue), CD4 (green), CD8 (red). (Right) 3D image of the entire well. Green cells are CD4+ T cells and red cells are CD8+ 
T cells. (C) Histogram representation of the total number of T cells (CD4+ and CD8+) identified in each z-layer. (D) Box and whiskers plot 
with line at mean of migration distance of CD4+ and CD8+ T cells in Stacks (n = 6).
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surface markers and imaged in-chip using fluorescent 
confocal microscopy (Figure  7D). Lastly, the docetaxel 
treated and untreated tumor cells were analyzed for rela-
tive viability in mono-, co-, and tri-culture conditions 
using microplate reader analysis (Figure 7E). This entire 
experiment, which involved three cell types (two primary 
and one cell line), cultured in a total of 17 unique condi-
tions (including tri-culture) in triplicate, with multiplexed 
analysis of cell-specific mRNA and protein expression, 
secreted factor concentration, and treatment cytotoxicity 
using four distinct conventional analysis modalities re-
quired less than 15 ml of blood from a single donor and 
could be performed by a single operator.

As demonstrated in Figure 7B, we saw distinct mRNA 
expression profiles in each cell type and we were able to 
evaluate the impact of each culture condition on mRNA 
expression. For the MDMs, the mRNA and protein se-
cretion profiles in the unpolarized and polarized mono-
culture conditions (which served as the internal controls) 
(Figures  7B,C) appropriately mirrored the findings of 
our single-layer experiments (Figures  2B,C), supporting 
the accuracy of the expression analysis in the tri-culture 
Stack. In co-culture, the expression profiles of MDMs 
cultured with the tumor cells were similar to the profiles 
of the M2-polarized macrophages. This was an expected 
finding since prostate tumor cells are known to polarize 
MDMs to an M2-like phenotype.36,37 In addition, MDMs 
co-cultured with activated T cells resembled M1-polarized 
macrophages, which was also expected since activated T 
cells secrete large quantities of the M1-polarizing cytokine, 
IFN-γ.38 For the T cells and tumor cells in mono-culture, 
we saw overall low expression of CCL22 and CXCL9-10 
at both the mRNA and secreted protein levels. This was 
again expected since macrophages are the major source 
of these cytokines within the TME.37 Confocal imaging 
of each layer demonstrated detectable expression of the 
distinct cell-specific markers for tumor cells (EpCAM+), 
MDMs (CD14+), and T cells (CD4+ and CD8+) in the sep-
arate Stacks layers (Figure 7D). These findings confirmed 
that in addition to evaluating each layer for mRNA ex-
pression levels, we could also visualize protein expression 
and identify specific cell types following multi-culture ex-
periments in Stacks. This capability enables layer-specific 
immunophenotypic analysis as well as orthogonal evalua-
tion of gene expression, analysis of cellular migration, and 
visualization of 3D architecture in Stacks cultures.

When we analyzed the tri-culture data, we found that 
culturing the cells in tri-culture resulted in differential 
gene expression profiles in the tri-culture conditions com-
pared to the mono- and co-culture conditions. We also 
found that there was a trend toward a decrease in the 
number of viable tumor cells moving from mono-culture 
to co-culture to tri-culture. This same trend was much less 

pronounced following docetaxel treatment, resulting in 
the appearance of a relatively smaller effect of docetaxel 
treatment in tri-culture compared to the other treatment 
conditions in this experiment. (Figure 7E). This data sug-
gests that expanding culture models beyond standard in 
vitro mono-culture models has meaningful impacts on 
gene expression, culture dynamics, and chemosensitivity. 
Given the cellular complexity of the TME, such findings 
may prove to be more representative of cell behavior in 
multicellular niches, in vivo. However, further studies will 
be needed to confirm these findings.

Overall, this multiplexed experiment provides a 
demonstration of numerous key advantages of the Stacks 
platform over traditional platforms, including the capac-
ity for investigation of more than two cell types (not pos-
sible with traditional Transwell systems) in a co-culture 
setting, efficient utilization of limited resources (microw-
ells require <1/10th the volume of biomaterials of a 96-
well plate), in-chip processing and confocal imaging of 
3D structures in all layers (not possible with traditional 
Transwell systems), and diverse multiplexed, multi-
analyte analysis using conventional tools generating or-
thogonal data sets from limited clinical biospecimen.

Our next aim was to demonstrate the high-throughput 
assay capacity of the Stacks system. To accomplish this 
aim, we performed a co-culture drug screening assay 
using prostate tumor cells that were cultured with primary 
MDMs. The primary MDMs were derived from monocytes 
of three individual donors and were differentiated and cul-
tured within Stacks. The MDMs from each patient donor 
were co-cultured with three independent prostate tumor 
cell lines (22Rv1, LNCaP, and C42B) to generate a total 
of nine unique co-culture configurations (Figure  8A). 
Replicates from each model were then treated with one 
of three escalating doses of docetaxel or left untreated (a 
total of four conditions) for a total of 36 experimental con-
ditions. In addition, we also set up 12 monoculture control 
conditions (untreated and treated conditions at each dose 
level for all three cell types alone) and three total posi-
tive biological controls for plate reader calibration (cells 
treated with 70% EtOH controls). All conditions were per-
formed in triplicate for a total of 151 wells. Following 48 h 
of docetaxel treatment, tumor cells were isolated and via-
ble cell number was established by measuring Calcein up-
take with microplate reader analysis. The data presented 
in Figure 8B demonstrates a clear dose-dependent effect 
of docetaxel treatment in all conditions. In addition, we 
were able to identify a potential patient-specific effect (co-
culture of MDMs from patient 693 appeared to increase 
LNCaP sensitivity to docetaxel while other donor MDMs 
did not) as well as a potential cell-type effect (MDMs from 
all patients appeared to protect C42B at the 120 nM dose). 
Since TME elements, including infiltrating macrophages, 
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F I G U R E  7   Multiplexed assay in Stacks. (A) Workflow of the isolation, culture, treatment, and analysis of cells for the multiplexed 
assay (B) mRNA expression of select genes measured by qRT-PCR in each cell type (22Rv1, MDM, and T cell) each cultured in six different 
experimental conditions. Colors reflect the cell type from which the mRNA was obtained: 22Rv1 (in blue), Polarized MDM (in red) (M0, M1, 
M2), MDM (in yellow), and T cells. (in green). Data expressed as the Normal Relative Quantity (NRQ) (C) Concentration of select cytokines 
in media from each experimental condition using multi-analyte bead assay. The bar colors between these two graphs are uniform in the cell 
type and culture condition that they represent. (D) Representative confocal microscopy images of the three above-described cell types: 22rv1 
(image on left) stained for EpCAM (in red) and Hoechst (in blue); MDM (image in middle) stained for CD14 (in red), and Hoechst (in blue); 
and T cells (image on right) stained for CD4 (in green), CD8 (in red), and Hoechst (in blue). (E) Quantification of viable 22Rv1 tumor cells in 
treated (80 nM docetaxel for 48 h) or DMSO conditions in monoculture (Mono), co-culture with MDMs (Co MDM), and in tri-culture with 
MDMs and T cells (Tri) using Calcein-AM staining. Green bar represents 70% EtOH-treated positive control for cell death. Data collected on 
a plate-reader and expressed as total Calcein-AM fluorescence arbitrary units (AU). Data for A–E are from a single experiment with at least 
two biologic replicates analyzed per condition.

F I G U R E  8   High throughput 
Stacks assay. (A) Workflow of isolation, 
culture, treatment, and analysis of high 
throughput TME docetaxel screening 
assay across 36 separate experimental 
conditions (51 total conditions with 
controls). (B) Quantification of viable cell 
number across all co-culture treatment 
conditions using Calcein-AM staining. 
Data organized by tumor cell line and 
docetaxel treatment concentration 
(48 h treatment). Data points are the 
average of at least two replicates of 
each experimental condition. The 
shapes indicate the patient from whom 
the MDMs were derived (Circle- Pt 1, 
Triangle- Pt 2, Square- Pt 3). Each color 
represents the type of tumor cell line 
across conditions (Red- 22Rv1, Blue- 
LNCaP, Green- C42B). Data expressed as 
total Calcein-AM fluorescence arbitrary 
units (AU).
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are well known to contribute to therapeutic resistance, ex-
periments such as these could provide key sentinel data 
for further biologic investigation of the pathways that 
regulate TME-mediated therapeutic resistance in cancer 
and evaluation of patient-specific effects. In addition, it 
is worth noting that this experiment was performed by 
a single operator, demonstrating the feasibility of high 
throughput multi-culture assays in Stacks.

4   |   DISCUSSION

The TME is a highly complex, multi-cellular environ-
ment with an array of critical roles in cancer progression 
and therapeutic resistance.4,38,39 Although there has been 
considerable advancement in our understanding of the 
dynamic crosstalk within the tumor niche, there is still 
a clear need to refine models to more faithfully reflect 
the native TME network in vitro.40 In this manuscript, 
we present TME-relevant data for a reconfigurable mi-
crofluidic cell culture platform, known as Stacks, which 
provides numerous advantages for TME-focused re-
search over traditional in vitro systems. In prior publi-
cations, we detailed the design of the Stacks system and 
presented initial data supporting cell culture and analysis 
within Stacks.10,12 However, these studies did not address 
a number of key features of the Stacks system, including 
primary cell culture, multi-culture of >2 cell populations, 
flow cytometry analysis of cells recovered from Stacks, or 
analysis of secreted factors, cell migration, and treatment 
cytotoxicity. These studies also did not address the multi-
plexed and high-throughput capabilities of Stacks, which 
are key features of this platform. We therefore aimed to 
expand the application of this technology to enable com-
prehensive TME-directed research using primary cells in 
Stacks.

Using MDMs, MSCs, and PDCOs in mono-, co-, and 
tri-culture systems, we were able to demonstrate that inte-
grated analysis of mRNA expression, secreted factor pro-
duction, and immunophenotype could be performed on a 
diverse array of primary TME populations in Stacks. We 
also demonstrated multiple methods of assessing cell via-
bility, cytotoxicity, and apoptosis using fluorescent mark-
ers that can be detected in-chip using confocal microscopy 
or by transferring cells to a microplate for high-throughput 
analyses. With confocal imaging, we showed that these 
functional markers can be multiplexed with cell surface 
protein analysis to identify cell-specific effects, evaluate 
spatial distribution of cytotoxicity within a 3D structure, 
and to visualize and quantify spatial processes such as cell 
migration. Furthermore, we demonstrated how these as-
says could be integrated into multi-cellular TME models 
with multiplexed, high-throughput capabilities.

While the first five figures of this manuscript individu-
ally demonstrate data that could be potentially generated 
in conventional platforms, they collectively illustrate how 
this single platform can support a broad range of inves-
tigative needs. Specifically, Stacks can be utilized to cul-
ture cell lines and primary cells in both 2D and 3D with 
minimal sample input. An array of multi-analyte and 
multi-functional assays including immunophenotyping, 
gene expression analysis, cytotoxicity assays, cell migra-
tion evaluation, etc. can be integrated with subsequent 
in-chip or out-of-chip analysis most optimal for experi-
mental priorities and feasibility. This broad functionality 
is one of the key advantage of Stacks over other available 
platforms, which typically do not offer this degree of assay 
flexibility. Additionally, the Stacks platform supports effi-
cient utilization of scarce primary material as well as the 
culture of up to 6 independent cell populations within a 
single system. These are important advantages for TME 
research compared to traditional cell culture platforms, 
which typically require much larger inputs, necessitat-
ing a reliance on cell lines, and are limited in modeling 
complex, multi-cellular environments. Although other 
microfluidic platforms may enable efficient utilization 
of biomaterials and support multi-culture, the open and 
reconfigurable design of Stacks enables considerable flex-
ibility to add, remove, and reorganize layers to investigate 
spatio-temporal dynamics of cell culture. Furthermore, 
the design of the Stacks platform is conducive for injec-
tion molding supporting large-scale fabrication and the 
layout of the wells is designed to accommodate standard 
multi-channel pipettes to allow high efficiency and high 
throughput experimentation. These collective capabilities 
make Stacks truly unique among available macroscale and 
microscale platforms as well as a potentially valuable asset 
for cancer research.

The significance of expanding the applications of the 
Stacks platform is that each of the expanded applications 
has high relevance for TME research. Our tri-culture data 
demonstrated that expanding beyond two cell types in in 
vitro tumor models can alter the biology of the various 
cell types within these models, therefore multi-cultures 
may more faithfully reflect the in vivo biology of com-
plex, multi-cellular networks compared to mono- or co-
culture systems. Since multiple TME subpopulations play 
critical roles in therapeutic efficacy and resistance, the 
multi-culture capabilities of Stacks may also provide a 
platform to perform rapid drug screening in the context 
of multi-cellular TME networks, which could support 
the identification of therapies with higher translational 
relevance over traditional mono-culture drug screening. 
Furthermore, with the high throughput and multiplexed 
capabilities of the system, numerous pathways can be 
evaluated simultaneously, potentially leading to more 
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rapid biologic advances. Lastly, our data on T cell migra-
tion demonstrated how Stacks can be utilized to analyze 
cell migration and invasion in the context of multi-cellular 
models. Cell migration is a critical function for tumor cell 
metastasis and immune cell infiltration, and the ability 
to analyze this process in multi-cellular models could po-
tentially advance immunotherapy and tumor metastasis 
research.41,42

Overall, we believe that this manuscript validates the 
Stacks platform as a versatile tool for TME research and 
highlights some of the more unique features of the plat-
form. The protocols demonstrated here can provide a 
foundation for further method development by other in-
vestigators utilizing this system, with considerable room 
to customize assay conditions to meet specific experimen-
tal needs. We look forward to the increased utilization 
of Stacks for TME research and anticipate that this plat-
form will support meaningful gains in the field of cancer 
research.
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