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Autologous Human Immunocompetent White Adipose
Tissue-on-Chip

Julia Rogal, Julia Roosz, Claudia Teufel, Madalena Cipriano, Raylin Xu, Wiebke Eisler,
Martin Weiss, Katja Schenke-Layland, and Peter Loskill*

Obesity and associated diseases, such as diabetes, have reached epidemic
proportions globally. In this era of “diabesity”, white adipose tissue (WAT) has
become a target of high interest for therapeutic strategies. To gain insights
into mechanisms of adipose (patho-)physiology, researchers traditionally
relied on animal models. Leveraging Organ-on-Chip technology, a
microphysiological in vitro model of human WAT is introduced: a tailored
microfluidic platform featuring vasculature-like perfusion that integrates 3D
tissues comprising all major WAT-associated cellular components (mature
adipocytes, organotypic endothelial barriers, stromovascular cells including
adipose tissue macrophages) in an autologous manner and recapitulates
pivotal WAT functions, such as energy storage and mobilization as well as
endocrine and immunomodulatory activities. A precisely controllable
bottom-up approach enables the generation of a multitude of replicates per
donor circumventing inter-donor variability issues and paving the way for
personalized medicine. Moreover, it allows to adjust the model’s degree of
complexity via a flexible mix-and-match approach. This WAT-on-Chip system
constitutes the first human-based, autologous, and immunocompetent in
vitro adipose tissue model that recapitulates almost full tissue heterogeneity
and can become a powerful tool for human-relevant research in the field of
metabolism and its associated diseases as well as for compound testing and
personalized- and precision medicine applications.
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1. Introduction

Obesity, defined by a body mass index
(BMI) of 30 or above, has reached epi-
demic proportions globally. About 13% of
the world’s adult population was obese in
2016—[1] and this number has continued
to rise. Marked by a state of low-grade
chronic inflammation, obesity is a well-
recognized risk factor for a myriad of co-
morbidities, amongst them type 2 diabetes
mellitus, cardiovascular and neurodegener-
ative diseases, at least 13 different types
of cancer,[2] and infectious diseases (e.g.,
COVID-19).[3,4] Moreover, being obese di-
rectly impacts the immune system’s abil-
ity to respond to infections.[4,5] Therefore,
in the era of “diabesity” and due to its cen-
tral role for metabolic and endocrine pro-
cesses, adipose tissue has become a target
of high interest for therapeutic strategies
against various diseases.

Adipose tissues can be categorized into
white adipose tissue (WAT), brown adipose
tissue, brite/beige adipose tissue, and pink
adipose tissue. Each tissue type is mor-
phologically distinct and performs unique
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functions.[6] In this study, we focus on WAT. White adipocytes
are integral components of WAT and highly specialized in lipid
metabolism. Unlike any other cell type, they can take up and
store vast amounts of lipids without being damaged. More-
over, white adipocytes are well equipped to sense and govern
the body’s energy status. These cells make up about 90% of
WAT volume but less than 50% of cellular content.[7] The re-
maining WAT-associated cell populations are broadly pooled
as stromal vascular fraction (SVF). These stromovascular cells
include adipose-derived mesenchymal stem cells (AdMSCs),
adipocyte and vascular progenitors, fibroblasts, as well as tissue-
resident immune cells. Crosstalk between stromovascular cells
and adipocytes considerably contributes to modulation of im-
mune responses.[8,9] Dysfunction of both storage and endocrine
WAT activity can have systemic consequences. The close con-
nection between WAT and the immune system comes as no
surprise. The most frequent immune cell populations in WAT
are adipose tissue macrophages (ATMs), eosinophils, innate
lymphoid cells, T cells, and B cells.[10–14] Typically, adipose tis-
sue immune cells control integrity and hormone sensitivity of
adipocytes.[15] Yet, in response to overnutrition, adipocytes ex-
pand in number (hyperplasia) and size (hypertrophy) and even-
tually unleash a cascade of inflammatory events. Alongside
adipocyte-associated functional changes, such as disturbed fatty
acid (FA) metabolism or increased insulin resistance, this adi-
pose tissue inflammation is marked by an accelerated immune
cell infiltration. For instance, ATMs constitute about 5–10% of
the SVF in healthy humans but up to 50% in obesity.[16,17] Conse-
quently, WAT has become highly relevant for studies on systemic
immunometabolism.[18]

Gaining human-relevant cellular and molecular insights
in adipose (patho-)physiology, however, has traditionally been
limited by several aspects: i) in vivo human studies on mecha-
nistic pathways usually entail unacceptable health risks. Thus,
a large part of our understanding regarding human WAT
function builds on clinical, mostly systemic, observations and
genome-wide association studies (GWAS). ii) Even though in
vivo animal models allow for more flexibility regarding depth of
biological level and degree of experimental interventions, their
predictive value for humans is limited. There are major discrep-
ancies between mice and humans, especially when it comes
to metabolism and immunology.[19–23] iii) In vitro studies on
human WAT can be challenging due to the large size, buoyancy,
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and fragility of mature white adipocytes; rendering conventional
cell culture methods unsuitable. Additionally, studies using
WAT explants frequently encounter difficulties caused by hy-
poxia or inflammation.[24,25] Thus, many adipose in vitro studies
utilized in vitro differentiation of adipocyte progenitors. How-
ever, so far, the maturity of these differentiated adipocytes does
not adequately reflect the biology and functionality of mature
adipocytes.[26–28]

As a consequence, compared to other organ systems, research
on in vitro adipose tissue models has been rather sparse. Addi-
tionally, the predominant intention behind adipose tissue engi-
neering has been the development of large-scale tissue grafts for
regenerative medicine, rather than studies on adipose (patho-)
physiological mechanisms. Still, several efforts have been made
to come up with advanced long-term tissue culture (more than
one week) models that can circumvent the restraints in mature
adipocyte handling and culturability. 3D biomaterial scaffolds are
often utilized to provide protection and a certain degree of struc-
tural stability.[29–33] Along the same line, structurally supported
in vitro cultures have been achieved via sandwiching strate-
gies, trapping mature adipocytes between SVF cell sheets,[34]

and sophisticated versions of ceiling cultures taking advantage
of adipocyte buoyancy.[35] While these approaches considerably
contributed to the longevity of mature adipocytes in vitro, they
still fall short on recapitulating key aspects of the adipose tissue
microenvironment including vascular perfusion, cell–cell inter-
actions as well as immune components.

In recent years, the Organ-on-Chip (OoC) technology has
become a powerful tool for building in vitro culture systems that
are reflective of human physiology. Combining microfabrication
techniques and tissue engineering, OoCs emulate in vivo func-
tionality of a certain organ or tissue at the scale of the smallest
functional tissue unit in a microfluidic platform. Alongside
organ-specific 3D microenvironments, physiological cell-cell
and cell-matrix interactions, one of the key features of OoCs
is the vasculature-like perfusion; an aspect that is especially
important for WAT in vitro culture, in view of its high metabolic
and endocrine activity. Nevertheless, the current landscape
of WAT-on-chip models is still scarce and shaped by in vitro
differentiated adipocytes.[26,27,36] Despite some efforts to reflect
insulin resistance or WAT immunoregulatory function, almost
all WAT-on-chip models turn to differentiating AdMSCs/pre-
adipocytes,[37–40] or even murine preadipocytes as fundamental
cellular components.[41–44] Notably, there is a variety of micro-
analytical fluidic systems, which aim to interrogate adipocyte
functionality using microfluidics approaches.[45–47] While these
analytical platforms integrate mature adipocytes and are pow-
erful means to assess highly time-resolved adipocyte secretions,
they are less suited for long-term culture of adipose tissue. To
our best knowledge, the only OoC system, which is based on
mature human adipocytes and adapted for long-term culture,
is our previously published adipocyte-on-chip model.[48] Yet,
this model integrates only adipocytes and thereby falls short on
reflecting WAT’s full heterogeneity and consequent endocrine
activities.

Here, we introduce a next-generation human WAT-on chip
platform, which integrates all major WAT-associated cellu-
lar components in an autologous manner (Figure 1). Mature
adipocytes, together with stromovascular cells, or tissue-resident
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Figure 1. Concept of the human patient-specific WAT-on-chip model. a) Schematic of WAT in vivo anatomy and integration of all cellular components
into the microfluidic platform: Mature adipocytes, progenitors, stem cells, and tissue-resident immune cells are encapsulated in a hydrogel and cultured
in the chips’ tissue compartment. MvECs are seeded via the media channel onto the membrane shielding tissue chambers from the constant perfusion.
To study immune cell recruitment, circulating immune cells are perfused through the media channels. b) Patient-specific cell sources for building the
WAT-on-chip model: Mature human adipocytes, mvECs as well as cells from the SVF, including tissue-resident immune cells such as CD14+-cells, are
isolated from skin biopsies with subcutaneous fat. Circulating immune cells, such as T-cells, are retrieved by isolating PBMCs from the patients’ blood.
Scale bars equal 100 μm (adipocytes, CD31, CD45, and T cell visualization) or 50 μm (SVF and CD14+-cell visualization). *CD14+-cells are isolated using
MACS and could therefore not be stained for CD14 but for CD86, another marker expressed on macrophages.
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immune cells extracted from SVF, were encapsulated in a
synthetic hydrogel matrix (comprising hyaluronic acid and
denatured collagen) and injected into the microfluidic device’s
tissue chambers. Media-perfused channels supplying the tissue
chambers via diffusive exchange across a porous membrane
were lined with tight layers of endothelium and served as trav-
eling route for circulating immune cells (Figure 1a). Besides
the holistic reflection of the cellular composition of WAT, most
importantly its immunocompetency, a key feature of our system
is its fully autologous character (Figure 1b). From skin biopsies
with subcutaneous fat, we isolated mature adipocytes, SVF as
well as microvascular endothelial cells (mvECs). In a further
step, CD14+-cells, that is, monocytes and macrophages, were
separated from the SVF using magnetically activated cell sorting
(MACS). For experiments on immune cell infiltration, T cells
and CD14+-cells were derived from peripheral blood mononu-
clear cells (PBMCs), which were isolated from the biopsy donors’
blood. The individual cell types enabled us to build up a WAT
model via a precisely controllable bottom-up approach that reca-
pitulates pivotal WAT functions, such as energy storage and mo-
bilization as well as endocrine and immunomodulatory activities.
To adjust the model’s degree of complexity to fit a specific pur-
pose, we introduce a flexible mix-and-match WAT-on-chip with
different cell component modules.

2. Experimental Section

Table S2 in the supplemental information provides an overview
of used materials, devices, and software.

2.1. Chip Fabrication and Characterization

2.1.1. Chip Design and Dimensions

The microfluidic platform used for integrating human WAT
and associated immune components was a custom-made device
consisting of two layers of micro-patterned polydimethylsiloxane
(PDMS; Sylgard 184, Dow Corning, USA) sandwiching an
isoporous, semipermeable polyethylene terephthalate (PET)-
membrane (3 μm poresize: rP = 3 μm; 𝜌P = 8 × 105 pores per cm2;
TRAKETCH PET 3.0 p S210 × 300, SABEU GmbH & Co. KG,
Northeim, Germany; or 5 μm poresize: ipCELLCULTURE PET
membrane (5 μm pore size; 2% porosity), 2000M12/510M503,
it4ip S.A., Louvain-la-Neuve, Belgium). While the lower micro-
patterned PDMS layer accommodates human WAT, the upper
PDMS-layer, separated from the lower one by the membrane,
serves as media compartment for constant media perfusion. To
assure best optical accessibility of the tissues, the tissue compart-
ment was secured to a glass coverslip (AN-21-000627; 25 mm
× 75 mm, thickness 1, Langenbrinck GmbH, Emmendingen,
Germany). The architecture of the microstructures in the
PDMS layers was specifically designed to house human mature
adipocytes, and it was drafted using CorelCAD (Corel Corpora-
tion, Ottawa, Ontario, Canada). Table 1 and Figure 2a provide an
overview of the most important chip dimensions and resulting
volumes.

Table 1. Dimensions of microfluidic WAT-on-chip platform.

Tissue compartment

Entire compartment Area [mm2] 21.59

Volume [μL] 2.80

Dimensions of one chamber Radius [mm] 0.50

Area [mm2] 0.79

Height [mm] 0.20

Volume [μL] 0.16

Sum of eight chambers Area [mm2] 6.28

Volume [μL] 1.26

Media compartment

Entire compartment Area [mm2] 39.81

Height [mm] 0.10

Volume [μL] 3.98

2.1.2. Chip Fabrication by Soft Lithography and Replica Molding

The microfluidic platforms were fabricated using the soft litho-
graphic as well as replica molding protocols described in the
previous publications.[41,48,49] In brief, media channel- and tissue
chamber microstructures in the PDMS layers were generated
by using two differently patterned master wafers functioning as
positive molding templates. These master wafers were produced
by common soft lithography techniques first introduced by Xia
and Whitesides.[50] To achieve different heights for injection
channels and tissue chambers in the tissue compartment layer,
or a membrane inlay with media channel on top in the media
compartment layer, respectively, each of the two master wafers
was fabricated in two consecutive patterning steps. The proce-
dures for a two-step master wafer fabrication in detail are recently
described.[49] The PDMS layers were then generated by deploy-
ing two different replica molding techniques: i) To create thin
tissue layers with chambers and injection port structures opened
to both sides, a technique called “exclusion molding” is used. By
placing a release liner (Scotchpak 1022 Release Liner Fluoro-94
polymer Coated Polyester Film; 3M, Diegem, Belgia) onto the
uncured PDMS on the wafer and applying uniform pressure
onto the construct, curing of the PDMS resulted in 200 μm-high
PDMS layers, as defined by the 200 μm tissue chamber height.
Consequently, microstructures were open to both sides. ii)
The PDMS layer patterned with the media compartment was
generated by standard replica molding; the amount of PDMS
yielding a layer of approximately 5 mm was poured onto the
master wafer and released after curing. Then, the PDMS slabs
resulting from the molding processes were cut to the size of the
chip and ports to access the chips were pierced using a biopsy
punch (Disposable Biopsy Punch, 0.75 mm diameter; 504 529;
World Precision Instruments, Friedberg, Germany). To enable
O2-plasma-based bonding of the PET-membrane, commercially
available membranes were functionalized by a plasma-enhanced,
chemical vapor deposition process.[48] In a three-step O2-plasma
activation- (each 15 s, 50 W, 0.2 cm3 m−1 O2; Diener Zepto,
Diener electronic GmbH + Co. KG, Ebhausen, Germany)
and bonding sequence, the chip was assembled: i) bonding of
exclusion-molded tissue compartment layer to a glass coverslip,
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ii) bonding of functionalized PET-membrane into membrane
inlay of media compartment layer, and iii) full chip assembly by
bonding the media compartment layer with membrane to the tis-
sue compartment layer on the coverslip. To enhance bonding, the
assembled chips were kept at 60 °C overnight. To assure quality
of bonding, chips were then flushed with DI-water and observed
for any leakages or discontinuities in liquid flow. One day prior
to cell injections, the chips were sterilized and hydrophilized
by a 5-min O2-plasma treatment. Under sterile conditions, they
were then filled with PBS− and kept overnight fully immersed in
Dulbecco’s phosphate-buffered saline without MgCl2 and CaCl2
(PBS−; Merck KGaA) to allow for any residual air to evacuate from
the channel system.

2.1.3. Numerical Modeling

To model fluid flow, its associated shear forces as well as trans-
port of diluted species, and on-chip O2 concentrations, COMSOL
Multiphysics was used (COMSOL Vers.5.5, Stockholm, Swe-
den). The numerical model was based on simulations previously
published for the murine as well as the precursor adipocyte-on-
chip models.[41,48] In brief, the Free and Porous Media Flow and
Transport of Diluted Species in Porous Media physics modules were
coupled. The presence of hydrogel in the tissue compartment
was included for all simulations since it significantly affects the
convective and diffuse flow regimes. The Navier-Stokes equation
with the properties of water (dynamic viscosity 𝜇 = 1 × 10−3 m2

s−1, density 𝜌 = 1000 kg m−3) was used to model incompress-
ible stationary free fluid flow at a general flow rate of 20 μL h−1

(equivalent to a flow rate of 2.5 μL h−1 in each of the eight parallel
media channels over the tissue chambers). To model fluid flow
from the media channel through the porous PET-membrane
into the tissue chamber as well as through the hydrogel, Darcy’s
law was used (membrane–porosity = 0.056, hydraulic perme-
ability 𝜅 = 1.45 × 10−14 m2; hydrogel–porosity = 0.99, hydraulic
permeability 𝜅 = 1.5 × 10−16 m2[51]). Using the time-dependent
convection-diffusion with diffusion coefficients of 1 × 10−9 m2

s−1 (water) and 1 × 10−1 m2 s−1 (hydrogel) and an initial
concentration of 1 mol m−3, transport of diluted species was
described.

On-chip O2 concentrations were modeled by considering O2
consumption by cells in the tissue compartment as well as O2
supply through media flow and diffusion through the chips bulk
material. The oxygen consumption was approximated to 4 ×
10−5 mol s−1 m3 assuming highly active human adipose tissue
with an O2 consumption of 4.3 × 10−10 mol s−1 per mg of de-
oxyribonucleic acid DNA,[52] a DNA mass of 6 pg per cell,[53] and
a loading density of 1.6 × 1013 cells m−3. The O2 concentrations
were presumed to be saturated (i.e., 0.2 mol m−3) in the perfused
media when entering the media channel and at the outer sur-
faces of the microfluidic platform. The diffusion coefficient of
O2 in medium was chosen as DO2 = 3 × 10−9 m2 s−1,[54] through
PDMS as DO2 = 3.25× 10−9 m2 s−1,[55] and through thermoplastic
as DO2 = 1 × 10−12 m2 s−1.[56]

Notably, the simulations were to be treated as approximations
to the actual situation; when modeling O2 concentration, for ex-
ample, the solubility of O2 in the different materials was not taken
into the account for calculations. Since its solubility in PDMS

is higher than in water,[57] the actual O2 concentrations on-chip
might be higher.

2.2. Isolation and Culture of Primary Adipose Tissue- and
Blood-Derived Cells

2.2.1. Human Tissue Samples

All cell types (i.e., adipocytes (“A”), cells from SVF (“S”), mi-
crovascular endothelial cells (“E”), different types of immune
cells (CD14+-cells, that is, monocytes/macrophages “M”, and
PBMCs activated towards T-cells “T”)) used in experiments for
this publication were human primary cells which were isolated
from subcutaneous skin biopsies and donor-specific blood sam-
ples. In case of co- and multi-cultures, experiments were always
conducted in an autologous manner. Table 2 provides an overview
of patient demographics and relevant medical records. Weight
statuses were ranked according to World Health Organization.[58]

Human subcutaneous skin and adipose tissue biopsies were
obtained from plastic surgeries performed by Dr. Wiebke Eisler
(BG Klinik Tübingen, Tübingen, Germany) and Dr. Ulrich E.
Ziegler (Klinik Charlottenhaus, Stuttgart, Germany), approved by
the local medical ethics committee. Healthy blood donors and
patients gave informed consent as approved by the Ethical Com-
mittee of the Eberhard Karls University Tübingen (No. 495/2018-
BO02 for the isolation of PBMCs from whole blood).

Throughout the isolation, injection, and chip culture pro-
cesses, different cell-type specific cell culture media were used.
All media, except for the endothelial cell medium, were de-
fined compositions. Table 3 provides an overview of the different
types of cell culture media used for cell-type specific isolations,
pre-chip, and on-chip cultures. To define the most appropriate
medium for each condition the Adipocyte medium was employed
as base medium and the supplements needed for maintenance
of individual cell types in the specific combination were added.

2.2.2. Isolation and Pre-Chip Culture of Mature Adipocytes

Primary mature adipocytes were isolated from human skin and
subcutaneous adipose tissue biopsies on the same day of surgery.
The isolation process was recently described at length in a me-
thodical book chapter.[49] In brief, the skin was separated from
the subcutaneous adipose tissue and used for isolation of en-
dothelial cells. The adipose tissue was then rinsed with Dul-
becco’s phosphate-buffered saline with MgCl2 and CaCl2 (PBS+;
Merck KGaA, Darmstadt, Germany) twice, and macroscopically
visible blood vessels and connective tissue structures were care-
fully removed. The remaining adipose tissue was cut into small
pieces of approximately 1 cm3 and subsequently enzymatically
digested by incubation in a collagenase solution (adipose tis-
sue digestion solution) for 60 min at 37 °C on a rocking shaker
(50 cycles min−1; Polymax 1040, Heidolph Instruments GmbH
& CO. KG, Schwabach, Germany). Finally, the digested adi-
pose tissue was strained through a mesh size of 500 μm and
washed three times with DMEM/F-12, no phenol red (21041025;
Thermo Fisher Scientific Inc., Waltham, MA) with 100 U mL−1

Penicillin/Streptomycin (Pen/Strep) (A wash medium). For each
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Table 2. Overview of cell source and donor demographics itemized per experiment.

Figure Sex Age Source of
biopsy

BMI at time
of surgery

Weight status
according to WHO

BMI at
highest

Weight status
according to WHO

Diagnosed metabolic
disease (incl. diabetes)

3a morphology F 39 Thigh 29.33 Pre-obese N/A N/A N/A

3b i MCFA/LCFA uptake F 30 Abdomen 23 Normal 44.9 Obesity class III Not diagnosed

3b i glucose-dependent FA
uptake

F 57 Upper arm 31.2 Obesity class I 58.3 Obesity class III Not diagnosed

3b i glycerol release over time
donor 1

M 33 Gluteal 21 Normal N/A N/A Not diagnosed

3b i glycerol release over time
donor 2

F 29 Inner thigh 29.71 Pre-obesity N/A N/A Not diagnosed

3b i glycerol release over time
donor 3

F 48 Upper arm 40 Obesity class III N/A N/A Not diagnosed

3b ii endocrine function & 3c
donor 1

f 43 Abdomen 25.39 Pre-obesity 45.44 Obesity class III Not diagnosed

3b ii endocrine function & 3c
donor 2

F 43 Thigh 21 Normal N/A N/A Not diagnosed

3b iii ß-adrenergic
stimulation FA release

F 57 Upper arm 31.2 Obesity class I 58.3 Obesity class III Not diagnosed

3b iii ß-adrenergic
stimulation glycerol release

F 39 Thigh 29.33 Pre-obese N/A N/A N/A

3c cytokine release donor 1 F 43 Abdomen 25.39 Pre-obesity 45.44 Obesity class III Not diagnosed

3c cytokine release donor 2 F 43 Thigh 21 Normal N/A N/A Not diagnosed

4 all data F 53 Abdomen 29 Pre-obese N/A N/A N/A

5bi ASE staining F 50 Back 29.74 Pre-obese 61.01 Obesity class III N/A

5bii SVF tracking F 41 Abdomen 29 Pre-obese 29.74 Pre-obese Not diagnosed

5c FA trafficking F 37 Thigh 30.86 Obesity class I 57.52 Obesity class III Not diagnosed

5d adipokine release F 43 Thigh 21 Normal N/A N/A Not diagnosed

5e Trem2/CD11c F 43 Thigh 21 Normal N/A N/A Not diagnosed

5e CD45/CD86
CD45/CD206

F 42 Thigh 26 Pre-obese N/A N/A N/A

6 all data F 43 Thigh 21 Normal N/A N/A Not diagnosed

washing step, adipocytes and medium were gently mixed, and left
to rest for 10 min. After separation of the buoyant adipocytes and
the medium, the liquid medium from underneath the packed
layer of adipocytes was aspirated. Adipocyte isolation was per-
formed on the day before injection into the chips. The freshly
isolated adipocytes were cultured overnight, by adding equal vol-
umes of packed adipocytes and A base medium to a culture flask
kept in a humidified incubator at 37 °C and a 5% CO2 atmo-
sphere.

2.2.3. Isolation and Pre-Chip Culture of mvECs

Human mvECs were isolated from resected skin from plastic
surgeries. A piece of approximately 8 cm2 was washed and
submerged in Phosphate Buffered Saline without calcium chlo-
ride and magnesium chloride (PBS−; L0615; Biowest, Nuaillé,
France). Subcutaneous fat, as well as big blood vessels, were re-
moved, and the remaining skin was cut in strips of approximately
4 cm length and 1 mm width and finally incubated in 10 mL skin
digestion solution (2.0 U mL−1 dispase D4693, Merck KGaA, in
PBS−) at 4 °C overnight. The following day, the epidermis was
peeled off using tweezers and the remaining strips of dermis

were washed twice in PBS−. After a short incubation in Versene
Solution (15040066; Thermo Fisher Scientific Inc.), dermis strips
were incubated for 40 min in 0.05% Trypsin in EDTA Solution
(59418C; SAFC) at 37 °C (trypsin reaction stopped by adding 10%
Fetal Calf Serum (10326762; HyClone, Cytiva Europe GmbH,
Freiburg, Germany)) to loosen the cells from the tissue. The
strips were transferred to the lid of a petri dish containing 10 mL
pre-warmed PBS−. Processing each dermis strip at a time, the
dissociated cells were scraped out with a scalpel. After each strip
was scraped for at least 8 times, the resulting cell suspension was
strained (mesh size 70 μm) into a centrifuge tube and the petri
dish lid was rinsed two more times with PBS−. To obtain a cell
pellet, the cell solution in the centrifuge tube was centrifuged
at 209 rcf for 5 min. The supernatant was discarded, and the
pellet was resuspended in pre-warmed 10 mL Endothelial Cell
Growth Medium (ECGM; C-22010, PromoCell GmbH, Heidel-
berg, Germany) with 10 mg mL−1 Gentamicin (mvEC expansion
medium), seeded into two T25 cell culture flasks and incubated
at 37 °C, 5% CO2 and 95% rH overnight. On the next day, dead
cells and debris were washed off by rinsing with PBS− followed
by addition of fresh mvEC expansion medium.

To remove fibroblasts from the expansion flask, the cells were
washed with PBS− and incubated in Versene Solution at 37 °C,
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Table 3. Overview of different types of enzymatic digestion solutions and cell culture media used in this study.

Name of solution/medium Use Ingredients

Adipose tissue digestion solution – Digestion of adipose tissue for adipocyte and SVF isolation DMEM/F-12 + 0.13 U mL−1 collagenase type NB4
+ 1% (w/v) BSA

A wash medium – Wash adipocytes during isolation
– Wash adipocytes prior to injection

DMEM/F-12 + 100 U mL−1 Pen/Strep

A base medium – Overnight flask culture of adipocytes (A) between isolation and chip
injection

DMEM/F-12 (incl. glutamine) + 10% (v/v) FCS +
10 μM HEPES + 100 U mL−1 Pen/Strep

S/M base medium – Overnight flask culture of SVF/CD14+ cells between isolation and chip
injection

– First seeding of PBMC-derived CD14+-cells

A base medium + 10 ng mL−1 GM-CSF

Skin digestion solution – Digestion of dissected skin for mvEC isolation PBS−+ 2.0 /mL Dispase II

mvEC expansion medium – Expansion of isolated mvECs in cell culture flask format ECGM + 10 mg mL−1 Gentamicin

PBMC culture medium – For PBMC thawing process X-VIVO 15 + 10% (v/v) autologous serum + 100 U
mL−1 Pen/Strep

PBMC freezing medium – For freezing PBMCs after isolation 10% (v/v) dimethylsulfoxid (DMSO) in FCS

PBMC thawing medium – Overnight plate culture of thawed PBMCs PBMC culture medium + 10 U mL−1 IL-2

T cell activation medium – In plate culture medium for activation of thawed PBMCs prior to chip
loading

PBMC culture medium + 1% (v/v) T Cell TransAct
human

2× Monocyte/macrophage culture
medium

– Maintenance of PBMC-derived CD14+ cells for 5 days A base medium + 20 ng mL−1 GM-CSF

A medium – On-chip cultures of adipocyte (A)-only chips A base medium + 60 nM Insulin + 100 nM
Rosiglitazone

E medium – On-chip cultures of mvEC (E) layer-only chips ECGM + 100 U mL−1 Pen/Strep

E TNF-𝛼 stimulation medium – 24 h pro-inflammatory stimulation with TNF-𝛼 of mvEC (E) layer-only
chips

E medium + 20 ng mL−1 TNF-𝛼

E LPS stimulation medium – 24 h pro-inflammatory stimulation with LPS of mvEC (E) layer-only chips E medium + 100 ng mL−1 LPS

AE co-culture medium – On-chip co-cultures of adipocytes (A) and endothelial layer (E) A medium:E medium 1:1

AS/AM co-culture medium – On-chip co-cultures of adipocytes (A) and SVF (S) or CD14+-cells (M)
– Perfusion of monocytes

A medium + 10 ng mL−1 GM-CSF

ASE multi-culture medium – On-chip multi-culture of adipocytes (A), endothelial layer (E), and SVF (S) AE co-culture medium + 10 ng mL−1 GM-CSF

A TNF-𝛼 stimulation medium – 24 h pro-inflammatory stimulation with TNF-𝛼 of adipocyte (A)-only chips A base medium + 20 ng mL−1 TNF-𝛼

AS/AM TNF-𝛼 stimulation medium – 24 h pro-inflammatory stimulation with TNF-𝛼 of on-chip co-cultures of
adipocytes (A) and SVF (S) or CD14+-cells (M)

A base medium + 10 ng mL−1 GM-CSF + 20 ng
mL−1 TNF-𝛼

ASE TNF-𝛼 stimulation medium – 24 h pro-inflammatory stimulation with TNF-𝛼 of on-chip multi-culture of
adipocytes (A), endothelial layer (E), and SVF (S)

A base medium:E medium 1:1 + 10 ng mL−1

GM-CSF + 20 ng mL−1 TNF-𝛼

A LPS stimulation medium – 24 h pro-inflammatory stimulation with LPS of adipocyte (A)-only chips A base medium + 100 ng mL−1 LPS

AS/AM LPS stimulation medium – 24 h pro-inflammatory stimulation with LPS of on-chip co-cultures of
adipocytes (A) and SVF (S) or CD14+-cells (M)

A base medium + 10 ng mL−1 GM-CSF + 100 ng
mL−1 LPS

ASE LPS stimulation medium – 24 h pro-inflammatory stimulation with LPS of on-chip multi-culture of
adipocytes (A), endothelial layer (E), and SVF (S)

A base medium:E medium 1:1 + 10 ng mL−1

GM-CSF + 100 ng mL−1 LPS

T-cell perfusion medium – Overnight perfusion of circulating immune cells X-VIVO 15 + 100 U mL−1 Pen/Strep

5% CO2, and 95% rH until the fibroblasts detached. Following
the aspiration of the Versene Solution, the cells were washed once
again with PBS− and pre-warmed mvEC expansion medium was
added. Versene treatment was repeated accordingly throughout
the first days of culture when needed. Else, media was changed
every 3 days until the cells were injected into the microfluidic
platform.

To i) achieve sufficient cell count for chip injection and to ii) pu-
rify isolated mvECs from fibroblast contamination as described
above, mvECs must be expanded in flask format for at least 6 days
after isolation. For experiments on endothelial layer-only chips
(no donor-specificity required), mvECs from one donor were cry-
opreserved and re-used for the whole series of the experiment.

2.2.4. Isolation and Pre-Chip Culture of SVF

SVF was isolated from human subcutaneous adipose tissue biop-
sies on the same day of surgery. The adipose tissue sample
was rinsed with PBS+ twice, large blood vessels were carefully
removed and then cut into small pieces of approximately 1 cm3.
The adipose tissue pieces were then enzymatically digested by in-
cubation in adipose tissue digestion solution (in equal volumes
of adipose tissue and digestion solution) for 30 min at 37 °C on
a rocking shaker. After digestion, the tissue was passed through
a strainer (mesh size: 500 μm) and left to rest for 10 min to al-
low for a separation of buoyant mature adipocytes, medium, and
non-buoyant cells. The packed layer of adipocytes was carefully
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aspirated, and the remaining cell suspension was centrifuged
for 5 min at 350 rcf. To lyse erythrocytes, supernatant was care-
fully decanted, and the cell pellet was gently re-suspended in Red
Blood Cell Lysis Solution (freshly prepared according to manufac-
turer’s instruction; 130-094-183; Miltenyi Biotec B.V. & Co. KG,
Bergisch Gladbach, Germany) which was incubated for 3 min at
room temperature (RT). Then, the cell suspension was strained
through a 100 μm mesh size, collecting the filtrate in a centrifuge
tube, and centrifuged for 5 min at 350 rcf. After decanting the su-
pernatant, the cell pellet was resuspended in S/M base medium
and cells were counted using Trypan blue and a hemocytometer.
Cells from the SVF were cultured overnight in flask format in
S/M base medium (seeding density of ≈1 × 105 cells cm−2) or
directly sorted via MACS to isolate CD14+-cells.

2.2.5. PBMC Isolation, Freezing, and Autologous Serum Collection

Isolation of fresh human PBMCs was initiated within 1 h after
blood collection using Histopaque 1077 (10771; Merck KGaA)
and standard density centrifugation (800 rcf, 20 min, no brakes).
After centrifugation, PBMCs were washed twice in PBS− supple-
mented with 0.1% BSA and 2 mM EDTA. PBMCs were used di-
rectly for isolation of CD14+-cells or immediately frozen at 10 ×
106 cells mL−1 in PBMC freezing medium using a CoolCell Con-
tainer (Corning).

For collection of autologous serum, whole blood was collected
in S-Monovettes containing serum gel with clotting activator
(Sarstedt) followed by serum separation through centrifugation.

2.2.6. Isolation and Pre-Chip Culture of CD14+-cells from SVF or
PBMCs

CD14 is a co-receptor to the LPS receptor (lacking a cytoplasmatic
domain, antibody binding, such as the MACS antibody, to CD14
alone does not provoke signal transduction) and was strongly
expressed on monocytes and macrophages. To maintain cell
identity and promote a monocyte-to-macrophage differentiation,
the cell culture medium was supplemented with granulocyte-
macrophage colony-stimulating factor (GM-CSF) for the entire
culture period. CD14+-cells were isolated by MACS with positive
selection using CD14 MicroBeads (130-050-201; Miltenyi Biotec
B.V. & Co. KG) from freshly isolated SVF or PBMCs accord-
ing to supplier’s instructions. In brief, MACS buffer was pre-
pared freshly before each isolation by diluting MACS BSA Stock
Solution (130-091-376; Miltenyi Biotec B.V. & Co. KG) 1:20 in
autoMACS Rinsing Solution (130-091-222; Miltenyi Biotec B.V.
& Co. KG). For degassing, the MACS buffer was sonicated for
10 min. Counted, freshly isolated cell suspension from SVF (see
isolation and pre-chip culture of SVF) or from PBMCs was cen-
trifuged for 10 min at 350 rcf at 4 °C to avoid activation of mono-
cytes. Then, the supernatant was aspirated completely, and the
cell pellet was resuspended in 80 μL of MACS buffer and 20 μL
of CD14 MicroBeads per ≤1 × 107 total cells. After incubating
for 15 min at 4 °C, the cells were washed by adding 2 mL of
MACS buffer per ≤1 × 107 total cells and centrifuged for 10 min
at 350 rcf at 4 °C. In the meantime, an LS column (130-042-401;
Miltenyi Biotec B.V. & Co. KG) was placed into the magnetic field

of a QuadroMACS Separator (130-090-976; Miltenyi Biotec B.V. &
Co. KG) and primed by rinsing with 3 mL of MACS buffer. Flow-
through was collected in a 15 mL centrifuge tube underneath the
column. For separation, the cell pellet was resuspended in 500 μL
of MACS buffer per ≤1 × 108 total cells and applied onto the col-
umn. Unlabeled cells were collected by subsequently washing the
column by adding 3 × 3 mL of MACS buffer. Then, the column
was removed from the magnetic field and placed onto a new col-
lection tube, 5 mL of MACS buffer was added onto the column,
and magnetically labeled cells were flushed out by firmly pushing
the plunger into the column. The cell suspension was centrifuged
for 10 min at 350 rcf at 4 °C. SVF-derived CD14+-cells were re-
suspended in S/M base medium, cells were counted and seeded
at a density of ≈1 × 106 cells cm−2 for overnight culture. PBMC-
derived CD14+-cells were resuspended in S/M base medium and
cultured at a density of ≈3 × 105 cells cm−2. Every two days, 50%
of medium was exchanged with 2× Monocyte/macrophage cul-
ture medium.

2.2.7. Thawing of PBMCs and Activation of T-cells Prior to Chip
Culture

To thaw frozen PBMCs, cryopreserved cells were shortly placed
at 37 °C, resuspended in prewarmed PBMC culture medium (X-
VIVO 15 medium (BE02-060F; Lonza Group AG, Basel, Switzer-
land) supplemented with 10% autologous serum and 100 U
mL−1 Pen/Strep), centrifuged and cultured at ≈1.5 × 106 cells
cm−2 in PBMC thawing medium overnight. PBMCs were washed
and cultured in PBMC culture medium at a density of 0.5–1 ×
106 cells mL−1 in a total volume of 1 mL. CD3/CD28-mediated ac-
tivation of T cells was conducted by using 10 μL of T cell TransAct
(130-111-160; Miltenyi Biotec B.V. & Co. KG) according to man-
ufacturer’s instructions (T cell activation medium). T cells were
activated for 3 days prior to injection.

2.3. On-Chip Culture of Adipose Tissue

2.3.1. General Remarks on Injection, Handling, and Readouts

Timelines of WAT-on-Chip experiments were tailored to the re-
spective questions and endpoints (Figure 3). Adipocyte-only, as
well as adipocyte-SVF and adipocyte-CD14+-cell co-culture chips,
were injected on the day after isolation. Day of chip injection
was defined as day 0 (d0) for all experiments. After injection, on-
chip tissues were supplied with respective culture media (see Ta-
ble 3) via gravity-driven flow overnight. On d1, chips were then
connected to constant media perfusion via an external syringe
pumping system (LA-190, Landgraf Laborsysteme HLL GmbH,
Langenhagen, Germany). For connecting the chips to the syringe
pump, Tygon tubing was used (0.762 × 2.286 mm, e.g. Tygon
ND 100-80 Medical Tubing, Saint-Gobain Performance Plastics
Pampus GmbH, Willich, Germany), 21 GA stainless steel plastic
hub dispensing needles (e.g., KDS2112P, Weller Tools GmbH,
Besigheim, Germany; connected to Luer Lok style syringes) and
blunt 21 GA stainless steel needles (made from the dispensing
needles by removing the plastic hub after dissolving the glue
overnight in a 70% ethanol solution). Media perfusion was re-
alized in push mode, flow rate set to 20 μL h−1. Unless stated
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otherwise, medium was changed every other day by re-filling in-
let tubing and syringe reservoirs with fresh, pre-warmed culture
medium. Endpoint analyses were conducted on d5 (d6, respec-
tively, for monocyte perfusion) or d12 (d13, respectively, for T cell
perfusion). In the case of stimulation experiments, effluents were
collected for the 24 h-period prior to stimulation in order to as-
sess basal secretion for each chip. Stimulation then occurred for
24 h from d4 to d5, or from d11 to d12, respectively.

2.3.2. Injection of Adipose Tissue into the Microfluidic Platform

Adipocytes were prepared by washing three times with A wash
medium as described above (see Isolation and pre-chip culture of
mature adipocytes). HyStem-C (GS313; CellSystems, Troisdorf,
Germany) hydrogel components (i.e., Glycosil (thiol-modified
hyaluronic acid) and Gelin-S (thiol-modified gelatin)) were recon-
stituted and mixed according to manufacturer’s instructions (ex-
cept for the crosslinker Extralink (PEGDA, polyethylene glycol
diacrylate)). Chips were prepared as described above (see Chip
fabrication by soft lithography and replica molding) on the day
before adipose tissue injection. Prior to injection, the chips were
removed from PBS− storage and a pipette tip filled with 100 μL
PBS− was inserted into the tissue compartment’s outlet to create
a liquid droplet over the tissue inlet. Then, 60 μL of adipocytes
from packed adipocytes layer were gently mixed with 25 μL of hy-
drogel components (at ratio 1:1 Glycosil to Gelin-S) and 0.63 μL
of Extralink (yielding a final composition of 48.75% Glycosil,
48.75% Gelin-S, and 2.5% Extralink). Then, 10 μL of the mixture
was immediately injected into the chip’s tissue-chamber system
by manual pressure. To avoid inclusion of air, the PBS-droplet
over the tissue inlet port and adipocyte-hydrogel mixture was let
coalesce before inserting the pipette tip into the port. Each tissue
compartment system was loaded individually at a steady pace,
to ensure that the adipocyte-hydrogel mixture reached the tissue
chambers before the onset of gelation. When all tissue chambers
were filled with adipocyte-hydrogel mixture, the injection chan-
nel was flushed with hydrogel by mixing 25 μL of hydrogel com-
ponents with 6.25 μL of Extralink (yielding a final composition of
37.5% Glycosil, 37.5% Gelin-S, and 25% Extralink) and injecting
10 μL per chip via the tissue inlet ports into the tissue system. The
injection ports were then closed using plugs. On-chip adipocytes
were intermediately supplied by a gravitational media perfusion:
an empty pipette tip was inserted into the media outlet port and
a pipette tip filled with 100 μL of A medium was inserted into
the media inlet port. Approximately 50 μL were manually pushed
through the chip immediately to avoid crosslinking of the hydro-
gel inside the media channel. Using the method described above,
up to 8 chips could be injected with one mixture before gelation of
the hydrogel occurred. After overnight gravitational media sup-
ply, chips were connected to constant media perfusion of 20 μL
h−1. Media changes were performed every 3 days unless other-
wise stated.

For injection of adipocyte-SVF or adipocyte-CD14+-cell co-
culture chips, the above protocol was slightly adapted: adher-
ent cells (i.e., SVF or CD14+-cells) were detached (see instruc-
tions below) and cell pellets of 0.5 × 106 cells (SVF; yielding final
volume percentages of 7–14% stromovascular cells, or 86–93%
adipocytes, respectively, assuming a cell volume of 1–2 pL for

stromovascular cells) or 0.2 × 106 cells (CD14+-cells; yielding a
final percentage of 40% of all stromovascular cells to account for
donor health state) in 0.5 mL microcentrifuge tubes were pre-
pared. Cell pellets were then resuspended in 25 μL of hydrogel
components mix before adding 60 μL adipocytes and 0.63 μL
of Extralink. Cell mixture injection, injection channel flushing,
intermediate media supply, and connection to constant media
perfusion (using AS/AM co-culture medium) were done as de-
scribed above for adipocyte-only chips.

For cell tracking experiments, cells from the SVF were labeled
with a cell tracker prior to detachment using CellTracker Deep
Red Dye (C34565; Thermo Fisher Scientific Inc.) by incubating
CellTracker Solution (reconstituted according to manufacturer’s
instructions and further diluted to 2 μM in DMEM + 100 U mL−1

Pen/Strep) for 60 min (37 °C, 5% CO2, and 95% rH). Afterward,
cells were washed by adding S/M base medium. The stromovas-
cular cells were then detached in sequential incubation steps with
TrypLE Select Enzyme (1X) (12563011; Thermo Fisher Scientific
Inc.): the growth area was rinsed once with PBS−. Then, the cell
layer was incubated (37 °C, 5% CO2, and 95% rH) for 5 min with
1:1 TrypLE:PBS−, for 3 min with TrypLE, and finally for another
8 min with TrypLE. After each incubation step, the detachment
solution was collected, and the enzymatic reaction was stopped
by adding 10% (v/v) FCS to the cell suspension. Finally, the sur-
face of the culture vessel was thoroughly rinsed to further detach
cells.

CD14+-cells were detached in a similar manner: 4 mg mL−1

lidocaine hydrochloride (L5647; Merck KGaA) were solved in
Versene Solution freshly for each detachment. The growth sur-
face was rinsed with PBS− once, and then the cells were detached
by sequential incubation (37 °C, 5% CO2, and 95% rH) in lido-
caine solution for 3 and 15 min. After each incubation step, the
culture vessel was gently tapped from the bottom, and then the
detachment solution was collected. After cell detachment, col-
lected cell suspensions were pooled per cell type and centrifuged
at 350 rcf for 5 min. After resuspension in S/M base medium,
cells were counted, and transferred to microcentrifuge tubes as
mentioned above.

2.3.3. Seeding of Endothelial Barriers in the Microfluidic Platform

Seven days after isolation, the mvECs were injected into the me-
dia channels of the microfluidic platforms to establish an en-
dothelial barrier on the membrane separating tissue compart-
ments from media perfusion.

For on-chip monoculture of endothelial layers, the chips’ tis-
sue compartments were filled with HyStem-C (GS313; CellSys-
tems, Troisdorf, Germany) prior to mvEC seeding. Chips were
prepared as described above (see Chip fabrication by soft lithog-
raphy and replica molding) on the day before mvEC seeding.
Prior to seeding, hydrogel components were reconstituted and
mixed according to manufacturer’s instructions. The chips were
removed from PBS− storage and a pipette tip filled with 100 μL
PBS− was inserted into the tissue compartment’s outlet to create
a liquid droplet over the tissue inlet. Finally, 10 μL of hydrogel
mixture were injected into the tissue compartment inlet port (to
avoid enclosure of air during injection, liquid droplet over the in-
let port and injection mixture were let coalesce before inserting
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the pipette tip into the PDMS). To avoid crosslinking of the hydro-
gel inside the media channel, 50 μL of PBS was flushed through
the media compartment after hydrogel injection.

In case of multi-culture with other adipose tissue components,
mvECs were added on d7 of adipocyte on-chip culture due to
the required mvEC-expansion and -purification period described
above. Immediately before EC injection into the co-culture sys-
tems, the media perfusion was disconnected by carefully remov-
ing the inlet and outlet tubing from the media ports of the system.

For mvEC detachment, medium was aspirated, and cells were
washed with PBS−, and incubated with 0.05% Trypsin in EDTA
solution (2 mL solution in T25 culture flask) for 5 min at 37 °C,
5% CO2, and 95% rH. After 5 min, the enzymatic reaction was
stopped by adding 10% FCS and the cell suspension was trans-
ferred to a centrifuge tube. The cell culture flask was rinsed once
with PBS−. The cell suspension was centrifuged for 5 min at
209 rcf and the cell pellet resuspended in pre-warmed mvEC
expansion medium. The cells were counted manually using a
hemocytometer and the cell concentration was adjusted to 4 ×
106 cells mL−1. A 100 μL filter tip was filled with 10 μL of the mvEC
suspension and the tip was removed from the pipette. Carefully,
the tip was inserted into the media inlet port of the chip. Intro-
duction of air into the system was avoided by inserting the tip
through a liquid droplet over the media inlet. An empty 100 μL
filter tip was inserted into the media outlet and flow from the
filled tip to the empty tip was ensured. The system was incubated
for 2 h at 37 °C to allow attachment of the mvECs. Within this 2
h, the mvEC suspension was gently moved inside the chip to in-
crease membrane coverage by gently applying manual pressure
on the pipette tips. After 2 h, the tips were removed carefully and
100 μL filter tips filled with 100 μL culture medium as defined by
on-chip cell components (e.g., E medium for mvEC-only chips
or AE co-culture medium) were inserted into media in- and out-
let to provide static media supply at 37 °C overnight. On the fol-
lowing day, the systems were (re-)connected to constant media
perfusion. During the first 4 h, the media perfusion was ramped
starting at 5 μL h−1 over the first 2 h, then 10 μL h−1 for 2 h, and fi-
nally set to 20 μL h−1. Media changes were performed every 3 days
unless otherwise stated.

2.3.4. Inflammatory Stimulation

Inflammatory stimulations were performed by treating the chips
for 24 h from d4-d5 or d11-d12 with TNF-𝛼 (final concentration of
20 ng mL−1; SRP3177; Merck KGaA) or LPS (final concentration
of 100 ng/mL; 00-4976-93; Thermo Fisher Scientific Inc.) added
to the respective media for each culture mode (Table 3). To de-
termine cytokine and metabolite concentrations in response to
inflammatory stimulation, effluents were collected for the 24 h
before treatment (baseline release for each chip) and after the
24 h-treatment.

2.3.5. Perfusion of Immune Cells

Activated T-cells were perfused for 18 h from d12-d13 of on-
chip culture, and recruitment to different adipose tissue culture
modes was studied (A, AS, ASE). T-cells were detached by i) re-

moving half of the culture medium, ii) gently pipetting, and col-
lect already detached cells in a centrifuge tube, iii) rinsing the
growth surface with PBS−, gently pipetting and collecting the cell
suspension again. Then, the cell suspension was centrifuged at
300 rcf for 5 min. Before perfusion, T-cells were labeled with Cell-
Tracker Deep Red Dye (C34565; Thermo Fisher Scientific Inc.)
by resuspending the cell pellet in CellTracker Solution (recon-
stituted according to manufacturer’s instructions and further di-
luted to 2 μM in DMEM + 100 U mL−1 Pen/Strep) and incubat-
ing for 60 min (37 °C, 5% CO2, and 95% rH). Labeled cells were
then centrifuged at 300 rcf for 5 min, resuspended in X-VIVO
15 + 100 U mL−1 Pen/Strep, counted, and adjusted to a cell con-
centration of 375 000 cells mL−1 (→ 275 μL chip−1, that is, circa
100 000 cells per chip). T-cells were perfused through the chips
media channel by inserting a pipette tip containing 275 μL cell
suspension into the media outlet and withdrawing the suspen-
sion with a flow rate of 10 μL h−1. T cell recruitment to different
adipose culture modes was quantified by determination of cell
tracker fluorescence intensity in the tissue chambers.

Circulating monocytes derived from PBMCs were perfused for
24 h from d5-d6 of on-chip culture, and recruitment to one cul-
ture mode (A) was studied comparing 3 and 5 μm membrane
pore sizes. Before detachment, the CD14+-cells were labeled with
CellTracker Deep Red Dye by incubating CellTracker Solution (re-
constituted according to manufacturer’s instructions and further
diluted to 2 μM in DMEM + 100 U mL−1 Pen/Strep) for 60 min
(37 °C, 5% CO2, and 95% rH). Afterward, cells were washed
by adding S/M base medium. Detachment was performed as
described above (see Injection of adipose tissue into the mi-
crofluidic platform), and the cell concentration was adjusted to
112 500 cells mL−1 (250 μL per chip → 28125 cells per chip) in
AS/AM co-culture medium. CD14+-cells were perfused through
the chips media channel by inserting a pipette tip containing
250 μL cell suspension into the media outlet and withdrawing
the suspension with a flow rate of 10 μL h−1.

2.4. Structural Characterization of Adipose Tissue Components
on-Chip

2.4.1. Endothelial Barrier Function Assessment

Endothelial barrier integrity was assessed for the endothelial
layer-only culture mode using a macromolecular tracer ap-
proach. For comparison, chips without endothelial barrier, only
with a hydrogel gel-filled tissue compartment were measured.
On d5 of on-chip culture, media supplemented with 100 μg
mL−1 FITC-dextran with sizes of 3–5 kDa (FD4; Merck KGaA)
or 40 kDa (FD40; Merck KGaA) were perfused through the
chip at a flow rate of 20 μL h−1 for 60 min. Using a confocal
Laser-Scanning-Microscope (LSM 710, Carl Zeiss Microscopy
GmbH, Jena, Germany), fluorescence intensity was determined
for 3 different focal planes (lower tissue chamber, upper tissue
chamber, and media channel) every 5 s. For analysis, the mean
grey value was measured for each focal plane position for each
time point using Fiji (Image J version 1.53c),[59] subtracted the
background mean grey value and adjusted the offset in time it
took for the tracer to reach the medium channel. Mean grey
values were then normalized to the mean grey value measured
at the final time point in the media channel.
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2.4.2. Labeling for Cell Tracking

To trace and visualize the SVF, cells were labeled with a cell
tracker prior to injection. Before detaching the cells, they were
incubated in CellTracker Deep Red Dye solution (reconstituted
according to manufacturer’s instructions and further diluted to
2 μM in DMEM + 100 U mL−1 Pen/Strep) for 60 min (37 °C, 5%
CO2 and 95% rH). Afterward, cells were washed by replacing the
labeling solution with S/M base medium.

2.4.3. (Immuno-) Staining

A variety of (immuno-) staining procedures were performed on
d5 or d6 (only for monocyte recruitment experiment), respec-
tively, or d12 or d13 (only for T-cell recruitment experiment), re-
spectively. Conjugated and unconjugated antibodies were used.

All conjugated antibodies (Table 4) were stained prior to fix-
ation (except for CD11c and eNOS) by washing the chips once
with PBS+ and twice with PBS+ with 0.5% (w/v) BSA. Then the
antibody was diluted in PBS+ with 0.5% (w/v) BSA and 20 μM
Hoechst 33342 Solution (62249; Thermo Fisher Scientific Inc.)
and incubated for 30 min (37 °C, 5% CO2, and 95% rH), followed
by two washing steps with PBS+ with 0.5% (w/v) BSA. Afterward,
chips were imaged within 45 min (Leica DMi8 with incubation
unit, Leica Microsystems) or fixed directly for further staining.
CD11c and eNOS conjugated antibodies were added to secondary
antibody solutions at concentrations listed in Table 4.

For all types of unconjugated staining, on-chip tissues were
fixed, permeabilized, and blocked prior to antibody incubation.
In brief, the chips were washed by flushing the media chan-
nels three times with PBS+ before fixing the on-chip tissues with
ROTIHistofix 4% (P087.6; Carl Roth GmbH + Co. KG, Karl-
sruhe, Germany) for 60 min at RT under gentle rocking on a
rocking shaker. After fixation, the chips were washed three times
with PBS−, permeabilized with 0.2% (w/v) Saponin in PBS+ for
20 min at RT, and blocked with 0.3% (v/v) Triton-X and 3% (w/v)
BSA in PBS− for 30 min at RT. All primary and secondary an-
tibodies were diluted in antibody diluent (S3022; Agilent Tech-
nologies, Inc, Santa Clara, CA) to concentrations listed in Table 4.
Primary antibodies were incubated at RT overnight. Secondary
antibody solutions were supplemented with 1 μg mL−1 DAPI so-
lution (MBD0015; Merck KGaA) and 1 μg mL−1 BODIPY 493/503
dye (D3922; Thermo Fisher Scientific Inc.) and incubated for 1 h
at RT. Finally, the chips were washed three times with PBS− and
imaged within the next 48 h using a confocal Laser-Scanning-
Microscope (LSM 710, Carl Zeiss MicroImaging). Importantly, to
confirm endothelial coverage over the tissue chambers, the chips
had to be inverted for imaging, or else the adipocytes in the tissue
chamber obscured the EC barrier.

2.5. Functional Characterization of Adipose Tissue on-Chip

2.5.1. Live/Dead Staining

To evaluate the viability of the mvECs forming the vascular bar-
rier on chip, a live/dead staining was performed and imaged via
fluorescence microscopy. The cytosol of living cells was stained

with fluorescein diacetate (FDA) (F7378; Merck KGaA); the
nuclei of dead cells with propidium iodide (PI) (P4170; Merck
KGaA). A stock solution of FDA was prepared by dissolving the
powder in acetone (1 mg mL−1). PI powder was dissolved in
PBS− (1 mg mL−1). Stock solutions were stored protected from
light and diluted right before the staining process. FDA and
PI stocks were diluted in 838 μL PBS+, adding 27 μL of PI and
135 μL of FDA. To stain the mvEC barrier-on-chip, the chip was
disconnected from tubing and the media channel was flushed
with PBS+ via hydrostatic pressure created by inserting a filled
pipette tip into the media inlet port and an empty tip into the me-
dia outlet port. After equilibration of the PBS+ level in the tips,
they were replaced by a tip-filled with 50 μL live-/dead-staining
solution. After another incubation of 5 min at 37 °C, 5% CO2,
and 95% rH, the tips were removed, and the media channel was
flushed two times with PBS+ as described above. Fluorescent
imaging was conducted immediately after the staining using a
Leica DMi8 (with incubation unit, Leica Microsystems, Wetzlar,
Germany).

2.5.2. FA Uptake Monitoring of Adipocytes

To assess FA uptake properties of on-chip adipocytes, a medium-
chain FA (Dodecanoic Acid, C12; BODIPY 500/510 C1, C12;
D3823, Thermo Fisher Scientific Inc.) or a long-chain FA (Hex-
adecanoic Acid, C16; BODIPY FL C16, D3821, Thermo Fisher
Scientific Inc.) were added at a concentration of 4 μM to the cul-
ture medium as defined by culture mode (Table 3). The uptake of
the FAs was monitored in real-time using a fluorescence micro-
scope with incubation (Leica DMi8 with incubation unit, Leica
Microsystems) for 60 min. Fluorescence images were acquired
every 3 min for each position. To quantify FA uptake, for each
time point per position, the authors measured mean grey values
in the tissue chamber and in the plain media channel as back-
ground using Fiji software.

2.5.3. Responsiveness to ß-Adrenoreceptor Agonists

ß-adrenergic stimulation was performed by adding (−)-
Isoproterenol hydrochloride (I6504; Merck KGaA) to culture
medium as defined by culture mode (Table 3). Final concentra-
tion ranged from 1 μM to 100 μM. For each final concentration, a
corresponding 1000× stock solution was prepared by dissolving
the isoproterenol in PBS−. Isoproterenol responsiveness was
read out after a 2 h feeding phase of on-chip adipocytes with
the fluorescently labeled FA (BODIPY 500/510 C1, C12; D3823,
Thermo Fisher Scientific Inc.) by analyzing the release of FAs
from the adipocytes. Moreover, glycerol secretion after 24 h of
stimulation was determined (see Analyses of effluents).

2.5.4. Acetylated Low-Density Lipoprotein (AcLDL) Uptake by
Endothelial Layer

Low-density lipoprotein from Human plasma, acetylated and
coupled to a DiI complex (DiI AcLDL; L3484; Thermo Fisher
Scientific Inc.) was added to E medium or E TNF-𝛼 stimulation
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Table 4. Overview of antibodies used for on-chip staining.

Staining with unconjugated antibodies

Primary antibody Coupled with secondary antibody

Staining target Antibody Specifics Final concentration/dilution Antibody Specifics Final concentration/dilution

Perilipin A Anti-Perilipin A
antibody produced in

rabbit

P1998 [Merck KGaA] 12 μg mL−1 F(ab′)2-Goat
anti-Rabbit IgG

(H+L)
Cross-Adsorbed

Secondary
Antibody, Alexa

Fluor 555

A-21430 (Thermo
Fisher Scientific

Inc.)

20 μg mL−1

CD31 Monoclonal Mouse
Anti-Human CD31,

Endothelial Cell
(Dako Omnis)

M0823 (Agilent
Technologies, Inc.)

1:50 Goat anti-Mouse
IgG (H+L)

Cross-Adsorbed
Secondary

Antibody, Alexa
Fluor 546

A-11003 (Thermo
Fisher Scientific

Inc.)

20 μg mL−1

CD68 Purified Mouse
Anti-Human CD68

556 059Clone Y1/82A
(RUO) [BD]

5 μg mL−1 Goat anti-Mouse
IgG (H+L)

Cross-Adsorbed
Secondary

Antibody, Alexa
Fluor 488

A-11001 (Thermo
Fisher Scientific

Inc.)

20 μg mL−1

CD86 Recombinant
Anti-CD86 antibody

[EPR21962]

ab239075 [Abcam] 11.38 μg mL−1 F(ab′)2-Goat
anti-Rabbit IgG

(H+L)
Cross-Adsorbed

Secondary
Antibody, Alexa

Fluor 555

A-21430 (Thermo
Fisher Scientific

Inc.)

20 μg mL−1

CD206 Recombinant
Anti-Mannose

Receptor antibody
[EPR6828(B)]

ab125028 [Abcam] 3.6 μg mL−1 F(ab′)2-Goat
anti-Rabbit IgG

(H+L)
Cross-Adsorbed

Secondary
Antibody, Alexa

Fluor 555

A-21430 (Thermo
Fisher Scientific

Inc.)

20 μg mL−1

Trem2 TREM2 Recombinant
Rabbit Monoclonal
Antibody (9H4L26)

702 886 (Thermo Fisher
Scientific Inc.)

5 μg mL−1 F(ab′)2-Goat
anti-Rabbit IgG

(H+L)
Cross-Adsorbed

Secondary
Antibody, Alexa

Fluor 555

A-21430 (Thermo
Fisher Scientific

Inc.)

20 μg mL−1

Staining with conjugated antibodies

Antibody Specifics Final concentration/
dilution

Staining prior
to fixation

Staining post
fixation

CD31 CD31 Antibody, anti-human, REAfinity 130-110-807 (Miltenyi Biotec B.V. & Co. KG) 1:25 Yes No

CD106 CD106 (VCAM-1) Antibody, anti-human, REAfinity 130-104-164 (Miltenyi Biotec B.V. & Co. KG) 1:10 Yes No

CD309 CD309 (VEGFR-2) Antibody, anti-human, REAfinity 130-117-984 (Miltenyi Biotec B.V. & Co. KG) 1:35 Yes No

eNOS eNOS Antibody, anti-human, APC, REAfinity 130-106-840 (Miltenyi Biotec B.V. & Co. KG) 1:10 No Yes

CD45 CD45 Antibody, anti-human, APC, REAfinity 130-110-771 (Miltenyi Biotec B.V. & Co. KG) 1:25–1:10 Yes No

CD11c CD11c Antibody, anti-human, APC, REAfinity 130-114-110 (Miltenyi Biotec B.V. & Co. KG) 1:25 No Yes
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medium (following a 24 h-stimulation) at a final concentration
of 1 μg mL−1. Uptake solutions were pre-heated and adminis-
tered to the chips via gravitational flow (empty pipette tip in me-
dia outlets, pipette tip filled with 50 μL uptake solution in media
inlets) for 3 h at 37 °C, 5% CO2 and 95% rH. Afterward, nuclei
were stained by adding Hoechst 33342 Solution (62249; Thermo
Fisher Scientific Inc.) to the uptake solutions for 20 min at 37 °C,
5% CO2, and 95% rH. Uptake solutions were removed from the
chips by gravitationally washing with E medium or E TNF-𝛼 stim-
ulation medium. Uptake was imaged within 45 min (Leica DMi8
with incubation unit, Leica Microsystems).

2.5.5. Analyses of Effluents (Cytotoxicity, Glycerol Release, and
Cytokine Secretion)

For all experiments involving analyses of effluents, chips without
cells (but with hydrogel-filled tissue compartments) were used as
negative controls. These chips were run in parallel to tissue-laden
chips and handled identically. Media effluents were collected over
24 h periods.

After collection, effluents were centrifuged at 1942 rcf for
10 min. Supernatants after centrifugation were directly processed
for viability assessment and afterward stored at −80 °C for up
to 4 months. They were not thawed more than twice. Prior to
performing assays, effluents from storage and all required assay
reagents were brought to RT.

To quantitatively assess the on-chip tissues’ viability, the re-
lease of lactate dehydrogenase (LDH) into the media effluents
was measured using the CytoTox 96 Non-Radioactive Cytotoxic-
ity Assay (G1780, Promega GmbH, Walldorf, Germany). The as-
say was performed in a 384-well plate according to the manufac-
turer’s instructions. To determine a Target Cell Maximum LDH
Release Control, the on-chip tissues were lysed for the different
culture conditions (A, AS, ASE; biological duplicates per condi-
tion) by incubating 1X Lysis Solution in the respective culture
media for 2 h. The mean of the measured absorbance values was
assumed to be the maximal LDH release possible for the given
experimental set-up and set to 100%.

For quantitative enzymatic determination of glycerol secre-
tion, the authors used Free Glycerol Reagent (F6428; Merck
KGaA), and Glycerol Standard Solution (G7793; Merck KGaA) for
a standard curve. In technical duplicates, 60 μL of effluent were
mixed with 40 μL of Free Glycerol Reagent in a 96-well plate. Af-
ter 10 min incubation at 37 °C, 5% CO2, and 95% rH, absorption
at 540 nm was measured using a plate reader (Infinite 200 PRO,
Tecan Trading AG, Männedorf, Switzerland). For each assay run,
a standard curve was generated to correlate absorbances to glyc-
erol concentrations).

Cytokines were determined by fluorescent bead-based multi-
plex sandwich immunoassays (LEGENDplex Human Angiogen-
esis Panel 1, 740697; LEGENDplex Human Adipokine Panel,
740196; LEGENDplex HU Th Cytokine Panel (12-plex) w/ VbP
V02, 741028; BioLegend, Inc., San Diego, CA) read by flow cy-
tometry (Guava easyCyte 8HT, Merck KGaA) following the man-
ufacturer’s manual. In brief, effluents were analyzed in techni-
cal duplicates and incubated with a cocktail of target-specific cap-
ture beads followed by an incubation with biotinylated detection
antibodies and finally with streptavidin-phycoerythrin (SA-PE).

For each assay run, a standard curve was generated to correlate
fluorescence intensities to cytokine concentrations. Flow cytom-
etry data were evaluated with the LEGENDplex Cloud-Based Data
Analysis Software Suite (BioLegend). Gates were adjusted manu-
ally to find optimal differentiation between capture bead popula-
tions, and the same gating strategy applied to all assay runs.

2.5.6. Image Processing, Data Presentation, and Statistical Analysis

Images were processed using Fiji (Image J version 1.53c)[59] to
adjust brightness and contrast, create maximum intensity projec-
tions or orthogonal views of Z-stacks and to insert scale bars. For
3D rendering and stitching of tile scans, the ZEN software (ZEN
2.3 (blue edition) was used, Carl Zeiss Microscopy GmbH).

All data are presented as mean ± SE if not stated otherwise
with sample sizes (n) stated for each case individually. For quan-
tifications feasible on chamber level, such as optical readout, n
denotes number of chambers covered in analyses. For quantifica-
tions feasible on chip level only, such as all kinds of effluent anal-
yses, for instance, n denotes number of chip replicates. Unless
stated otherwise in axis labels and/or figure captions, raw data
were not pre-processed; any transformations or normalizations
were indicated in data representation. Descriptive statistics and
graphs were generated using OriginPro (Version 2021, Origin-
Lab Corporation). For testing statistical significance, unpaired
t tests were performed using the online t test Calculator tool
provided by GraphPad (https://www.graphpad.com/quickcalcs/
ttest1/). P value and statistical significance are indicated in the
figure captions.

3. Results and Discussion

3.1. Microfluidic Platform Specifically Tailored to Accommodate
Adipose Tissue

The microfluidic platform used in this study is a customized sys-
tem specifically tailored to the integration of WAT (see Figure 1a
and 2a). The device was fabricated from two microstructured
PDMS layers that are separated by a semipermeable, porous PET
membrane. The lower PDMS layer was patterned with channel-
and chamber microstructures to form the tissue compartment.
It is comprised of eight individual tissue chambers branching
off a common injection channel at a 45° angle and a thin, high-
resistance channel towards the outlet port of the tissue compart-
ment. Via the micropores in the PET membrane, the tissue cham-
bers are connected to a constant media perfusion through media
channels molded into the upper PDMS layer (media compart-
ment). On the other side, the tissue chambers are encased by
glass coverslips to enable optimal visual accessibility of on-chip
tissues. The tissue chambers are 1 mm in diameter and feature
a height of 0.2 mm each, resulting in a total tissue volume of
1.26 μL for the eight tissue chambers (for detailed dimensions
see Table 1, Materials and Methods section). In addition to the
cylindrical shape of the tissue chambers, all edges in the tissue
compartment were rounded to avoid cell damage. The media per-
fusion was realized by a parallel arrangement of media channels
bifurcating from a common media inlet port that later merge to
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Figure 2. Characterization of the microfluidic platform. a) Key characteristics of the WAT-on-chip platforms are i) a parallel media perfusion channel
to ensure equal media supply for each tissue chamber and ii) a tissue compartment with eight separate tissue chambers. The design of the tissue
compartment enables sequential injection of the tissue chambers. CFD modeling revealed b) a convective flow confined to the media channel, c) low
shear forces (≈0.002–0.006 dyn cm−2) on the membrane, and d) ensured diffusion of diluted species from the media flow into the tissue chambers. For
all simulations, the flow rate is set to 2.5 μL h−1 per parallel channel, which results in 20 μL h−1 total flow rate, and the tissue compartment is assumed
to be filled with a hydrogel.
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Figure 3. Overview of WAT-on-chip experiment timeline. On d-1, adipocytes, SVF and mvECs are isolated from skin/subcutaneous fat biopsies, and
PBMCs are isolated from patients’ blood samples. D0 denotes the day of adipocyte (plus tissue chamber-resident cell types) injection. mvECs had to be
expanded in culture flasks and could only be seeded onto the chips’ membranes on d7. After each injection, chips are supplied gravitationally overnight,
before connecting to constant media perfusion on the next days. Media in pumping reservoirs are exchanged every other day. Most endpoint analyses
are performed on d5 and d12.

meet in a common media outlet port. We chose a parallel media
perfusion over a serial media perfusion to avoid crosstalk among
the individual chambers.

Besides housing the media channel compartment, the upper
PDMS layer contains ports for tissue loading as well as media in-
and outlet ports. Through the connection to an external syringe
pump, we were able to precisely control the convective transport
of substances, that is, nutrients or drugs/compounds, to the tis-
sue chambers as well as removal of metabolites or waste products
from the on-chip tissues.

A key design feature of the platform is the architecture of
the tissue compartment system, which enables a sequential
injection procedure (Figure 2a). Upon injecting the cell suspen-
sion through the tissue compartment’s inlet port, the chambers
fill one after another following the path of lowest resistance
(Figure 2a); provided that the ports of the media compartment
above are open. These injection properties are particularly
favorable for handling human mature adipocytes: Owing to
their large size and high lipid contents, these cells are extremely
fragile. The sequential loading process prevents “overloading” of
tissue chambers. Thereby, it protects the adipocytes from high
pressures and potential damage during injection. Moreover, the
technique facilitates a uniform loading and equal filling states
among the chambers. The outlet of the tissue compartment is not
only essential to the sequential injection principle; it also enables
a clearing of the injection channel from surplus cells that did not
fit into the tissue chambers anymore. For these remnant cells, a
sufficient media supply could not be guaranteed, and cell death
signals secreted by these remnant cells could negatively impact
the perfused cells in the tissue chambers. Important to note is
that the tailored microfluidic platform differs considerably from

traditional approaches of embedding cells in hydrogels: During
the injection process, the porous membrane separating tissue
chambers from media channel serves as a strainer enabling
the dense packing of cells in the tissue chambers. Thereby,
we achieve a situation where we do not have cells dispersed
in a 3D hydrogel but a densely packed cell aggregate filling
the tissue chamber with hydrogel polymers in the remaining
interspaces, reflecting in vivo tissue composition much more
accurately.

The separation of tissue chambers from the constant flow in
the media channels by the porous membranes shields the tis-
sue compartment from shear forces, as confirmed by compu-
tational fluid dynamics (CFD) modeling (Figure 2b). The wall
shear stress on top of the membrane, above the hydrogel-filled tis-
sue chambers, ranges between 0.002–0.006 dyn cm−2 (Figure 2c).
Yet, despite the membrane’s warding the tissue chambers from
shear stress, sufficient nutrients reach the entire tissue cham-
ber through diffusive transport across the membrane (Figure 2d).
Moreover, modeling on-chip O2 concentrations taking into ac-
count i) O2 consumption by cells, ii) O2 delivery and transport
across the membrane from fresh, saturated cell culture medium
as well as iii) O2 diffusion through the chips bulk material
(Figure S1, Supporting Information), revealed a sufficient sup-
ply obviating hypoxic conditions.

3.2. Characterization of Mature Adipocytes-on-Chip

After a general characterization of the microfluidic platform per
se, we sought to investigate its suitability for the integration of
human mature adipocytes suspended in a hydrogel matrix.
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Human mature adipocytes were isolated from skin biopsies
with subcutaneous adipose tissue and cultured overnight in flask-
format. Prior to injection, the adipocytes were suspended in
a hydrogel matrix and then injected into the tissue compart-
ment. The hydrogel added a protective surrounding during in-
jection and prevented buoyant adipocytes from floating to the
top of the tissue chambers. Importantly, the integration of an
adipocyte-surrounding matrix is physiologically relevant: in vivo,
alterations in adipose tissue extracellular matrix (ECM) can lead
to metabolic changes. An excess deposition of ECM, as is the
case in obesity, was found to lead to an aggravation of insulin
sensitivity,[60] for instance. In our model, a synthetic hydrogel
was used to achieve higher control and reproducibility compared
to natural alternatives. Since collagens comprise the main ECM
component in adipose tissue,[61] we chose the HyStem-C hydro-
gel, which is rich in denatured collagens providing cell attach-
ment sites. Moreover, as a recent study reported that adipocytes
in stiffer 3D matrices had increased pro-fibrotic gene expression
profiles,[62] we decreased the stiffness of the resulting hydrogel
matrix by tailoring ratios of its components.

We characterized the adipocytes’ viability, morphology, and
functionality on-chip at different time points. Furthermore,
we studied their response to ß-adrenergic- as well as pro-
inflammatory stimulation. To assess impact of donor-variability,
we also compared how cells from different donors (Table 2, Ex-
perimental Section) perform in the same experimental set-up.

The viability of adipocytes on-chip was assessed non-invasively
via monitoring the release of LDH into the media effluents (Fig-
ure S2, Supporting Information). Therefore, effluents were col-
lected every 24 h over a 12-day culture. While at the beginning of
the culture low levels of LDH were detected (below 10% relative
to expected maximum release), LDH was not detectable after d5
anymore. These findings indicated a good overall on-chip viabil-
ity of adipocytes. Culture monitoring via bright field microscopy
further backed the evidence of a stable adipocyte long-term cul-
ture on-chip (Figure S3, Supporting Information).

To characterize the morphology of adipocytes further, we
stained lipid droplets (with a BODIPY neutral lipid stain), per-
ilipin A (via immunofluorescence staining), and nuclei on d5 of
on-chip culture (Figure 4a and Figure S4, Supporting Informa-
tion). Confocal imaging of this staining revealed a dense, 3D ar-
rangement of adipocytes throughout the entire chamber. More-
over, it confirmed the preservation of key morphological features
of adipocyte maturity such as i) unilocularity (i.e., storage of lipid
content in one larger lipid vacuole instead of several smaller lipid
vacuoles) and ii) expression of the lipid droplet-coating protein
perilipin A.[63]

Unilocularity is a vital hallmark of the mature adipocyte phe-
notype. Many mature adipocyte in vitro culture methods, such
as different variants of ceiling cultures,[64–66] eventually induce a
dedifferentiation of adipocytes to fibroblast-like progenitor states.
Along the dedifferentiation process, the adipocytes undergo in-
tracellular reorganization such as loss of the large lipid droplet,
instead of being multilocular, and spreading of cytoplasm.[67] The
dedifferentiation might be induced by an exposure to physical
stressors,[68] such as the presence of an adhesion surface as in
the case of ceiling culture. The readiness of mature adipocytes to
dedifferentiate has high potential for regenerative medicine,[67]

and elucidation of the underlying mechanisms of de- and red-

ifferentiation is of utmost importance for understanding tumor
progression.[68] Yet, this change in cell identity would be more
than unfavorable when studying mechanisms of adipose tissues.
Perilipin A, also called PLIN1, is expressed abundantly in mature
adipocytes. It functions as a stabilizer of larger lipid droplets (usu-
ally >10 μm) and plays an important role in hormone-induced
lipolysis.[69] Recently, the distribution of perilipin A on the lipid
vacuoles has been described as dynamic and dependent on the
adipocyte’s lipolytic state: under basal conditions, perilipin A lo-
calized to microdomains/clustered (also reflected in Figures 4a
and Figure S4, Supporting Information), which quickly disperse
upon stimulation of lipolysis.[70] More recent studies in mice
even suggest a major contribution of PLIN1 to anti-inflammatory
processes and prevention of insulin resistance by restricting un-
controlled lipolysis.[71]

Adipocyte function on-chip was confirmed by analyzing its en-
ergy storage and mobilization capacities (Figure 4bi). Upon ad-
ministering fluorescently tagged FAs to the adipocytes via the
media perfusion, FAs were taken up by the adipocytes as indi-
cated by an increase in intracellular fluorescence intensity. This
uptake was monitored in real-time by imaging the individual tis-
sue chambers every 3 min and quantified by plotting the flu-
orescence intensities against time of FA administration. Both
fluorescent analogs of dodecanoic acid, also called lauric acid
(with 12 carbon (C) atoms a representative of a medium-chain
FA (MCFA), BODIPY-C12), and hexadecanoic acid, also called
palmitic acid (with 16 C atoms a representative of a long-chain FA
(LCFA), BODIPY-C16), were administered to capture potentially
different FA uptake mechanisms. While short-chain FAs and
MCFAs can freely diffuse across the cell membrane into the cy-
tosol, the uptake of LCFAs, which are the most abundant among
the three FA types, appears to be more complex.[72] Despite still
being under discussion, LCFA uptake might be realized through
combination of passive diffusion and protein-accelerated entry
into the membrane as well as desorption at the inner side of the
membrane.[73–75]

Of note, the MCFA analog has two fluorophores attached (in
positions C1 and C12), as compared to the LCFA analog, which
has the BODIPY-fluorophore only in the C16 position. Therefore,
the higher final fluorescence intensity signal obtained when feed-
ing the MCFA analog could be attributed to the double amount
of fluorophore. It is noteworthy that through the attachment of
these two fluorophores, the MCFA analog might be comparable
to an LCFA regarding its size. Hence, its trafficking properties
could resemble that of an LCFA as well.[76]

Leveraging the established FA uptake assay, we further inves-
tigated the dependency of BODIPY-C12 uptake rates on glucose
concentration in the perfused medium. We found FA uptake
rates to be higher, when the medium contained a high glucose
concentration (17.5 mM) as compared to medium with no glu-
cose added (except for glucose contained in fetal calf serum).
These findings are in line with the need for glucose to form
glycerol-3-phosphate for the backbone of triacylglycerides (TAGs)
in lipogenesis.[8] Another reason might be the inhibition of FA
release by glucose uptake.[77]

Furthermore, basal lipolytic activity during on-chip culture
was determined by measuring glycerol concentration in media
effluents for three different adipocyte donors. While a release
of glycerol was detected for all donors, we found considerable
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Figure 4. Characterization of on-chip human mature adipocytes. a) On-chip visualization of mature adipocytes (fixed on d5) confirmed i) 3D distribution
of adipocytes inside the chips’ tissue chambers, and preservation of ii) lipid content unilocularity as well as iii) adipose-specific markers such as perilipin
A (further depicted in Figure S4, Supporting Information). Scale bars equal 200 μm (orthogonal view) and 100 μm (maximum intensity projection of
zoom-in/visualization of perilipin A). b) For functional validation, the authors assessed i) basal energy storage and release properties by monitoring
uptake of medium- and long-chain FA analogs (on d12) (MCFA n = 14; LCFA n = 16) and its dependency on glucose (on d4-d5) (no glucose n = 3; high
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inter-donor variations concerning the released concentrations
(Figure S5, Supporting Information). These variations were
found to be higher than intra-donor variations on different days
of analysis as well as variations from different independent chips
of the same donor on the same day of analysis.

This donor-specific cell behavior was also present when we
determined basal adipokine release from the on-chip adipocytes
(Figure 4bii). While the release of retinol-binding protein 4
(RBP4) was similar between the two donors, the secretion of
adipsin varied. Generally, the adipokine release by the adipocytes
on-chip demonstrates an endocrine functionality in addition to
the metabolic functionality. Interestingly, adiponectin and leptin
release into media effluents was not detectable for our adipocyte-
only on-chip cultures; in co-culture with other WAT cell compo-
nents, however, the release of these two important adipokines
could be verified (see section 3.4). Of note, adipose endocrine sig-
naling occurs not only through peptides, such as adipokines and
other cytokines but also through FAs (“lipokines”) as well as ex-
osomal microRNAs.[8,78]

The findings from our adipocyte-only chip culture experi-
ments indicate that the platform is well suited for the culture of
this demanding cell type. Adipocyte buoyancy and fragility are
managed by encapsulation in a hydrogel matrix for cell anchor-
age and by very gentle injection and culture properties (sequen-
tial injection and protection from shear). Through a range of as-
says, we could show that a mature adipocyte phenotype, as well
as key in vivo functions, were preserved in our in vitro model. Im-
portantly, our on-chip culture concept was able to capture inter-
donor differences concerning general adipocyte function, which
could also be observed when studying responsiveness to external
stimulations.

Next, we sought to study the adipocytes’ drug responsiveness.
Due to its lipolytic effects, we selected the ß-adrenoreceptor ag-
onist isoproterenol and administered 1–100 μM via the media
perfusion (Figure 4biii). As other catecholamines, this synthetic
noradrenaline-derivative induces the breakdown of TAGs and its
release from adipocytes. When introducing the drug after feeding
the tissues with the BODIPY-C12 FA, we observed different FA re-
lease rates. The higher the isoproterenol concentration, the faster
the intracellular fluorescence intensity signal from the BODIPY-
C12 decreased. Another readout backing the adipocytes’ lipolytic
response to ß-adrenergic stimulation was the determination of
glycerol secretion during a 24 h drug treatment, which revealed a
dose-dependent response; higher glycerol levels associated with
higher doses of the drug.

Finally, we evaluated the adipocytes’ proinflammatory re-
sponse to an acute 24 h TNF-𝛼 or LPS stimulation (Fig-
ure 4c). We observed an increase in monocyte chemoattractant
protein-1 (MCP-1, alternatively CC-chemokine ligand 2 (CCL2)),
interleukin-8 (IL-8, alternatively C-X-C motif chemokine ligand 8

(CXCL8)), and interleukin-6 (IL-6) secretion for both TNF-𝛼 and
LPS treatment. These findings were expected since adipocytes
are responsive to both TNF-𝛼 and LPS, and have been shown to
produce any of the three analyzed cytokines.[79–81] We further in-
vestigated the impact of inflammatory stimulation on adipocytes’
FA uptake as well as glycerol release; using the abovementioned
methods, no difference in the examined properties were regis-
tered (data not shown).

3.3. Characterization of on-Chip Endothelial Barrier from mvECs

Next, we established protocols to line the perfused media chan-
nels, particularly the membrane forming the interface to the tis-
sue chambers, with endothelium (mvECs). Through this step, the
transport from the media channel across the membrane into the
tissue compartment was upgraded from passive diffusion to dy-
namic transport regulated by endothelial cells.

To characterize this on-chip endothelial barrier, we ran a se-
ries of experiments with endothelial barrier-only chips, that is,
no other cell type included in the tissue chambers. However, to
maintain on-chip mechanical properties, the tissue compartment
was filled with the hydrogel matrix prior to mvEC seeding into the
media channels. After seeding, the cells were allowed to adhere
overnight (under static, diffusion-driven nutrient supply) before
connecting the chips to constant media perfusion. The flow rate
was then ramped up to the final flow rate (20 μL h−1) in a stepwise
manner (increase by 5 μL h−1 every 2 h) to avoid mvEC detach-
ment.

The mvECs quickly formed a dense monolayer that remained
viable for at least one week of on-chip culture (Figure S6a, Sup-
porting Information). We confirmed endothelial identity by ver-
ifying the expression of CD31 (alternatively platelet endothe-
lial cell adhesion molecule 1 (PECAM1); a junctional molecule
highly expressed on the surface of ECs) (Figure 5a) as well as
CD309 (alternatively vascular endothelial growth factor recep-
tor 2 (VEGFR-2) or kinase insert domain-containing receptor
(KDR)) and endothelial nitric oxide synthase (eNOS; alternatively
nitric oxid synthase 3 (NOS3)) (Figure S6b, Supporting Infor-
mation). Besides confirming EC identity, the anti-CD31 staining
also demonstrates the formation of tight endothelial barriers with
pronounced intercellular junctions throughout the entire chip.
CD31 functions as a mechano-sensor, controls leukocyte traffick-
ing, and maintains the integrity of EC junctions.[82] However, we
did not observe any alignment of the mvECs in the direction of
flow. This can be attributed to the shear forces on the membrane
being considerably lower than in vivo (Figure 2c) (here ≈3× 10−3–
4 × 10−3 dyn cm−2, Figure 2c, in vivo usually 0.1–60 dyn cm−2).[83]

An increase in flow rate was not possible: a flow rate higher than
20 μL h−1 diluted metabolites and messenger molecules secreted

glucose n = 6; “*” denotes significant difference determined with an unpaired Two-Sample t-test with p < 0.05) (i). The authors further analyzed ii) basal
adipokine secretion (on d4) (donor 1 n = 4; donor 2 n = 6) as well as iii) the adipocytes’ response to ß-adrenergic stimulation (on d4-d5). FA release from
100 μM condition is significantly different from unstimulated condition (0 μM isoproterenol) for all measured time points; 10 μM condition significantly
differed until 225 min (statistics not shown in graph; unpaired Two Sample t-test with p < 0.05.). For glycerol graph, “*” denotes significant difference
from unstimulated condition (0 μM isoproterenol). Two Sample t-test with p < 0.05. c) Cytokine release in response to proinflammatory stimulation for
24 h with TNF-𝛼 (20 ng mL−1) or LPS (100 ng mL−1) on d5. Cytokine secretion is depicted relative to the secretion determined for the 24 h-period before
stimulation (two independent chips per donor for each condition).
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Figure 5. Characterization of on-chip endothelial barrier. a) mvECs seeded onto the membrane in the medium channel formed uniform, tight monolayers
as visualized by CD31 staining (fixed on d7). Scale bars equal 2 mm (tile scan of entire chip) and 200 μm (one-chamber view). b) Endothelial barrier
integrity determined by fluorescence macromolecule tracing. Time difference is measured in 4 kDa FITC-dextran signal equilibria in tissue chambers
versus media channels for chips with endothelial barrier versus chips without endothelial barrier. Endothelial barriers are less permeable than plain,
acellularized membranes. c) Exposure of the on-chip endothelial barrier to inflammatory stimuli leads to i) a significant increase in CD106 expression for
TNF-𝛼 stimulation (unpaired Two Sample t-test with p < 0.05); scale bar equals 200 μm; larger representation in Figure S6d, Supporting Information), ii)
altered inflammatory cytokine secretion (n = 2 for each stimulus), and iii) decreased uptake/intracellular retention of acetylated low-density lipoprotein
(AcLDL) (unpaired Two Sample t-test with p < 0.05; scale bar equals 200 μm).
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by the adipocytes into the effluent media to a concentration below
detection limits of determination assays used in this study.

The permeability of the mvEC barrier was tested by analyz-
ing the transport of a fluorescently labeled dextran across the
endothelial barrier in comparison to an acellular membrane
(Figure 5b and Figure S6c, Supporting Information). We found
that 4 kDa FITC-dextrans (Figure 5b) are retained longer in
the medium channel in the presence of a vascular barrier; in
chips without this barrier, an equilibrium in fluorescence sig-
nal between media channel and tissue chamber was reached no-
tably faster. Repeating this permeability assay using 40 kDa and
150 kDa FITC-dextrans suggested similar differences in macro-
molecule transport across the endothelial barrier (Figure S6c,
Supporting Information).

Finally, we investigated the response of the endothelium to
pro-inflammatory stimuli (Figure 5c). We found, that the CD106
(alternatively vascular cell adhesion molecule 1 (VCAM-1)) ex-
pression by mvECs was significantly increased in response to
TNF-𝛼, but not to LPS. Compliant with this result, we found the
endothelial release of proinflammatory cytokines (IL-6, IL-8, and
angiopoietin 2) after stimulation to be most increased after the
TNF-𝛼 treatment. While the LPS treatment induced an increased
release of IL-6, releases of IL-8 and angiopoietin 2 were min-
imally increased by the proinflammatory challenge. Moreover,
TNF-𝛼 stimulation affected the uptake (or intracellular retention)
of acetylated low-density lipoprotein (Ac-LDL) by the endothelial
cells resulting in approximately half as high fluorescence inten-
sity.

Overall, these findings show that a tight endothelial barrier
could be successfully established on-chip and key endothelial
functions maintained for at least one week of culture. The vas-
culature is a dynamic barrier that can rapidly respond to changes
in the circulation. Amongst other ways of such response, ECs
take the part of metabolic gate keepers. They regulate and adjust
transport rates of nutrients and hormones, including FAs, glu-
cose and insulin, from the vessel lumen into tissues.[84] Another
important aspect of the endothelial barrier is its role as traveling
route for immune cells and, potentially, recruiters thereof.

Besides the systemic endothelial tasks, ECs also contribute
to organ-specific functions depending on their site of opera-
tion. Generally, owing to the adipose tissue’s enormous plastic-
ity, adipogenesis is strongly dependent on angiogenesis.[85] Yet,
the quiescent endothelium is as important as the active one: Adi-
pose mvECs, for instance, were shown to directly crosstalk with
adipocytes to regulate peroxisome proliferator activated receptor
𝛾 (PPAR𝛾) pathways and thereby the adipocytes’ ability to take up
and store lipids.[86] Notably, even though adipose mvECs take up
lipids as well, they cannot undergo a full adipogenic differentia-
tion when exposed to cues of adipose differentiation.[86] In this
project dermal instead of adipose-derived mvECs were used ow-
ing to the limited amount of subcutaneous adipose tissue, which
had to serve as a source for adipocytes, general SVF as well as
tissue-resident immune cells. These dermal mvECs were isolated
from the dermis of the skin/fat biopsy. Yet, despite the difference
in origin tissue, it was shown previously that skin-derived and
adipose-derived mvECs are very similar: they showed the same
expression of endothelial markers, migration and sprouting be-
havior as well as response to inflammatory stimulation.[87]

3.4. Autologous Full Complexity WAT-on-Chip: Fit-for-Purpose
Mix-and-Match Toolbox

To further enhance the physiological relevance of our model,
we sought to integrate stromovascular cells in addition to the
adipocytes and endothelial barrier. The SVF is a dynamic, het-
erogeneous cell population with variable degrees of maturity and
varying functions. It is the sum of all adipose tissue nucleated
cells except for adipocytes themselves, and it includes mesenchy-
mal stem cells, adipocyte and vascular progenitors, mature vascu-
lar cells as well as fibroblasts and various types of immune cells.
Since the cellular composition was reported to change greatly
when culturing and passaging SVF,[88–90] we injected the cells to-
gether with the adipocytes the day after isolation.

Notably, combining patient-specific adipocytes and mvECs
presented a bigger logistical challenge: while adipocytes cannot
be cultured properly in conventional cell culture formats and
need to be injected into the microfluidic platform within 24 h
after isolation, the mvEC yield after isolation is not sufficient for
prompt injection. Instead, mvECs need to be expanded and pu-
rified from other cell types, such as fibroblasts, in adherent cell
culture for at least seven days. Therefore, adipocytes were (co-
)cultured with or without SVF/CD14+-cells on-chip for one week
before ECs were set for seeding on d7 (Figure 3, Experimental
Section).

We created a physiologically relevant, autologous in vitro
model of human WAT by integrating adipocytes, SVF and
mvECs, all derived from the same tissue donor. To provide a fit-
for-purpose model that allows researchers to choose the cell types
of interest and the level of complexity depending on the actual
research question, we established the following co- and multi-
culture models (Figure 6a): adipocyte-only systems (culture con-
dition hereinafter dubbed “A”), adipocyte-endothelial co-culture
systems (“AE”), adipocyte-SVF multi-culture systems (“AS”),
and adipocyte-SVF-endothelial multi-culture systems (“ASE”).
Due to the high importance of adipose-immune interactions,
we further established a method to build adipocyte-CD14+

cell co-culture systems (“AM”) to enable directed studies on
adipocyte-monocyte/macrophage crosstalk. To recapitulate phys-
iologic conditions,[7] mature white adipocytes constitute about
90% of the volume of the generated tissue in the chip, and stro-
movascular cells about 10%, respectively. ATMs that account for
5–50% of SVF in vivo,[16,17] were injected at 40% of SVF cell count.
To characterize the various co- and multi-culture WAT models,
we analyzed on-chip viability, physiological structure, cytokine re-
lease as well as FA trafficking properties.

The platform was able to maintain good overall viability of all
cell types for at least 12 days of on-chip culture, as demonstrated
by low LDH release into the media effluents (Figure S2, Support-
ing Information).

To confirm a physiological tissue structure, we fluorescently
stained and imaged an ASE-chip after 12 days of on-chip cul-
ture (Figure 6b). Endothelial cells—marked by an anti-CD31
staining—formed an interconnected monolayer (Figure 6bi),
comparable to our endothelial-only experiments (Figure 5a).
Adipocytes in the ASE chip also displayed large unilocular lipid
droplets indicating preservation of adipocyte maturity. Because
of their heterogeneity, there is no single specific marker to
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Figure 6. Modular mix-and-match toolbox to build fit-for-purpose autologous WAT-on-chip models. a) To create WAT-on-chip models specifically tailored
to certain scientific questions, the authors propose a spectrum of on-chip culture conditions with varying degrees of complexity ranging from simple
adipocyte-only systems (A) to highly complex full WAT-on-chip models (ASE). b) Structural characterization of the full WAT-on-chip model (ASE) on
d12. Anti-CD31 immunofluorescence staining showed a tight endothelial barrier on the chip’s membrane. To visualize the membrane area over the
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identify SVF. The location of the stromovascular cells could,
nevertheless, be monitored by labeling them with a cell tracker
prior to injection, demonstrating a homogeneous distribution
across the tissue chamber among the adipocytes (Figure 6bii).
Moreover, tracing of SVF migration on-chip for 6 h after injec-
tion revealed that some cells moved dynamically throughout
the tissue chamber while most cells appeared to have settled
in defined locations, pointing to the heterogeneity in function
(Figure 6bii and Video S1, Supporting Information).

Characterization of FA transport properties via the BODIPY-
C12 FA uptake assay showed similar uptake rates between A and
AS conditions. The AE systems, however, displayed a notice-
ably (≈50%) lower fluorescence intensity (Figure 6c), hinting at
a lower FA uptake and/or actively controlled transport through
the EC barrier. From the results of the EC barrier integrity char-
acterization using a 4 kDa FITC-dextran (10× bigger than the
BODIPY-C12 FA analog; Figure 5b), a convergence of fluores-
cence intensity signals would have been expected within the du-
ration of the assay, assuming comparable intracellular FA up-
take by adipocytes across the three conditions and merely pas-
sive transendothelial transport of the BODIPY-C12 FA analog.
Yet, after 50 min, the fluorescence intensity signal for AE was
still at ≈50% of the one for A and AS. This suggests that ei-
ther the FA uptake is downregulated by the interaction of ECs
and adipocytes or that the endothelial-mediated FA transport is
not passive, diffusive transport but an actively controlled pro-
cess. Indeed, in its function as metabolic gatekeeper, the endothe-
lium is presumed to actively adjust its barrier function in or-
der to regulate FA and lipoprotein transport by involving a com-
plex signaling machinery.[91,92] Furthermore, in line with previ-
ous reports,[86] the increased background fluorescence signal for
the AE condition, as compared to A/AS, indicates an uptake of
FAs by ECs. We further analyzed glycerol release from the A,
AS, AE, and ASE culture conditions over time (Figure S7, Sup-
porting Information), and found the lipolytic capacity regarding
glycerol release of adipocytes not affected by presence of other
WAT-associated cell types.

Next, we compared the adipokine (adiponectin, leptin, adipsin,
and RBP4) release from four different culture systems (Fig-
ure 6d). Interestingly, the ASE condition showed the high-
est release for all four adipokines. On the contrary, for AE
and A, adipokine release was overall much lower than for
ASE: adiponectin and leptin release was hardly detectable while
adipsin and RBP4 levels were only ≈8–10% and 35–45%, respec-
tively. This outcome highlights how crucial the contribution of
the other cell populations in adipose tissue is to adipocyte func-

tion and how important it is to integrate them to model adipose
tissue: each of the analyzed factors has been reported to be pre-
dominantly produced by adipocytes (except for RBP4, which is
also produced by hepatocytes); no other adipose-associated cell
type was described to release any of the four cytokines in signifi-
cant amounts.[78] Hence, given the four adipokines are indeed ex-
clusively secreted by the adipocytes, the increase in secretion for
the ASE condition stems from the interaction of the adipocytes
with the other cell types.

Finally, we established an adipose-on-chip model that in-
tegrates solely adipocyte and macrophages (AM) amenable
for studies specifically targeted at the interaction of these two
cell types. We visualized immune cell phenotypes on d5 after
injecting a mixture of adipocytes and CD14+ cells isolated
from patient-specific SVF (Figure 6e). CD14 is a co-receptor to
the LPS receptor and is strongly expressed on monocytes and
macrophages. ATMs exhibit a great phenotypic plasticity, that
is much more complex than the binary M1/pro-inflammatory-
versus M2/anti-inflammatory classification and include popu-
lations such as metabolically activated ATMs (MMe) or oxidized
ATMs (Mox).[16,93] Additionally, a new subset of lipid-associated
macrophages (LAMs), highly expressing the lipid receptor
Trem2, was found in adipose tissue from obese humans. Trem2
was discovered to be essential for LAMs to exert their protective
functions such as counteracting adipocyte hypertrophy and
inflammation.[94] Moreover, many macrophages have a mixed
activation state and harbor both M1 and M2 markers, such as the
hybrid CD11c+ (classically M1) CD206+ (classically M2) ATMs
associated with insulin resistance.[95]

Over five days of on-chip culture, we observed ATMs in the
tissue expressing the commonly occurring markers of human
ATMs CD11c, CD206 as well as CD86, the general leukocyte
marker CD45 as well as LAM-specific marker Trem2 (Figure 6e,
Videos S2–S4, Supporting Information) and secreting constant
levels of MCP-1, IL-8, and IL-6. The ATMs were positioned in 3D
among the adipocytes with clusters of ATMs frequently attach-
ing to individual adipocytes or even wrapping around them as
crown-like structures in some cases (Figure S7, Supporting In-
formation). In vivo, crown-like structures are an important hall-
mark of chronic inflammation, present in direct proportion to
the average adipocyte size, and their number and extent reflect
the health of the adipocytes. Visualization of lipid droplets via
both neutral lipid staining and bright field microscopic imaging,
moreover, indicated lipid droplets inside ATMs, which might be
the result of a preceding lipid uptake through the macrophages.
We also investigated monocyte/macrophage phenotypes under

adipocyte-filled tissue chambers, the chip had to be inverted (i). Adipocytes are displayed by staining their lipid droplets. To uncover stromovascular
cells, SVF is labeled with a cell tracker prior to injection into the chip. SVF is 3D distributed among the adipocytes in the tissue chamber (adipocytes not
shown for better visibility of SVF) (ii; orthogonal view). Moreover, a tracking of SVF motion within the first 6 h after injection revealed dynamic migration
for some of the labeled cells while others remained stationary (ii; Video S1, Supporting Information). Scale bars equal 200 μm (one-chamber view) and
100 μm (zoomed-in orthogonal view and video). c) Monitoring of FA trafficking properties for A, AS, and AE systems uncovered noticeable differences
in FA uptake comparing A and AS to AE. Representative images of A and AE conditions at time points 0, 10.5, 38.5, and 52.5 min. d) Comparison of
adipokine release by different co-/multi-culture WAT-on-chips from the same patient, measured from media effluents collected for 24 h from d10 to
d11 of on-chip culture. Even though the analyzed adipokines are exclusively produced by adipocytes, there are considerable differences in their release
regarding the models’ cellular composition. e) Identification of on-chip ATMs by visualizing CD11c and Trem2 (i), CD86 and CD45 (ii), and CD206
and CD45 (iii) expression. ATMs are positive for the investigated markers and clustered to, sometimes even enwrapping, mature adipocytes. Moreover,
intracellular lipid droplets in CD86+-cells might be an indicator of lipid scavenging activity. Z-stack imaging data are also represented as supplemental
videos (Videos S2–S4, Supporting Information) to ensure full elucidation of all events in one stack. Scale bars equal 50 μm.
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inflammatory stimulation: Via immunofluorescence staining, we
did not observe any obvious differences in ATM marker expres-
sion between the stimulation conditions (LPS, TNF-𝛼, NT). Ef-
fluent analysis with respect to secretion of pro-inflammatory cy-
tokines, however, revealed an upregulation of several typical pro-
inflammatory cytokines during TNF-𝛼 or LPS treatment (Fig-
ure S8c, Supporting Information).

This capacity of the model to integrate ATMs is of particu-
lar importance, since with WAT’s recognition as an endocrine,
immunoregulatory organ, adipose tissue immune cells, specif-
ically ATMs, have become a prominent research topic. As de-
scribed above, ATMs are extremely plastic and adapt to differ-
ent adipose tissue physiological states. In the healthy state, they
regulate tissue homeostasis while in diseased conditions, such
as obesity, ATMs play a major role in the low-grade, chronic in-
flammation and dysregulated metabolism.[96] Their tasks are as
multifaceted as their appearance, but one of the main ATM func-
tions seems to be engulfing dead adipocytes. Being under severe
metabolic stress predisposes hypertrophic adipocytes to pyropto-
sis (i.e., a pro-inflammatory form of programmed cell death), a
process attracting macrophages.[97] Aside from ingesting entire
cells, ATMs are attributed to fulfilling substrate buffering activi-
ties: Given their ability to handle variable substrate loads through-
out their lifetime, ATMs can incorporate lipids, catecholamines,
and iron to modulate the availability of and protect other cell
types from a surplus of these substances in the adipose tissue
microenvironment.[96,98]

There is also evidence for an active, direct crosstalk between
adipocytes and ATMs. Adipocyte-derived FAs are an important
modulator of macrophage metabolism; for instance, ATM up-
take of FAs was found to be coupled to lysosome biogenesis.[99]

Moreover, adipocytes were found to release exosome-sized, lipid-
laden vesicles (AdExos) that were found to induce a differen-
tiation of macrophage precursors into ATMs. Hence, AdExos
might not only be an alternative lipid release mechanism from
adipocytes but also a directed technique for adipocytes to mod-
ulate macrophage function.[100] Another important example of
adipocyte-macrophage crosstalk is the recently discovered inter-
cellular transfer of mitochondria: in an in vivo rodent study,
mitochondria were found to be transferred from adipocytes to
neighboring macrophages, potentially to support the survival of
metabolically compromised cells.[101]

While adipocytes’ dysregulated metabolism still appears to be
the main drivers of WAT immune responses,[8] ATM contribu-
tions should not in the least be disregarded; their close and man-
ifold crosstalk with the adipocytes still makes them key players of
all adipose-associated pathologies and therefore a potential thera-
peutic target. Here, we have shown that our WAT-on-chip model
can incorporate ATMs that maintain physiological phenotypes
even after five days of on-chip culture and recapitulate key ATM
functions such as scavenging lipids and phagocyting adipocytes
and thereby serve as a powerful platform to further enlighten
adipocyte-ATM interactions.

3.5. Immunocompetency of the WAT-on-Chip

After verification of the WAT-chip’s suitability to integrate
macrophages, we expanded experiments on immunocompe-

tency by elucidating immunomodulatory cytokine release and
responsiveness to inflammatory threats. As already addressed,
on-chip adipocytes and endothelial barriers respond to TNF-𝛼
as well as LPS stimulation by ramping up their release of pro-
inflammatory cytokines (Figure 4c and 5cii). Here, we examine
the participation of i) the other adipose tissue components and ii)
intercellular crosstalk in immune responses. Intriguingly, we al-
ready registered differences in basal (i.e., unstimulated) cytokine
release between the different culture modes although all cells for
all modes were derived from the same donor to maximize com-
parability (Figure 7a). Generally, cytokine expression was lowest
from adipocyte-only chips, indicating major contributions of the
other adipose tissue-associated cells. While the MCP-1 concen-
tration was comparable between ASE, AS and AE, IL-8, IL-6, IL-
4, IL-10, and IL-13 concentrations were highest for AS. In fact,
IL-4 and IL-10 were solely detected in AS chips. It is surprising
that the interleukin secretion from ASE is lower than the secre-
tion from AS, since ASE contains the same number of adipocytes
and SVF as the AS condition. This points to a damping impact
of EC presence regarding IL-4, IL-13, IL-10, IL-6, and IL-8 re-
lease into the medium compartment in the ASE condition and
might be an example of the necessity for a holistic view when
modeling intercellular communication. Overall, the measured
cytokine concentrations fall in the same range as determined for
other in vitro studies. WAT is a main source of circulating IL-6,
with about 35% contribution to basal circulating IL-6.[102] Besides
adipocytes, adipose-derived mesenchymal stem cells were previ-
ously found to produce loads of IL-6, too;[103] hence, the elevated
IL-6 release for the ASE and AS on-chip conditions is not sur-
prising. While IL-6 has a context-dependent role and can act both
pro- and anti-inflammatory, IL-8 and MCP-1 secretion is usually
associated with inflammation and obesity.[104,105] Surprisingly, we
still detected a basal release of both cytokines in the supposedly
“healthy” condition, which could lead back to the tissue origin––
fat-removal procedures often occur in case of donor obesity. How-
ever, when adding external inflammatory stimuli their secretion
was massively (up to 70-fold) increased (Figure 7b). Hence, it re-
mains obscure whether the registered “basal” cytokine release is
already, to some extent, shifted into an inflammatory state due
to an obesogenic ground state of donor cells, or whether IL-8
and MCP-1 are released from adipose tissue in moderation in
a healthy state as well.

As anticipated, in response to proinflammatory stimulation,
cytokine release was upregulated in all culture conditions in com-
parison to non-treated systems (Figure 7b). The increase of cy-
tokine secretion relative to the 24 h period before treatment is
highest for the ASE and particularly AE conditions implying a
strong involvement of ECs in the inflammatory reaction. More-
over, the ASE and A chips appeared to respond stronger to the
LPS treatment while AS and AE tended to release higher concen-
trations of the cytokines when stimulated with TNF-𝛼. Notably,
the temporal resolution of cytokine measurement in response to
stimulation (here 24 h) could in the future be increased by sam-
pling effluents, for example, every 30 min to capture secretion
kinetics.

Finally, we evaluated the suitability of our WAT-on-chip
platform for studying immune cell perfusion and recruitment
to adipose tissue. From d12-d13, autologous CD3/CD28 co-
stimulated and fluorescently labeled T cells were perfused
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Figure 7. Immunocompetency of different WAT-on-chip culture conditions. a) Baseline (i.e., non-stimulated) cytokine release from culture conditions
ASE, AS, AE, and A measured for 24 h from d10-d11. b) Cytokine release in response to pro-inflammatory challenge (with TNF-𝛼 or LPS) for 24 h from
d11-d12 on-chip. Cytokine concentrations are presented relative to the respective baseline cytokine release for each individual chip. c) Recruitment of
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through the media channels of different adipose tissue culture
mode chips for 18 h (Figure 7c). By confocal imaging, we could
confirm the infiltration of cell tracker-labeled cells into the adi-
pose tissue compartment. This analysis indicated a significantly
higher recruitment to the AS condition compared to both ASE
multi-culture chips and A culture chips. A potential reason
for this finding might be the elevated IL-8 and IL-6 release we
registered from the AS cultures; both interleukins were shown
to locally mediate T cell attraction.[79,106–108]

Additionally, we investigated the recruitment of PBMC-derived
CD14+-cells to on-chip adipocytes upon perfusion through the
media channels. While perfused CD14+-cells were not able to
transmigrate through 3 μm pore-sized membranes, we were
able to register scarce CD14+-cell infiltration into adipocyte-only
systems when using 5 μm pore-sized membranes instead (Fig-
ure S9, Supporting Information). A potential reason for the low
recruitment compared to T cell recruitment might be that the
chemotactic cues produced by adipocytes were too low to attract
monocyte-masses. However, these are just preliminary findings,
and they would require more in-depth analysis.

Generally, these findings show that our platform is well suited
to recapitulate T cell infiltration into adipose tissue. Importantly,
it is not only the tissue-resident immune cells that seem to pro-
vide the necessary chemotactic cues; mature adipocytes them-
selves were able to attract T cells, too, which is in line with previ-
ous findings.[109] Incorporating T cells in adipose tissue models
is of importance since T cells were recently discovered to play a
major role in immunometabolism. WAT has been implicated in
serving as a reservoir for tissue-resident memory T cells, which
have distinct functional and metabolic profiles.[12] Furthermore,
obesity has been associated with increased T cell populations,
particularly adaptive CD8+ T cells, residing in WAT.[110] Obesity
might cause adipose tissue T-cell exhaustion,[111] and lead to un-
usual, T-cell mediated pathogeneses upon infection.[112]

4. Conclusion

Here, we introduce, to the best of our knowledge, the first
human, fully autologous immunocompetent WAT-on-chip plat-
form integrating almost all in vivo WAT-associated cell types
in mature states. Given the high complexity and associated lo-
gistical requirements, which accompany a full WAT in vitro
model, we propose a mix-and-match WAT-on-chip toolbox that
allows researchers to build a flexible, fit-for-purpose platform. As
key component, mature human adipocytes are combined with
patient-specific stromovascular cells, endothelium, and/or dif-
ferent types of immune cells. The developed system enables
long-term culture of human WAT in vitro while it preserves key
functional features of not only adipocytes but all other WAT-
associated cellular components. More precisely, the system en-
abled a preservation of mature phenotypes alongside key respon-
sibilities such as energy storage and mobilization functions, and

basal endocrine activity. We further confirmed the on-chip WAT’s
drug- and inflammatory responsiveness, and suitability for stud-
ies on immune cell infiltration.

The system is based on a specifically tailored microfluidic
platform integrating several injection and on-chip culture fea-
tures, such as the sequential loading and shielding from shear
stress, that make it particularly favorable for the integration of
human WAT. Thereby, the system is well equipped to overcome
two major difficulties arising from working with human mature
adipocytes: buoyancy and fragility. In the future, technological
refinements could aim at scale-up and sensor integration: To
achieve parallelized platforms with increased throughput, a com-
bination with enabling technologies might be worthwhile; for ex-
ample, the WAT-on-chip design could be transferred to the organ-
on-disc platform.[113,114] To enable in-line monitoring of adipose
tissue secretions, on-chip sensors based on different technologies
could be integrated.[44,46,115,116]

To set up the WAT model, we established protocols and pro-
cesses that allow to source all the different cell types from one
individual donor; more specifically, from tissue samples of sub-
cutaneous adipose tissue with skin that are readily available in
most hospitals. The choice of a human cell source is an integral
part for human-centered research. Even though findings from
animal models have shed light into many aspects of WAT (patho-
)physiology in the past, they are stretched to their limits regard-
ing human-relevant mechanisms with increasing frequency. De-
spite efforts on humanization of animal models, there are still
dominant discrepancies between rodents and humans, especially
when it comes to studying metabolism and functioning of the
immune system.[19,20,23] Moreover, the capability to isolate all cell
types from one individual, the bottom-up approach of tissue gen-
eration and the microscopic footprint of the WAT-on-Chip, en-
able not only fully autologous models but also the creation of a
large number of tissue models from one donor; the latter allows
circumventing the challenge of inter-donor differences as well as
the study of patient-specific WAT responses, paving the way for
future applications in personalized medicine.

When addressing patient-specificity, an aspect that is of par-
ticular interest is the immune system, which is closely interwo-
ven with adipose tissue biology. Here, the autologous charac-
ter of our WAT-on-Chip is of notable relevance especially when
studying the adaptive immune system. The findings on WAT im-
munomodulatory functions on-chip back the suitability of our
platform for research on adipose tissue inflammation and its
underlying mechanisms. Especially the precisely controllable ad-
ministration of inflammatory agents and the potential for highly
time-resolved readouts of tissue response make our platform a
powerful tool to study immune responses.

Besides demonstrating its competency to build a WAT-on-
chip with highest physiological relevance integrating almost
all cell types existing in in vivo WAT, we introduced a modular
WAT-on-chip toolbox. When deciding on a suitable model for
probing a specific scientific question, the rule should always

autologous T-cells perfused through the media channels for 18 h from d12-d13 of on-chip culture. Prior to perfusion, T cells are labeled with a cell tracker.
Within the 18 h, T cells infiltrated the tissue chambers from the media channels, shown exemplarily in 3D renderings of an entire tissue chamber (side
view) and of a zoom-in (top view). Recruitment is quantified by comparing fluorescence intensity in the tissue chambers (unpaired Two Sample t-test
with p < 0.05). Both fluorescence images show T-cell recruitment into AS chambers. All experiments are conducted simultaneously and with cells from
the same donor.
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be “as simple as possible but as complex as necessary”. In
other words, the full WAT-on-chip model might be too complex
for certain questions, and complexity might generate noise
and off-target signals. The modular approach allows for an
adjustable degree of complexity and enables end users to select
those cellular components required for their specific question
creating a fit-for-purpose, customized WAT-on-chip. For proof-
of-principle, we characterized several combinations of mature
adipocytes with stromovascular cells, ECs, and tissue-resident
innate immune cells. Interestingly, we did not encounter any
differences in adipocytes’ phenotype or energy storage function
when comparing the different multi-culture conditions, but
their endocrine function appeared to be strongly impacted by
the co-culture with other cell types. Adipokines, presumably
exclusively produced by adipocytes themselves, were found in
highest concentrations in the full WAT model—notably higher
than in the adipocyte-only condition. Furthermore, we found the
response to proinflammatory threats modulated by influence
of other adipose tissue-associated cells. Overall, the outcome
of our study indicates that the full WAT model with all in vivo
components indeed reflects adipocyte endocrine function best.

Despite mimicking many aspects of human adipose biology
and providing a flexible fit-for-purpose approach, the developed
WAT-on-chip system is still a model system and as all models can
have limitations when applied in different studies:

Regarding materials, the application of PDMS can become
problematic, especially for adipose tissue research, because it
readily absorbs small hydrophobic molecules[117–120] and might
thereby impact the availability of substances transported to the
tissues, or, vice versa, distort analyses of substances secreted
by on-chip tissues. A substance’s absorption into PDMS can
be estimated by analyzing its n-octanol/water partition coeffi-
cient (LogP) in combination with its molecular weight. Through-
out this study, no obvious impact from PDMS as the platform’s
bulk material was encountered. This is in line with most sub-
stances, used within the scope of the project, being not hy-
drophobic and/or having high molecular weights (Table S1, Sup-
porting Information, shows a comparison of key substances ad-
ministered to, or analyzed from, the on-chip adipose tissues to
reference substances with high absorption into PDMS). How-
ever, for other model applications, especially regarding analy-
ses of lipokines or other hydrophobic signaling molecules, such
as steroids, the microfluidic platform should be fabricated from
alternative, less absorbing materials. We are currently address-
ing this issue for future generations of adipose tissue on chip
platforms.

Regarding the cell source, the specific origin of the adipose
tissue must be considered closely, especially concerning the tis-
sue donor’s health state. The biopsies that served as cell sources
arouse from cosmetic surgery, and most tissue donors received
surgery following massive weight loss (see Table 2). Despite re-
turning to a normal or pre-obese BMI after weight loss, the obe-
sogenic memory poses a risk of prevailing adipose tissue inflam-
mation and other obesity-associated dysfunctions.[121–123] Within
the scope of this study, a potentially compromised health state did
not seem to impact the development and functional validation of
our model. Yet, when applying the model for mechanistic stud-
ies, such as disease modeling, tissue origin should be considered
carefully.

Regarding adipose tissue readout options, the existing toolbox
could be expanded by methods allowing for a quantification of
transcripts or proteins. However, as a matter of fact, the OoC tech-
nology is not predestined for readouts demanding a disruption
of tissues: for once, analyzing the tissues downstream of lysis
encompasses a loss of information on structural and morpho-
logical context. Moreover, the WAT-on-chip platform was to inte-
grate microscale adipose tissue constructs, and that does not suf-
fice tissue volume requirements to purify an adequate amount of
nucleic acid/protein, especially from the extremely large mature
adipocytes. Therefore, the focus when expanding readout meth-
ods should be on those harnessing advantages of the OoC tech-
nology, that is, non-invasive optical methods that preserve spatial
information, such as in situ hybridization.

In conclusion, our novel WAT-on-chip system provides a
human-based, autologous and immunocompetent in vitro model
of WAT. It recapitulates almost full tissue heterogeneity by inte-
grating not only mature adipocytes but also organotypic endothe-
lial barriers and stromovascular cells, with optional separation
of tissue-resident innate immune cells, specifically ATMs. Espe-
cially through its reliance on mature cell types, the introduced
system distinguishes itself from all other adipose tissue-on-chip
approaches that—to the best of our knowledge—rely on in vitro
differentiated,[37–40] sometimes even murine,[41–44] adipose cells;
regarding the adipocytes, this aspect is particularly reflected by
unilocularity.

Therefore, the new WAT-on-chip model can be a powerful tool
for future, human-relevant research in the field of metabolism
and its associated diseases as well as for compound testing and
personalized- and precision medicine applications.
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