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Introduction

Adipose microtissue-on-chip: a 3D cell culture
platform for differentiation, stimulation, and
proteomic analysis of human adipocytes

Nina Compera,? Scott Atwell,? Johannes Wirth, @2 Christine von Toérne, ©°
Stefanie M. Hauck® and Matthias Meier @ *3°

Human fat tissue has evolved to serve as a major energy reserve. An imbalance between energy intake and
expenditure leads to an expansion of adipose tissue. Maintenance of this energy imbalance over long
periods leads to obesity and metabolic disorders such as type 2 diabetes, for which a clinical cure is not
yet available. In this study, we developed a microfluidic large-scale integration chip platform to automate
the formation, long-term culture, and retrieval of 3D adipose microtissues to enable longitudinal studies of
adipose tissue in vitro. The chip was produced from soft-lithography molds generated by 3D-printing,
which allowed scaling of pneumatic membrane valves for parallel fluid routing and thus incorporated
microchannels with variable dimensions to handle 3D cell cultures with diameters of several hundred
micrometers. In 32 individual fluidically accessible cell culture chambers, designed to enable the self-
aggregation process of three microtissues, human adipose stem cells differentiated into mature adipocytes
over a period of two weeks. Coupling mass spectrometry to the cell culture platform, we determined the
minimum cell numbers required to obtain robust and complex proteomes with over 1800 identified
proteins. The adipose microtissues on the chip platform were then used to periodically simulate food
intake by alternating the glucose level in the cell-feeding media every 6 h over the course of one week.
The proteomes of adipocytes under low/high glucose conditions exhibited unique protein profiles,
confirming the technical functionality and applicability of the chip platform. Thus, our adipose tissue-on-
chip in vitro model may prove useful for elucidating the molecular and functional mechanisms of adipose
tissue in normal and pathological conditions, such as obesity.

cell line 3T3-L1,% primary adipocytes,”® and human adipose
tissue-derived stem cells (hASCs)®” have been used to replicate

Adipose tissue is linked to a multitude of metabolic and
endocrine functions in both healthy and diseased states,
including adipokine and cytokine secretion, and lipid storage
and release. In obesity, adipocyte hypertrophy and hyperplasia
are the main drivers for the expansion of white adipose tissue,
which leads to alterations in adipokine secretion and
eventually disrupts the whole-body metabolism."> However,
the underlying molecular and functional mechanisms of
adipose tissue in normal and pathological conditions are still
a matter of debate. For longitudinal studies, it would be of
substantial interest to engineer in vitro adipose tissues to
model patient intervention studies. The murine preadipocyte
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the physiology of fat tissue in vitro. hASCs are a convenient
choice, as they are easy to maintain in routine cell culture
formats, are proliferative, model depot-specific subtypes of
adipocytes, and provide good translatability.”® To obtain
mature fat tissue, hASCs must be differentiated into
adipocytes before they display the phenotypic characteristics
of their in vivo counterparts. Notably, in vitro-generated
adipocytes resemble a premature adipose cell type, as
indicated by their multilocularity, smaller lipid droplet
diameters, and lower adipokine secretion.” However, this cell
type is preferred for in vitro engineering because of the
obstacles encountered in handling mature primary adipocytes
with their high buoyancy and mechanical fragility.” 3D cell
culture formats, instead of traditional monolayer cultures'® ">
have been suggested to enhance the maturation and
differentiation of hASCs.”'*'* Compared with monolayer
culture formats, 3D cell cultures represent the organotypic
microenvironment of native adipose tissue.® For 3D culture,
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approaches such as embedding hASCs in Matrigel*® or other
hydrogels,>” low-attachment well plates,® hanging drops,"°
magnetic levitation systems,'” permeable membranes,'® and
microfluidic systems™" have all been exploited.

Microfluidic techniques for modeling adipose tissue
physiology in vitro have recently gained attention as they offer
dynamic control of chemicals in the cell microenvironment
during long-term differentiation,” a reduced surface-to-
volume ratio, and the possibility of automation of complex
culture conditions. The integration of functional adipocytes
or adipose microtissue-on-chip allows to assay insulin
response,”®>"  glycerol  secretion at high temporal
resolution, and the mimicking of interstitial flow
conditions.” The majority of on-chip integrated adipose
tissues use scaffolding hydrogels, which closely mimic the
native extracellular matrix (ECM) environment® but generally
lack chemically defined conditions.® Furthermore, hydrogel
microenvironments complicate downstream analysis because
of the high background signals generated by the scaffolds.**
The presence of confounding proteins in scaffolding
hydrogels together with low levels of analyte are the main
reasons why mass spectrometry analysis of organ-on-chip
platforms is underrepresented. However, increasing the
sensitivity of mass spectrometry brings proteome, secretome,
and metabolome analysis of organ-on-chip models within
reach, as recently demonstrated for a liver-on-a-chip®® but
also first adipocyte cultures.”® The demand for high sample
numbers comes with the trade-off of requiring higher
multiplexing degrees.

Microfluidic large-scale integration (mLSI) technology is
considered an enabling platform for cell culture processes
with high levels of automation and multiplexing capabilities.
To date, mLSI platforms have mainly been integrated into 2D
cell culture formats including adipocyte cultures.”” Only
recently mLSI technologies for automated 3D cell culture and
analysis became available.”®*° While a dimensional
incompatibility of traditional mLSI fabrication techniques
and 3D cell cultures has hampered progression of the
technology, a 3D-printing-based fabrication approach overcomes
this problem.*® 3D printing fabrication enable unit
operations for handling 3D cell cultures on-chip as for
example sample retrieval without destruction. However, the
throughput of the platform is far below that required for
high-throughput proteomic studies of adipose tissue in vitro.

Here, we address this shortcoming by exploiting a
previously developed fabrication protocol®® for the
development of a higher-throughput mLSI platform for 3D
cell culture formats. By integrating traditional and upscaled
pneumatic membrane valves (PMVs), the core functional unit
of the mLSI technique, an mLSI platform comprising 32
fluidically individually addressable cell culture chambers
enabled the formation, long-term culture, and nondestructive
retrieval of 96 3D cell cultures in a highly controllable
manner. Furthermore, scaffold-free 3D on-chip adipogenesis
of hASCs was conducted in an automated and reproducible
manner. The generated adipocyte 3D cell cultures resembled
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phenotypically mature adipocytes, which was confirmed by
lipid droplet staining of cryo-sectioned aggregates and
detection of upregulated key adipocyte markers by proteomic
analysis. To investigate whether differentiated adipocytes in a
3D cell culture format could serve as an in vitro adipose
tissue-on-chip model, we subjected them to glucose
restriction  post-differentiation =~ by  decreasing  the
concentration of glucose in the maintenance medium, and
then analyzed the induced changes at the proteome level. We
also retrieved minimal cell sample volumes from the mLSI
chip and acquired unbiased proteomes using mass
spectrometry. We successfully investigated different glucose
feeding regimes in parallel on a single platform and
characterized the phenotype of the differentiated adipose
aggregates in detail.

Experimental section
Master mold and polydimethylsiloxane (PDMS) chip fabrication

The master mold for the mLSI flow layer was designed in
SolidWorks (version 2018-2019; Dassault Systemes, France)
and 3D-printed using a DLP stereolithography printer
(Pico2HD, Asiga, Australia). The mold was printed as a
negative using PlasGRAY resin (Asiga). The thickness of the
printed layer was 10 um. All other printing parameters (e.g.,
light intensity and exposure time) were kept at their default
values according to the manufacturer's instructions. After
printing, the flow mold was cleaned with isopropyl alcohol,
flash-cured (Otoflash G171; NK-Optik, Germany) with 2000
flashes on each side, and then coated with a 2% solution of
CYTOP™ (CTL-809M; AGC Chemicals, Japan), in accordance
with the previously developed protocol,*® to prevent adhesion
of PDMS. A negative control layer was fabricated according to
the standard SU-8 (SU-8 3050; Microresist Technology,
Germany) photolithography protocols.** Similar to the flow
mold, the control mold was permanently coated with
CYTOP™ to facilitate PDMS release. For this, a thin film of
CYTOP™ was spin-coated on the wafer (20 s at 500 rpm, then 30
s at 3000 rpm) and incubated for 1 h at 160 °C to evaporate the
CYTOP™ solvent. The first PDMS cast from the CYTOP-
coated molds was discarded to ensure proper bonding of the
succeeding PDMS casts.

The mLSI platform was fabricated by multilayer soft
lithography®' using a 3D-printed flow and an SU-8 silicon
control mold. In short, the upper flow layer was
manufactured by casting a thick layer (approx. 5 mm) of
PDMS (ratio 5:1 of base material to curing agent; Sylgard®
184, Dow Corning, MI, USA) onto the flow mold, while for
the lower control layer, PDMS (20:1 ratio) was spin-coated
onto the wafer at 500 rpm for 15 s (acceleration 518 ms),
followed by spinning at 1250 rpm for 30 s (acceleration 2220
ms). Both layers were partially cured for 20-25 min at 80 °C
and the flow layer was released from the mold and aligned
with the control layer. The assembly was again incubated for
45 min at 80 °C to enable off-ratio PDMS bonding. Next, the
inlet and outlet ports for both layers were punched using a
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20 gauge and 14 gauge needle, respectively. Finally, the mLSI
device was sealed with a cover glass after oxygen plasma
activation (20 W at 0.9 mbar for 25 s) and incubated for a
further 60 min at 80 °C.

Flow characterization of the cell culture chamber

To analyze fluid flow within the cell culture chamber, a
particle-tracking experiment was conducted. To achieve this,
2.55 um polystyrene beads (PS-F-B237-1; microParticles
GmbH, Germany) were flushed through the cell culture
chambers of the mLSI chip. The actuation pressure of the
trapping PMVs was increased incrementally in steps of 0.7
bar (10 psi), and the particle flow was recorded on an
AxioObserver (Zeiss, Germany) with a frame rate of 300 fps.
Prior to each measurement, the trapping PMVs were opened
and closed at least once to avoid error due to the residual
pressure in the system. During the measurement, constant
fluid forward pressures of 35, 50, 100, and 125 mbar were
applied. Recorded data from the five culture chambers were
subsequently analyzed in Image] (v1.53f51) using the
TrackMate®> plugin and exported to a custom-written
MATLAB (version R2019a; MathWorks, MA, USA) script for
visualization and flow rate calculations.

Chip preparation for cell experiments

The control lines of the mLSI chip were directly connected to
the solenoid valves (LMV155RHY-5A-Q; SMC, Japan) with
Tygon tubing (ND 100-80; Proliquid, Germany) and operated
using a custom-written MATLAB script. The control lines for
the trapping PMVs were operated by a separate manual
pressure regulator (LRP-1/4-4; Festo, Germany) to regulate the
regulation of their actuation pressure independent of the
other valves on-chip. All other valves on the mLSI platform
were operated at a control pressure of 2.2 bar. Reagents were
filled in gas-tight, light-proof bottles and connected to the
flow inlet ports through the Tygon tubing. The forward fluid
pressure used to pressurize the bottles was controlled by a
flow control unit (Flow EZ™; Fluigent, France). The outlet
ports were connected to the Tygon tubing and maintained at
atmospheric pressure. The mLSI chip was placed in a
microscope stage-top incubator (STX; Tokai Hit®, Japan) to
ensure a constant humidified atmosphere of 37 °C and 5%
CO,. Prior to seeding the cells on the chip, the fluidic
network was coated with 10% Pluronic® F127 (Sigma-Aldrich,
MO, USA) in phosphate-buffered saline (PBS; Sigma-Aldrich)
for a minimum of 20 h to reduce cell attachment to the
PDMS. The chip was rinsed with PBS to remove the
Pluronic® and then pre-incubated with the cell culture
medium for 30-60 min to equilibrate.

3D cell culture and adipogenic differentiation on-chip

Human adipose tissue-derived stem cells (hASCs; ASC-F-ZB)
were purchased from ZenBio (NC, USA) and maintained in
routine 2D cell culture using subcutaneous preadipocyte
growth medium (PM-1; ZenBio) according to the supplier's
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protocol. hASCs at passages 6-8 were used for the
experiments. To seed cells on-chip, hASCs were detached
from the culture flask using 0.25% trypsin-EDTA (Sigma-
Aldrich), centrifuged at 280 x g for 5 min, and resuspended
at a concentration of approximately 3.5 x 10° in 30 pL of PM-
1. Using Tygon tubing, the single-cell suspension was then
transferred on-chip, where we filled four chambers
simultaneously until all on-chip chambers were visually
seeded with an equal number of cells. The actuation pressure
of the trapping PMVs was then slowly increased at a rate of
approximately 1 psi s, up to a closing pressure of 32 psi.
Non-trapped cells were then safely rinsed from the fluidic
network with at a fluid forward pressure of 25 mbar. The
trapped cells were undisturbed for 4 h before the first feeding
cycle. The trapping valve and fluid forward pressures varied
between 25-28 psi and 35-50 mbar, respectively. Pressures were
kept constant throughout the experiment, and cells were
automatically fed every 4 h for 15 s, unless otherwise stated,
using a custom-written MATLAB script.

Differentiation of hASCs was initiated on day 1, 24 h after
seeding when aggregates had formed, by switching from the
standard growth medium to the commercially available
differentiation induction medium DM-2 (ZenBio). On day 8,
the medium was changed to adipocyte maintenance medium
(AM-1; ZenBio) and the cultures were maintained until day 15
to obtain fully matured adipocytes. Aggregates fed only PM-1
were used as the non-differentiated controls (Ctrl). Media
bottles were maintained at room temperature (RT) and
replenished every 3-4 days.

Glucose treatment of differentiated adipocyte aggregates
on-chip

For the glucose treatment experiments, we prepared a
customized maintenance medium of which the basal media
constituted a 1:1 mixture of DMEM without glucose (Thermo
Fisher Scientific, MA, USA) and Ham's F-12 Nutrient Mix
(Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS; Corning, NY, USA) and 1% penicillin-
streptomycin. Depending on the required composition,
glucose (Thermo Fisher Scientific) and human insulin
(Sigma-Aldrich) were added to the basal medium to
complement the customized maturation media. The low-
glucose (LoGlu) medium contained a basal glucose
concentration of 5 mM, and was supplemented with insulin
to a final concentration of 20 nM. High-glucose (HiGlu)
medium was supplemented with both glucose and insulin to
a final concentration of 25 mM and 1.7 uM, respectively.
Before glucose treatment, 3D cell cultures of hASCs
underwent adipogenic differentiation for 14 days as
described previously. Matured adipocyte aggregates on-chip
were then either fed permanently or intermittently with
customized maintenance media for a further 7 days, forming
three sample groups: 1) feeding with HiGlu medium only
(serving as the control), 2) feeding with LoGlu medium only,
and 3) alternating feeding with HiGlu and LoGlu media. All

This journal is © The Royal Society of Chemistry 2022
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of the sample groups were perfused every 6 h for 15 s at a
fluid pressure of 50 mbar. The trapping valves were actuated
at a controlled pressure of 28 psi.

Aggregate retrieval off-chip

To retrieve 3D aggregates from the mLSI chip, a pipette tip
was connected to the outlet port, and the medium was
directed to flow from the inlet port through the multiplexer
into the culture chamber and out via the outlet. Before
retrieval, the aggregates were extensively washed on-chip with
PBS. To release trapped aggregates, the trapping PMVs were
slowly deactivated at a rate of approximately 10 psi min™" to
minimize the movement of aggregates within the other
culture chambers. Once the aggregates were flushed out of
the chamber into the pipette tip, the activation of the
trapping PMVs was restored to their previous control
pressure. Retrieved aggregates were then transferred from the
pipette tip into V-bottom 96-well plates (Santa Cruz
Biotechnology, TX, USA) for cryosectioning, or into 1.5 mL
Eppendorf tubes for mass spectrometry. Occasionally, a few
aggregates were attached to the PDMS; these were detached
using trypsin and retrieved as single cells.

Depending on the downstream analysis requirements,
aggregates from at least four chambers on-chip (technical
replicates) were retrieved at the following time points: for
cryosections on days 1, 8, and 15, and for mass spectrometry on
days 1, 15, and 22 (14 days differentiation + 7 days treatment).

Cryosections and immunofluorescent analysis

The aggregates were washed with PBS twice before fixing for
1 h at RT using 4% (w/v) paraformaldehyde (PFA). Next, the
aggregates were dehydrated at RT using a sucrose gradient of
between 10% (w/v) and 30% (w/v) for 2 h, followed by an
overnight incubation in a 1:1 mixture of 30% sucrose and
tissue freezing medium (Leica, Germany) at 4 °C. The next
day, the aggregates were transferred to cryomolds and
embedded in tissue freezing medium on dry ice. The frozen
aggregates were stored at -80 °C until cryosectioning, for
which they were cut into 10 um slices on a cryostat at =30 °C.

For immunofluorescent staining of aggregate cryosections,
frozen slices were pre-warmed to RT and washed in a Coplin
jar containing PBS. After washing, they were permeabilized
with 0.1% Triton™ X-100 (Sigma-Aldrich) in PBS for 30 min
at RT, followed by incubation in blocking buffer (PBS, 0.2%
Tween 20 (Carl Roth, Germany) and 10% donkey serum
(Abcam, UK)) for 1 h at RT. The slides were then incubated
for 2 h in the dark at RT with DAPI (1:500; Sigma-Aldrich)
and BODIPY 493/503 (10 pug mL™'; Thermo Fisher Scientific)
diluted in blocking buffer. Subsequently, the slides were
washed extensively with 0.2% Tween 20 in PBS and mounted
using Vectashield (Vector Laboratories, CA, USA).

Microscopy and image analysis

Bright-field images of the 3D aggregates on-chip were
acquired with 2.5x and 10x objectives (Plan-Apochromat) on
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an Axiovert inverted microscope (Zeiss). A confocal
microscope (LSM-880, Zeiss) and a 20x objective were used to
record immunofluorescent and bright-field images of the
stained cryosections. Image analysis and statistical evaluation
were performed using custom-written macros and scripts in
Image] and MATLAB software, respectively.

Sample preparation for mass spectrometry

After the retrieval of aggregates, as much PBS as possible was
aspirated from the Eppendorf tubes before freezing the
samples at —-80 °C until further processing. The whole
aggregate pellets were processed by tryptic digestion using
the PreOmics iST Kit (Preomics GmbH, Martinsried,
Germany) according to the manufacturer's specifications.
After drying, the resulting peptides were resuspended in 2%
acetonitrile (ACN) and 0.5% trifluoroacetic acid.

Mass spectrometric measurements

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis was performed in data-dependent acquisition
(DDA) mode. MS data were acquired on a Q-Exactive HF-X
mass spectrometer (Thermo Scientific), coupled online to a
nano-RSLC (Ultimate 3000 RSLC; Dionex). Tryptic peptides
were automatically loaded onto a C18 trap column (Acclaim
PepMap100 C18, 300 um inner diameter (ID) X 5 mm, 5 pm,
100 A, LC Packings) at a flow rate of 30 uL min*. For
chromatography, a C18 reversed-phase analytical column
(nanoEase MZ HSS T3 column, 100 ;&, 1.8 pm, 75 pm x 250
mm, Waters) at 250 nL min~' flow rate in a 95 min non-
linear acetonitrile gradient from 3-40% in 0.1% formic acid
was used. The high-resolution (60000 full width at half-
maximum) MS spectrum was acquired with a mass range
from 300 to 1500 m/z with an automatic gain control target
set to 3 x 10° and a maximum injection time of 30 ms. From
the MS prescan, the 15 most abundant peptide ions were
selected for fragmentation (MS/MS) if at least doubly
charged, with a dynamic exclusion of 30 s. MS/MS spectra
were recorded at 15000 resolution with an automatic gain
control target set to 5 x 10”> and a maximum injection time of
50 ms. The normalized collision energy was 28, and the
spectra were recorded in profile mode.

Data processing — protein identification

Proteome Discoverer 2.5 software (Thermo Fisher Scientific;
version 2.5.0.400) was used for peptide and protein
identification via a database search (Sequest HT search engine)
against the SwissProt human database (release 2020_02, 20 432
sequences), considering full tryptic specificity, allowing for one
missed tryptic cleavage site, precursor mass tolerance of 10
ppm, and fragment mass tolerance of 0.02 Da.
Carbamidomethylation of Cys was wused as a static
modification. Dynamic modifications included deamidation of
Asn and Gln, oxidation of Met, and a combination of Met loss
with acetylation on the protein N-terminus. Percolator
algorithm was used to validate peptide spectrum matches and
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peptides, accepting only the top-scoring hit for each spectrum
and satisfying the cutoff values for FDR <1% and posterior
error probability <0.05. The Sequest HT Xcorr filter was set to
1, removing identifications below this threshold. The final list
of proteins complied strictly with the parsimony principle.

Data processing — label-free quantification
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visualization were performed using the STRING database®* and

customized Python (version 3.9) scripts.

Statistical analysis

Experiments were conducted at least twice (n = 2) with a
minimum of four independent on-chip chambers as technical
replicates, unless otherwise stated. Extracted quantitative data

(e.g., flow rate, equivalent diameter, and retrieval rate) are
represented as the mean + SD unless otherwise stated.
Statistical significance was set at p < 0.05. Normal distribution
was tested using the Shapiro-Wilk test®® in MATLAB R2019a.

Protein quantification was based on the abundance values of
unique peptides. Abundance values were normalized to the total
peptide amount to account for sample loading errors. Protein
abundances were calculated by summing the abundance values
for admissible peptides. Proteins identified in only one replicate
of a sample group, as well as contaminants from Bos taurus and
keratin proteins, were excluded from the analysis. Differential
protein expression analysis was performed using the DEP
Bioconductor package®® in R (RStudio version 1.4.1717; MA,
USA). Subsequent functional enrichment analysis and

Results

3D-printing enables the integration of upscaled and standard
sized PMVs on an mLSI chip

Non-destructive and automated handling of 3D cell cultures on
mLSI platforms is required to enable the use of chip technology
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Fig. 1 Microfluidic large-scale integration platform for the automated formation of 3D cell cultures, long-term parallel culturing process, and
individual retrieval of cell cultures. A) Schematic layout of the two-layer mLSI chip design. Flow channels up and down stream of the cell culture
chamber are shown (multiplexer (MX) and outlet path (OP)). Inset shows in detail one unit cell of the 32 culture chambers. B) 3D model (top) and
cross-section of the PDMS layer (bottom) of the cell culture chamber. Scale bar: 100 um. C) Schematic cross-section of different chip areas with
indicated flow channel heights. D) Operating principle of the trapping PMVs (highlighted in red) by pneumatic actuation. E) Operating states of the
trapping PMVs. The main paths of fluid flow are indicated in blue. (i) Closed state: cells are introduced as single-cell suspensions and safely
confined at respective sites upon fully closing the trapping PMVs. (ii) Sieve state: perfusion of self-aggregated 3D cell cultures. Due to the staircase
effect on the 3D-printed flow master mold, trapping PMVs allow for the passing of fluid while safely keeping the 3D aggregates in place. (i) Open
state: 3D aggregates can be retrieved by deactivation of the trapping PMVs. Scale bar: 250 um.
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for higher-throughput applications. In general, pneumatic
membrane valves (PMVs), the central functional element for
controlling fluid flow on mLSI chips, can close microchannels
with a semi-round channel geometry and dimensions of 2-50
um in height.** We have recently shown that PMVs can be
scaled to close fluidic channels, with heights of up to hundreds
of micrometers, by using a 3D-printing approach for the
production of soft-lithography molds.>® This enabled the
successful integration of 3D cell cultures on mLSI chips. The
work presented here builds on this advance and exploits the
high level of design flexibility of the 3D printing process to
fabricate an mLSI chip for cultivating 96 3D cell cultures within
32 fluidically individually addressable unit cells (Fig. 1A). The
arrayed unit cell (Fig. 1B) was designed to facilitate 3D cell
culture formation via self-aggregation from a single cell
suspension, automated medium exchange for long-term
culture, and retrieval of the 3D cell culture sample. While the
central region of the cell culture chamber exhibited a height
and width of 200 pm and 300 pum, respectively (Fig. 1C), the
two bypassing channels bifurcating at the entry of the cell
culture chamber had a cross-section of 30 pm x 100 pm.
Bypassing channels are required to rinse the fluidic network of
the non-trapped cells. Each cell culture chamber could be
compartmentalized into three consecutive regions by actuation
of PMVs designed as a push-up configuration and herein
termed trapping PMVs (Fig. 1D). These were operated in one of
the following three pressure states (Fig. 1E): i) a fully closed
state to trap a single cell suspension, ii) a sieve state for
perfusion of 3D cell cultures after formation, and iii) an open
state for retrieval of the cell material. The sieve state was
achieved by making use of the 3D-printing-induced staircase
effect on the fluidic channel profile.*® Within the pressure
regime, states between 0.5 bar and 2.0 bar caused the deflected
PDMS membrane to close the half-rounded channel
imperfectly such that small gaps on the staircase profile
remained open. Larger objects, including 3D cell cultures or
single cells, were trapped and could not pass through the
trapping valve in the sieve state (Fig. 1E). Flow channels
upstream and downstream of the cell culture chamber had
heights of 40 and 200 um, respectively (Fig. 1C). The lower
height of the upstream channels was chosen to minimize the
dead volume of the channel network and to ensure the fully
closed state of the PMVs at an actuation pressure of 2 bar,
despite the staircase effect. This concomitantly reduced the
number of cells required to fill the cell culture chambers
during the cell-seeding process (see below). Since cells were
seeded as a single-cell solution, they could be routed through
40 pm high channels without affecting cell integrity. Non-
destructive retrieval of 3D cell cultures from the cell culture
chambers required the downstream channels towards the
outlet port to be at least equally high as the 3D cell culture
chamber. To address the cell culture chambers individually, a
standard 2 log, N-multiplexer was included. The multiplexer
divided the cell culture chamber area into two blocks of 16
chambers each. All PMVs were controlled with an actuation
pressure of 2.2 bar, with the exception of the trapping PMVs,
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since they require adjustable pressure application to achieve
the sieve state.

First, we aimed to characterize the fluid flow within the
cell culture chamber, depending on the actuation state of the
trapping PMVs, to prove the functionality of the unit cell for
cell trapping. In the open state of the trapping PMVs
(Fig. 2A top), the flow velocity in the main channel was 0.21
uL s at a constant fluid forward pressure of 100 mbar
(Fig. 2A and B). The flow velocity in the side channels was 7.0
nL s ', demonstrating that approximately 94% of the
volumetric flow passed through the main channel
(Fig. 2A and C) of the cell culture unit cell. This was expected
because of the channel size difference, where the theoretical
fluidic  resistance based on the Hagen-Poiseuille
approximation was approximately three orders of magnitude
larger in the side channels than in the main channel. Upon
increasing the actuation pressure of the trapping valves, the
flow velocity decreased in the main channel and increased in
the side channels. At an actuation pressure of 2 bar, the
mean flow velocity in the main channel was 0.014 uL s (for
a fluid forward pressure of 100 mbar), which is 15-fold lower
than that of the open trapping valve state and is defined as
the closed state (Fig. 2B). Conversely, the mean flow rate in
the side channels increased from 7.0 nL s * to 0.11 pL s * at
a PMV actuation pressure from 0 to 2 bar, respectively. The
same trend was observed upon decreasing the forward fluid
pressure (Fig. 2B and C). In summary, it was demonstrated
that the flow rate inside the trapping site could be adjusted
by both the fluid forward pressure and the control pressure
of the trapping PMVs.

Formation, long-term culture, and scaffold-free 3D
differentiation of hASCs into adipocytes on the mLSI platform

To test whether our platform allows for robust and
reproducible formation, maintenance, and retrieval of 3D
cell cultures, we first investigated the homogeneity of the
self-aggregation process of hASCs. For this, a single-cell
suspension with a cell concentration of 3.5 x 10° in 30 pL
was seeded into the cell culture chambers, where the
trapping valves were set to their open state. Subsequently,
the cells were trapped by setting the trapping PMV to the
closed state, and the remaining cells in the fluidic network
were rinsed through the side channels towards the outlet
(Fig. 3A). Self-aggregation of hASCs was observed within the
first 4 h. At this time point, the trapping valves were set to
the sieve state, and feeding was initiated by exchanging the
medium solution in the cell culture chamber for 15 s at a
flow rate of 1.5 uL min " every 4 h. In the next 24 h, further
compaction of the cell clusters to round hASC 3D cell
cultures occurred, with only a few single cells remaining in
the trapping areas. To quantitatively evaluate the 3D cell
culture formation and growth, we measured its equivalent
diameter, which is the diameter of a circle with an area
equivalent to that of the 3D cell culture. On average, the 96
hASC 3D cell cultures formed on the mLSI chip exhibited
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an equivalent diameter of 143 + 5 um at 24 h after seeding
(Fig. 3B). The chip-to-chip variability of the 3D cell culture
formation process across six independent repeats was low
(Fig. 3C). Their mean equivalent diameters varied by 14%
compared with the overall mean, thus yielding high
reproducibility. The 3D cell cultures were stable for 15 days
on-chip, and their average size varied only minimally
(Fig. 3D). During the cultivation period, the hASC 3D cell
cultures did not show any signs of diminished cellular
viability, such as disaggregation or necrosis. Nevertheless,
the aggregates were, on average, 7% smaller than their
initial size on day 1, suggesting that compaction occurred,
as observed previously.®*® Next, we determined the retrieval
efficiency of 3D cell cultures with preserved spatial integrity
for further off-chip analyses. For this purpose, the trapping
valves were set to the open state and fluidically-addressed
chamber by chamber. Overall, 88.6% of 3D cell cultures
were recovered through the outlet port (Fig. 3E). During the
retrieval process, the micro-macro connection at the outlet

3178 | Lab Chip, 2022, 22, 3172-3186

port was the main source of cell loss (Fig. 3E). In summary,
our results highlight the suitability of the developed mLSI
chip for automated formation, long-term culture, and non-
destructive retrieval of 3D hASC aggregates in a reproducible
and highly parallel manner.

Next, we sought to apply the developed mLSI platform to
differentiate hASCs into adipocytes in a 3D culture format.
For this, 96 hASC 3D cell cultures were formed under the
above described conditions within 24 h on-chip. On the first
day after seeding, the cell cultures were perfused with
adipocyte induction medium, followed by maturation
medium for 7 days (Fig. 4A). During the differentiation
phase, we observed progressive darkening of the 3D cell

cultures (Fig. 4B), indicating accumulation of lipid
droplets.®”*®  This assumption was confirmed by
immunofluorescent staining of lipid droplets in the

retrieved 3D cell cultures on days 1, 8, and 15 (Fig. 4C). The
mean equivalent diameter of the 3D cell cultures during
adipogenesis was constant, with increasing variation at later

This journal is © The Royal Society of Chemistry 2022
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0.05 (one-way ANOVA).

time points across the six independent experiments
(Fig. 4D). Nuclei counts of hASCs, preadipocytes, and
adipocyte 3D cell cultures confirmed this trend (Fig. 4E),
where the average number of nuclei in the center region of
a 3D cell culture varied non-significantly between 35 + 14,
56 + 18, and 50 + 11 on days 1, 8, and 15, respectively.
While the number of nuclei per 3D cell culture was
constant during differentiation, the number of lipid droplets
increased significantly as the cells within the 3D cell culture
matured into adipocytes. Along with the number of lipid
droplets, the lipid droplet volume increased from the
preadipocyte to adipocyte stage (Fig. 4C).

This journal is © The Royal Society of Chemistry 2022

Proteomic landscape of differentiated adipocyte aggregates
changes upon glucose stimulation

In this experiment, we retrieved conditioned 3D cell cultures
and determined the proteomes of the on-chip-differentiated
adipocytes by mass spectrometry. Before comparing the
proteomic landscapes of hASCs and differentiated adipocytes,
we quantified the number of 3D cell cultures required to
obtain comparable proteomic readouts (Fig. 5A, Exp1). For
this, we pooled the cell material from two, four, and eight
chambers, which corresponded to 6, 12, and 24 3D cell
cultures (Fig. 5B). Following cell lysis and protein digestion,
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for the three samples, average peptide concentrations of 0.29,
0.32, and 0.33 pg upL™, respectively, were obtained. Upon
pooling the cell material from four or eight cell culture
chambers, the proteome quantification became comparable,
with approximately 2600 proteins across 2-3 technical
replicates (Fig. 5B, n = 2 for eight chambers, n = 3 for four
chambers). The proteome of hASC material pooled from only
two chambers showed a lower count, with an average of 1731
proteins. Although the peptide concentration was similar in
all three samples, the proteome complexity clearly differed.
Based on these results, subsequent mass spectrometry
experiments were performed with the material pooled from
four cell culture chambers of the mLSI chip. Next, we

3180 | Lab Chip, 2022, 22, 3172-3186

investigated proteomic differences between the start and end
points of the hASC differentiation on-chip as described
above. Principal component analysis of the proteomes
revealed distinct profiles in both sample groups (Fig. 5C).
Interestingly, the two biological replicates of the
differentiated sample clustered apart in the second principal
component, but this was not observed in the non-
differentiated group. This suggests that differentiation results
in heterogeneity between the generated adipocytes (PC2 is
7.0%, compared to 91.8% in PC1). Analysis of the expression
patterns of significantly up- and down-regulated proteins (p
< 0.05) across both conditions highlighted their overall
distinct protein expression profiles (Fig. 5D). Among the most

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Proteomic mass spectrometry analysis of 3D hASC and differentiated adipocyte cell cultures on-chip. A) Overview of the experimental
setup. During differentiation 3D cell cultures were pulse fed every 4 h. (1) For determining the required quantity of cell sample material for robust
preparation of proteomes by mass spectrometry different numbers of 3D cell cultures were pooled as indicated. (2) Proteome analysis of hASC
differentiation into adipocytes. B) Number of proteins identified per technical replicate of hASC cell material pooled from either 2, 4, or 8 cell
culture chambers. C) Principal components analysis of normalized protein abundances of adipocytes and hASCs. n = 2 biological replicates. D)
Heatmap representation of k-means clustering of all significant differentially expressed proteins. E) Volcano plot of differentially expressed proteins
for hASCs and adipocytes. Proteins with p < 0.05 and fold change >1.5 are highlighted in respective colors: dark gray for the hASCs, red for the
adipocytes. F) Mean expression levels of adipocyte and pre-adipocyte protein markers.

significantly upregulated proteins in the differentiated
adipocytes in 3D cell culture were well-known adipocyte
marker proteins, including fatty acid binding protein 4
(FABP4), perilipin (PLIN4), adiponectin (ADIPOQ), and fatty
acid synthase (FASN) (Fig. 5E and F). In contrast, pre-
adipocyte protein markers, including platelet-derived growth
factor receptors alpha and beta (PDGFRo. and PDGFRp), were
significantly downregulated in adipocytes and highly
expressed in hASCs. Taken together, the proteomic profiles
confirmed successful adipocyte differentiation on-chip.

In the last step, we exploited our mLSI chip platform to
investigate proteomic changes in adipocyte 3D cell cultures
in response to different nutritional culture conditions
induced by defined long-term feeding protocols. Therefore,
hASCs were first differentiated over a time course of 14 days
on the chip, as described above. Subsequently, the adipocyte
3D cell cultures within the cell chambers were fed every 6 h
with a maintenance medium containing either (i) a high

This journal is © The Royal Society of Chemistry 2022

glucose concentration of 25 mM, (ii) a low glucose
concentration of 5 mM, or (iii) alternating between (i) and (ii)
(Fig. 6A). For comparison, 25 mM is the glucose
concentration contained in the maturation media during the
second week of adipocyte differentiation, and thus, the basal
medium for the cell type. After being subjected to the glucose
regimes for seven days, the conditioned 3D cell cultures were
retrieved from the chip and analyzed by mass spectrometry
following the same procedure as described previously.
Adipocyte proteomes exhibited a total of 1844 proteins, of
which 92.6% of the measured proteins were identified in all
three sample groups and 6.2% in at least two of the three
conditions (Fig. 6B). Under all three conditions, we observed
a differentially expressed protein pattern (Fig. 6C).

To investigate the influence of glucose concentration on
the adipocyte proteome, we calculated the protein fold-
changes in the low and alternating conditions, as compared
to those in the high glucose condition. The most significantly
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Fig. 6 Proteomic changes of differentiated adipocytes upon prolonged exposure to varying levels of glucose concentration. A) Experimental
setup of the glucose treatment study. After differentiation (14 days), adipocytes were treated for an additional 7 days with either constant or
alternating levels of glucose in the maintenance medium (high concentration: 25 mM, low concentration: 5 mM). B) Venn diagram of identified
proteins per condition. The majority of identified proteins (92.6%) were shared among all tested conditions. C) Heatmap representation of
significant (p < 0.05) proteins among all conditions. n = 2 biological replicates. D) Comparison of log 2 (fold-change) of proteins shared between
the low glucose and alternating condition, both with respect to the high glucose condition. Statistical significance (p < 0.05) of a protein in both
contrasts is indicated by a black dot. E and F) Volcano plots of differentially expressed proteins for low glucose (E) and alternating (F) vs. high
glucose treated adipocytes. Proteins with p < 0.05 and fold change >2 are highlighted in respective colors: dark gray for the high glucose, light
gray for the low glucose, red for the alternating condition.

adverse environmental conditions such as long-term
nutritional ~ deficiency®® and ongoing inflammation.*
Proteins known to be involved in the dysregulation of
inflammatory signals including ABCA10*" and S100A7
were also upregulated. Upregulated proteins identified in the
alternating feeding regime included the mitochondrial

upregulated proteins under the low glucose conditions are
shown in Fig. 6E and included hydrolases such as pancreatic
triglyceride lipase (PNLIP), chymotrypsin-C (CTRC), and
chymotrypsin-like protein (CTRL). The activity of PNLIP and
other lipases has been shown to continuously hydrolyze
adipose triglycerides and generate free fatty acids, even under

3182 | Lab Chip, 2022, 22, 3172-3186 This journal is © The Royal Society of Chemistry 2022
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creatine kinase CKMT2, which is highly expressed in tissues
with large fluctuating energy demands, and inositol
monophosphatase 1 (IMPA1), which protects the cells from
osmotic stress induced by the highly osmotic glucose-6-
phosphatase.*> A direct comparison of the adipocyte
proteomes under alternating and low-glucose conditions
(both plotted versus the high-glucose condition) showed that
they shared the majority of differentially regulated proteins
(Fig. 6D). For example, the nucleosome-binding protein,
HP1BP3, which regulates cell survival and proliferation, was
downregulated under both conditions (Fig. 6F). In summary,
the analysis showed that reduction of glucose, either long-
term or alternating, led to a similar cellular proteomic
phenotype, with only minor differences between the
respective conditions.

Discussion

This work presents an mLSI chip platform for automated and
multiplexed formation, long-term culture, adipogenesis, and
retrieval of 3D cell cultures of human ASCs in a parallel
manner. The mLSI chips were produced from 3D-printed soft-
lithography molds,*® where the footprint of the mLSI chip was
29 mm x 52 mm, and could hold 32 individual fluidically
addressable cell culture chambers. The parallelization
degree on the mLSI chips produced remains limited
because of the relatively small building platform of
available high-resolution 3D printers. To increase the
parallelization degree by an order of magnitude, as achieved
for 2D cell cultures™®™*® on mLSI chips, a new 3D printer
generation is required. Despite the current limitations, we
exploited the design flexibility of 3D printers to integrate
microsystem design features to handle 3D cell culture within
channel networks with heights of several hundred microns.
The PMVs for fluid routing can be scaled to their
corresponding channel dimensions. Although all flow channels
exhibited a channel profile with a staircase effect resulting
from the layer-by-layer curing process of 3D printers, all of the
PMVs could be fully closed at 2.2 bars of actuation pressure.
Indeed, the staircase effect on a microchannel with a height of
over a hundred microns could be used as a functional sieve
feature at intermediate closing pressures, facilitating the
reversible trapping and precise perfusion of 3D cell cultures on
mLSI chips. With the assisted self-aggregation mechanism in
the cell culture chamber and retrieval of 3D cell cultures in a
non-destructive manner, we added two new features to the
mLSI design toolbox.>>*° While the success rate for the
formation of 96 3D cell culture processes was over 95%, the
recovery rates for 3D cell cultures were 89% and thus similar to
other, non-mLSI-based, microfluidic platforms.*” hASCs
formed highly reproducible 3D cell cultures on the chip, with a
standard deviation of an equivalent diameter of 8 um across
six chip repeats. Notably, this size deviation was explained by
minor differences in cell seeding density.

The scaled number of cell cultures on the mLSI chip
platform requires bioanalytical workflows to subject complex

This journal is © The Royal Society of Chemistry 2022
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tissue mimetics. Fluorescence imaging is a state-of-the-art
method for analyzing 3D cell cultures on mLSI chips. The
option for sample retrieval enabled the acquisition of complete
proteomic information using mass spectrometry analysis. In
contrast to DNA sequencing-based analytics, where signal
amplification overcomes sensitivity thresholds for analytes, the
required proteomic analysis required that we pooled four cell
culture chambers, each with three 3D cell cultures, to obtain
complex proteomes. These results are in line with the reported
sensitivity thresholds. To minimize the cell samples required
for individual 3D cell cultures to empower the mLSI chip fully,
a mass spectrometric sample preparation workflow, including
cell lysis and digestion, will need to be integrated onto the
chip, similarly to immunofluorescence sample preparation.
The achieved proteomic resolution proved that on-chip
differentiation of hASCs into adipocytes was successful.
Adipocytes expressed adipogenic markers such as ADIPOQ,
FABP4, PLIN4, and FASN, and downregulated preadipocyte
markers (PDGFRa and PDGFRp). Transcription factors such as
PPARy and CEBPa could not be detected; however, their
concentrations are approximately 1000-fold lower than that of
other markers.*®

To simulate blood glucose oscillations following periodic
food intake, dynamically controlled cell culture methods are
required. Using an adipose tissue-on-chip model, we
investigated the proteomic response to oscillating glucose
levels in the feeding media. Glucose oscillations with a
frequency of 12 h over longer periods have been poorly
investigated, and no studies exploring these oscillations at a
6 h frequency have been performed thus far. In our study,
adipocytes under low glucose conditions showed
upregulation of proteins associated with overcoming energy
restriction and dysregulation of inflammatory signals.
Downregulation of FBN1, the precursor protein for the
adipokine asprosin, and of complement factor D has also
been reported in this and other studies investigating
nutritional restrictions;**™" our findings thus concur with
those previously noted. The proteome acquired for adipocytes
in the alternating high/low glucose perfusion regime
correlated closer to the high-glucose regime (Pearson
correlation of r between 0.68 and 0.87) than to the low-
glucose regime (r between 0.38 and 0.66), showing that the
high glucose interval partly compensated the 6 h of low
glucose concentration. The alternating glucose concentration
upregulates metabolic turnover, as indicated by the
upregulation of CKMT2, a protein typically expressed at
higher levels in beige- and brown-fat mitochondria.’**® The
closest in vitro references to our work investigated the effect
of oscillating glucose at high and low glucose concentrations
in conjunction with saturated fatty acid.>® While the study
found a sustained inflammatory effect even once the
treatment was halted, this effect was attributed to saturated
fatty acid treatment rather than the oscillating glucose
concentration. Notably, the basal cell culture media
contained an insulin concentration higher than wunder
physiological conditions in order to maintain cell viability.
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Our current study shows that adipocytes change their
proteomes in response to glucose availability. These proof-of-
principle experiments must be extended to simulate adipose
disease conditions; however, the technical framework is laid
out herein with the presented analytical workflow.

In summary, we have developed a platform for the
automated generation of an adipose tissue model upon the
integration of scaffold-free 3D differentiation of hASCs on an
mLSI chip with appropriate imaging. Our adipose tissue-on-
chip model can help unravel the molecular and functional
mechanisms of this tissue in normal and pathological
conditions such as obesity.
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