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Although many advanced biosensing techniques have been proposed for cytokine profiling, there are no
clinically available methods that integrate high-resolution immune cell monitoring and in situ multiplexed
cytokine detection together in a biomimetic tissue microenvironment. The primary challenge arises due to
the lack of suitable label-free sensing techniques and difficulty for sensor integration. In this work, we dem-
onstrated a novel integration of a localized-surface plasmon resonance (LSPR)-based biosensor with a bio-
mimetic microfluidic ‘adipose-tissue-on-chip’ platform for an in situ label-free, high-throughput and
multiplexed cytokine secretion analysis of obese adipose tissue. Using our established adipose-tissue-on-
chip platform, we were able to monitor the adipose tissue initiation, differentiation, and maturation and
simulate the hallmark formation of crown-like structures (CLSs) during pro-inflammatory stimulation. With
integrated antibody-conjugated LSPR barcode sensor arrays, our platform enables simultaneous
multiplexed measurements of pro-inflammatory (IL-6 and TNF-a) and anti-inflammatory (IL-10 and IL-4)
cytokines secreted by the adipocytes and macrophages. As a result, our adipose-tissue-on-chip platform is
capable of identifying stage-specific cytokine secretion profiles from a complex milieu during obesity pro-
gression, highlighting its potential as a high-throughput preclinical readout for personalized obesity treat-
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Introduction

The adipose tissue of obese patients is characterized as a tis-
sue microenvironment composed of adipose tissue macro-
phages, precursor and hypertrophic adipocytes, and other im-
mune cells that predominantly produce pro-inflammatory
cytokines, such as IL-6, IL-1f, and TNF-qo, for chronic, low-
grade inflammation."* Adipose tissue inflammation is a criti-
cal risk factor of obesity and is linked to the development of
complications like type 2 diabetes mellitus, cardiovascular
diseases and certain cancers. Pathologically, inflammation in
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obese adipose tissue has been defined as the accumulation of
immune cells, specifically macrophages, around a necrotizing
adipocyte, an entity known as a crown-like structure (CLS).>*
There is a limited understanding of obesity-associated inflam-
mation in an adipose tissue microenvironment during disease
progression. Previous studies of adipose tissue inflammation
have mostly focused on ex vivo studies of CLS using adipose
tissues isolated from mouse models or patient surgical
waste,>" or characterizing the immunogenicity of adipocyte
cell lines without a local, chronic inflammatory milieu.>®
Hence, there is a demand for a platform that can report the
spatiotemporal dynamics of cell cytokine secretion profiles
during adipocyte differentiation and CLS formation and reso-
lution in an adipose tissue microenvironment.

Cytokines are key immune regulators of inflammation and
form complex immune-body cytokine networks for inter-
cellular communications among immune cells and parenchy-
mal cells of organs and tissues.” Precisely quantifying cyto-
kine secretions from immune and body cells remains a
critical challenge due to their small molecule size, extremely
low concentrations, and transient alterations during cell-cell
signaling in the extracellular milieu.>® The enzyme-linked
immunosorbent assay (ELISA) is widely used and regarded as
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a “gold standard” method for cytokine profiling. Conven-
tional ELISAs rely on fluorescence labeling, long-term sample
incubation and time-consuming manipulation processes,
which greatly limit the real-time, multiplexed cytokine mea-
surements and the ability to monitor cell functions in a dy-
namic manner under niche-specific conditions."® Recently, a
few label-free detection strategies such as mechanical,'""?
electrochemical,"*™® optical,"”™° or surface plasmon resonance-
based biosensors**>* have been developed for real-time pro-
filing multiplexed cytokines in biological fluid samples, such
as serum,"? urine, or saliva.'> However, tools to measure cyto-
kine secretion dynamics and the associated cellular immune
functions within immune-body tissue microenvironments re-
main in their infancy, owing to difficulties in measurement
set-up for signal acquisition and sensor integration.

Recent advances in lab-on-a-chip technologies have
allowed the integration of cytokine biosensors and made on-
chip cell culture possible.”® For example, Luchansky et al.>*
and Oh et al.”’ have demonstrated platforms capable of dy-
namic and multiplexed T-cell cytokine secretion profiling
using integrated microfluidic devices with a silicon micro-
ring resonator sensor and nanoplasmonic gold nanoparticle
sensor, respectively. However, these methodologies still can-
not achieve on-chip, in situ measurements from cells due to
laborious sample preparation steps of separating superna-
tants from cell culture. Others have shown microfluidic bio-
sensing devices capable of on-chip immune cell isolation and
integrated with nanoplasmonic®*° or AlphaLISA*"*? sensors
for detecting cytokine secretions of live cells. However, until
now, there is still a lack of technologies that can achieve la-
bel-free, dynamic, and multiplexed cytokine profiling to mon-
itor cellular functions in situ in a biomimetic tissue environ-
ment. Importantly, the need of sampling for these detection
technologies will affect the original concentrations of cyto-
kines released by the cells, compromising the ability to con-
tinuously monitor cell secretion profiles for extended culture
periods (during cell differentiation and polarization). This
limitation becomes even more pronounced when studying an
on-chip bio-mimic system with small volume of medium
contained in a microfluidic chip (<100 pL).

In this work, we demonstrate, for the first time, a novel,
integrated microfluidic ‘adipose-tissue-on-chip’ platform for
in situ, high-throughput, multiplexed analysis of cytokine sec-
retion dynamics within a biomimetic adipose tissue microen-
vironment. Our biomimetic ‘adipose-tissue-on-chip’ platform
permits a real-time, chronological observation of the dynamic
stages of adipocyte differentiation and CLS formation. Simul-
taneously, we equipped a label-free localized surface plasmon
resonance (LSPR)-based nanoplasmonic biosensor'**#333* to
the biomimetic adipose tissue microenvironment for in situ
cytokine monitoring of adipose tissue inflammation.
Multiplexed measurements of cytokine concentrations were
achieved with a unique dark-field imaging scheme using
antibody-conjugated gold nanorod (AuNR) LSPR nano-
biosensor barcode microarrays.””*> This on-chip immuno-
assay technology affords a wide dynamic cytokine detection

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

range (~10-10 000 pg mL ") and requires a low operating sam-
ple volume (down to ~1 pL) and short assay time (~30 min).
More importantly, our label-free, imaging-based LSPR immu-
noassay is ideal for an in situ, dynamic monitoring of
proinflammatory [tumor necrosis factor alpha (TNF-a) and
interleukin-6 (IL-6)] and anti-inflammatory [interleukin-10 (IL-
10) and interleukin-4 (IL-4)] cytokine secretions from the adi-
pose tissue inflammation. Our platform eliminates the need
of sampling by avoiding complex culture medium separation
procedures, which allows on-chip culture and continuous
monitoring without perturbing cell/tissue microenviron-
ments. Using our platform, we can quantitatively characterize
a time-course functional response of adipocytes under inflam-
matory stimulation, as well as the immunophenotype switch
of macrophages in an inflammatory adipose tissue microenvi-
ronment. This may facilitate the future development of new
prognostic tools useful for personalized treatment strategies
that address problems in obesity and its complications.

Results and discussion

Integrated adipose-tissue-on-chip nanoplasmonic biosensing
platform design

The integrated ‘adipose-tissue-on-chip’ used in this study con-
sists of two components: a central adipose tissue culture
chamber and a peripheral nanoplasmonic LSPR sensing array
(Fig. 1a and S1t). A polydimethylsiloxane (PDMS) layer with
an incubation chamber (4 mm central diameter) was fabri-
cated and bound to cover the glass for adipose-tissue-on-chip
culture. It has been considered that the formation of CLS
composed of dead adipocytes surrounded by macrophages is
a defining hallmark of obesity and adipose tissue dysfunc-
tion.>® Therefore, in this study, we presented a biomimetic
culture model using murine adipocytes and macrophages,
which are the predominant cells that are present in CLS and
mediate inflammation in obese adipose tissue to form a bio-
mimetic adipose tissue microenvironment. 3T3L1 cells, a
widely-used precursor adipocyte line, and J774A.1 (J7) mouse
macrophages were used and cultured in the central chamber
at 37 °C and 5% CO, conditions for 15 days for the on-chip
formation of CLSs of obese adipose tissue (Fig. 1b).

To achieve a complete profile of immune-cell cytokine sec-
retion, we integrated a LSPR ‘barcode’ sensing array of four
circular AuNR stripes aligned perpendicularly to the micro-
channel (1000 pm long, 200 um wide) patterns surrounding
the adipose tissue chamber for cytokine detection (Fig. S17).
Each LSPR AuNR detection stripe has a width of 100 pum and
an inter-bar gap of 100 um and functionalized with different
cytokine detection antibodies on another glass layer using a
one-step microfluidic patterning method (Fig. S1d and S27).
The assembled device allows cell culture medium to diffuse
from the adipose tissue chamber into the microchannels and
interact with the AuNR barcodes for the “label-free” cytokine
detection of the adipose tissue microenvironment (Fig. 1b
and Sict). The integrated microfluidic adipose-tissue-on-chip
coupled with LSPR dark-field imaging permitted us to
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Fig. 1 Adipose-tissue-on-chip sensing platform for an in situ multiplexed analysis of adipose tissue inflammation. (a) Schematic of the integrated
LSPR optofluidic platform device. The bottom layer is an AuNR-patterned barcode for multiplexed LSPR detection. The top PDMS layer provides a
cell culturing chamber for adipocyte culturing and observation for on-chip CLS formation with introduction of macrophages. (b) Enlarged sche-
matic shows that the adipocyte culture chamber is surrounded by multiple microchannels connected to LSPR cytokine detection barcode arrays.
The circular LSPR sensing arrays are aligned and covered under the microchannel patterns surrounding the cell culturing chamber. The adipocyte
and macrophage culture medium supernatant is then diffused into the microchannels and interacts with the AuNR LSPR sensors. (c) Principle of
LSPR-based biosensing with cytokine-binding events on AuNRs. (d) SEM images of individual AuNR biosensors immobilized on glass before and af-
ter immunoassay. After the cytokine assay, the AuNR surfaces show a protein-coated layer. (e) Principle of dark-field intensity imaging of LSPR
nanoplasmonic biosensor microarrays, where the binding between the targeted antigen and sensing surface induces spectral redshift and intrinsic
intensity enhancement of AuNR scattering light. Measuring intensity changes with a band-pass filter enables us to quantify the analyte concentra-

tion in the samples.

conduct functional immunoassay for the in situ, multiplexed
monitoring of a group of immune cells secreting cytokines
from the adipose tissue microenvironment. Such a device can
be readily used to provide predictive information and mecha-
nistic insights for unraveling the complex, adaptive nature of
obese adipose tissue in a proinflammatory milieu under
macrophage recruitment.

Cytokine detection standard curve acquisition and validation
with ELISA

LSPR is a plasmonic phenomenon that arises from nanoscale
structures or nanoparticles of a conductive metal (AuNRs
in this study) when its surface is illuminated with light
(Fig. 1c and d).*” When the incident light frequency matches
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the natural frequency of the electron oscillation of the
AuNRs, it generates significantly enhanced near-field LSPR
“hot spots” at the corners of the nanoparticles and results in
an increased number of scattered photons in far-field, which
are sensitive to the condition changes in the vicinity of metal
nanoparticles. Cytokine binding events lead to changes in the
near-field refractive index around AuNRs, shifting the inten-
sity and phase of the extinction spectra (Fig. 1e) and, thus,
increasing dark-field LSPR image brightness. Applying this
LSPR mechanism, we established a microfluidic dark-field
imaging platform for rapid, precise, and dynamic cytokine
measurements (Fig. S3at).

The layout and preparation of LSPR AuNR strips are
shown in Fig. 1a and S21 (see details in Materials and
methods). Aqueous cetrimonium bromide (CTAB)-coated
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AuNRs (NanoSeedz Ltd.) with average lengths of 80 + 5 nm
and widths of 40 + 3 nm were used as the sensing elements
and uniformly distributed on the glass substrate with an
interparticle distance of >100 nm to avoid plasmonic cou-
pling between adjacent particles (Fig. 1d). Before the detec-
tion, we first functionalized each of the four AuNR strips with
cytokine-specific antibodies targeting pro-inflammatory (TNF-
o and IL-6) and anti-inflammatory (IL-10 and IL-4) cytokines
using standard EDC/NHS chemistry (see details in Materials
and methods, Fig. 1a, and S2t). After the cytokine binding, a
~10 nm thick protein layer coating on the AuNRs was ob-
served, which further confirms the binding of antibody/cyto-
kine molecules to the sensor surface. We also monitored the
spectral red-shift at the end of each bio-conjugation step dur-
ing the AuNR surface functionalization and after the mea-
surement of 10 ng mL™" of IL-6 using a spectrophotometer at-
tached to a microscope (Fig. S3bf and 1e). In our
measurement, we observed that the resonance peak wave-
length of the extinction spectrum of our AuNRs on the glass
substrate was shifted from 662 nm to around 681 nm,
confirming the cytokine binding events to the sensor surface.

The integrated nanoplasmonic biosensing platform was
then mounted on a dark-field microscopy stage for rapid,
high-sensitivity, and dynamic cytokine detection (Fig. 2a and
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S3a;t see details in Materials and methods). The scattering
spectrum can be spatially mapped across the surface to ob-
tain a LSPR image. An increase in the surface antigen-anti-
body binding thus increases the brightness of the LSPR im-
age. The LSPR images of the AuNR nanoplasmonic biosensor
microarrays were captured in real time using a 10x objective
lens, a dark-field condenser, an electron multiplying charge-
coupled device (EMCCD) through a band-pass filter (674-686
nm) (Fig. 2a and Fig. S3at). The captured LSPR images were
then processed using a customized MATLAB program to se-
lectively detect the intensity changes of the LSPR images in a
microfluidic channel resulting from the cytokine surface
binding to AuNRs (Fig. 1a).

Prior to multiplexed analyte detection, we performed par-
allel measurements of different cytokines using the LSPR
sensing units on the microfluidic chip. Standard curves were
acquired for each cytokine to determine the assay time, dy-
namic range and limit of detection (LOD) of the sensors.
First, we measured real-time cytokine signal variations associ-
ated with analyte surface binding in a multiplexed scheme
with a mixture of four target cytokines suspended in phos-
phate buffered saline (PBS) solution. In the cytokine solution,
a different concentration level was assigned to cytokines IL-4,
IL-6, IL-10 and TNF-a, at 3000, 1000, 500, and 250 pg mL*,
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Fig. 2 Label-free and multiplexed nanoplasmonic measurement of cell-secreted cytokines. (a) Schematic of LSPR signal detection on a dark-field
microscopy stage. (b) Real-time LSPR signals during the multiplexed cytokine detection. The gray area shows the LSPR signal after washing with
PBS. (c) Mapping of intensity variations at LSPR microarray sensing spots for four different types of cytokines at different concentrations. (d) Cali-
bration curves of purified IL-4, IL-6, IL-10, and TNF-o obtained from the LSPR nanoplasmonic biosensor microarray chip. Each sample was mea-
sured ten times. Error bar: standard error. (e) Correlation between data obtained from independent LSPR microarray and gold standard ELISA ex-

periments using the same samples.
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respectively. We loaded the cytokine mixture into one of the
microfluidic channels of the LSPR microarray device and sub-
sequently measured the time-course signal variation from the
sensor spots (Fig. 2b). Analyte-antibody binding reached
equilibrium within 30 min after the introduction of the cyto-
kine mixture, as evidenced by signal plateaus. The rapid ana-
Iyte binding kinetics allowed the assay to be performed with
a very short incubation time, without adversely affecting the
on-chip cell culture. Such a time-saving detection tool for
multiplexed cytokine profiling can be performed at the point
of interest during adipose tissue-on-a-chip culture. The signal
intensity was only reduced by ~8% after washing with PBS to
remove any nonspecific bound molecules. We then spiked a
PBS solution with purified IL-4, IL-6, IL-10 and TNF-a with
known concentrations from 100 to 1000 pg mL™" and quanti-
fied the percentage of scattering intensity change induced by
the specific binding of target analyte cytokines to antibody-
conjugated AuNR microarrays. Fig. 2c shows the mapping of
intensity variations at our LSPR microarray sensing spots for
the four different types of cytokines at varying concentra-
tions. We recorded the intensity values of the LSPR sensing
spots before (I) and after (I + AI) sample incubation and plot-
ted standard curves showing the fractional intensity shift A7/I
as a function of cytokine concentrations (Fig. 2d).

We further compared the readouts from the LSPR nano-
plasmonic biosensor with those obtained using the “gold
standard” ELISA (Biolegend) (Fig. 2e). The PBS solutions
spiked with different concentrations of cytokines were tested
using both the LSPR biosensors and ELISA. We found an ex-
cellent correlation between the two types of measurements
across a wide dynamic range with slope values of 1.069, 0.982,
1.305, and 0.976 and R® of 0.918, 0.985, 0.983, and 0.979 for
cytokines IL-6, TNF-o, IL-4 and IL-10, correspondingly. There-
fore, we validated the accuracy of our LSPR nanoplasmonic
biosensors. It should be noted that typical ELISA measure-
ments require at least 100 pL of sample medium for each cy-
tokine detection. Thus, a total of at least 400 uL media is re-
quired to measure 4 types of cytokines. However, the in vitro
adipose-tissue-on-chip in this study only requires a few micro-
liters of samples, which is inaccessible by conventional ELISA.

On-chip adipose tissue cell culture

To form a biomimetic adipose tissue microenvironment,
3T3L1 precursor adipocyte cells and J7 mouse macrophages
were used and cultured in the adipose tissue chamber for 15
days (Fig. 3a). We quantitatively characterized time-course re-
sponses of adipocytes during maturation and inflammatory
stimulation and obtained a dynamic correlation between the
cytokine secretion profile under adipocyte differentiation and
CLS formation (Fig. 3b) within the adipose tissue microenvi-
ronment. Initially, 1000 3T3L1 pre-adipocytes were loaded
into the culturing chamber (day 0) and treated with differen-
tiation medium (see Materials and methods) for 2 days to ini-
tiate adipocyte differentiation. Following that, the adipocytes
were continuously cultured in the maintenance medium for
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another 11 days. Pioglitazone is recognized to activate PPAR
alpha to differentiate pre-adipocytes into mature adipocytes.
Thus, we accelerated the maturation of adipocytes in our
in vitro system by adding 0.2 uM pioglitazone into the main-
tenance medium on day 2. As shown in Fig. 3c, the 3T3L1
cells treated with pioglitazone exhibited a unique adipocyte
morphology, evidenced by increasing accumulation of lipid
drops and many signet ring appearances of adipose cells.*®

After day 13, 2 ng mL ™" of purified TNF-a. were added to
the cell culture chamber to trigger the pro-inflammatory re-
sponse from the adipocytes as well as to promote the necro-
sis of adipocytes, mimicking the dysfunctional adipose tissue
with chronic inflammation caused by obesity. After a 24-hour
incubation, the medium with TNF-o. was removed and re-
placed by fresh maintenance medium on day 14. Subse-
quently, different densities of J7 macrophages (0, 500, and
1000 cells, denoted as 0x Mac, 1x Mac and 2x Mac in Fig. 4)
were introduced into the three different devices to imitate
different levels of macrophage infiltration, respectively. After
fifteen days of adipocyte differentiation, maturation, and in-
flammatory stimulation, bio-mimic CLSs consisting of macro-
phages encircling a necrotizing adipocyte®* were successfully
observed in our microfluidic chip, validating adipose tissue
inflammation in the adipose tissue microenvironment.
Fig. 3b presents the fluorescence image of the adipocytes,
macrophages, and CLS on the chip after cell fixing and
staining on day 15. The macrophages were stained with an
iNOS M1 macrophage marker (red color) and the nuclei of
adipocyte were stained with DAPI (blue color). Clearly, there
are a number of CLS signatures by clusters of macrophages
circulating adipocytes. We confirmed that the macrophages
in CLS are mostly polarized to the M1 pro-inflammatory phe-
notype.®® This observation confirmed that we have success-
fully created an inflammatory adipose tissue. The polariza-
tion of macrophages also concurs with the results from
in vivo observations from obese human and mice.***’ More-
over, we can directly observe the CLS on-chip even without
fluorescence staining, owing to the unique appearance of
CLS (Fig. 3c). We observed that the density of CLS is posi-
tively correlated with an increasing number of J7 macro-
phages (Fig. S47), indicating that the number of recruited
macrophages may correlate with the level of inflammation in
the adipose tissue.

On-chip cytokine secretion profile measurement from the
adipocytes and adipose tissue macrophages

During the progression of obesity, the adipose tissue macro-
phages and hypertrophic adipocytes produce a pro-
inflammatory milieu of cytokines, such as IL-6 and TNF-a,
for facilitating chronic low-grade inflammation."* Therefore,
in situ multiplexed cytokine profiling is a key to monitoring
the status changes of adipose tissue inflammation from an
initiation to a chronic stage, as indicated by the CLS forma-
tion. To obtain the multiplexed adipocyte cytokine secretion
profile from the adipose tissue cells and macrophages, we

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 On-chip adipocyte culture, differentiation, inflammatory stimulation, and CLS formation. (a) Schematic of the on-chip adipocyte culture,
differentiation, inflammatory stimulation, and CLS formation process. After the 3T3L1 pre-adipocytes were loaded into the adipocyte culture cham-
ber, the cell culture and expansion medium were replaced with the differentiation medium to initiate adipocyte differentiation, and we denoted
the date as day 0. To enhance adipocyte differentiation, 0.2 uM pioglitazone was added into the maintenance medium on day 2. The adipocytes
were then continuously cultured in the maintenance medium with pioglitazone for another 11 days. On day 13, 2 ng mL™* of TNF-o was added into
the medium, stimulating the inflammatory microenvironment. The macrophages were added on day 14. Subsequently, the formation of CLSs was
observed on day 15. (b) Representative fluorescence image of the adipocytes, macrophages, and CLS on the chip. The nucleus of adipocytes was
stained using DAPI (blue color) and the macrophages were stained using an iNOS M1 macrophage marker (red color). The enlarged image clearly
shows a CLS with M1 macrophages surrounding the adipocyte cells. (c) Optical microscopy images of the on-chip adipocyte differentiation and
CLS formation process. The 3T3L1 cells treated with pioglitazone exhibited a unique mature adipocyte morphology, evidenced by increasing accu-
mulation of lipid drops and many signet ring appearances of adipose cells.

prepared the LSPR sensing arrays on glass slides with each
AuNR barcode functionalized by antibodies targeting IL-4, IL-
6, IL-10, or TNF-q, respectively (Fig. 4a). After each cytokine
measurement, we peeled off the glass slide deposited with
AuNRs, and replenished the incubation chamber with a fresh
cell culture medium. We quantitatively measured the four cy-
tokine secretion levels in the adipose-tissue-on-chip on day
0 (expansion medium), day 2 (differentiation medium), day 7
and day 13 (maintenance medium + pioglitazone), day 14
(maintenance medium + TNF-a)), and day 15 (maintenance
medium = pioglitazone + J7 macrophages). The results were
plotted as a heat map ‘barcode” visual, as shown in Fig. 4b.
The heat map sensing barcode provides a multiparametric
and spatiotemporal analysis of the immune status of the adi-
pose tissue microenvironment. It is noteworthy that anti-

inflammatory cytokines, especially IL-4, were nearly

This journal is © The Royal Society of Chemistry 2018

undetectable. However, pro-inflammatory cytokines were ob-
served predominantly in concentrations on day 14 and day
15, confirming that a pro-inflammatory microenvironment
was formed after TNF-a stimulation.

We first compared the adipocyte cytokine secretion pro-
files during the differentiation process (from day 0-13) to af-
ter TNF-o stimulation (day 14). The secretion of anti-
inflammatory cytokine, IL-10, was the most prominent in
healthy developing 3T3-L1 adipocytes under low-density
macrophage culture or pioglitazone conditions. In Fig. 4c, we
observed elevated secretions of IL-10 but negligible levels of
other secretory cytokines from day 0-13, confirming the
healthy state of the adipocytes. Pioglitazone has previously
been reported to suppress adipose tissue inflammation*' and
can be attributed to the observed increasing levels of anti-
inflammatory cytokine IL-10. On day 14 after 24 h of

Lab Chip, 2018, 18, 3550-3560 | 3555
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(b) A heat map visualization representing the concentrations of IL-4, IL-6, IL-10 and TNF-a at different stages of adipose-tissue-on-chip, with dif-
ferent concentration of macrophages and with/without different reagents such as Pio and LPS. (c) Cytokine secretion profiles of 3T3L1 adipocytes
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tion with 2 ng mL™ TNF- q, the IL-10 levels were suppressed and the IL-6 levels were raised significantly. (d) Comparison of cytokine secretion
profiles of adipose-tissue-on-chip after adding different densities of J7 macrophages in the medium with (+Pio) or without (-Pio) pioglitazone. (e)
Cytokine secretion profiles of the adipose-tissue-on-chip after pro-inflammatory LPS stimulation in the medium with (+Pio) or without (~Pio)
pioglitazone. From (c)-(e), the results were measured from at least 3 samples under the same condition. Error bar: standard error.

stimulation with 2 ng mL™ of TNF-o, the adipocytes
exhibited a significant change from anti-inflammatory into
an inflammatory phenotype as evidenced by the elevated
levels of IL-6 and suppressed expressions of IL-10, similar to
the obesity-induced changes in the adipose tissue microenvi-
ronment. On day 15 after removing the TNF-o-conditioned
medium, the adipocytes without the J7 macrophages contin-
ued expressing pro-inflammatory cytokines but non-
detectable levels of anti-inflammatory cytokines (Fig. 4d),
suggesting a low-grade inflammatory milieu in the adipose-
tissue-on-chip, confirming that we have successfully produced
a biomimetic, obesity-induced, and inflammatory adipose tis-
sue microenvironment. We then compared the cytokine sec-
retion profiles of the adipose-tissue-on-chip after adding dif-
ferent densities of J7 macrophages. IL-6 and TNF-o levels
have been observed to increase with the number of J7 macro-
phages introduced into the chip, indicating that the macro-
phages were mainly polarized into the inflammatory M1 phe-
notype, concurring with our previous immunofluorescence
staining and analysis results (Fig. 3b) and other studies on
obese adipose tissue macrophages. Juxtaposed with the ob-
servation of increasing CLS density (Fig. S47), our results cor-
relate CLS formation with the level of adipose tissue inflam-
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mation. The devices using medium without pioglitazone
expressed higher levels of pro-inflammatory cytokines after
D14, confirming the suppressive effect of pioglitazone on adi-
pose tissue inflammation. These results suggest that CLS for-
mation is cell and microenvironment-dependent and can be
modulated under in vitro conditions to recapitulate aspects
of adipose tissue inflammation in real time.

It has been well known that lipopolysaccharide (LPS) can
initiate an acute pro-inflammatory response of macrophages
and promote the secretion of pro-inflammatory cytokines
TNF-a and IL-6.*> Thus, to validate our sensing platform that
can map phenotype changes as a response to inflammatory
milieu alterations, we stimulated J7 macrophages with LPS
(100 ng mL™), both off-chip and on-chip, and subsequently
quantified cytokine secretion profiles. First, we pre-
stimulated J7 macrophages (density ~5 x 10* cells per mL)
with 100 ng mL™" of LPS for 24 h in T75 flasks, then collected
50 uL of the supernatant samples from the J7 macrophage
culture medium and loaded it into our microfluidic LSPR
biosensor device for cytokine detection. We also collected the
control samples from the J7 cell culture medium without LPS
stimulation for comparison. Significant increases in TNF-a
and IL-6 levels were observed in the supernatants collected
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from LPS-stimulated J7 macrophages, consistent with previ-
ous studies (Fig. S51).****

Then, we performed the on-chip LPS stimulation by simul-
taneously adding 100 ng mL™" of LPS and loading J7 macro-
phages into the adipose-tissue-on-chip cell culture chamber
on day 14. The on-chip multiplexed cytokine secretion pro-
files were measured on day 15. Unlike the low-grade inflam-
mation with IL-6 and TNF-o, around 200-300 pg mL ™" in the
non-stimulated chips, LPS stimulation led to high-grade in-
flammation in the adipose-tissue-on-chip, displaying height-
ened secretion levels (>1500 pg mL™") of IL-6. Interestingly,
we also observed distinct IL-10 levels after LPS stimulation.
This observation is consistent with those previously reported
where the LPS challenge prompts the expression of anti-
inflammatory cytokines like IL-10 in multiple types of cells,
such as 3T3L1 adipocytes,’ microglia,*® Kupffer cells,*® etc.
Our integrated nanoplasmonic adipose-on-chip has proven to
be a reliable platform to monitor dynamic multiplexed cyto-
kine secretion profiles of cells in a biomimetic adipose tissue
microenvironment.

Conclusion

Although many cytokine sensing techniques have been devel-
oped, they have been hindered by the complexity to trouble-
shoot signal acquisition, sensor integration, low sensitivity, or
lack of multiplexity. Thus, this has stressed an urgent need to
equip novel label-free cytokine biosensors to profile the dy-
namic in situ cytokine secretion behaviors of a complex biomi-
metic tissue microenvironment. In this work, we demonstrated
a novel integration of a LSPR biosensor with a biomimetic
microfluidic adipose-tissue-on-chip platform to quantitatively
characterize the multiplexed cytokine secretion patterns of adi-
pose tissue cells altered by pro-inflammatory stimulations. In
particular, we were able to easily observe the appearance of the
adipocytes and the on-chip formation of CLS in our micro-
fluidic biomimetic adipose tissue microenvironment chip.
With integrated antibody-conjugated AuNR LSPR barcode ar-
rays, our platform enables simultaneous multiplexed measure-
ments of pro-inflammatory (IL-6 and TNF-a) and anti-
inflammatory (IL-10 and IL-4) cytokines secreted by the adipo-
cytes and macrophages. Our cytokine secretion assay was rapid
(<30 min), sensitive (~20 pg mL™), and easy to implement for
multiplexed and real-time detection. The multiplexed time-
course cytokine secretion data obtained from this work en-
abled us to monitor the dynamic, stage-specific responses of
adipocytes and encircling macrophages during differentiation
and pro-inflammatory stimulation in the adipose tissue micro-
environment. To the best of our knowledge, this study is the
first to integrate a label-free, multiplexed biosensor into a com-
plex biomimetic tissue microenvironment and quantitatively
characterize the dynamic cytokine secretion behaviors in a spa-
tiotemporal manner. We envision this integrated ‘adipose-
tissue-on-chip’ biosensing platform will not only be applied as
a precise drug-efficacy screening and prognostic tool for per-
sonalized treatment regimens and risk prevention against obe-
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sity but can also be adapted to other biomimetic microfluidic
cultures to drive future research in precision immunology for
personalized medicine.

Materials and methods
Microfluidic device fabrication

Poly-dimethylsiloxane (PDMS) was used to frame the micro-
fluidic device to reconstruct a biomimetic adipose tissue micro-
environment in vitro. Master molds were first fabricated on sili-
con substrates by employing photolithography with a SU-
8 negative photoresist (2025, Microchem). The master molds
were silanized with trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane (448931, Sigma-Aldrich) vapor overnight under vacuum
desiccation to facilitate subsequent release of PDMS from the
molds. A PDMS precursor (Sylgard-184, Dow Corning) was pre-
pared by mixing a PDMS curing agent with the base (wt:wt =
1:10), poured onto the molds, and cured overnight in a 60 °C
oven. Two separate fully cured PDMS structures with micro-
fluidic channels were fabricated using different molds: one for
patterning the circulated AuNR biosensor barcodes on a glass
substrate and the other for forming the on-chip culturing and
cytokine detection layer (Fig. S11).

Assembly of adipose-tissue-on-chip device and LSPR cytokine
detection layer

To assemble the integrated culture and detection platform,
we first permanently bound a clean 18 cm x 18 cm glass
cover slide on the top side of the PDMS microfluidic device.
The device was then sterilized by exposing it under UV light
for 5 min. Subsequently, the device was inverted, producing a
4 mm diameter cylindrical chamber with a sealed bottom.
The adipocytes and macrophages were then cultured on-chip
in a single chamber in a cell culture incubator. Before taking
each multiplexed cytokine measurement, a fresh glass sub-
strate with a patterned AuNR sensing array was temporarily
bound to the PDMS microfluidic device. The circular AuNR
sensing array and microfluidic chamber were aligned under
an optical microscope. After bonding, the whole device was
then inverted to allow conditioned culture media to diffuse
into the microchannels and AuNR sensing array for LSPR cy-
tokine detection. After each measurement, the AuNR-
patterned glass substrate was peeled off, and the device was
put back into the incubator for on-chip cell culture.

Cell culture

Mouse 3T3L1 precursor adipocyte cell line (ATCC) and
J774A.1 macrophages (ATCC) were cultured separately in the
pre-adipocyte expansion medium containing 90% of
Dulbecco's modified Eagle's medium (DMEM, sigma Al)
supplemented with 10% bovine serum (Gibco) and 1% peni-
cillin/streptomycin (Gibco) in T75 flasks. Both cell lines were
grown in a 37 °C and 5% CO, incubator to reach 80% conflu-
ence for any further experimentation.
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On-chip adipocyte differentiation, maturation and
inflammatory stimulation

The culture chamber was incubated in 1 mg mL™ fibronectin
solution for 1 hour to help the adhesion of cells on the sur-
face of glass. After removing fibronectin and washing, pre-
adipocytes and 35 pL of cell culture medium were added into
the chamber for the on-chip culture experiment. After the
3T3L1 pre-adipocytes were loaded into the adipocyte culture
chamber (1000 cells per device) and cultured for 2 days, the
pre-adipocyte expansion medium was replaced with differen-
tiation medium to initiate adipocyte differentiation, and we
denoted the date as day 0. The differentiation medium con-
tains 90% DMEM (Caisson), 10% FBS (Gibco), 1% penicillin/
streptomycin (Gibco), 1.0 ug mL™ insulin (Gibco), 1.0 uM
dexamethasone, and 0.5 mM methylisobutylxanthine (IBMX)
to chemically induce the differentiation of the 3T3L1 cells.
To enhance adipocyte differentiation, the differentiation me-
dium was replaced with a pioglitazone (0.2 uM; Alfa Aesar)-
supplemented adipocyte maintenance medium on day 2. The
adipocyte maintenance medium contains 90% DMEM (Cais-
son), 10% FBS (Gibco), 1% penicillin/streptomycin (Gibco),
and 1.0 ug mL™" insulin (Gibco). The adipocytes were then
continuously cultured in the adipocyte maintenance medium
with pioglitazone for another 11 days with the culture me-
dium replaced every 2-3 days. On day 13, 2 ng mL ™" of TNF-o
(eBioscience) was added into the adipocyte maintenance me-
dium, stimulating the inflammatory microenvironment for
24 hours. On day 14, the medium with TNF-o was replaced
by a normal adipocyte maintenance medium with 0.2 pM
pioglitazone. Different amounts of J7 macrophages (0, 500,
and 1000 cells, denoted as 0x Mac, 1x Mac and 2x Mac) were
simultaneously introduced into three different devices to
mimic different levels of inflammation. The 3T3L1 adipocytes
and J7 macrophages were co-cultured in the devices for an-
other 24 hours before taking cytokine measurement at the fi-
nal stage. A control experiment following the same procedure
but without the addition of pioglitazone was performed and
compared. All the cells were incubated at 37 °C with 5% CO,
and 100% humidity in a CO, cell culture incubator.

LSPR nanoplasmonic biosensor microarray fabrication

The fabrication of LSPR nanoplasmonic biosensor microarray
is shown as a schematic in Fig. S2.f A piranha-cleaned glass
substrate was first oxygen-plasma treated at 20 W for 120 s.
Then, a colloidal solution suspending positively charged
CTAB-coated AuNRs (Nanoseedz, Hong Kong) was flowed into
the PDMS microfluidic patterning channels (Fig. S1df) cov-
ered by the plasma-treated glass substrate. The surface of the
glass substrate was negatively charged. The AuNRs were
immobilized onto the glass substrate by means of electro-
static interactions and parallel sensor array patterns were
formed. Subsequently, 1 mM 11-mercaptoundecanoic acid
(Sigma-Aldrich) was dissolved in 10% ethanol, loaded into
the microfluidic patterning channels, and incubated over-
night to functionalize the AuNR surfaces with the thiol
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anchor group, which replaced CTAB through a ligand ex-
change process. 0.4 M EDC (1-ethyl-3-[3-(dimethylamino)-
propyljcarbodiimide hydrochloride, Thermo Scientific) and
0.6 M NHS (N-hydroxysuccinimide, Thermo Scientific) were
mixed at a 1:1 volume ratio in 0.1 M MES (2-(4-morpholino)
ethanesulfonic acid, Thermo Scientific) solution. The EDC/
NHS/MES solution was loaded into the same microfluidic
channels and incubated for 30 min to activate the ligand.
This was followed by antibody coating of the AuNR sensor
patterns that involved loading of probe antibodies (anti-
mouse IL-4, IL-6, IL-10, and TNF-o; eBioscience, USA) in PBS
solution at a concentration of 50 ug mL™ into individual pat-
terning channels. Subsequently, 3% BSA in deionized water
solution was loaded into the channels and incubated for 20
min for sensor surface passivation to eliminate nonspecific
binding of biomolecules. At the end of every incubation step
above, the sensor surfaces were thoroughly washed using de-
ionized water, and any excessive solution and unbound mole-
cules were removed.

LSPR dark-field imaging for cytokine detection

Before each multiplexed cytokine measurement, a freshly
made glass substrate with the AuNR LSPR biosensor microar-
ray chip was temporarily bonded onto the side of the culture
chamber with the microchannel patterns. The alignment of
the circular AuNR arrays and the microchannels were oper-
ated using an optical microscope. The device was then re-
versed to have the cell culture medium diffuse into the
microchannels during the LSPR measurement. After the mea-
surement, the AuNR-patterned glass substrate was peeled off,
and the device was sent back to the incubator to continue
the on-chip cell culture. The LSPR biosensor microarray chip
was mounted on the motorized stage of an upright micro-
scope (Axio Imager 2, Zeiss) to position the on-chip sensing
spot at ease and to automate the signal scanning. A dark-
field condenser (NA = 1.45) was closely placed to the backside
of the glass substrate (the opposite side of the AuNR-
deposited sensor side) using lens oil. The light scattered from
the AuNR nanoplasmonic biosensor arrays was collected
using a 10x objective lens under the chip and then filtered
using a band-pass filter (674-686 nm, Semrock). This light
signal was collected using an electron multiplying CCD
(EMCCD, Photometrics) camera (Fig. S37). The captured
LSPR images were then processed using a customized
MATLAB program to selectively detect the intensity changes
of the LSPR images in a microfluidic channel resulting from
the cytokine surface binding to AuNRs. Image analysis was
performed using our customized MATLAB code.

Spectral shift measurement of biomolecule binding using a
spectrophotometer

The scattering spectrum of the AuNRs during each step of
biomolecule binding was measured using a fiber spectrome-
ter (Ocean Optics, UR2000). The spectrometer was mounted
onto the camera C-mount port of the dark-field upright
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microscope (Axio Imager 2, Zeiss) to check the dark-field scat-
tering spectrum of the AuNR substrate. The spectral shift at
each bio-conjugation step was monitored (Fig. S37).

Cytokine measurement with ELISA immunoassays

The validation of cytokine measurement was carried out by
measuring PBS solutions spiked with different concentrations
of cytokines (mouse IL-4, IL-6, IL-10, and TNF-o; eBioscience,
USA) using both LSPR microarrays and the gold-standard
ELISA. ELISA kits (Mouse IL-4 ELISA MAX™ Deluxe, Mouse
IL-6 ELISA MAX™ Deluxe, Mouse IL-10 ELISA MAX™ Deluxe,
and Mouse TNF-o. ELISA MAX™ Deluxe, Biolegend) were
used in this study according to manufacturer's protocols.
Briefly, cytokine solutions or cell culture supernatants were
collected as samples. Capture antibody solution was added
into all the wells of a 96-well plate provided in the kit, and
the plate was subsequently sealed and incubated at 4 °C over-
night. After washing and blocking, 100 pL of each standards
and samples were added into the wells and were incubated
for 2 hours at room temperature. The wells were then incu-
bated with detection antibody for 1 hour, followed by wash-
ing and incubation with HRP-labeled Avidin for 30 minutes.
The TMB mixture (1:1) was then applied to visualize chemi-
luminescence for 20 minutes in the dark. Then, 100 pL of 2
N sulfuric acid solution was added in each well to stop the re-
action. The reading of ELISA results was carried out using a
plate reader (SpectraMax i3, Molecular Devices) by reading
the absorbance at 450 nm within 15 min after adding the
stop solution.

Immunofluorescence staining and analysis

We fixed and stained the cells cultured on the chip after day
15. The cells were fixed with 4% paraformaldehyde (15711,
Electron Microscopy Sciences) for 30 min, permeabilized with
0.3% Triton X- 100 (11332481001, Sigma-Aldrich) for 10 min,
and then blocked with 3% bovine serum for 1 h on ice to
eliminate nonspecific binding. Specifically, we stained M1
phenotype macrophages by incubating the chip with iNOS
primary antibodies (NB300605, Novus Biologicals, 5 ug mL™)
for 1 h, and then visualized with Alexa Fluor 555 conjugated
goat anti-mouse IgG secondary antibodies (Invitrogen, 5 mg
mL ). All the cell nuclei were stained with DAPIL The fluores-
cence images were obtained using an inverted microscope
(Zeiss Axio Observer.Z1) equipped with a digital CMOS cam-
era (ORCA-Flash4.0 LT digital CMOS camera, Hamamatsu
Photonics) and a 10x objective lens.
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