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Abstract
The dysregulation of the immune system plays a crucial role in the pathogenesis of manyfold
diseases, among which we find rheumatoid arthritis (RA), an autoimmune disease characterized by
chronic inflammation in synovial joints, leading to pain and disability. Immune cells such as
pro-inflammatory macrophages and T helper 1 (Th1) cells drive the inflammatory cascade. Thus,
including immune system in in vitromodels is pivotal to recapitulate and better understand the
complex interactions between these immune cell subsets and their secreted mediators. Here, a
compartmentalized microfluidic platform is presented, for precise confinement of circulating
immune cells in organs-on-chip. The integration of innovative normally-closed sieving valves
allows, through minimal waste of biological material, to co-culture different immune cell types
(e.g. macrophages and Th1). Moreover, the platform allows to stimulate cell subsets separately, and
to assess their cross-talk at desired time points. Functional validation of the platform demonstrates
its ability to create stable chemotactic gradients, allowing for induction and evaluation of Th1 cells
migration. In a proof-of-concept study, the platform allowed to assess Th1 T cells migration
towards pro-inflammatory macrophages, thus replicating a characteristic interaction among
immune cells triggered during RA onset. These results thus support the suitability of the platform
to study immune cells cross-talk and migration phenomena, being potentially applicable to a
manyfold immune cell mechanisms, both involved in RA progression and in different
immune-mediated pathologies.

1. Introduction

The immune system plays a pivotal role in main-
taining tissue homeostasis and orchestrating immune
response during the progression of many diseases,
among which rheumatoid arthritis (RA) is a relev-
ant example [1]. RA is a chronic autoimmune dis-
ease that involves synovial joints, resulting in disab-
ility and reduced life expectancy [2], and its hallmark
is an uncontrolled systemic inflammatory response,
characterized by immune cells infiltrating in the
joints, that first undermine the synovium, causing

inflammation and hyperplasia, and progressively lead
to cartilage and bone degradation, with severe joint
swelling and pain [3, 4]. RA pathogenesis is intric-
ately linked to dysregulation of the immune system,
with a diverse array of immune cells and cytokines
that play pivotal roles in orchestrating the inflam-
matory cascade [5, 6]. In particular, the inflam-
matory milieu in RA is heavily influenced by the
imbalance between pro-inflammatory (M1) and anti-
inflammatory (M2) macrophages, which is a crucial
driver of RA pathogenesis [7, 8]. Specifically, there
is a notable predominance of M1 macrophages in
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peripheral blood, synovial fluid and synovium, where
M1 macrophages promote inflammation and tissue
damage. Moreover, the interplay between these mac-
rophages and CD4+ T helper type 1 (Th1) and T
helper type 17 (Th17) cells plays a key role in amp-
lifying the inflammatory processes [9]. On one hand,
synovial macrophages produce a combination of pro-
inflammatory cytokines, chemokines, and matrix-
degrading enzymes [10, 11]. On the other hand,
circulating Th1 and Th17 cells are attracted in the
joint by such specific macrophage-secreted stimuli
and are in turn responsible for the secretion of pro-
inflammatory cytokines (such as IFN-γ and TNF-α)
that not only drive local inflammation, but also activ-
ate other immune cells and stimulate the produc-
tion of autoantibodies [12]. The interaction between
synovial macrophages and Th1/Th17 cells thus leads
to a positive feedback loop, worsening the chronic
inflammation and tissue damage observed in RA
[13]. Despite significant advancements in our under-
standing of RA, the exact etiology and underlying
molecular mechanisms leading to immune dysreg-
ulation and joint damage remains not completely
elucidated [2]. A better understanding of the com-
plex interactions and early cause-effect relationship
between immune cell subsets and their secretedmedi-
ators would in turn be crucial for the development of
targeted therapeutic strategies, potentially improving
patient-specific outcomes and minimizing adverse
effects [14, 15].

Traditionally, immune system research has
primarily occurred through in vivo animal studies
or in two-dimensional (2D) traditional in vitro cul-
tures. However, in the former case notable disparities
exist between immune systems of different animal
species, resulting in limited translational efficacy
from animal to human trials and contributing to
attrition within the drug development process. On
the other hand, in vitro research using 2D cell cul-
tures falls short in fully mimicking the complexity
and the intricate multicellular microenvironment
of in vivo scenarios [16]. In this context, advanced
technologies such as organ-on-chip (OoC) plat-
forms are revolutionizing our ability to study com-
plex immune cellular interactions within physiolo-
gically relevant microenvironments [17–19]. In the
last decade, several OoC have emerged, integrat-
ing immune system components and investigating
a wide range of pathophysiological processes, such
as immune cell extravasation, immune system inter-
action with other tissues and organs (e.g. skin, gut,
liver), as well as immune responses to tumors and
inflammatory processes [16, 20–22]. Microfluidic
designs integrating immune cells in OoC may be
broadly classified in static versus perfusion-based
approaches. Regarding the first type, poly-dimethyl-
siloxane (PDMS) devices made of three chambers

separated by pass-through trapezoidal posts have
been extensively used to assess immune cells chemo-
taxis through a 3D matrix, in static conditions [23].
Tiberti et al exploited a microfluidic device of this
kind to evaluate invasion of neutrophils in colla-
gen gel in presence of interstitial fluid derived from
colorectal cancer patients [24]. In another study,
Pavesi et al used a similar device to study the migra-
tion of human T cells, engineered to express tumor-
specific receptors, in response to human cancer hep-
atocytes incorporated in a 3D collagen gel [25]. Other
designs have been proposed integrating perfusion sys-
tems to simulate immune cells circulating together
with blood flow. An example is represented by the
lung-on-chip model presented from van Os et al con-
sisting of a three-channel perfusable system mim-
icking the lung endothelium, an ECM barrier, and
the lung epithelium [26]. The device was exploited
to assess the behavior of peripheral blood mononuc-
lear cells (PBMCs) perfused through an endothe-
lium composed of human pulmonary microvascular
endothelial cells, in response to inflammation of the
epithelial layer. Main drawbacks related to the integ-
ration of immune cells in current OoC, either using a
static or a perfused configuration, include a poor con-
trol over immune cells spatio-temporal location and
the need of a considerable amount of immune cells.
The precise location of immune cells is an enabling
factor for the accurate quantification of their recruit-
ment dynamics [27]. Whereas, despite the microscale
dimensions of OoC, the need of large numbers of
cell is usually due to two intertwined reasons: (i) an
extremely low seeding efficiency (i.e. the number of
cells remaining in the channel as compared to the
total cells injected), (ii) the high absolute number
of cells contained in the initial suspension [28, 29].
This high demand of cells often represents an impair-
ing factor for the application of immune system in
in vitromodels, especially when rare cell populations
and/or patient specific models are required.

Here, we report a novel technological solution,
which we have termed ‘Normally-Closed (NC) Sieving
Valves’, conceived to confine immune cells in OoC
platforms maximizing seeding procedure efficiency
without the need of external pumps, ultimately aim-
ing at applications with rare cell populations, such as
T cell subpopulations isolated from patient-derived
blood samples. In the perspective of recapitulating
a patient-derived RA joint-on-chip model, NC siev-
ing valves were integrated in a compartmentalized
OoC platform, named here arbitrary ‘iMµne’, and
aimed at evaluating the active interaction of dif-
ferent subsets of immune cells involved in RA. In
detail, owing to the incorporation of microfluidic
valves, the device allows to host different cell types
(i.e. macrophages and Th1 cells) in compartment-
alized regions, to stimulate them separately and to
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assess their cross-talk by evaluating Th1 migration
at specific time points. The platform was technic-
ally validated and biologically qualified, in a proof-of-
concept study. Specifically, although RA is governed
by very complex mechanisms, here we first focused
on replicating a simplified process, i.e. the interaction
between pro-inflammatory macrophages and activ-
ated Th1 cells [30].

2. Results

2.1. Device concept
A compartmentalized valve-based microfluidic plat-
form, named iMµne, was conceived to trap and cul-
ture immune cell types, both tissue-resident and cir-
culating, in specific compartments, as well as to assess
their cross-talk. The device comprises three PDMS
layers (figure 1(a)): (1) a top Valve layer hosting
actuation mechanisms, (2) a middle Culture chamber
layer, and (3) a bottom Unpatterned membrane. An
assembled device is depicted in figure 1(b), together
with a picture (figure 1(c)). In detail, the Culture
chamber layer consists of two separate culture com-
partments, which are independent at rest, named 3D
chamber and Sieving valve chamber (figure 1(d)). The
3D chamber is designed to host cells (namely resid-
ent macrophages) seeded in a 3Dmatrix and includes
a 400 µm-wide central channel suitable for 3D cell-
laden fibrin gel injection, flanked by two lateral chan-
nels dedicated to culture medium. The central chan-
nel is limited by two rows of trapezoidal posts. The
Sieving valve chamber is a single channel designed
to precisely locate, trap and culture immune cells
(namely Th1 cells) in suspension. This is achieved
by means of the integration of a novel technological
solution, namedNC sieving valves,which builds upon
the principles of lifting gate microvalves described
fromKim et al [31] and curtain valves described from
Irimia et al [32] In detail, the novelty of the sieving
valve technology lies in the integration of an array of
underlying microgrooves (height 5 µm) underneath
the PDMS wall of a NC curtain valve (figures 1(e)
and 2(a–i)). NC sieving valves were incorporated at
both extremities of the Sieving valve chamber. Upon
NC sieving valves opening through vacuum applica-
tion (i.e. open position, figure 2(a–ii), PDMS gates
located at the extremities of the Sieving valve cham-
ber are lifted up, thus allowing both fluid and particles
(e.g. cells) to flow into the chamber. Once the valves
are closed by removing the negative pressure (i.e. rest
position, figure 2(a–iii), PDMS gates are lowered but
a smaller passage is still guaranteed owing to under-
neath microgrooves. As a result, fluidic connection
is allowed through the microgrooves, ensuring nutri-
ents exchange through mild perfusion and diffusion,
while particles suspended in the fluid remain trapped
between the NC sieving valves. This mechanism is
thus exploited to entrap cells cultured in suspension

within the Sieving valve chamber. Initially, both the
NC sieving valves are opened, and the cell suspension,
introduced in one of the two reservoirs, flows inside
the Sieving valve chamber. Upon closure of both NC
sieving valves, the fluid velocity suddenly drops, caus-
ing the cells to be trapped and avoiding them to be
flushed out of the chamber due to residual flow.

Finally, the temporal control of the commu-
nication between the two culture compartments is
achieved through NC curtain valves [31, 33, 34],
named Communication valves (figure 2(b)). Unlike
NC sieving valves, when Communication valves are
at rest position (figure 2(b–i)), PDMS gates located
in- between the two culture compartments com-
pletely lay on the underneath PDMSmembrane, thus
sealing off communication channels and impairing
both fluid and cell passage between the compart-
ments. UponCommunication valves opening through
vacuum application (figure 2(b–ii), video S1), PDMS
gates are lifted up and communication between
the culture compartments is allowed. The presence
of Communication valves facilitates an independ-
ent stimulation of cells in each compartment using
the appropriate culture medium and inflammatory
factors, and allowing to selectively initiate their inter-
action at desired time points.

2.2. Functional validation ofNC Sieving valves
Sieving valves working mechanism was evaluated by
using polystyrene micro-beads (10 µm diameter) to
mimic circulating cells behavior in the Sieving valve
chamber with open NC sieving valves, as well as upon
valves closure. Briefly, upon NC sieving valves open-
ing, beads suspension successfully filled the entire
Sieving valve chamber. Upon release of the negat-
ive pressure, NC sieving valves closed properly trap-
ping beads within the Sieving valve chamber (video
S2). While this result demonstrated the necessity
of NC sieving valves to properly entrapped cell-like
micro-beads inside a chamber, the advantages of siev-
ing valve technology (as compared to NC curtain
valves) when working with immune cells in suspen-
sion was demonstrated in a functional validation test
with color dyes. After having seeded beads in the
Sieving valve chamber, a color dye was used to sim-
ulate the addition of culture medium. With open NC
sieving valves, i.e. simulating a medium change as it
is usually performed in standard OoC platforms in
absence of such technology, all the beads were imme-
diately flushed away and escaped from the channel
(figure 3(a–i), video S3). Contrarily, with closed NC
sieving valves, beads remained confined in the Sieving
valve chamber, while a slow but sustained perfusion
of dye through the microgrooves was observed over
time (figure 3(a–ii), video S4). This demonstrated
how with the addition of NC sieving valves, immune
cells in suspension could not only be trapped, but
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Figure 1. Device concept. (a) 3D representation of the different PDMS layers composing the microfluidic platform, i.e. the top
Valve layer (1), the middle Culture chamber layer (2), and the bottom Unpatterned membrane (3). (b) 3D representation of the
assembled device. (c) Photograph of an assembled device, in which different color dyes have been used to identify the different
compartments: yellow for the 3D chamber, blue for the Sieving valve chamber and red for the Valve layer. (d) Schematic
representation of the device (top view), highlighting Culture chamber layer with 3D chamber (in yellow) and Sieving valve chamber
(in blue), and Valve layer (in red) encompassing NC sieving and communication valves. A zoom on NC sieving valve shows
microgrooves (in light blue) at the extremity of the Sieving valve chamber, necessary to implement the novel sieving valve
technology. (e) Schematic representation of the device, showing the novelty of NC sieving valves, which lies in the integration of an
array of underlying microgrooves (height 5 µm) underneath the PDMS wall of a normally closed curtain valve.

also maintained in culture enabling medium perfu-
sion. Finally, to estimate the time required for the
culture medium to reach all the cells in the Sieving
valve chamber, we utilized a Rhodamine solution.
The Rhodamine solution was introduced into the
reservoirs while keeping the NC sieving valves closed.
Fluorescence images taken over time (figure 3(b))
revealed that Rhodamine filled the entire Sieving valve
chamber within 4 h, indicating that nutrient delivery
to all the cells in the chamber is achieved within this
time frame.

Moreover, this set-up was used to monitor beads
behavior upon communication valves opening, in
order to verify that beads were not moving towards
the 3D chamber compartment driven by convection
caused by valve opening. Specific tests with color dyes

confirmed that beads migration did not occur when
Communication valves opened, while slow diffusion
of the color dye could be observed proving proper
communication between the compartments (figure
S1(c)).

2.3. Simulation of a chemoattractant gradient from
the 3D chamber towards the Sieving valve chamber
During the onset of RA, release of cytokines and
chemokines from synovial cells (i.e. synovial resid-
ent macrophages) causes the recruitment and infilt-
ration of circulating cells (e.g. Th1) [13]. Modeling
this process in vitro, and in general investigating
immune cells migration on-chip, crucially requires
the establishment of a chemotactic gradient [35].
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Figure 2. Valves working mechanism. (a) Schematic representation of the device (side view) showing NC sieving valves working
mechanism. At rest (i), NC sieving valves rely on normally closed curtain valves with underneath microgrooves. Upon valves
opening (ii), cell seeding is permitted. Upon valve closure (iii), cell escaping is impaired, but fluid perfusion is allowed. (b)
Schematic representation of the device (side view) showing working mechanism of Communication valves, that are normally
closed curtain valves keeping 3D chamber and Sieving valve chamber independent at rest; valves opening through vacuum
application allows to put the two compartments in communication.

Thus, with the final aim of assessing T cell migra-
tion towards pro-inflammatorymacrophages, we first
evaluated the possibility to generate a chemokine
concentration gradient from the 3D chamber to the
Sieving valve chamber upon Communication valves
opening, through the quantification of lowmolecular
weight (4 kDa) FITC-dextran diffusion. Specifically,
the central channel of the 3D chamber was filled with
fibrin gel, and 4 kDa FITC-dextran (1.5 mg ml−1)
was injected in the outermost medium channel.
Communication valves were then opened and FITC-
dextran diffusion towards the Sieving valve cham-
ber was monitored. As shown in figure 3(c), FITC-
dextran slowly diffused throughout the entire 3D
chamber in 2 h, while after 4 h its presence could be
appreciated also in the Sieving valve chamber. Finally,
after 6 h, the amount of FITC-dextran in the Sieving
valve chamber was visibly increased. Plot of normal-
ized mean gray intensity (figure 3(d)) shows a step-
like shaped curve at t = 0, thus confirming a drop
in dextran concentration from the injection channel
to the adjacent channel. While the slope of the step-
like curve got smoother over-time, the presence of a
FITC-dextran gradient was maintained up to 6 h.

2.4. T-cell seeding exploiting sieving valve
technology
Seeding and culturing of circulating immune cells
within microfluidic devices still pose challenges
both in terms of reproducible spatial confinement
in precise locations and seeding efficiency. Several

microfluidic models have been developed over the
past years to study the role of the immune system in
various physiopathological processes, integrating cir-
culating immune cells [27, 36, 37]. However, most
of them rely on perfusion systems, bringing along
drawbacks regarding cell loss, applied shear stress
that may affect immune cell activation, as well as
the need for complex pumping systems. We intro-
duced theNC sieving valves technology specifically to
address these issues, i.e. enabling precise confinement
of a yet limited number of circulating immune cells.
Sieving valves functionality during seeding and cul-
ture of T cell subpopulations was optimized. Briefly,
Th1 cells were freshly isolated from human PBMCs
derived from healthy donors through magnetic cell
separation and fluorescence activated cell sorting
(see figure S4 and experimental section for details).
Immediately after isolation, Th1 cells were stained
with CellTracker™ Green CMFDA Dye for better
visualization inside the chip, resuspended in complete
RMPI medium (5 × 106 cells ml−1) and injected in
the Sieving valve chamberwith openNC sieving valves.
Specifically, 4 µl of T cell suspension was injected in
each device, corresponding to 20 000 cells, i.e. a num-
ber considerably lower than the one needed in pre-
viously described devices [25, 26, 29]. Fluorescence
images taken in different areas of the same Sieving
valve chamber showed the achievement of a homo-
geneous distribution of Th1 cells upon seeding
(figure 3(e)), as also confirmed by quantification
of cell density (figure 3(f)). Quantification of cell
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Figure 3. Device technical validation. (a) Validation of the sieving valve working mechanism: once polystyrene micro-beads are
entrapped in the Sieving valve chamber, culture medium addition is simulated using a color dye. With open NC sieving valves (i),
beads are immediately flushed away; with closed NC sieving valves (ii), beads remain confined in the chamber and color dye is
allowed to perfuse through the microgrooves. Scale bar 500 µm. (b) Fluorescence images showing rhodamine diffusion over time
throughout the Sieving valve chamber, with closed Communication and NC sieving valves. Representative time-points were chosen
(t0, t = 15 min, t = 180 min, t = 240 min). Scale bar 500 µm. (c) Fluorescence images showing 4 kDa FITC-dextran diffusion
over time from the 3D chamber towards the Sieving valve chamber. Representative time-points were chosen (t0, t = 2 h, t = 4 h,
t = 6 h). A dashed line is positioned in the middle of the space in between the dead-end channels of the two culture
compartments. Scale bar 1 mm. (d) Plot of FITC-dextran normalized mean fluorescence intensity along the width of the culture
chamber layer, for different time-points. The dashed line is positioned in the middle of the space in between the dead-end
channels of the two culture compartments. (e) Fluorescence image showing Th1 T cells stained with CellTracker™ Green CMFDA
Dye and seeded in the Sieving valve chamber, exploiting sieving valve technology. (f) Bar plots showing homogeneous T cell
seeding density among different areas of the same device (n= 5 devices). Data were analyzed through ordinary one-way Anova
(p> 0.05). (g) Bar plots showing homogeneous T cell seeding density among different devices. For each device, cell density was
computed as mean of the cell density among the three areas (n= 3 areas/device). Data were analyzed through ordinary one-way
Anova (p> 0.05).

density among areas taken from different devices
also showed the absence of statistically significant
differences (figure 3(g)), with an average cell density
of 728 ± 19 cells mm−2. These results demonstrate
that the proposedNC sieving valves allow seeding cells
in a controlledwaywith a high intra- and inter- exper-
iment reproducibility.

2.5. Evaluation of T-cells migration on chip
towards a biochemical chemoattractant stimulus
To prove the suitability of the proposed microfluidic
platform to study T cell migration from the Sieving
valve chamber towards the 3D chamber, a preliminary
experiment was performed with a chemoattractant
stimulus, with a set-up similar to the one used
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for the FITC-dextran tests. CXCL10 was chosen as
chemotactic agent since Th1 cells express CXCR3,
the specific receptor for CXCL10 [38]. In details,
at day 0, fibrin gel was injected in the central
channel of the 3D chamber; Th1 cells were stained
with CellTracker™ Green CMFDA Dye and seeded
in the Sieving valve chamber. On day 1, CXCL10
(0.5 µg ml−1) was injected in the outermost chan-
nel of the 3D chamber and the migration of Th1
cells was assessed upon Communication valves open-
ing (figure 4(a)) through fluorescence microscopy
for up to 4 h. Seven regions of interest (ROIs) were
identified in the device (figure 4(b)), ranging from
the end of the Sieving valve chamber (ROI 1) till
the center of the 3D chamber (ROI 7), and cells
in each ROI were counted. As shown from fluores-
cence images (figure 4(c)), no Th1 cells migration
was detected right after Communication valves open-
ing in the absence of CXCL10 (control condition),
thus proving that no cell movement occurs just due to
flow convection. Additionally, little Th1 cells migra-
tion occurred at later time-points, with few Th1 cells
reaching the dead-end channels of the 3D chamber,
and no cells observed in the internal medium chan-
nel of the 3D chamber throughout the entire obser-
vation period. These findings are illustrated by bar
plots in figure 4(c). At t = 0, the percentage of cells
in the 3D chamber (namely ROIs 4, 5, 6, and 7) was
zero, with 74% Th1 cells present in ROI 1, and 26%
cells distributed among the dead-end channels of the
Sieving valve chamber and the void space in-between
the two culture compartments (namely ROIs 2 and
3). Moreover, at each-time point, the sum of cells in
the Sieving valve chamber (ROIs 1 and 2) was above
90%, with few cells detected at the entrance of the
3D chamber (ROI 4: 1%, 2% and 4% for t = 30, 120
and 240 min, respectively). The absence of cells in
ROIs 5, 6 and 7 at any time point indicated that no
cells migrated for a long-distance throughout the 3D
chamber. On the other hand, the addition of CXCL10
induced Th1 cells migration towards the 3D cham-
ber (figure 4(d)). In details, Th1 cells were observed
in the dead-end channels of the 3D chamber start-
ing from the first time-point, and in the correspond-
ing medium channel after 30 min from the opening
of Communication valves. In addition, the amount of
Th1 cells detectable in the 3D chamber increased at
t = 120 and t = 240 min. Bar plots support these
observations, showing a decreasing percentage of cells
over time in the ROI 1, dropping from 88% at t = 0,
to 53% at t = 30 min and 34% at t = 240 min.
Moreover, the percentage of cells in the dead-end
channels of the 3D chamber (namely ROIs 4 and 5)
gradually increased at each time point, with 4% and
1%Th1 cells at t= 0 in ROI 4 and 5, respectively, both
increasing up to 10% at t = 240 min. Finally, no cells
were detected in the medium and gel channel of the
3D chamber (ROIs 6 and 7) at valves opening, while
these values increased to 7% and 5%, respectively,

after 30 min, and to 12% and 11%, respectively, at
t = 240 min. Overall, the continuous decrease of
cells in ROI 1 and the continuous increase of cells in
ROIs belonging to the 3D chamber indicated a sus-
tained Th1migration towards the Sieving valve cham-
ber, proving the maintenance of a chemotactic con-
centration gradient. An estimation of the migration
rate is reported in supplementary information (figure
S5).

2.6. Macrophage polarization towards
pro-inflammatory phenotypeM1
Aiming at replicating a known mechanism in
RA pathogenesis, characterized by the interac-
tion between CXCL16-expressing resident pro-
inflammatory macrophages and CXCR6+ Th1 cells
[9], a protocol was established to induce macrophage
polarization on-chip towards pro-inflammatory
state M1. Briefly, CD14+ monocytes were isol-
ated from human PBMCs derived from a healthy
donor, and monocyte-derived macrophages were
seeded in the central channel of the 3D chamber,
embedded in a 3D fibrin gel matrix (final cell dens-
ity 12.5 × 106 cells ml−1). A previously developed
protocol [39] was adapted to induce polarization
towards pro-inflammatory phenotype M1. In detail,
macrophages were stimulated for three days with
an inflammatory cocktail composed of 100 ng ml−1

TNFα and 100 ng ml−1 IFNγ, followed by one day
without stimulation. Live/Dead assays were per-
formed at every time point, comparing polariza-
tion (M1) and control (M0) conditions, returning
a cell viability higher than 76% for every condi-
tion (figure S3). The effective polarization of mac-
rophages was investigated by immunofluorescence
staining (figure 5(a)) comparing the expression of
the pro-inflammatory associated surface markers
CD80 and CD86, as well as the synthesis of CXCL16
and MMP1, i.e. proteins relevant in RA mechan-
isms and synovial inflammation [30, 40], in M1 and
M0 conditions, respectively, at day 0, day 3 and day
4. As proven by a statistically significant increase in
CD80 and CD86 expression on day 3 in M1 mac-
rophages with respect to M0 controls, macrophages
correctly polarized towards pro-inflammatory state
after three days of inflammatory stimuli inside the
platform (figure 5(b)). Additionally, a statistically
significant increase in the secretion of MMP1 and
CXCL16 was detected: 18% macrophage synthes-
ized MMP1 at day 0, while 98% were MMP1+ on
day 3; CXCL16+ macrophages were 3% and 98%
on day 0 and on day 3, respectively. Importantly,
these results were also maintained with slight differ-
ences one day after removing the inflammatory stim-
ulus, as demonstrated by non-significant differences
between M1 samples at day 3 and day 4, indicating
that the induced pro-inflammatory phenotype could
be maintained stable for at least 24 h.
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Figure 4. T cells migration towards a biochemical chemoattractant stimulus. (a) Experimental plan to assess migration of Th1
cells from the Sieving valve chamber towards the 3D chamber, thanks to the generation of a chemoattractant gradient (CXCL10).
Red and green dots are used to indicate closed and open valves, respectively. (b) Bright field image of the device showing the seven
zones that were identified to assess Th1 migration from the Sieving valve chamber towards the 3D chamber. Scale bar 500 µm.
Fluorescence images showing migration of Th1 cells stained with CellTracker™ Green CMFDA Dye from the Sieving valve
chamber to the 3D chamber, in control condition (c) and in presence of a CXCL10 gradient (d), at time point t = 0 min, 30 min,
120 min and 240 min. Red lines represents the layout of the device for better clarity. Scale bar 400 µm. Bar plots indicate the
percentage of Th1 cells in each identified ROI (N = 3 for each condition).

2.7. Evaluation of T-cell migration on chip towards
pro-inflammatory macrophages
Once optimized macrophage culture and polariza-
tion in the chip, Th1 migration towards activated
macrophages was evaluated [9]. In detail, on day
0, monocyte-derived macrophages were stained with

CellTracker™ Orange CMRA Dye and macrophage-
laden fibrin gel was injected in the 3D chamber
(figure 6(a)). Two conditions were assessed, whether
the pro-inflammatory stimulus previously described
was applied (M1) or not (M0). On day 3, Th1
cells stained with CellTracker™ Green CMFDA Dye
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Figure 5.Macrophage polarization towards pro-inflammatory state M1. (a) Immunofluorescence staining of cell nuclei (DAPI, in
light blue), CD86 (in red) and MMP1 (in green) on the left, and CXCL16 (in red) and CD80 (in green) on the right, performed
on macrophages seeded in the 3D chamber at day 0, day 3 and day 4. A comparison between polarized (M1) and control (M0)
macrophages is reported for day 3 and day 4. Scale bar 200 µm. (b) Bar plots showing percentage of CD86+, MMP1+, CXCL16+
and CD80+macrophages, estimated from fluorescence images. N= 3 devices for each condition. Data were analyzed through
unpaired t-test with Welch’s correction (∗p< 0.05, ∗∗p< 0.01, ∗∗∗∗p< 0.0001).

were seeded in the Sieving valve chamber, follow-
ing the optimized seeding protocol. On day 4,
Communication valves were opened to allow cellu-
lar cross-talk and Th1 migration was towards M1 or
M0 macrophages upon Communication valves open-
ing wasmonitored and quantified as described above.
Notably, there was a significant occurrence of Th1
cells migration towards M1 macrophages, denoting
the release of chemoattractant stimuli from polarized
macrophages. As shown in figure 6(b), at t = 30 min
Th1 cells started migrating through the communic-
ation channels and approaching the medium chan-
nel of the 3D chamber right after valves opening.

Additionally, an increasing number of cells was detec-
ted in the 3D chamber, closer to the macrophage-
laden gel channel, in the subsequent time-points.
These findings were supported by cell quantification,
that displayed a decrease in the cell percentage in
the Sieving valve chamber (ROIs 1 and 2) during the
first 30 min, with values of 48% and 40% at t = 0,
respectively, and of 30% and 27% at t = 30 min,
respectively. A corresponding increase of cells that
migrated for a long-distance could be observed. In
fact, no Th1 cells were detected in the 3D chamber
(ROIs 5, 6 and 7) at t= 0,while their presencewas 7%,
10% and 3%, respectively, at t = 30 min. Moreover,
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Figure 6. T cells migration towards pro-inflammatory macrophages. (a) Experimental plan to assess migration of Th1 cells from
the Sieving valve chamber towards the 3D chamber, in presence of macrophages polarized to pro-inflammatory state M1. Red and
green dots are used to indicate closed and open valves, respectively. Fluorescence images showing migration of Th1 cells stained
with CellTracker™ Green CMFDA Dye from the Sieving valve chamber to the 3D chamber, in presence of M1 (b) or M0 (c)
macrophages (previously stained with CellTracker™ Orange CMRA Dye), at time point t = 0 min, 30 min, 120 min and 240 min.
Scale bar 400 µm. Red lines represent the layout of the device for better clarity. Bar plots indicate the percentage of Th1 cells in
each identified ROI (N = 3 for each condition).

the continuous increase of these values at later time-
points confirmed the sustained migration of Th1
towards M1 macrophages due to chemotaxis. In con-
clusion,M1macrophage-released chemotactic agents
induced a spontaneous and consistent Th1 migration
since early time-points, that was sustained during the

entire observation period, thus indicating the suitab-
ility of the platform to study immune cells crosstalk
and migration due to chemoattraction. Remarkably,
a migration of Th1 cells occurred also in presence of
M0 macrophages (control condition), although only
at later time points and in less amount. As noticeable
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from fluorescence images in figure 6(c), no cells were
present in the 3D chamber in the first 30 min, while at
t = 120 min and t = 240 min, some Th1 cells were
visible in the 3D chamber. Quantification bar plots
corroborated these conclusions, revealing from no to
extremely few cells in any ROIs other than ROI 1 and
2 in the first time points (e.g. 54% and 53% Th1 cells
in ROI 1, and 0% and 2% in ROI 7 for t = 0 and
t = 30 min, respectively). On the other hand, at later
time-points a slowmigration of Th1 cells towardsM0
macrophageswas found (e.g. at t= 240min, 38%Th1
cells were in ROI 1, while 6%, 11% and 4% were in
ROI 5, 6 and 7, respectively). Although this is most
likely due to the fact that alsoM0macrophages secrete
an array of cytokines and chemokines that can poten-
tially attract T cells, the number of Th1 cells able to
migrate for a long-distance (i.e. within ROIs 4, 5, 6
and 7) in presence ofM1macrophages was always sig-
nificantly higher than in presence ofM0macrophages
(e.g. 4% Th1 cells in ROI 7 at t = 240 min in M0
condition, compared to 14% in M1 condition). An
estimation of themigration rate is reported in supple-
mentary information (figure S5). Overall, the results
of the study indicated that our platform is a prom-
ising tool to investigate immune cells interaction and
migration in mid-term experiments, working with a
limited number of patient-derived cells thanks to the
integration of NC sieving valves.

To prove the versatility of the platform, a prelim-
inary experimentwas also performedby seedingTh17
instead of Th1 cells, demonstrating that also this sub-
population is attracted by pro-inflammatory macro-
phages (figure S6).

3. Discussion

In a proof-of-concept study aimed at recapitulating
the interaction between pro-inflammatory resident
macrophages and Th1 cells, we developed a novel
microphysiological system, named iMµne, allowing
to i) trap and precisely confine T cells with minimal
cell loss by means of a sieving valve technology, ii)
co-culture them with 3D macrophages and iii) assess
macrophages-mediated Th1 cells migration by taking
advantages of device compartmentalization.

The immune system assumes a crucial role in pre-
serving tissue homeostasis and coordinating immune
responses throughout the evolution of numerous
physio-pathological conditions. Within the spectrum
of immune-mediated disorders, RA serves a relev-
ant example, with RA synovium containing a diverse
array of immune cell types, among which Th1 cells
and macrophages are considered key players [41].
Understanding how the cross-talk between these
two cell types and their associated cytokines and
autoantibodies is involved in RA onset would pave
the way to the discovery of efficient reversing treat-
ments for RA [42]. Moreover, RA exhibits signi-
ficant pathophysiological and clinical heterogeneity,

and individual patient response to drugs can vary
significantly [43]. In this scenario, OoC technology
offers the opportunity to simulate the tissue-specific
microenvironment and investigate disease progres-
sion, gaining deeper insights into the complex mech-
anisms underlying RA pathogenesis. For example,
Rothbauer et al developed a 3D synovium-on-a-chip
system and, using human synovial organoids derived
from RA patients’ synovial fibroblasts (SFBs), they
observed lining hyperplasia and aggregation of SFBs
in response to TNFα, indicating a strong inflam-
matory tissue response [44]. In a subsequent study,
Rothbauer et al extended their investigation by devel-
oping a human joint-on-a-chip model based on co-
cultivation of RA patient-derived synovial and chon-
dral organoids, demonstrating significantly elevated
cytokine responses, such as IL6 secretion [18]. Ma
et al developed a microfluidic chip-based platform
to co-culture a human SFB cell line (SW982) with
osteoclastic RAW264.7 cell line and bone marrow
mesenchymal stem cells, replicating SFB migration
towards bone cells in RA andmodeling SFB-mediated
bone erosion [19]. Although thesemodels present the
advantage of integrating multiple joint tissues, they
lack in modeling the presence of the immune system,
necessary for a comprehensive RA investigation.

Envisioning the future goal of recapitulating an
immuno-competent joint-on-chip model, in this
study we presented the design and fabrication of
iMµne, a microfluidic platform aimed at studying
the active role of immune system in RA. The plat-
form consists of two distinct and compartmental-
ized culture areas named 3D chamber and Sieving
valve chamber, designated for the culture of macro-
phages seeded in a 3D matrix and of immune cells
in suspension (i.e. Th1 cells), respectively. The cul-
ture compartments are independent at rest thanks to
normally closed Communication valves. The integra-
tion of this valve mechanism enables controlled com-
munication between the two compartments, facilit-
ating separate stimulation of cells using the appro-
priate culturemedium and inflammatory factors, and
allowing to selectively initiate the interaction between
the two cellular populations at desired time points.
Moreover, a technological solution was implemen-
ted to locate Th1 immune cells in the Sieving valve
chamber. To enable the possibility to trap and cul-
ture few immune cells in suspension with high effi-
ciency and precise control, we introduced a novel
valve-based technology, namely NC sieving valves,
allowing precise confinement of circulating immune
cells in the Sieving valve chamber, by means of NC
curtain valves specifically modified so to integrate
underneath microgrooves. In the past years, sev-
eral microfluidic models have been developed to
investigate various immune processes such as neut-
rophil recruitment [45], immune cell extravasation
[46] and monocyte adhesion [47]. However, most
of them rely on perfusion systems for introducing
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such circulating immune cells inside the microfluidic
platforms, resulting in the need of a conspicuous
amount of immune cells andmissing the capability to
precisely control their spatio-temporal location. For
example, Huh et al exploited a previously developed
microfluidic design [48] to recapitulate an immun-
ocompetent alveolus-on-chip. In this study, PBMC
were administered to an epithelial channel inlet under
flow condition, with need of seeding approximately
1× 106 cells per chip [29], i.e. 50 times more than in
the present study. Moreover, in our model, thanks to
the sieving valve technology, we could obtain a pro-
cedure efficiency of >50% when seeding T cells in
the Sieving valve chamber, with 10 000 cells remain-
ing confined in the channel of the 20 000 seeded, thus
reducing waste of biological material. As a compar-
ison, de Haan et al used OrganoPlate, a platform con-
taining 40 microfluidic units underneath a 384-well
microtiter plate, to study trans endothelial migration
of T cells [28]. A blood vessel structure was recapit-
ulated under perfused conditions, and T cells were
added to its lumen to assess adhesion and migra-
tion to an adjacent ECM in presence of inflammat-
ory factors. Following this approach, T cell integ-
ration exhibited <10% efficiency, with only 200–
400 T cells entering the endothelial vessel, over 20 000
cells seeded. Additionally, our seeding protocol allows
to collect leftover T cell suspension remaining in
the reservoirs of the Sieving valve chamber imme-
diately after cell seeding and to seed them in other
devices, thus further minimizing cell loss. Moreover,
the necessity of integrating theNC sieving valves tech-
nology when working with immune cells in suspen-
sion was further demonstrated in a functional valida-
tion test with polystyrene beads and color dyes. After
having seeded beads in the Sieving valve chamber, a
medium change as it is usually performed in standard
OoC platforms was simulated with open NC sieving
valves, causing the immediate escaping of beads from
the channel. Contrarily, when NC sieving valves were
in rest position, the presence ofmicrogrooves allowed
perfusing culture medium, while avoiding cell escap-
ing. All these results are particularly relevant when
working with patient-derived immune cells obtained
from blood samples, as a limited number of cells
can be isolated from low volumes of blood, especially
when rare cell populations are considered (e.g. rare T
cell subsets). The possibility to use the iMµne plat-
form with a low amount of patient-derived immune
cells considerably opens up new perspectives towards
the concept of patient-specific models to design per-
sonalized and targeted therapies, either for RA or
many other diseases. Of note, the technology was
proven to guarantee homogenous intra- and inter-
device seeding density.

Technical validation of the platform
demonstrated the proper functioning of the Sieving
and Communication valves, as well as the successful
creation of a concentration gradient of FITC-dextran

between the 3D chamber and the Sieving valve
chamber. In fact, to investigate cellular migration,
a chemotactic gradient is necessary. According to
literature, currently available microfluidic plat-
forms to create chemotactic gradients are either
diffusion-based or perfusion-based systems. On one
hand, diffusion-based systems rely on gel barriers or
microgrooves to control chemical diffusion of the
molecule of interest. However, despite an intrinsic
operational simplicity, the lack of control mechan-
isms causes a fast degradation of the initial chem-
ical gradient, thus limiting their use to short-time
experiments [23]. On the other hand, perfusion-
based devices rely on continuous perfusion of the
chemoattractant, either through pressure-driven or
flow-controlled pumping systems. Pressure-driven
systems, such as rocking platforms, offer simplicity
but have limitations in terms of flow rate control and
non-physiological alternating flows. Flow-controlled
pumping systems, such as piston-pumps and peri-
staltic pumps, provide constant and uni-directional
flow but may have drawbacks like mechanical stress
and bubble formation risk. Moreover, all perfusion-
based devices require external equipment, posing
challenges related to system complexity and temper-
ature control inside the incubator [20]. By design,
the proposed microfluidic platform can be classi-
fied as a diffusion-based system, where the insertion
of Sieving valves increases the hydraulic resistance
of the Sieving valve chamber, thus limiting convec-
tion and slowing down diffusion from one compart-
ment to the other. A gradient of 4 kDa FITC-dextran
from the 3D chamber to the Sieving valve chamber
could indeed be generated and maintained for up
to 6 h, thus making the proposed device suitable
for performing medium-term chemotaxis experi-
ments. Since chemokines typically have a molecular
weight ranging from 7 to 15 kDa (e.g. CXCL10 has a
8.7 kDa MW) [49], 4 kDa FITC-dextran was selected
to simulate a worst-case scenario, as the smaller is the
molecule the faster it diffuses from the 3D chamber
to the Sieving valve chamber.

To assess the suitability of the platform to study
Th1 migration from one compartment to the other,
we exploited the possibility to create a stable gradient
of a biochemical chemoattractant stimulus. CXCL10
was chosen as chemotactic agent since Th1 cells
express CXCR3, the specific receptor for CXCL10
[38]. Notably, a continuous migration of Th1 could
be detected from the 3D chamber towards the Sieving
valve chamber for the entire observation period, i.e.
4 h,meaning that the chemotactic gradient wasmain-
tained. This, together with the absence of migration
in control conditions, demonstrated that our plat-
form is adequate to create an environment in which
cells canmigrate when attracted by a receptor-specific
stimulus.

Finally, a comprehensive biological validation
was performed, replicating a known mechanism

12



Biofabrication 17 (2025) 015008 C Palma et al

in RA pathogenesis, characterized by the inter-
action between CXCL16-expressing resident pro-
inflammatory macrophages and CXCR6+ Th1 cells
[9]. Firstly, monocyte-derived macrophages embed-
ded in a fibrin gel matrix were seeded in the
3D chamber and a previously developed protocol
[39] was adapted to induce polarization towards
pro-inflammatory phenotype M1. In detail, the
experimental plan consisted in three days of pro-
inflammatory stimulation (TNFα, IFNγ), followed
by one daywithout stimuli. Propermacrophage activ-
ation towards a pro-inflammatory state occurred in
the chip as shown by immunofluorescence staining of
M1 phenotype clusters of differentiation CD80 and
CD86. Moreover, a significant increase was detected
in the synthesis of CXCL16 and MMP1, that are rel-
evant proteins in RA synovial inflammation [30, 40].
Interestingly, these results were also maintained one
day after stimuli removal. This indicates that the pro-
inflammatory phenotype is maintained stable, and in
a complete experiment it gives the possibility to open
the Communication valves to assess macrophage-Th1
interaction on day 4, having removed from the cul-
ture medium cytokines that could mask the effect
of proteins directly secreted from the macrophages.
Once optimized macrophage culture and polariza-
tion in the chip, Th1 migration towards activated
macrophages was evaluated. In detail, Th1 cells were
seeded on day 3 in the Sieving valve chamber following
the optimized seeding protocol, and Communication
valves were opened on day 4 to observe their migra-
tion in presence of pro-inflammatory (M1) or con-
trol (M0) macrophages. As shown from fluorescence
images, M1 macrophage-released chemotactic agents
induced a spontaneous and consistent Th1 migration
since early time-points, that was sustained during the
entire observation period, thus indicating the suitab-
ility of the platform to study immune cells crosstalk
and migration due to chemoattraction. Differently
from what expected, Th1 migration occurred also in
presence of M0 macrophages, even if in consistently
lower number and at later time points. This is most
likely due to the fact that alsoM0macrophages secrete
an array of cytokines and chemokines, that can poten-
tially attract T cells. Further investigations will need
to focus on extensively characterizing the different
secretome of M0 and M1 macrophages in the chip,
e.g. through ELISA, in order to get a deeper insight
about the causes of Th1 migration.

While M1 and Th1 interaction is key on RA,
pro-inflammatory macrophages have been described
to interact also with the rarer Th17 cells, which are
attracted to the joint by chemokine ligand CCL20
and its chemokine receptor CCR6 and contribute to
sustain the inflammatory positive feedback loop typ-
ical of RA [9]. To account for such multi-cellular
mechanisms, the platform was also exploited to pre-
liminary investigate Th17 migration towards pro-
inflammatory macrophages. Of note, Th17 were

much less abundant than Th1 in the human PBMCs
derived from healthy donors, thus resulting in a low
cell number available for seeding. In this regard the
high seeding efficiency enabled by the sieving valve
allowed to perform the experiment even in paucity of
cells.

Overall, these data indicate that the iMµne plat-
form is a promising tool to investigate immune cells
interaction and migration and to work with a lim-
ited number of patient-derived cells, thanks to the
integration of an innovative valve-based technology.
From a technical point of view, the proposed plat-
form presents some limitations, such as low through-
put, potentially restricting its application for large-
scale studies, and need for experienced operators to
fabricate the PDMS-based devices and handle them
during biological experiments. Future steps may aim
at improving the technology to reduce its complex-
ity and make it more accessible for a broader range
of users. From a biological perspective, the current
model was realized using healthy PBMCs, which
might not fully replicate the pathophysiology of RA.
A necessary improvement for the project will involve
introducing the comparison with cells derived from
RA patients, to enhance the relevance of the model
to RA pathophysiology. Moreover, in the view of
recapitulating immune cells recruitment operated by
RA synovium, SFBs should be integrated in the 3D
chamber as they are considered to play a critical role in
perpetuating joint inflammation and damage by pro-
ducing inflammatory mediators and enzymes [50].
Furthermore, incorporating endothelial cells to the
Sieving valve chamber could more accurately recreate
the physiological microenvironment and study vas-
cular aspects of RA. To conclude, this work presents a
promising approach to studying the immune system’s
role in RA and potentially other diseases. Addressing
these limitations and exploring the suggested future
steps could significantly enhance its applicability and
impact in the field of immunology and personalized
medicine.

4. Conclusions

The immune system and its multiple cellular types
play a key role in RA, as well as in many other physio-
pathological conditions. For this reason, the cap-
ability to integrate immune system inside advanced
in vitro models (e.g. organs-on-chip) is of crucial
importance. Here, we developed iMµne, a micro-
fluidic platform that integrates an innovative techno-
logical solution, named NC sieving valve, to trap a
limited number of immune cells inside microfluidic
chips and to study their active crosstalk with different
cell types, having the possibility to spatio-temporally
control their interaction. The platformwas here tech-
nologically validated and its applicability in study-
ing the cross-talk among different immune cells
populations in a pathological scenario like RA was
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preliminarily assessed in a proof-of-concept simpli-
fied scenario. Specifically, iMµne was exploited to
assess short-term Th1 migration in response to a
chemotactic agent or in response to the secretome of
pro-inflammatory macrophages. Further biological
validation will be required to expand the potential
of the platform to the recapitulation of the com-
plexmulti-cellular inflammatory processes character-
izing RA (e.g. integration of different immune cell
sub-populations). Next steps will thus involve (i) the
extension of the culture over longer time windows of
observation to capture chronic events, (ii) the integ-
ration of multiple cell types to study key RA mech-
anisms (e.g. M2-Th2 cross-talk, role of B cells and
dendritic cells [7, 12, 51]), and (iii) the combina-
tion with more complex micro-scaled joint tissues,
e.g. synovium and cartilage [52, 53]. In pursuit of rep-
licating an immune-competent joint-on-chip model,
the use of these models will eventually allow elucidat-
ing the role of RApatient-derived circulating immune
cells on joint tissue degradation, towards the develop-
ment of patient-specific models to test personalized
therapies. Moreover, the NC sieving valves techno-
logy is highly versatile and can be potentially applied
to unravel the interaction between various circulat-
ing and tissue-resident immune cells inmany diseases
also affecting different human districts.

5. Experimental

5.1. Microfluidic device design
Themicrofluidic platform is composed of three layers
of PDMS (Sylgard 184, Dow Corning): aValve layer, a
Culture chamber layer and anUnpatternedmembrane.
The culture chamber layer features two 150 µm-high
culture compartments, here named 3D chamber and
Sieving valve chamber. The 3D chamber is made by a
400 µm-wide central channel for cell-laden hydrogel
injection and two lateral medium channels (1100 µm
and 700 µm wide, respectively), separated by two
rows of pass-through posts with trapezoidal cross-
section (main base 160 µm, smaller base 56 µm,
height 90 µm), with an inter-post distance of 90 µm
within the same row. Central gel channel is provided
with two injection ports (1 mm diameter), while each
medium channel is provided with medium reser-
voirs (5 mm diameter) at its ends. On the other
side, the Sieving valve chamber consists of a single
1330 µm-wide and 150 µm-high channel, having at
its extremities two sets ofmicrogrooves (450µm long,
3 µm wide, 5 µm high), necessary to implement the
sieving valve technology. The Sieving valve chamber
is provided with 5 mm-diameter reservoirs. The two
chambers are separated by five 1000× 400 µm dead-
end channels where PDMS walls (250 × 400 µm
wide) are generated to isolate the two compartments.
The valve layer features two sets of valves (150 µm
high). Communication valves consist of a line of five
interconnected rounded cavities (1 mm diameter)

aligned on top of the PDMS walls separating the
culture compartment. NC sieving valves consist of
two rounded cavities (1.5 mm diameter) aligned on
top of the two sets of microgrooves in the Sieving
valve chamber. Access to valves is guaranteed through
1.5 mm holes.

5.2. Microfluidic device fabrication
The devices were realized through soft-lithography
of PDMS on SU-8 master moulds (Microchem). In
detail, layouts containing the desired geometric fea-
tures for the Valve and Culture chamber layers were
realized using computer-assisted design (CAD) soft-
ware (AutoCAD, Autodesk Inc.). CAD drawings were
then used to fabricate master molds through pho-
tolithography in a cleanroom environment (Polifab,
Politecnico di Milano). Briefly, SU-8 photoresist was
spin-coated onto 4-inch silicon wafers, in order
to obtain the desired height, and features pattern
was transferred on the wafer through laser light
exposure (Maskless Aligner MLA100, Heidelberg
Instruments). Multi-layer photolithography was used
for the fabrication of the chamber layer mould,
first realizing microgrooves (5 µm high), and sub-
sequently exposing a 150 µm SU-8 layer to obtain
the remaining features. Single-layer photolithography
was used for the generation of valve layer (150 µm
high). Following exposure, silicon wafers were cured
and developed according to the manufacturer’s spe-
cification, thus obtaining master molds with features
in relief. The microstructure master molds were then
employed for the soft-lithographic process. Initially,
master mold surfaces were exposed to tri-methyl-
chloro-silane (Sigma-Aldrich) for 30 min at room
temperature (RT), in order to prevent PDMS from
adhering to thewafer and facilitate its removal. PDMS
layers were then casted through replica molding of
the master molds. In detail, a mixture of PDMS
and curing agent at a 10:1 ratio (Sylgard 184, Dow
Corning) was poured on the molds and polymer-
ized at 65 ◦C for at least 3 h. In particular, a defined
amount of PDMS was poured on the chamber layer
master mold, in order to obtain a controlled thick-
ness (300 µm) to guarantee valves functioning. After
cross-linking, PDMS stamps were peeled off from the
silicon wafers, and access ports on the Valve layer
were obtained using a 1.5 mm biopsy puncher. Thus,
Valve layer and Culture chamber layer underwent a
plasma treatment (Harrick Plasma Inc.) and were
brought into conformal contact (figures S1(a) and
(b)) to achieve irreversible bonding after 15 min at
65 ◦C. After bonding, the assembly was finalized by
punching circular access ports with biopsy punch-
ers (5 mm for 3D chamber and Sieving valve cham-
ber reservoirs, 1 mm for 3D chamber gel injection
ports). Finally, a PDMS membrane was fabricated
with a thickness of 500 µm by accurately dousing
the PDMS poured on a flat substrate, and the micro-
fluidic platform was completed by plasma bonding
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the chamber-valve assembly onto the PDMS mem-
brane. To produce microfluidic devices with func-
tioning Sieving and Communication valves, this last
step was performed under vacuum condition. In
details, three Tygon tubes (Qosina) were inserted in
the valves access ports and connected to a vacuum
chamber at −0.8 bar prior to bonding, thus guaran-
teeing valve opening during bonding procedure and
avoiding permanent bonding of the separating walls
on the membrane.

5.3.NC sieving valves technical validation
After design and fabrication, the novel sieving valve
technology was functionally validated. A suspension
of spherical polystyrene beads (diameter = 10 µm,
Merck) in PBS was used to simulate cell behaviour.
The mechanism was questioned in two configura-
tions, i.e. with open NC sieving valves, when cell pas-
sage is expected, and with closed NC sieving valves,
i.e. when no cell passage, but fluid perfusion is expec-
ted. In details, NC sieving and Communication valves
were open, and the entire device was filled with PBS,
to avoid air bubbles formation in the communication
channels. Subsequently, Communication valves were
closed and every reservoir was emptied from PBS. A
50µl solution composed of PBS, 10%microbeads and
10% Tween® 20 (Sigma Aldrich) was then added in
the inlet reservoir of the Sieving valve chamber (video
S2). Once the beads had filled all the channel, NC
sieving valves were closed by applying a positive pres-
sure of 0.6 bar, and the inlet and outlet reservoirs were
emptied from the remaining beads solution. Hence, a
solution of 20% color dye and 10% Tween® 20 in PBS
was used to simulate the addition of culture medium
in the Sieving valve chamber, comparing open and
rest valve position (video S3, video S4). The colored
solution was injected in the reservoirs of the Sieving
valve chamber, either maintaining NC sieving valves
closed or opening them through vacuum application.
Sieving valve mechanism was evaluated in terms of
dye diffusion over time and beads escaping through-
out the channel, observing the device through an
inverted microscope (Olympus IX83). To estimate
the time required for nutrients to reach the entire
Sieving valve chamber, the same experiment was per-
formed with a Rhodamine solution. Specifically, a
solution of 1.5 mg ml−1 RFP-Rhodamine (Alquera)
in PBS was injected in the reservoirs of the Sieving
valve chamber, while keepingNC sieving valves closed.
Rhodamine diffusion throughout the channel was
monitored using a fluorescence microscope during a
240 min timeframe.

5.4. Communication valves technical validation
The entire device was primed with PBS, keeping both
Communication and NC sieving valves open. After
closing the Communication valves, inlet and outlet
reservoirs of the medium channels of the 3D cham-
ber were first emptied from PBS and then filled with

a yellow color dye. PBS was then removed from the
inlet and outlet reservoirs of the Sieving valve cham-
ber, that were subsequently filled with a solution
of beads and blue color dye (PBS, 20% color dye,
10% microbeads, 1% Tween® 20). Finally, NC siev-
ing valveswere closed andCommunication valveswere
opened, and beads movement was observed through
an inverted microscope.

5.5. Evaluation of FITC-dextran diffusion
The following experimental set-up was used to
quantify the diffusion of low molecular weight
(4 kDa) FITC-dextran (Sigma Aldrich). The central
channel of the 3D chamberwas injectedwith fibrin gel
(fibrinogen 10 mg ml−1, thrombin 2.5 U ml−1) and,
after cross-linking (10 min at 37 ◦C), all the channels
were primed with PBS, maintaining all valves open.
NC sieving valves were then closed and all the reser-
voirs filled with 70 µl PBS, with the exception of the
reservoirs of the outermost medium channel of the
3D chamber.At t = 0, inlet and outlet reservoirs of the
outermost medium channel of the 3D chamber were
filled with 70 µl 4 kDa FITC-dextran (1.5 mgml−1 in
PBS), and Communication valveswere opened. FITC-
dextran diffusion was observed through an inverted
microscope: representative images were taken every
5 min for the first 40 min, and every 10 min up
to 6 h. Additionally, images were analyzed through
ImageJ software, to quantify FITC-dextran fluores-
cence intensity in the device over time. Specifically,
each image was converted into a 8-bit image and
gray intensity values were computed on 5 linear ROIs,
identified along the axes of the five communication
valves (figure S2): for each of the five channels, the
intensity of the gray value was computed from the
outermost limit of the 3D chamber to the outermost
limit wall of the Sieving valve chamber. Gray values
for each ROI were then normalized against the max-
imum gray value of the axis. Mean gray intensity was
thus obtained averaging the values computed in the 5
ROIs, and reported in a graph for representative time-
points to visualize the trend of FITC-dextran concen-
tration gradient over time.

5.6. Cell harvesting and isolation
Untouched CD4+ memory T helper cells were neg-
atively isolated from human PBMCs with Memory
CD4+TCell IsolationKit (Miltenyi Biotech), accord-
ing to manufacturer’s instructions. CD4+ memory
T cells were further FACS-sorted using live (BV510),
CD4 (PE), CCR6 (BV786), CD45RO (PE Cy7), CCR4
(BV421), CXCR3 (PerCP5.5), CD161 (BV605).

Th1 and control T cells were defined
according to the following gating strategy: T
helper 1 (CD4 + CD45RO + CCR6-CCR4-
CXCR3highCD161-) and CTRL (CD4+CD45RO+
CCR6 + CCR4-CXCR3lowCD161-) cells. Purity of
isolated human T cell populations were checked by
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FACS (>95%). Th1 and control T cells were fur-
ther characterized by FACS for cytokines production.
Both T cell subsets (Th1 and CTRL T cells) were
stimulated post sorting with PMA and ionomycin in
the presence of Golgi Plug. Cells were further stained
with fluorochrome conjugated antibodies specific
for IFNγ (APC Cy7), TNFα (BV786) and IL17A
(FITC) and analyzed by flow cytometry. Human
CD14+ monocytes were purified according to man-
ufacturer’s instructions using CD14+ Isolation Kit
Mouse (Miltenyi Biotech) and purity was checked by
FACS (>95%).

5.7. T-cell seeding in the iMµne platform
After isolation, T cells were stained with
CelltrackerTM Green (ThermoFisher) according to
manufacturer’s protocol and resuspended in RPMI
complete medium, i.e. RPMI-1640, 10% v/v fetal
bovine serum (FBS, Hyclone), 1% GlutaMAXTM

supplement, 1% MEM Non-Essential Amino Acids
Solution, 1% Sodium Pyruvate, 1% HEPES Buffer,
1% Penicillin- Streptomycin (ThermoFisher), to
reach a final concentration of 5 × 106cells ml−1.
After having primed the devices with RPMI only,
Communication valves were closed and 4 µl of T
cell suspension, corresponding to 20 000 cells, were
seeded as it follows. NC sieving valves were opened
through vacuum application and inlet and outlet
reservoirs of the Sieving valve chamber were emptied.
A 2 µl droplet of cell suspension was put in the inlet
of the Sieving valve chamber. After 10 s, an additional
2 µl cell suspension droplet was put in the outlet,
and other 10 s were waited. Afterwards, a volume
of 2 µL was taken from the inlet and injected in the
outlet. After 10 s, the same procedure was done from
the outlet to the inlet. The same procedure was per-
formed one other time. NC sieving valves were then
closed by applying 0.6 bar. Remaining cells in the
inlet and outlet reservoirs were collected and com-
plete RPMI complete medium was added to each
reservoir (50 µl/reservoir). After seeding, fluores-
cence images of the Sieving valve chamber were taken
for five devices through an inverted microscope, and
mean cell density was computed through ImageJ soft-
ware considering three square ROIs along the cham-
ber (figure 3(e)).

5.8. T cell migration on chip towards a biochemical
chemoattractant stimulus
At day 0, fibrin gel (fibrinogen 10mgml−1, thrombin
2.5 Uml−1) was injected in the central channel of the
3D chamber. After gel polymerization, all the chan-
nels were filled with RPMI-1640, and freshly isol-
ated Th1 cells pre-stained with CelltrackerTM Green
were seeded in the Sieving valve chamber, follow-
ing the above-described protocol. Thus, to gener-
ate a gradient of the supplied stimulus from the 3D
chamber towards the Sieving valve chamber, all the
reservoirs were filled with 70 µl of complete RPMI

medium, with the exception of the reservoirs of the
outermost channel of the 3D chamber, keeping all
the valves closed. The inlet and outlet reservoirs of
the outermost medium channel were then filled with
70 µl CXCL10 solution (0.5 µg ml−1 in complete
RPMI medium) or complete RPMI medium (control
condition). Communication valves were then opened
and T cell migration evaluated through an inverted
microscope. Fluorescence images were taken for each
device every 5 min for the first half hour, and every
30 min for the subsequent 210 min. To quantify cell
migration, the device was divided into seven ROIs
(figure 4(b)). Specifically, ROIs 1 and 2 correspond
to the dead-end channels of the Sieving valve cham-
ber, ROI 3 corresponds to the void space between the
Sieving valve chamber and the 3D chamber, and ROIs
4, 5, 6 and 7 belong to the 3D chamber. For each ROI
cells were counted automatically through ImageJ soft-
ware. Values were then normalized by the total num-
ber of cells in all the ROIs and results were averaged
among n = 3 devices per condition, for each time-
point.

5.9. 3Dmacrophage culture and polarization in the
device
Human CD14+ monocytes were purified from
PBMCs derived from a healthy donor using CD14+
Isolation Kit Mouse (Miltenyi Biotech) according to
manufacturer’s instructions. Purity was checked by
FACS (>95%). Freshly isolated CD14+ monocytes
(i.e. at passage 0)were then pre-differentiated towards
macrophages in flask for five days in complete RPMI
medium, supplementedwith 20 ngml−1 macrophage
colony-stimulating factor (MCSF, R&D Systems), in
a humified incubator. Afterwards, suspended mac-
rophages were collected and adhered macrophages
were detached by incubating them at 37 ◦C for
5 min in Cell Dissociation Buffer (ThermoFisher).
After cell count and centrifuging, macrophages were
suspended in a 10 mg ml−1 fibrin gel (fibrinogen
10 mg ml−1, thrombin 2.5 U ml−1) at a cell dens-
ity of 12.5 × 106cells ml−1, and seeded in the gel
channel of the 3D chamber. After cell-laden gel cross-
linking, that occurred in a humified incubator (5%
CO2, 37 ◦C) for 8 min, adjacent medium channels
were filled with RPMI complete medium, supple-
mented with factors as follows. In details, macro-
phages in control condition (M0) were supplemen-
ted with 20 ng ml−1 MCSF, while macrophages to be
polarized towards pro-inflammatory state (M1) were
supplemented with 20 ng ml−1 MCSF, 100 ng ml−1

IFNγ (R&D Systems) and 100 ng ml−1 TNFα (R&D
Systems) [39]. In both conditions, culture medium
was supplementedwith 2mgml−1 aminocaproic acid
(ACA, Sigma-Aldrich), that was gradually decreased
during the culture period (day 2 1.6 mg ml−1, day
3 1.4 mg ml−1). On day 3, pro-inflammatory stim-
uli were removed from M1 macrophages, to assess
whether the pro-inflammatory phenotype can be
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maintained stable. Macrophage culture in the chip
was carried out up to day 4. On day 0, 3 and 4, samples
were collected for viability assays and immunofluor-
escence, as described below.

5.10. Viability assay
On day 0, 3 and 4, a viability assessment was per-
formed on macrophages seeded in the chip using a
Live/Dead assay (Sigma-Aldrich). The devices were
washed three timeswith PBS and subsequently incub-
ated in the dark at 37 ◦C for 15 min with a solution
containing calcein (2µm) and ethidium homodimer-
1 (4 µm). After rinsing with PBS, fluorescent images
of 3 devices per condition were captured using an
invertedmicroscope. To quantify cell viability, ImageJ
software was employed. Three ROIs were selected for
each device, and within each ROI the green labelled
cells (indicating live cells) and the red cell nuclei
(indicating dead cells) were counted. Cell viability
values were thus obtained by normalizing the number
of alive cells against the total number of cells. Mean
and standard deviation values were finally calculated
for cell viabilities and plotted for each experimental
condition.

5.11. Immunofluorescence staining
Before fixation, chambers were incubated for 4 h
at 37 ◦C with appropriate culture medium supple-
mented with Brefeldin A (Abcam), to inhibit protein
transport processes and increase intracellular protein
staining signals. Afterward, chambers were washed
twice with PBS and incubated for 30 min at RT
with paraformaldehyde 4%. Following fixation pro-
cedure, cells were rinsed with PBS and permeabilized
with 0.5% Triton-X (Sigma-Aldrich) for 10 min at
RT. A blocking solution, containing 3% goat serum
and 0.3% Tween® 20 in PBS, was then applied for
1 h at RT to block non-specific bindings. Samples
were then incubated overnight at 4 ◦C with primary
antibody solution, containing primary antibodies at
the desired dilution in blocking solution. In detail, a
first staining was performed using rabbit anti-human
CD80 (dilution 1:1000, Abcam) and mouse anti-
human CXCL16 (dilution 1:1000, GeneTex), while
a second staining was performed with mouse anti-
human CD86 (dilution 1:200, SantaCruz) and rab-
bit anti-human MMP1 (dilution 1:1000, Abcam).
The following day, samples were rinsed with block-
ing solution and incubated for 2 h at RT in the dark
with appropriate secondary antibody solution, con-
taining 488 Goat Anti-Rabbit IgG (dilution 1:200,
ThermoFisher) and 546Goat Anti-Mouse IgG1 (dilu-
tion 1:200, ThermoFisher). Following rinse with
PBS, samples were finally incubated for 30 min at
RT with nuclear staining solution (DAPI, 300 nM).
Fluorescence images were taken with inverted micro-
scope and analyzed through ImageJ software. CD80,

CXCL16, CD86 and MMP1-expressing cells were
identified by co-localizing staining signals with cell
nuclei, and normalized over the number of total cells.
The percentage of expressing cells were compared
using GraphPad Prism. Additionally, an unstained
control groupwas prepared as follows: after permeab-
ilization and blocking of non-specific binding sites,
the samples were incubated with either a solution
of 488 Goat Anti-Rabbit IgG (1:200) or 546 Goat
Anti-Mouse IgG1 (1:200). After rinsing with PBS,
the samples were incubated with DAPI (300 nM).
Corresponding fluorescence images are reported in
supplementary information (figure S3(c)).

5.12. Evaluation of T-cells migration on chip
towards polarized macrophages
After five days of pre-differentiation, macro-
phages were stained with CellTrackerTM Orange
(ThermoFisher) according to manufacturer’s spe-
cifications and cell-laden fibrin gel was injected in
the 3D chamber as described in the previous sections
(day 0). After gel cross-linking, medium channels of
the 3D chamber were filled with appropriate culture
medium, i.e. either complete RPMI supplemented
with 20 ng ml−1 MCSF and 2 mg ml−1 ACA (M0,
n = 3), or complete RPMI medium supplemented
with 2mgml−1 ACA, 20 ngml−1 MCSF, 100 ngml−1

IFNγ and 100 ng ml−1 TNFα (M1, n = 3). On
day 3, Th1 cells stained with CellTrackerTM Green
were seeded in the Sieving valve chamber, follow-
ing the previously validated protocol, and a medium
change was performed in the 3D chamber to remove
pro-inflammatory stimuli (complete RPMI supple-
mented with 20 ng ml−1 MCSF and 1.4 mg ml−1

ACA). On day 4, Communication valves were opened
to allow cellular cross-talk and Th1 migration was
observed through inverted microscope. Fluorescence
images were taken and analyzed as described above,
to quantify Th1 migration over time.

5.13. Statistical analysis
Statistical analyses were performed using GraphPad
Prism software. Once verified that data distribu-
tion were normally distributed using Kolmogorov–
Smirnov test, multiple comparisons were real-
ized using ordinary one-way analysis of variance
(ANOVA), while unpaired t-test with Welch’s cor-
rection was used when comparing two normally-
distributed populations.
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